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YK 65.011.56 https://doi.org/10.34185/tpm.3.2024.01
Kadanoc 0.B., /lepes’saHko L.B., [lempenko M.C., lllenemsik €.A., MayuwuH B.T.

JlocaiskeHHS Ta AaHAJI3 TEeNJIOEHEPTeTUYHUX Ml YaC Mo3anmivHol
00poOKu cTaJi B arperari KiBm-ni4 emHicTio 100 Ton

Zhadanos 0.V., Derevianko L.V., Petrenko M.S., Shepetiak E.A., Matsyshyn V.G.
Research and analysis of thermal energy processes during secondary
steelmaking in the ladle-furnace with the capacity of 100 tons

Mema. Temnepamypa po3nnasy — 00uUH 3 Halbinbw 8aXIIUUX MEXHOI02iYHUX napamMempis, Kompuli KOHMPOTIEMbCS
nid yac obpobku cmarni Ha ycmaHosui Kigw-ri4. [JocnidxeHHs1 nokasanu, wo 0aneko He 3aexou rpu obpobui 3abesneuy-
IOMbCS PeXUMU eheKmuBHO20 HazpigaHHs1 po3riasy, WO eapaHmMoeaHi rnocmadanbHUKaMu yCmaHOo80K 3a KOHMpakK-
mom. [Npu4uHoo Yb0o2o € 3Ha4YHe 8IOXUNEeHHSI 3Ha4YeHb B8XIOHUX napamempie Mpouyecy (MOosUWUHU WIIaKo8o20o MOKPUSY,
Macu po3rnnasy, memnepamypu ¢hymeposku Koswa, sumpam apaoHy, oYamxosoi memnepamypu posnnasy). Temre-
pamypa po3riasy KOHMPOIKEMbCS WIISXOM MPOMIXKHUX 8UMIpI8 mepMornapamu, BUKOHaHHS SIKUX MOXIIUee fuwe rnpu
8IOKITHOYEHHI ycmaHo8KU, W0 rnpu3sodums 00 3b6inbweHHs1 mpusanocmi 06pobku, empam mena i 3HUXeHHsI eHepae-
MUuYHO20 | mennoeoeo K.K.0. ycmaHosku. Tomy HeobxiOHO Onisi MPo2HO3y8aHHs memrepamypu po3naasy po3pobumu
MamemMamuyHy Moderb, sika, 3 00Ho20 60Ky, documb MOYHO Mpo2HO3y8ana OuHaMiKy memrepamypu po3arniasy, a 3
iHwoeo (0ns cnpouwjeHHs it inmeepauii 8 ACY), onucysanacsi 6 docums npocmumu aHanimuyHUMu gupa3amu 3 MiHiMyMoMm
8xiOHUX napamempis. Takox po3pobka MamemamuyHoi Modesii QUHaMIKU merno8o20 cmaHy po3riasy 8 azpeaami Kigui-
iy 8idkpusae Ho8i Moxrueocmi 3adnsi BOOCKOHAIIEHHS ICHYHYUX cUCMeM agmomMamu308aH020 yrpassiHHS, Wo € dyxe
8aXUBUM 3 MOYKU 30py peanizauii napaduemu IHOycmpisi 4.0 Ha nidnpuemcmeax eipHuU4o-memarypaitiHo20 KOMIIEKCy
YkpaiHu.

Memoduka. Po3pobrieHo mennogizudHy modesib QUHaMiKu mernso8o20 cmaHy po3rnasy 8 agpeaami Kigsw-id eMHIiCmio
100 m. 3 sukopucmaHHsiM 6anaHco8uUX pigHsIHb BUKOHaHO po3paxyHOK OUHaMiKu mernnoeoe2o cmaHy poarniasy. OuiHeHi
cmammi eHepeemu4yHo20 banaHcy azpeaamy Kiguw-riu.

Pe3ynbmamu ma Haykoea Hoeu3Ha. Po3pobneHa duHamidyHa Modesib mernsiosux rnpouecie 8 agpeaami Kigw-rid, 8 siKid,
Ha 8iOMiHy 8i0 ompumaHux paHiwe mernnogisudHux modenell spaxoeaHa Hasi8Hicmb 8IOKpPUMOI MosepxHi memariy,
row,a sIKoi 3anexxums 8i0 iHmeHcu8HOCMI NPOAyeKU IHePMHUM 2a30M, a MakKoX HecmauioHapHICMb MOYamKo8ux yMo8
scepeduHi pymepieku koswa. Modesnb adarnmosgaHa 00 peasibHUX POMUCIIO8UX YMOS8.

lpakmu4Ha yiHHicmb. OmpumaHi aHanimuy4Hi eupa3u 3MiHU memnepamypu po3rniasy 003807151 Mb iHmMeapysamu po-
3pobrieHy modenb 8 icHytoqi ACY nosaniyHoi 06pobku cmarni. AHania cmamet eHepeemu4Ho20 banaHcy ycmaHo8KuU Mo-
Kasye, Wo icCHyromb pesepsu nid8UUWEHHsI eHep2emuyYyHoO20 i mernnoeoao K.K.0. yCmaHO8KU.

Knro4yoei cnoea. No3aniyHa 06pobka cmani, ycmaHoeKa Kigwi-rlid, mernsnoeHepaemuyHi npoyecu, memnepamypa piokoi
cmarni, eHepeemuyHul banaHc, agmomamu3soseaHa cucmema yrnpassiHHs.

The goal. The temperature of the melt is one of the most important technological parameters that is controlled during
steel processing on the ladle-furnace. Research has shown that not always during processing, the regimes of effective
heating of the melt are ensured, which are guaranteed by the suppliers of the equipment under the contract. The reason
for this is the significant deviation of the input process parameters (thickness of the slag coating, mass of the melt, tem-
perature of the furnace lining, argon flow rate, and initial temperature of the melt). The melting temperature is controlled
by intermediate measurements using thermocouples, which can only be performed when the unit is switched off, leading
to an increase in processing time, heat loss, and a decrease in the energy and thermal efficiency of the unit. Therefore, it
is necessary to develop a mathematical model for predicting the melting temperature, which, on the one hand, would quite
accurately predict the dynamics of the melting temperature, and on the other hand (for simplifying its integration into the
ACS), would be described by fairly simple analytical expressions with a minimum of input parameters. The development
of a mathematical model of the dynamics of the thermal state of the melt in the ladle-furnace unit also opens up new
opportunities for improving existing automated control systems, which is very important from the point of view of imple-
menting the Industry 4.0 paradigm in the enterprises of the Ukrainian mining and metallurgical complex.

Methodology. A thermophysical model of the dynamics of the thermal state of the melt in a 100-ton ladle-furnace unit
has been developed. Using balance equations, calculations of the dynamics of the thermal state of the melt have been
carried out. The energy balance items of the ladle-furnace unit have been estimated.

Results and scientific novelty. A dynamic model of thermal processes in a ladle-furnace unit has been developed.
Unlike previously obtained thermophysical models, this model takes into account the presence of an open metal surface,
the area of which depends on the intensity of purging with inert gas, as well as the non-stationarity of the initial conditions
inside the ladle lining. The model has been adapted to real industrial conditions.

Practical value. The obtained analytical expressions for the change in melt temperature allow the integration of the de-
veloped model into existing automated control systems (ACS) for secondary steelmaking. The analysis of the unit's energy
balance items shows that there are reserves for increasing its energy and thermal efficiency.

Keywords. Secondary steelmaking, ladle-furnace unit, thermal energy processes, liquid steel temperature, energy bal-
ance, automated control system.

BcTyn. lMocTinHe 36inblieHHs BUMOr 0 AKOCTI CTa-  no3aniyHoi 06pobku ctani. OgHMM 3 OCHOBHUX arpe-
newn, WO BMNaBNsATLCS, OOYMOBIIOE MONYMSPHICTE  raTiB no3aniyHoi 0OpoOkM € yCcTaHOBKa KiBLU-MiY
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(YKI), sika npu3HayveHa Ans AoBeAeHHs cTani 3a Xi-
MiYHMM CKnagoMm, Aecynbdpypadii i nigirpisy posn-
nasy nepen HacTYMHUMW TEXHOMOMYHUMKU onepawi-
amn. Pobota YKIT xapakTepusyeTbCsl pisHUM pexu-
MOM HarpiBy B 3aneXHOCTi Bif BKMOYEHOI NOTY>XHOCTI
TpaHcdopmaTopy, LWO BUKOPUCTOBYETbCA. Harpi-
BaHHSA MeTany noYMHalTb Ha BinbLU HU3BbKNX PIBHAX
MOTYXXHOCTI, NOKM He cTabinidyeTbcs poboTa enekT-
pUYHOT AyrK, a NoTiM NepexoasaTb Ha BinbLu BUCOKI pi-
BHi. B xoai 06pobkun 3 MeTO romoreHisauii posnnasy
MNOro nepemillyoTb aproHoM, SKMin NogarnTb Yepes
NpoAyBHMI ONOK B AHWLLI KOBLLA.

HarpiBaHHs posnnaBy Ha YKI1 noBMHHO npoBoanTmcs
0O Takoi TemnepaTypu, sika [03BOSIUTb KOMMEHCY-
BaTW TENSIOBi BATPATM Mif Yac HACTYMHMUX TEXHOSOri-
YHUX onepauin Ta 3abe3neynTn HeobXigHU Temne-
paTypHUiA iana3oH nepes po3nNuBaHHAM 3 METO 3a-
6e3nevyeHHs CNpuATANBUX YMOB (DOPMYBaHHS SKICHOT
CTPYKTYpM 3NUBKY NpW MiHIManbHin BUTpaTi enekTpu-
YHOI eHeprii. Takum YMHOM, TemnepaTypa posnnaBy
— OAVH 3 HanbinNbLl BaXXMNMBMX TEXHOMOrYHUX nNapa-
MEeTpiB, KOTPUM KOHTPOSOETLCS Nig 4Yac obpobkm
ctani Ha YKI1. JocnigkeHHs nokasanu, Wo Aaneko He
3aBxau npu obpobui 3abe3neuvytoTbes pexnmmn ede-
KTMBHOMO HarpiBaHHs po3naBy, L0 rapaHToBaHi no-
cTavanbHMKaMyn yCTaHOBOK 3a KOHTpakToMm. [Mpuyu-
HOHO LibOr0 € 3HaYHE BigXMIEHHS 3Ha4YeHb BXigHWX Na-
pameTpiB npouecy (TOBLUMHM LUMAKOBOrO MOKPUBY,
Macu posnnasy, Temnepatypu yTEepOBKM KOBLUA,
BMTPAT aproHy, No4aTKoBOI TemnepaTypu po3nnasy).
Temnepatypa po3nnaBy KOHTPOMIOETLCH LUMISAXOM
NPOMDKHMX BUMIpIB TepmMonapamu, BUKOHaHHS SKMX
MOXINMBE N1LLIE NPW BIAKMIOYEHHI YCTaHOBKM, LLO Mpu-
3BOAUTb A0 36inblueHHst TpuBanocTi obpobku, BTpaT
Tenna i 3HWXEHHS eHepPreTUYHOro i TenmnoBoro K.k.4.
yCTaHoBKU. TOMy HeODOXiAHO ANsi NPOrHO3yBaHHS Te-
MnepaTypu po3nnasy po3pobuTu MaTemaTuyHy MO-
Oenb, sika, 3 0AHOro OOKy, AOCUTb TOY-HO MPOrHO3y-
Bana AuMHaMiKy TemnepaTypv po3nnaBy, a 3 iHWoro
(ans cnpoweHHs T iHTerpaudii B ACY), onucysanacs
6 A4OCUTb MPOCTUMU aHaNITUMHUMK BMpa3amMm 3 MiHi-
MYMOM BXiAHUX NapamMeTpiB.

AHanis nitepaTypHuXx AaHux Ta nocraHoBKa npo-
6nemu. Npobnemam maTemMaTU4YHOrO MOAEMOBAHHSA
TenrnoeHepreTUYHNX NPOLIECIB B arperatax no-3aniy-
Hoi 06pobkuM cTanu npucesyeHi pobotn [1-5]: Pospo-
GreHa koMnnekcHa mMogenb TeNNooOMiH-HUX npoLe-
ciB B 00’emi cTani 3 ypaxyBaHHAM ii nepeMillyBaHHS,
B CTiHUi i CKMeniHHi KOBLUY, WO OXONOMAXYETbCSA BO-
[010, 3 ypaxyBaHHSIM eKpaHyBaHHsI OyTW LLMAaKoM, SKa
[O03BOMsiE BpaxoByBaTu BNNMB pexumis podotun YIK
Ha BTpaTu Tenna, a Takox po3pobneHi pekomeHaaw,i
ONs ONTUMI3auii ynpaBniHHA TEMNMOBUM i eneKkTpuy-
HUM pexnmamu YTIK [1]; Po3rnsaHyTo BNnvB rasoHa-
NMOBHEHOCTI po3nnasy nif Yac NpoayBaHHSA i Temne-
patypu rasiB nig kpuwkow YIK Ha cepeaHio
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TemnepaTtypy posnnasy, Wo padiHyeTbea [2]; gocni-
PKEHO edEeKTUBHICTb MNEepeTBOPEHHSA eNekTPUYHOI
eHeprii, BU3Ha4YeHnn eHepreTudHUin K.k.g. YK npu
HarpiBaHHi po3nnaBy i ii Tennoeun GanaHc 3 ypaxy-
BaHHSAM TEXHOMNOrYHMX 3YMMHOK i HeCTaLuioHapHIiCTb
noyaTKOBUX YMOB Tennonepegadi BcepeauHi dyte-
pyBaHHs koBLla neped obpobkoto [3]; MNMpeacTaBneHi
pe3ynbTatv YUCErNbHOro AOCHIAKEHHS Ten-foBoro
CcTaHy meTtanesoi BaHHW micTkicTio 350 T YK 3 TpaH-
cchopmatopom noTyxHicTio 45 MB-A, sictaBneHi Ba-
piaHTW HarpiBy po3nnasy Npv NPoayBaHHi aproHoMm 3
BMKOPUCTaAHHAM OAHO-, ABOX- i TPbOX(ypmeHoro
KOMMOHYBaHHSA JOHHOro OnoKy ans npoayBaHHs [4];
Po3pobneHo anroput™m OMTUMANbHOIO YMNpPaBIiHHSA
BIJHOBHMM NepiogoM NraBky B AYroBMX cTanennasn-
NbHMX NeYyax i TEXHOMOrYHUX KoMMeKcax Miv-KisLu,
wo 3abesneyye cTabinbHICTb AKOCTi BUMNNABNEHOI
cTani Npy MiHiManbHUX eHepreTudHux BuTpaTax [5].
BpaxyBaHHs BMAMBY LUNAKOBOro peXmMMy Ha edpekTu-
BHICTb €NeKTPOoAyroBoro HarpiBaHHs po3snnasy, roni-
CTMYHOrO migxody MpW aHanisi BCix ¢akTopiB (ToB-
LLUMHM LLNaKoBOro NOKpMBY, Macu posannasy, Temne-
paTypu yTepoBKM KOBLLA, BUTPAT aproHy, noyaTko-
BOI TemnepaTypu po3nnaBy), SKi BINMBaTb Ha Ten-
nosuin GanaHc YKI1, oTpuMaHHA AOCUTb NPOCTUX
aHaniTU4HUX BMPasiB, SIKi 3 BUCOKOKO TOYHICTIO ONUCY-
I0Tb OUHaMIKy TemnepaTtypu posnnaBy [A03BONATb
OOMOBHUTW iCHYOUMN JOCHIIKEHHS.

MeTa i 3aBaaHHA pocnigxeHb. MeTo OOCHioXXEHDb
€ po3pobka TennogisnyHoi Mogeni AMHamikM Tenno-
BOro CTaHy po3nnaBy B arperari KiBLI-MiY E€MHICTIO
100 T, po3paxyHOK AUHAMIKK TEMNOBOro CTaHy po3n-
naBy 3 BUKOPUCTaHHAM 6anaHCcoBuKX PiBHAHb, OLliHKA
cTaTten eHepreTMyHoro 6anaHcy arperary KiBLi-niy.
CTpyKTypa AMHaMi4YHOiI mMogeni. YcTaHoBKa KiBLU-
nivy € cknagHum TennodianyHuM o6'eKTOM 3i 3MiH-
HUMKU cTaHamu. 3MiHHICTb CTaHiB Mogerni ob6ymoB-
neHa Tum, WO nepioau HarpiBaHHA MeTany 4yepry-
I0TbCS 3 NEePIOANYHUMU 3YNUHKaMU BUMIPOBaHHSA Te-
mMnepatypu posnnasy. [ligBuleHHA TemnepaTtypu
po3nnasy 3anexuTb Bi4 MNOTYXHOCTI i TennoBux
BTpaT, WO NiABOAUTLCA ENEKTPUYHUMW OyraMu, BHa-
CnifoK Tennonepenadi yepes oyTepyBaHHs KOBLUA,
BMMNPOMIHIOBaHHSA 3 NOBEPXHIi LLMAaKo-MeTanesoro po-
3nnasy, poO3MnnaBfieHHs Nneryymx i WnakoyTBOpHoto-
4nx maTepianis, NpoAyBaHHS aproHOM. Tak §K 3 Me-
TOI roMoreHi3adii po3nnasy no xogy o6pobku npo-
BOAUTLCS NPOAYBaHHSA aproHOM, Npu noganbLunx Te-
NNoMi3anYHNUX po3paxyHKkax npuAMaemo npuny-
LLeHHS, WO po3nraB ogHOPIAHMI 3a TemnepaTyporo
Ta XiMiYHUM cknagom [3].

Po3pobneHa guHamiyHa MoZenb TenroeHepreTny-
Hux npouecis B YKI1 (puc. 1) Bknovae nigcucremu:
«dyra», «[JobaBkun», «lloBepxHsa», «CTiHKMY,
«JHue», B AKNX OLiHIOITLCA OCHOBHI CTaTTi eHep-
robanaHcy yCTaHOBKW.
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P minu TemnepaTypuje
po3nnaey

Puc.1. CTpykTypHa cxema guHamivyHOi Moaeni TeNnoBUX NPOLLECiB B arperaTi KiBLU-Miy

B paHmx nigcuctemax OUiHIOHTBCA OCHOBHI CTaTTi
eHepreTnyHoro GanaHcy ycTtaHoBku. [lpy 3agaHux
napamMmeTpax: no4aTkoBin TemnepaTtypi ctani nepeq

00po6KOto Ha yCTaHOBL Tn_K_noq , Temnepatypi dy-

TEpOBKM KOBLLUA Td)ym7 Maci Ta TEenmnoemHOCTi

Edyz :K'\/é'UZ.j '12,j "COSQ 1]y 'tHazp v

ne K= 0,1...1 — koedpiuieHT, WO BpaxoBye BTpaTu
NOTY)XXHOCTi Ayr Ha OMPOMIHEHHS CTIHOK KOBLUA Ta
CKMeniHHA YCTaHOBKM B 3amnexHOCTi Big TOBLUWHU

LLIaKoBOrO MOKPUBY; Uz_j , 12’]' — BiANOBIAHO HOMi-
HanbHi HaMpyru i CTPYMW Ha BTOPUHHIN 0BMOTLi Tpu-
asHoro TpaHccopmMaTtopa j— Oro CTyrneHsi Hanpyru;
COSQ ; — koedpiLlieHT MOTYXXHOCTI TpaHcdhopmaTopa

CTyNeHst Hanpyrv j; 1]y, = 0,9 — eneKkTpuYHuin K.K.A.

YCTaHOBKMY; l‘Haep — Yyac HarpiBaHHsa MeTany.

Mpu BU3Ha4veHHi koediuieHTa K HeobxigHO BpaxoBy-
BaTW TPU OCHOBHI Mepioan CTaHy NOBEPXHi LUMaKo-
MeTareBoro posnmnasy: NoYyaTKOBUIN nepiog dopmy-
BaHHS LLUNAKOBOro NMOKpUBY, Nepiod HapoOCTaHHS TOB-
LMHW LUNAaKOBOro MOKPWMBY B Mipy BBEAEHHS HOBUX
MopLiNn LWNaKoyTBOPKOWYMX i pO3KUCHOBaYiB, nepioa
an5 =2095-mcao +1676-mca|:2 +1680'm5i|v|n

—-419-m FeSi +1341-m FeMn +4190-mc

Ae M; — maca fobasku, WO BBOAWUTLCS Y CTanb, Kr.

BBeaeHHs1 4OOABOK CMPUYUHAE 3HWKEHHST TeMnepa-
Typu posnnasy, ane niaBullye edekTUBHICTb Harpi-
BaHHS eNEKTPUYHUMN Jyramun BHAcnigoK 30inbLUeHHs!
TOBLUMHM LUNIAKOBOIO MOKPMBY. Ha TOBLUMHY LUnaKo-
BOrO MOKPMBY BMMMBAE KiNbKiCTb Ta BUA MaTtepianis,

H ... 20’16‘(m0ao +Mcar,
ne H,, - ToBWMHa WnakoBOrO NOKPUBY, MM;

m; —maca matepiany, L0 BBOOUTLCH, Kr.

Mpn BM3Ha4YeHHi TennoBux BTpaT 4yepe3 dyTepy-
BaHHA KOBLUA, LLO CKNagaeTbCa 3 AeKiSbKOX Luapis

pos3nnasy 3a AOMOMOroK Li€i Moaeni BU3Ha4yaeTbCA
3MiHa eHeprii MeTany Ta 1oro Temneparypa Tpogn .

MopentoBaHHA i aHani3 pe3synbTartiB. B nigcncremi
«[yra» eHepris eneKTpUYHUX Oyr yCTaHOBKM, L0 Ha-
OXOOWTb Ha HarpiBaHHsi po3nnaBy, BU3HAYaeTbCS 3
BMpazsy

1)

po6oTn oyr Npu ix NOBHOMY €KpaHyBaHHi LakoM. Y
Mipy HapOCTaHHS LUMIAKOBOro MOKPUBY KoediLieHT
3MiH€eTbCA B Aiana3soHi Big 0,1 go 1.

Y nigcuctemax mopgeni «[JobaBkuy», «lloBepxHs»,
«CTiHKM», «JHULLE» NPOBOAUTBLCSA BU3HAYEHHS EHEP-
reTM4HUX BTpAT PO3MnaBoOM BHACMIQOK HarpiBaHHS,
pO3nnaBneHHs BBEAEHUX LUITAKOYTBOPHOKOUNX Ta Nne-
ryloumx maTtepianis, BTpaT 4epe3 Mexy po3nnas-
wrak, tennonepegadi yepes yTepyBaHHS KOBLUA.
BBegeHHsa xiMiyHMX [o06GaBOK MpM3BOAUTbL OO0 CYTTE-
BOrO 3HWXKEHHS1 TemnepaTypu po3nnasy, ClpUsioum
npu UbOMY MiABULLEHHIO edEKTMBHOCTI HarpiBaHHA
enekTpuyHuMmK gyramu. 3a pesyrnbtataMmu aHaniay ni-
TepaTypHUX [Kepen, ANnd OUiHKW BUTpAT eHeprii
(kOx) Ha HarpiBaHHA Ta pPO3NnaBfeHHs LWNAaKoyTBO-
prooumX, Nneryynx gobasBok, poskucnoBadiB (nigcu-
ctema «[JobaBkun») HaMK 3aNPOMNOHOBAHO NiHIAHY MO-
aenb [3].

(2)

AKi MPUCaPKYOTbCS Y PO3nfaB, a TaKOX iHTEHCUB-
HICTb MPOAYBKU iHEPTHMM ra3oM. 3a pesynbTatamu
NpoBEeAEHUX NMPOMUCIIOBUX E€KCMEPUMEHTIB ANsl KO-
BLa emHicTio 100 T npu WTaTHIN NUTOMI BUTpaTI ap-
roHy 1,5 n/xs-T 0OTpMMaHo BUpas, AKMN JO3BONSAE BU-
3HaAYMTU TOBLUMHY LLNTAKOBOrO NOKPUBY

)’Fo,ll'mFesiGS +0;03°mSiMn17’ (3)

BOrHETPUBKUX MaTepianis (pobo4yuni wap, wap nigpo-
6oumn, Wwap Tennoisonsuii), po3rnsgascsa NpoLec He-
cTauioHapHoOi Tennonepefadi. Beaxanu, WO CTiHKK
KOBLUA € UMNiHOPOM, a AHWULLE KOBLLA — MNIIOCKO CTi-
HKo. Tak sk BMcoTa CTiHKM KoBLUa HabaraTto binbLia
3a 1 TOBLMHY, Hajani BpPaxOBYETbCA TiNbKM
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Tennonepenada Yepes CTiHKY KOBLUA B pajianbHOMY
HanpsaMKy. TakoX BBa)Kaemo, WO TensoBi NOTOKN B
OHVLLE KOBLUA CMPSMOBaHi Nnlle B OCbOBOMY Hanps-
MKy. B ubOMy BMNagKy, OTPUMYEMO OAHOBUMIpPHI

oT, 10 ot ‘
Co (Ti)-Pm .Wm:F.g(r./’tm (Tm )8_;’”j JUI  CTIHKH ,

or 0
Cm (Tm )’pm '_m:_(im (T
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TennoBi 3aBAaHHSA Ta gudepeHuianbHi piBHAHHA Ten-
NONPOBIAHOCTI 4NS CTIHKM Ta AHuWLLA KOBLUA 3rigHo [6]
Mae BUrnsag,

®3)

ne I — papiyc koBWa; Z — koopAuHaTa BUCOTU po3nnasy; C,, (Tm) — MMTOMa TEMOEMHICTb MaTepuany m

dyTepiBKy; Tm—TeMHepaTypa maTtepuany m dyTepisku; O, —ryCTMHa MmaTepuany m QyTepiBku,;

/'Lm (Tm ) — TEeNSIONPOBIAHICTE MaTepmnany m gyTepisku.
[na mexi posnnae — pyTepoBKa Ta Ha 30BHILLHIN NOBEPXHi KOBLUA 3agaBanu rpaHn4Hi ymoBu 3-ro pogy

oT
P
) E = posn '(Tposn _Tp.O ) ,
Nyo

_/lp Up )

(4)

e Tp03n — TeMrnepaTypa po3nnasy; Tp.O — TemnepaTypa BHYTPILIHBLOI NOBEPXHi poboyoro wapy dyTepiBky;

A posn — koediuieHT Tennosigaadi posnnasy, Bt/m>K.

Ha mexax wapis byTepoBKyM i Ha BHYTPILLHLOI MOBEPXHi KOPMYCY KOBLUA 3a4aBany rpaHnyHi yMoBu 4-0oro poay.

Tnp.O :Tp.l; Ti0 :Tnp.l
or oT
po _ np )
Ao (Tp-qb){ on J ~np (Tnp){ on J o (%)
np.zj).l nnp.O
My oT;,
ﬂ'np.eﬁ (Tnp )(WJ =Ais (Tz3 )(a_n ) )
nnp.l i3.0
pe T ».1 — Temnepatypa BHYTPILUHLOT NOBEPXHi pobo- . T, .
_ . wapy isonauii; A,,| —— — Tennosi NOTOKW, WO
yoro wapy dyTepiBky; Tnp_o — TemnepaTypa BHYTpi- on ),

WHBOI MOBEPXHi nigpoboyoro wapy yTepiBKY;

Tnp.l — TemnepaTypa 30BHILLIHbOI NOBEPXHi Nigpobo-

4Oro wiapy LwamoTHoi dyTepiBku; T, o — Temnepa-

Typa BHYTPILWHLOT MOBEPXHi Tennoi3onsayifnHoro

wapy; 71,1 —Temneparypa 30BHilLHbOI MOBEPXHi
Mis

Aisgp” x| —Xnasx '(Tzé.l_THaeK )'

Ae O,y — KOeiLliEHT Tennosiafayn B HaBKOMNULLHE
cepegosuule, 7,1 —Temnepatypa 30BHILIHbLOI MNo-

BEPXHi TEennou3onsAuinHoro wapy, TOKP

— Temnepa-
Typa HaBKOMMLIHBOIO CepeoBULLa.

CknagHicTb OUIHKM TennoBuX BTPaAT Ha HarpiBaHHS
dyTepyBaHHA KOBLUA Ta Tennonepegadi yepes Hel
nonsrae B TOMy, LLIO MOYATKOBI YMOBM AMs BUPILLEHHS
PiBHSIHL (3) 3 rpaHU4YHMMK ymMoBamu (4-6) HeBioOMI.
Tomy gopaTtkoBO posrngganucs TennodiavyHi npo-
Lecu B nepioa Mk BUMYCKOM i HarpiBaHHsIM po3nnasy
Ha yCTaHOBL, KiBLU-NiY: Tennonepenada vYepes yrte-
pyBaHHs KOBLIA (NpuAManocs npuMyLLeHHs npo

npoxoasaTb Yepes NoBepXHi AOTUKY BiAMNOBIAHUX La-
piB.

3 ornagy Ha Te, WO B MeTaneBoMy KOXYCi KOBLUa rpa-
OIEHT TemnepaTypu HEBENUKUA, Npu Tennonepepadi
BiH HEe BpaxoByeTbCA. TOMY A5 30BHILLHBOI NOBEPXHi
KOBLUA FpaHWYHi YMOBMW TPEeTbOro poay 3adalTbCH
HaCTYMHUM YNHOM:

(6)

CTauioHapHICTb NOYaTKOBUX YMOB ycepeauHi dyTte-
pyBaHHSA KOBLUA Ha MOMEHT BWIMYCKY po3nnasy B
KiBLL) i BUNPOMIHIOBaHHS 3 MOBEPXHi CUCTEMU pPO3n-
nas-wnak. Po3paxyHOK TennoBOro ctaHy dyTepy-
BaHHs KOBLU@ BWKOHYBaBCH METOAOM KiHLEBUX pi3-
HULb.

Mpwu ouiHLUi TennoBux BTpaT 3 NOBEPXHi po3nsiaBy He-
06XxigHO BpaxoByBaTu, WO YacTUHa eHeprii BTpaya-
€TbCH BMNPOMIHIOBAHHAM 3 NMOBEPXHi, MOKPUTOI Lna-
KOM, @ YacTuHa 3 BiOKPUTOI NOBEPXHi po3nna.y, sika
YTBOPKETLCH 3aBASAKN NOTOKAM aproHy, Lo CXoanTb.
Mnowa BiAKpUTOI NOBEPXHi 3aneXuTb Big iIHTEHCUB-
HOCTi NpoAyBaHHS iHEPTHUM ra3om.
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[MoBHMI TENNOBUIA NOTIK BUNPOMIHIOBAHHAM 3 NOBeEp-
XHi po3nnaBy, MOKPUTOI LUSAKOM, BM3HAYaETLCH BU-
pasom

4 4
Qp—m.r =00€p_w—xp '(Tpos'n.r _TKp )Fp_w ’
e QP_W.T TenoBUIN NOTIK 3 NOBEPXHi MeTar-Lwwrak

B T-y XBUINMHY 06po6ku cTtani Ha YKI1; oq :5,67-10_8

BT/(M*K*) — koHCTaHTa BMNPOMiHEHHS aBCcomMTHO
HOPHOTO TiNa; &, ;—x, — CTYNiHb YOPHOTW CUCTEMMU,
Lo BKNtoYae B cebe NoBEPXHIO PO3nnaB-Lunak i Kpu-
LUKy YCTaAHOBKM, $Ka OXOMOMKYETbCA  BOAOIO;

Tpogn_, — TemnepaTypa po3nnasy B T-y XBUIMHY 06-
po6ku Ha YKIT; TKp — TemriepaTtypa KpuLLKU, LLIO OXO-
nogxyeteca Bogoto; F p_w —nnouia BKpUTOI LNa-
KOM MOBEPXHi.

Qeide.'r =00°€ posn—kp (T 303}1.'[ _TK‘;;) )Feiakp )

Ae Qgiop.r TENNOBUI NOTIK 3 BIAKPUTOT NOBEPXHI pO-

3nnasy B T-y XBUITMHY 0BpobKM cTani Ha KOBLUi-Nevi;

€ posn—xp - CTYNiHb YOPHOTU CUCTEMU PO3NNaB-BOAO-

OXOIofpKyBarbHa KpULKa; Fgy,, - NNoLla BigkpuTol

NoBepXHi posnnasy.

[na BM3HaA4yeHHS NNOLLi BiOKPUTOI MOBEPXHi PO3n-
nasy, WO YTBOPKETLCHA BHACNIAOK NPOAYyBaHHS iHep-
THUM rasom, aBsTopamu [7] NpOBEAEHO Cepilo NPOMU-
CMNOBUNX €KCMEPUMEHTIB Ha YCTaHOBLI «KiBLU-MiY» EM-
HicTio 100 T i BCTAHOBNEHO 3anexHiCTb, SKy B Ha-
LIOMY BUMAOKy MOXHa NpeacTaBuTn y BUrNaLi NiHin-
HOro PiBHSHHS:

F..

—E0% _01.Q 50,09, )

noen
fe  Faionp Froen —4acTka Biokputoi nosepxi, %,
04, — NMMTOMi BUTPATKN aprouy, n/xs-T.
Mopenb agantosaHa nig YKI1, ska mae HacTynHi Te-

XHororiuHi - napametpu Uy ; = 205...300 B,
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(7
IMig Yac TeXHONOrYHUX 3YNMHOK NPU OLHLi TENMOBMX
BTPAaT 3 MOBEPXHi pO3nsiaBy, MOKPUTOrO LUITAKOM, He-
06XxigHO BpaxoByBaTW 3MEHLLEHHS BTpAT BHACMIgOK
3aTBEpPAiHHA LUMaKoBOro NokKpuBy. TOMY NpU OLiHLL
TENMOBUX BTPAT BUNPOMIHIOBAHHSIM 3 MOBEPXHi po3n-
naB-Lnak npuiMany NpunyLeHHs, Wo CTyniHb Yop-

HOTM &, 4 4p2  3MIHIOETECS 3@  BUPa3oM

8p_m_,(p.2=a'(r+l)b , eMnipu4yHi KoedilieHTn sKoro
OTpMMaHi nig Yac agantadii mogeni.

[MoBHMI TennoBuin NOTIK 3 BiOKPWUTOI NOBEpPXHi po3n-
naBy BM3HA4Ya€eTbCS BUPA3OM

(8)
l2,j =27...31 KA,

Py =4.,9...10,8 MBT, 0OBXWHa eneKTpU4HOT ayru

25-95 mm.
B akocti napameTpis, Aki nignawToByBanucs B Mo-
neni, BpaxoByBanucd, koediuieHT Tennosigoavi

cTani A posn » CTYNEHA YOPHOTN &y 1y iy » € p yu—ip.2

aKTUBHa I'IOTy)KHiCTb

+ € posn—xp - OCHOBHOIO MeToto aganTauii mogeni € mi-

HiMi3auis cymu kBagparTiB pPi3HULb MiXK peanbHUMK Ta
MOOENbHUMU 3HAYEHHSMMW 3MiHM TeMnepaTypu posn-
nasy. Y pesynbTarti 3icTaBneHHs TennodisnyHmnx pos-
paxyHkiB 3 pedynbTatamu NPOMUCIOBMX EKCNEPUMEH-
TiB OTPMMaHO HaCTYMNHi BENMYNHM TeNNogi3nYHNX na-

PaMeTPIB & pps, = 1095 BT/M*K, cTyneHs YopHoTy

gp_m—;cp = 0,59, gp_m—Kp.Z 0,59-(T+1)—0,45,

€ posn—xp = 0,82. MakcumarneHe BiAXUNEHHs Temne-
patypu MK MOAENbHUMWU Ta eKCrepuMeHTanbHUMU

JaHuMKM He nepesuLlye +5°, To6T0 nepebyBae y me-
Xax TOYHOCTI BUMiptoBanbHUX npunagis (puc. 2).

1900

18201

30 40 50

Yac 0O6poOKK, X8
Puc. 2. 3miHa TemnepaTtypu cTani nig yac obpobku: 1-moaenbHi 3HaYeHHs, 2-pe3ynbTaTh KOHTPOI TEPMO-

napamu, 3- BBefleHHA 106GaBoK
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PesynbTatn po3paxyHKiB LLUBMAKOCTI HarpiBaHHs pos-
nnaey nig Yyac poboTK Ha Pi3HMX CTYNEHsAX Hanpyru
TpaHcdopmaTopa 3a YMOBU 3abe3neyeHHs MOBHOrO
eKpaHyBaHHS eneKTpUYHUX Ayr npeacTaBreHi B
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BBEAEHHSA Neryoymx i LWnakoyTBOPIOWYNX MaTepia-
niB, i HaBiTb TEXHOMOrIYHI 3YNUHKN, OCKIfbKN BB
LMX YMHHWKIB 3MiHY TEMNIOBOrO CTaHy po3nnaBy KOX-
HOT NNaBKM Mae BU3HA4YaTUCSA iHOMBIAYyanbHO.

Tabn. 1. OTpumaHi KoediuieHT He BpPaxoBYOTb
Tabnuusa 1
LlIBmMakicTe HarpiBaHHsA cTani B KOBLUI 3aNEXHO Bif NOTYXXHOCTI, L0 NigBOAMTHLCA.
CTyniHb Hanpyru Iz.j, KA Uz.j, B P, » MBT ATp03n, rpan/xs
1 31 205 4,9 -0,05...1,08
2 31 222 5,7 0,20...1,53
3 31 241 6,7 0,73...2,16
4 31 265 8,0 1,38...2,94
5 29 280 9,4 2,15...3,88
6 27 300 10,8 2,63...4,45

36inbLlUeHHa TemnepaTypu po3nnasy Nig Yac Harpi-
BaHHsS 4O6pe OonUCYeTbCH PIBHAHHAM BUAY:

AT posn =kq 'tHaep , (10)
ae ki — eMnipu4HMIn KoediLieHT, WO BU3HAYaETbCs 3
BUpasy

kl =Aepm-Hyy, +bcm 'Mpacn +CemQar +dcm Tepnt

+eem Tn—x.nau +fcm 'Tqbym.O +&em
(11)
ne H,, — TOBLIMHA LUNAKOBOrO MOKPUBY, MM;
M posn - Maca posnnasy, T, 0, - NMTOMa BUTpPaTa
aprony, n/xe-T; tg,, - 4ac 3 MOMEHTY 3aKiH4eHHs BU-
MycKy ctani B KiBW, XB; deus bemys Coms Qem s €em
k2=a1'Tqbym.0+a2'M posn +az-Qar+
+ay gy, +ag 'Tsyn.nott +ag

k3 :bl‘T(j)ym.O +by-M posn +b3-Qar+

+hy Toun +b5 ‘T3yn.nott +b6
Ae T;n04 — TEMNEPATYPA CTAMI HA NOYATKY TEXHO-

noriYHoi 3ynuHku, K.

[nsa Toro, wWob po3pobuTn pekomeHaauii Woao npo-
uecy o6pobkm HeobXigHO OLIHWMTU CTaTTi eHepreTny-
Horo GanaHcy YyCTaHOBKM kKiBw-ni4. Ha pwuc. 3

10

Sem Eem — KOEMILIEHTN PIBHAHHS, IO 3anexaTb Bif

CTyniHewn Hanpyru TpaHcdopmaTopa.

3HWKEeHHA TemMnepaTypu po3nnasy nig Yac TEXHOMO-
MYHUX 3YyMWHOK y 3aranbHOMY BUIMISA4i MOXHa Onu-
caTu pPiBHAHHAM BUay

ATpo3n :k2't3yn+k3'ﬂt3yn ,
Ae 1, —4ac 3ynuHkun, X8, ky i k3 —emnipuyHi koe-

12)

dilieHTn.
B pesynbTaTti BUKOHAHUX MaLUUHHUX €KCNEPUMEHTIB
Ha po3pobrieHi Mmoaeni oTpMMaHi 3anexHOoCTi emni-

PUYHNX KoedilieHTiB k2 Ta k3 Big BXigHWX napame-
TpiB:

(13)

HaBeeHO AaHi NPO eHepreTUYHMN GanaHc yCTaHOBKM
npu poboTi Ha CTyNeHi Hanpyru U 2j = 300 B.

Ha puc. 4. npeacrasneHun fiana3oH 3miHW eHepre-
TMYHOI Ta TENnnoBoi KoedilieHTiB KOPUCHOI Aji ans
CTYNeHIB Hanpyrn TpaHcopmaTtopa 3 ypaxyBaHHSM
TennoBux BTPaT Nig Yac NPOMDKHUX 3YMNUHOK.
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AKTMBHA eneKTpOeHEp
Eakr=16,2 MO

rin

100%
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BrpaTty eHepril

1094 v KOpOTKIA Mepexi

Ew.m. =16 M=

BTpaTty eHepril 3 ]
NoB. METAIY Ta WNAKY | £nos+E
22-32% > EnoB=36-52 x, 4":_% 4 :n::
¥.T.4., 3 BigKpWTOol NoB.. :[29:52%}
HarpieaHHA, =1 v (£6%) "gr.r-L,Te:. Iy
po3snn,peakuii - 0,6-21 Mo
. BrpaTi eHeprii kpisb
Xim. pobaBok q,f,.'“puswpmsﬂa (4-13%)
Enoiﬂﬁ-?ﬁr Edwyr=12-32 N'O*

Y

EcT+Enonb

6,8-9.8 [Ox . .
! . EHepria Ha HarpiBaHHA
(38-61%) b e e

EcT=3685 M=

Puc. 3. EHepreTnynnit 6anaqc YKIM npu 1, ; =27,8 kA, U, =300 B, P, =10,8 MBT

49 | 57 | 67| 8 | 94 |108
B3Hepe. kKA., % | 28 | 34 | 43 | 51 | 57 | 61
OTennkkd.,% | 31 | 38 | 48 | 57 | 63 | 68

AKTMBHA NOTYXHicTb, MBT

Puc. 4. WWenakictb HarpiBaHHA MeTany (a), MakcMmanbHUA eHepreTUdHUI | TennoBuii K.k.4. (6) B 3anexHocTi Big

aKTUBHOI enekTpu4Hoi noTyxHocTi YKI1

BukoHaHun aHania craten eHepreTuyHoro GanaHcy
YK (puc. 3) nokasas, WO iCHye MOXNUBICTb MigBu-
LUNTN eHEepreTUYHUM K.K.4. Ha 4..13% 3a paxyHOK Bu-
KIMOYEHHSA TEXHOMOMYHUX 3YMMHOK Mig Yac obpobky,
AKi NOB’A3aHi 3 MPOMIKHUMUW BUMipaMun Temnepartypu
meTany

BucHoBku

PospobneHo avHamiyHy mMogenb TeNMoBUX NpoLecis
B arperarTi KiBLU-NiY, Y SKi Ha BiAMiHY Bifi OTPMMaHUX
paHiwe TennodianyHMx Moaenen BpaxoBaHO HasB-
HICTb BIOKPUTOI MOBEPXHi MeTany, nnowa sKoi 3ane-
XWUTb Bifl IHTEHCMBHOCTI NPOAYBaHHS iHEPTHUM ra3om,
a TaKoX HecTaLioOHapHICTb NoYaTKOBMX YMOB ycepe-
OVHi pyTepyBaHHSA KoBLLa. BpaxoBaHi foaaTkoBi dha-
KTOPW [O3BONATL NPOrHO3yBaTH TEMNepaTypy pos-
nnasy nig Yac 06pobkun 3 ToYHiCTHO * 5°, Wo Bignosi-
Aae TOYHOCTi Tepmonapu.

Mogenb apganToBaHa OO pearnbHWX MPOMMUCIIOBMX
ymoB. OTpuMMaHi aHaniTu4Hi BUpasn 3miHu Temnepa-
Typu po3nnasBy [O3BONATb iHTErpyBatu po3pob-
neHy mogenb icHytounx ACY nosaniyHoi o6pobku
cTani.

AHania ctaten eHepreTM4Horo OanaHcy yCTaHOBKM
nokasye, Lo iCHYOTb pe3epBu NiABULLEHHS eHepre-
TWUYHOTO i TENNOBOIO K.K.[. YCTAHOBKM:

CKOPOYEHHS MO MOXITMBOCTI TEXHOMOMYHUX 3YMUHOK
(y pasi, AKLO Taki 3ynuHKn HeobXigHi 3 TOYKM 30py Te-
XHOMOrii, TO BUTpaTa aproHy mae 0yt MeHLwoto, wob
He yTBOpIOBanacs BigkpuTa NOBEpPXHSA MeTarny;
NnepemMUuKaHHs CTYMeHIiB Hamnpyrm 3 HU3bKUX Ha BULLi
MOBMHHO 3AINCHIOBATMUCS B Mipy 30inblUeHHS TOB-
LLIMHWM LLNAKOBOr0 NOKPUBY, LWOG YHUKHYTW BTpaT eHe-
prii gyramy Ha onNPOMIHEHHS CTIHOK KOBLLA.

11



JITeopis i NPaKmMuKg Memarypeii wa

12

o %% ¢ ISSN 1028-2335 Ne3, 2024

BibniorpaciuHun onuc

Ryabchikova E.S. Mathematical providing for the model of heat exchange processes of the ladle furnace unit/ E.S.
Ryabchikova, M.Y. Ryabchikov // Theory and technology of metallurgical production - 2013, Ne1 (13) - p. 29-31.
Mathematical modeling of the thermal regime of a ladle furnace with bubble gas blowing. Communication IV.
Report IV / S.A. Novokrechenov, V.S. Shvidkiy, V.P. Zhukov, D.D. Cheremisin // News of the high educational
institutions. Non-ferrous metallurgy — 2016, Ne 1. - p. 72-78.

Zhadanos O.V. Dynamic model of heat engineering processes in electrical arc ladle-furnace plant to develop
automated control system / O.V. Zhadanos, |.V. Derevyanko, D.O. Chaika // Proceedings of 9th international
conference of young scientists on welding and related technologies, 23-26 May 2017, Kiev, Ukraine. — p. 72-76.
Studying of the thermal state of the bath of the ladle furnace installation / V.P. Piptuk, V.F. Polyakov, S.E.
Samokhvalov, O.B. Isaev, S.N. Pvlov, A.A. Travinchev // Metallurg — 2011, Ne 7. - p. 50-53.

Razhivin A.V. Optimization of the thermal regime of melting in technological complexes “furnace-ladle” / A.V.
Razhivin // Proceedings of Donetsk National Technical University. Series: Computing equipment and automation
- 2010., Ne 18 (169). - p. 78-83.

W. Hoppmann, F.N. Fett, T. Klages, L. Fiege. Energiehaushalt eines Pfannenofens // Stahl und Eisen. - Band
(108) 5. September 1988. - Ne 18. - p. 841-847.

Beitsun S.V., Zhadanos 0O.V., Michailovky N.V. Effect of initial melt and ladle lining temperatures on heat losses
during secondary steel processing // Metallurgical heat engineering. - NMAU. - 2004. - s. 27-34.

References

Ryabchikova E.S. Mathematical providing for the model of heat exchange processes of the ladle furnace unit/ E.S.
Ryabchikova, M.Y. Ryabchikov // Theory and technology of metallurgical production - 2013, Ne1 (13) - p. 29-31.
Mathematical modeling of the thermal regime of a ladle furnace with bubble gas blowing. Communication IV.
Report IV / S.A. Novokrechenov, V.S. Shvidkiy, V.P. Zhukov, D.D. Cheremisin // News of the high educational
institutions. Non-ferrous metallurgy — 2016, Ne 1. - p. 72-78.

Zhadanos 0O.V. Dynamic model of heat engineering processes in electrical arc ladle-furnace plant to develop
automated control system / O.V. Zhadanos, I.V. Derevyanko, D.O. Chaika // Proceedings of 9th international
conference of young scientists on welding and related technologies, 23-26 May 2017, Kiev, Ukraine. — p. 72-76.
Studying of the thermal state of the bath of the ladle furnace installation / V.P. Piptuk, V.F. Polyakov, S.E.
Samokhvalov, O.B. Isaev, S.N. Pvlov, A.A. Travinchev // Metallurg — 2011, Ne 7. - p. 50-53.

Razhivin A.V. Optimization of the thermal regime of melting in technological complexes “furnace-ladle” / A.V. Razhi
vin // Proceedings of Donetsk National Technical University. Series: Computing equipment and automation -
2010., Ne 18 (169). - p. 78-83.

W. Hoppmann, F.N. Fett, T. Klages, L. Fiege. Energiehaushalt eines Pfannenofens // Stahl und Eisen. - Band
(108) 5. September 1988. - Ne 18. - p. 841-847.

Beitsun S.V., Zhadanos 0O.V., Michailovky N.V. Effect of initial melt and ladle lining temperatures on heat losses
during secondary steel processing // Metallurgical heat engineering. - NMAU. - 2004. - s. 27-34.

Haditwna do pedkoneeii / Received by the editorial board: 01.10.2024
lpudHama 0o dpyky / Accepted for publication: 20.10.2024


https://www.elibrary.ru/contents.asp?id=34060707&selid=23177801
https://www.elibrary.ru/item.asp?id=25607072
https://www.elibrary.ru/item.asp?id=25607072
https://www.elibrary.ru/contents.asp?id=34222186&selid=25607072
https://www.elibrary.ru/contents.asp?id=34032633&selid=22452319
https://www.elibrary.ru/contents.asp?id=34060707&selid=23177801
https://www.elibrary.ru/item.asp?id=25607072
https://www.elibrary.ru/item.asp?id=25607072
https://www.elibrary.ru/contents.asp?id=34222186&selid=25607072
https://www.elibrary.ru/contents.asp?id=34032633&selid=22452319

Ne3, 2024

ISSN 1028-2335

bk e

JIleopis i NPaKMUKg Memarypeii

https://doi.org/10.34185/tpm.3.2024.02

Beauuko K.O., I'pek A.C., Tokapes C.H.

MoaenroBaHHA i JOCHIIKEHHS NepeMilllyBaHHS METAJIY B AKTUBHOMY

KOBIIi*
Velichko K.O., Grek A.S., Tokarev S.1I.

Modelling and investigation of metal mixing in an active ladle**

Y nabopamopHux ymosax Ha «Xx0s100Hil» MOOesli BUBHEHO MPOUEeCcU nepemiulysaHHs1 8 Koswi rid Jyac npodysaHHs1 Hepes
3aHyprosaHy ¢bypmy. [lidmeepoxeHo, wo ehekmusHicmb nepemiulysaHHs rid Yyac npodyeaHHs 8U3Ha4Yaome sumpama
2a3y i onoxeHHs1 3aHyprosaHoi pypmu. 3anpornoHo8aHo nid yac npodysaHHs 2a3oM y Koswi 00HoYacHO obepmamu Kiew
Haekor10 8r1acHoi oci. [pu uboMy po3pobrieHoO KOHCMPYKUito Koswa, wo obepmaemacs, 3 sucmyrnom Ha OHUWi 8i@ oci 0o
cmiHKu. BusyeHo ennue obepmaHHs Koswa, y m. 4. Kogwa 3 8Ucmyrnom Ha OHUWi, Ha eqbeKmuBHICMb rnepemiuly8aHHs.
BcmaHoerneHo, ujo obepmaHHsa Kogwa dae 3Mo2y ckopomumu mpusgasnicms ycepeOHeHHs XiMiyHo2o ckrnady 8 2 pasu i
binbwe pasis. EcpekmusHum € sukopucmaHHsi po3pobrieHo2o criocoby nid yac edysaHHs nie2yoyux mamepianis i 0e-
cynbghypamopie Ha ycmaHo8Kax KOMIM/IEKCHO20 008e0eHHS1 cmarii.

Knroyoei crosa: kisw, npodysarHs, saHyprosaHa hypma, mpuganicms rnoeHo20 3MillyeaHHsl, 06epmaHHs Koswa,
eghekmusHicmb nepemilly8aHHsI.

The processes of mixing in a ladle during blowing through a top lance have been studied in laboratory conditions on a
“cold” model. It is confirmed that the efficiency of mixing during blowing is determined by the gas flow rate and the position
of the top lance. It is proposed to simultaneously rotate the ladle around its own axis during gas blowing in the ladle. In
this case, a design of a rotating ladle with a protrusion on the bottom from the axis to the wall was developed. The influence
of the ladle rotation, including the ladle with a protrusion on the bottom, on the mixing efficiency was studied. It was found
that the ladle rotation makes it possible to reduce the duration of chemical composition averaging by 2 times or more. The

developed method is effective when injecting alloying materials and desulphurisers at complex steel finishing units.
Keywords: ladle, blowing, top lance, duration of complete mixing, ladle rotation, mixing efficiency.

AHani3 nitepatypHuUx gaHux.

MpogyBaHHA MeTany B KOBLUI HEWTPanbHUM rasom -
Cnocib noninweHHa SAKOCTI cTani, Wo Hanwuplle 3a-
CTOCOBYETLCA B NpakTuui. AproH abo a3oTt nogarotb y
MeTar, HandacTilwe, Yepe3 BepxHio gypmy abo ye-
pes NopuCTy BCTaBKy B AHULLI koBia [1-3].
HesanexHo Big crnocoly nigBeaeHHs OyTTa Npoay-
BaHHA MeTany B KOBLUi HeWTpanbHWUM ra3om Aae
3MOry 3a paxyHoK nepemiwyBaHHsa ctani gocartu [1-
3

- ycepeAHeHHs XiMiYHOro cknagy i remnepaTtypu me-
Tany;

- TOHKOrO perynioBaHHa Temnepatypu meTany nepeg
©e3nepepBHUM PO3NMBAHHSM;

- MiABWLLEHHSI CTYMEHs BUOANEHHA HemeTaneBux
BKITHOYEHB;

- YacTKOBOI Aerasauii ctani (3a 4OCUTb BUCOKUX BU-
TparT rasy, Lo nogaerbes).

MpoayBaHHA cTani ra3om Ha ycTaHOBKaX KOMMEKC-
Horo gosefeHHs (YKI) noeaHytoTb 3 iHWWUMMK CNoCco-
0amn KOBLLOBOiI 06poOKM, Hampuknag, 3 06pobKoto
TBEPAVMM LLNAKOYTBOPIOBabHUMM CyMillamu, noga-
BaHHAM arnoMiHieBoro ApoTy Ta iH. 3a JOMOMOror
BEPXHbOI 3aHyproBaHoI hypmu 34iMCHIOITb Nogavy B
MeTan nopoLuKonodibHnx martepianis.

© Benunuko K.O. — acnipant YOYHT
pek A.C. — acnipaHT YOYHT
Tokapes C.U. — acnipaHt YOYHT

EdekTmBHiCTb 06p0obKM CcTani ogHO3HaAYHO BM3HaYa-
I0Tb TigAPOAMHAMIYHUMM SIBULLLAMW NPU NpoayBLi ra-
30M. TOMy BUBYEHHSA MepeMillyBaHHS | npoueciB Ma-
COOBMiHY Mig Yac NpodyBaHHA B KOBLUI NPeACTaBsie
NpaKkTUYHWI iHTEpeC, Aae 3Mory ysaBuTK (ismko-Ximi-
YHi ABMLLA | HA OCHOBI OTPMMAaHWX 3HaHb YAOCKOHa-
noBaTK | CTBOPIOBATM HOBI cnocobu o6pobku cTani B
KOBLL.

Xapaktep B3aemMopii ra3oBoro CTpyMeHsi 3 MeTasniom,
rigpoaVHaMIYHi NOTOKM B KOBLUI BUBYAKOTbCSA Ha MO-
nensix i B HaTypHux ymoBax [4-10]. Ha Puc. 1 npea-
CTaBfeHO 3arasibHOMPUIHATI CXeMun B3aemogii nig
Yac NpoAyBaHHS Yepe3 BEPXHIO 3aHyploBaHy ypmy
Ta NOpUCTY BCTaBKy i HANPsIMKN NOTOKIB, WO dopMy-
I0TbCA B KOBLUI. [locnigHMKM BUAINAOTbL ABi XapakTe-
pHi obnacrTi: 30Hy 6apboTaxy - 1 i 30Hy UMpKynauii -
2. Y 30Hi bapboTtaxy i nobnmsy Hei dopmyoTbCA
CrpsIMOBaHi Bropy raso-piauHHI NOTOKWU. Y 30Hi UMp-
Kynsuii noTokn metany 6ins CTiHOK KOBLIA@ CNpSIMO-
BaHi BHM3. bins noBepxHi NOTOKM CNpsiIMOBaHi B pagi-
arnbHOMY HanpsiMKy Bif 30HW NpoAyBKW A0 CTiHOK, a
6ins gHMLWa B NPOTUNEXHOMY HanpsMKy - Big CTIHOK
[0 30HM NPOOYBKN.

Velichko K. — PhD student at USUST
Grek A. — PhD student at USUST
Tokarev S. — PhD student at USUST
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Puc. 1. Cxemun B3aemogii i HaNPsSMKU NOTOKIB, WO POPMYIOTLCS, MNif Yac NPOAYBaHHS B KOBLLI Yepe3 BEPXHIO

3aHyploBaHy pypmy i MOPUCTY BCTaBKY.

HiameTp 6apboTaxHOI 30HU, K NPaBuIo, He NepeBu-
wye 10% Big o6'emy meTany B koBLi. Y Mexax Gap-
BOTaXHOi 30HM 3abe3nevyloTbCs BUCOKI LUBUOKOCTI
nignomy rasoBux 6ynbOaLLoOK i BUCXiAHMX NOTOKIB Me-
Tany. 3a YNCMEHHUMU eKCnepumeHTanbHUMKU Aa-
HUMUW WBKMAKICTE Nignomy Oynbbawok rady B 6apbo-
TaKHiN 30Hi Moxe gocaratn 50-100 m/c, a BUCXigHUX
notokiB MmeTtany 50-80 m/c [6]. Bucoka wBMAKICTb Mno-
TOKiB y OapboTaxHil 30Hi 3abe3neyye TypOyneHTHWI
Xapaktep Tenno- Ta MacoobMiHHUX MpoueciB y Uin
obnacri.

Y UMPKYNALUiHIA 30HI XapakTepHi Sk TypbyneHTHi, Tak
i mamMiHapHi Teuii, i NoNA WBWMAKOCTEN iICTOTHO Heoa-
HopigHi [8-9].

HaBepeHi pesynbTat NEPEeKOHNMBO NOKa3yTb, LLO
BMCOKa LUBMAKICTb NOTOKY | Benuka TypOyneHTHICTb y
GapboTaxHin 30HI Moxe OyTM ManoedeKTMBHOK NS

LMPKYMALIMHIN 30HI B i okpemnx ob'emax NnoToku Me-
Tany MakwTb HEBMCOKY LUBMAKICTb | ManopyxnmeicTtb
[5-12].

HanyacrTiwe npouecu nepeMillyBaHHS OLHIOTb Be-
FIMYMHOIO Yacy NOBHOTO 3MiLYBaHHS Tew. Yac MOBHOMO
3MilllyBaHHA 3MEHLUYETBCA 3i 3POCTaHHAM MUTOMOT
NOTY)XHOCTI gucunadii eHeprii [2, 4, 5, 11-12].

Y npakTuui Yac NOBHOrO 3MiLlyBaHHA OAHO3HAYHO No-
B'A3Y0Thb i3 MMTOMOI MOTYXHICTIO NepeMilllyBaHHS €.
3MiHM TpUBAamnoCTi MOBHOrO 3MillyBaHHsS Big Benu-
YMHM € HaBedeHOo Ha Puc. 2. 3anexHicTb T Big € Ha
Puc. 2 mae xapaktepHy obnacte nepenomy. Ak Bea-
XatoTb aBTopw [1-2], BOHa BignoBigae 3miHi xapak-
Tepy nepeBaXakl4ux CUM y NoToui Big cun B'A3KOro
TepTs (3a namiHapHOI Teuil) 4o iHepuiiHUX cun, 3ymMo-
BINEeHMX TypOyneHTHO B'A3KICTIO.

Bucoknin cTyniHb romoreHisauii posnnaBy pJocsra-

nepemillyBaHHa MeTany B  KOBLU, SKWO B  €TbcA nicnsa 3-5 kpaTHOI LMPKynaLil.
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D L
80
‘%“ o
3 v e
c ¥ 1
£ o
0 g‘ 40
= 3 -
Q.= |
@ F 20 g . —»
3 ° 2
=
0
0 40 80 120 160 200
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6e3 wnaky 2.
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Y UMPKYNSAUiNHIA 30HI NepeMillyBaHHs BigOyBaeTbCSA
3HA4HO MOBINbHiILIE, HiXX y 6apboTaxHin. OTxe, came
LS 30Ha € BM3HA4albHOI 3 TOYKM 30py Mepemilly-
BaHHA Ta romoreHisadii posnnasy. TOMy NUTAHHSA iH-
TeHcudikaLii nepemillyBaHHA B LMPKYNAUinHIn ging-
HUi BENbMW akTyanbHe nig Yac opradisadii nosaniy-
Horo o6pobneHHs ctani i noTpebye HOBMX TEXHIYHMX
pilleHb.

ABTOpamu 3 METOIO NiABULLIEHHS edPEKTUBHOCTI 06po-
Okn npu npoayBui B KOBLUI HEWTPANbHUM ra3om 3a-
NponoHoBaHO obepTaTh KiBLLI HABKOJIO BfACHOI OCi.
CraneposnvBHUIA KiBL, Y LbOMY BMNaKy, 3 nacue-
HOrO 3HA4YHOI MIpOI0 CTa€ aKTMBHMM Y4aCHUKOM Mpo-
LeciB nepemiwlyBaHHS. [pu UbOMYy Ha OHULI Ta BHY-
TPILLHIX CTiIHKaX BUMKOHYBanun OAAaTKOBI BUCTYNMN.

JIleopis i NPaKMUKg Memarypeii

MaTepianu Ta MeToaun SOCHIIKEHHS.

Hocnign npoBefeHo Ha «xonogHin» mogeni. Cxemy
eKcnepuMeHTarnbHOT yCTaHOBKM HaBeaeHo Ha Puc. 3.
[NpoayBaHHA MogentoBanbHOI PianuHU B MOAENi Ko-
BLwa 1 34iNcHIOBanNu Yyepes 3aHyproBaHy dypmy 2. 3a
[OonNoMoror gartyumka 3 nicnsa gogaBaHHS iHAMKaTopa
KOHTPOIMOBanNu TpuBanicTb NOBHOrO 3MilllyBaHHS T.
Ak ingukatop BukopuctoByBanm 100 mn 10 % pos-
YMHY KYXOHHOI COMi, KN BBOOUNN Y BaHHY MEXaHi3-
Mom 4. YcTaHoBka nepegbadvana npodyBaHHA §K Y
HEepyXOMOMY KOBLLI, Tak i nig 4Yac rnoro obepTaHHs 3i
weuakicTio 1,5; 3; 4,5; 5,0; 8,0; 11,01 14,0 obepTiB Ha
XBWIMHY, Y TOMY YMChi KOBLUA 3 OAATKOBOI Nepero-
poaKoHo.

Puc. 3. Cxema ekcnepumMmeHTanbHOT yCTaHOBKM (1 — Moaenb KoBLUA, 2 — BEPXHS pypma, 3 — gaTtyuuk, 4 — me-

XaHi3M JO3yBaHHS iHOUKaTopy).

dypMy Ans NpoAyBKY NPy LbOMY BCTaHOBIOBANN No
oci KoBLWa i Ha BigcTaHi 1/2 pagiyca. mMnbnHa 3aHy-
peHHs dypMn cTaHoBuna 2/3 BUCOTU PIAWMHN B MO-
aeni. Butpaty rasdy 3miHioBann B po3paxyHKOBOMY
pexumi, 3abesnedyroum 9K «kMNsABe», Tak i IH-TEHCUBHE
NpoAyBaHHA MOLENtOBanbHOI PiGUHN aproHOM.

[nga Bu3Ha4yeHHA Ha moAeni TpMBanocTi MOBHOMO 3Mi-
LUYBaHHSA PiAVUHU BUKOPUCTOBYBanNuM KOHAYKTOMETPU-
YHUW MeTO[ 3 PEeECTpaLi€o 3MiHM eNeKkTPonpoBiaHO-
CTi BOOAHOIO PO34MHY MpU BBEAEHHI B HbOMO CUIMbLHOIO
enektponity NaCl.

Mig yac Bubopy napameTpiB MOAENOBaHHSA NPOLECB
nepemillyBaHHA Nif Yac NPoAyBaHHA B KOBLLI BUKO-
pPUCTOBYBanu TakoX BENUYMHY MUTOMOI Ha OAMHULIIO
Macu BaHHW MOTYXXHOCTI il NepemillyBaHHs, Lo Mae
PO3MIpHICTb WBMAKOCTI, M/c. Lo BenuumHy BusHa-
Yyanu 3a Bupasom CaHbepra. MabyTb, gaHa xapakre-
pucTVKa JOCUTb A0Ope BU3Hayae CyTHICTb po3rnsagy-
BaHOro ABMLIA.

Ha ocHoBi piBHAHHst CaHobepra 3 ypaxyBaHHAM Mon-
paBku JleHepa BMKOHAHO PO3paxyHOK BUTpaTW rasy
Ans npogysku B obpaHii mogeni koslwa. Po3paxyH-
KOBi 3HA4YEeHHS BUABUNUCS BNIM3bKMMM 3 OTPMMAHUMM
Ha OcHOBI kputepito Ppyaa.

MoyaTkoBUMMK faHUMKU N BUBOPY pexnmy npoay-
BaHHS Ha mogeni 0ynun emHicTb koBwa — 250 T, BU-
Tpata rasy Ha npoayBaHHs 80-90 m3/rog, aiameTp co-
nna — 10 MM, LWBKAOKICTL rasy Ha 3pi3i conna
=280 m/c, TemnepaTypa metany — 1853 °K, Bucota
mMeTany B KOBLWi - 3,5 M, rmnbuHa 3aHypeHHs hypmu
- 2,5 M. Mogenb koBLLa Mana BucoTy 65 cm i cepea-
Hin giameTp 48 cM, sk MoaentoBanbHy pianHy 3acTo-
coByBanu Boay.

[na npoaysaHHs BUKOpUCTOBYBanu aproH. fliametp
conna B Mogeni 3aHypitoBaHOi (ypMu CTaHOBMB
0,75 mM. 3rigHO 3 po3paxyHkamu BWUTpaTy rasy Ha
npoayBaHHs BcTaHoBnwBanu B fdianasoni 0,0017-
0,01575 n/c. Y ubomy BMNagKy MOAEoBanM yMoBHU
K «MNSABOro», TaK i IHTEHCUBHOrO nNpoayBaHHS
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MeTany aproHom. [Npu uboMy TpuMBaniCTb MOBHOMO
3MilllyBaHHS B HATYPHUX YMOBaX i Ha mogeni 6yna no-
PiBHSHHA.

BisyanbHo hikcyBanu igeHTUYHICTb PeXMMIB B3aEMO-
4ii rasy, wo cnnmeae. Ak i B HAaTypHMX YMOBax, BNpo-
Ba[)KEHHS1 aproHy B piguHy, IO MOAErE, MpOXo-
ONNo B CTPYMEHEBOMY PEXUMI.

PesynbTtatu gocnigxeHHs.

o %% ¢ ISSN 1028-2335 Ne3, 2024

CrnoyaTKy BUBYMNW BB Ha NpOLECU Mnepemily-
BaHHsS1 OCHOBHMX MapameTpiB NpogyBaHHA MeTany B
KOBLLUI - BUTpaTW rasy i nonoxeHHs pypmn. Ha Puc. 4
HaBe[EeHO 3anexXHiCTb TPUBAarocCTi MOBHOMO 3Milly-
BaHHS T i NOKa3HMKa iIHTEHCMBHOCTI MepemMillyBaHHS
1/1 Big BUTpaTK rasy (ypma posTtalluoBaHa fno oci Ko-
BLUA, BiACTaHb Bif 3pi3y conna pypmMu 4O AHMLLA MO-
aeni 150 mm).
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Puc. 4. 3miHa TpnBanocTi NOBHOro 3MillyBaHHS T i NOKa3HMka 1/T nig Yac NpoayBaHHsA B MOAENtoBanbHiln pigvHi

B KOBLUI 3 Pi3HNMMW BUTpaTaMu rasy

36inbLUeHHs BATPaTK rasy B yCix BunNagkax npusBo-
Ouno Jo iHTeHcudikauii npoueciB nepeMillyBaHHS -
3MEHLUEHHS TPMBAanocTi 3MiwyBaHHS i 36inbLueHHs
nokasHuka 1/1. 3a BigHOCHO HEBEMNWKMX BUTpAT rasy
(Bns ymMOB eKkcnepumeHTy meHLe Hix 17,6 cmd/c)
cnocTepiranu cnabke nepemiwlyBaHHA PiAMHU MO-
Aeni, WO XapakTepu3yeTbCsl BEerIMKOW TpuBanicTio
NMOBHOrO 3MilLlyBaHHA T. HanimoBipHille, y LboMy pasi
(3a BUTpaT rasy MeHwe Hix 17,6 cm3/c) NOTYXHICTb,
WO niagBOAMTLCA Mig 4ac MpoayBaHHA, 3abesneuy-
Bana B OCHOBHOMY NamiHapHUN pexum Tedii pignHn
B 30Hi LUMpKynsLil.

3a BIQHOCHO BENUKMX BUTPAT rasy (ang ymMoB ekcne-
pumeHTy 90 cm3/c i BinbLue), y NopiBHAHHI 3 nonepe-
OHIM  pexnmom, TpuBanicTb MOBHOMO 3MillyBaHHS
3MeHwWwyeTbes y 2 i Binblwe pasi. BogHovac noga-
nblue 36iMblIEeHHs BUTpaTu rasy He Npus3BoauTb 4O
iCTOTHOrO MOSIMNLWEHHs NepeMmillyBaHHS | CKOPOYEHHS

16

TPMBanoCTi MNOBHOrO 3miwyBaHHA. BoudeBnagp, vy
LUbOMY BMMAAKy, B 30HI LIMPKYNALiT BCTAHOBIHOETHCA
TYpOYNEHTHUI PEXMM NepPEMIiLLyBaHHS.

Ak BugHo 3 Puc. 4 3a BuTpaTtu rasy B iHTepsani 17,6-
90 cm®/c KpuBa 3MiHWM TPMBANoOCTi MOBHOMO 3MiLlly-
BaHHs Mae obnactb xapakTepHOro nepenomy. Y uin
o6nacTi pexum nepemillyBaHHA B 30Hi LMpKynauil
XapaKTepusyeTbes K TypObyneHTHUMU, Tak i namiHa-
PHUMW NOTOKaMU PiANHMW.

3aHypeHHs dypMuM Y BCiX BUNagkax npusBoguTb A0
iHTeHcudikauil npoueciB nepemillyBaHHs i CKOpoO-
YEHHS TpMBasoCTi NOBHOMO 3MmilyBaHHA. OcobnmBo
3Ha4yHO 3aHypeHHs bypMKn BNnMBae Ha npouecu ne-
peMillyBaHHA B HWXHIA YaCTWUHI KOBLUA, 32 YMOBU
onyckaHHA dypmMu Ha rnMubuny noHag 70 % BucoTU
MoZentoBanbHOi PigvHW B KOBLLUI.
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JIleopis i NPaKMUKg Memarypeii

Puc. 5 HaBegeHO 3MiHy KOHUeHTpauil iHgukaTopa
C1/Cm y MofentoBanbHil piguHi nig yac npogyBaHHS
B KOBLLUi 3 pi3HMMK BUTpaTamu rasy. 3a BiJHOCHO Be-
NMKNX BUTPAT ra3y TpvBanicTb MOBHOIO 3MilLyBaHHS
HeBenuka i CTaHOBUTb BNn3bKo 2,5 XB (TakU pexum
MOXINMBUIN NPU NPOAYBAHHI y KOBLUAX HEBENWKOI MicC-
TKOCTI). Bnnx4yoto 4o 3BMYanHOT B NpakTuli TpuBano-
cTi npoagyBaHHs (5-10 xB.) € AvHamika 3MiHW Benu-
4ynHm CT/Cm, HaBeaeHa Ha

Pwuc. 58,

Puc. 5c. 3 ornagy Ha Te, WO npucagKky iHaMkaTopa
NpoBOAWMM B MPOTUMEXHOMY Big AaTtymka Goui ko-
BLUA, Y BCiX BMNagKax nicng BBeAeHHs iHankaTopa i-
KcyBanu 36inbleHHst BenuumHu Ct/Cm 40 MOMEHTY,
konu 3HayeHHa CT1/Cm He 3MiHIOBanocs nia 4yac no-
[anbLuoro NpoayBaHHs.

17



JITeopis i NPaKmMuKg Memarypeii wa

o %% ¢ ISSN 1028-2335 Ne3, 2024

3

4

5 6
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Puc. 5. 3miHa koHUeHTpauii iHankaTopa CT/CM y MogentoBanbHiv piguHi nig Yyac npoayBaHHS 3 Pi3HOK iHTEH-
CMBHICTIO nofadvi raay.
a) Q=0,0567 m3/rop, 6) Q=0,0252 m3/roa, B) Q=0,0189 m3/rog

Y nonepepHix ekcnepMMmeHTax 3 0bepTaHHsAM KoBLUA
HaBKOMO BMNAacHOI oci 6ynu BMNpobyBaHi KOHCTPYKLi
KOBLLUIB 4-X TWNIB:

A - 3BUYaHa KOHCTPYKLIS;

b - 3 6iYHUM BUCTYNOM Ha CTiHLi;

B - 3 BUCTYNOM Ha AHULLI KOBLUA;

Crt
Cm

a)

6)

3 4 5 6

Yac 06pobku, 7, XB

200

c
2

120

80

Tpusanicms MOBHOro
3MillyBaHHA, T,

40

bes Bucmynis 4,

3Bucmynom |,
Ha gHUWi

[" - 3 BUCTYNOM Ha CTiHUi | AHWULLI 0QHOYaCHO.

BiyHi BUCTYNU Ha CTiHUi KOBLIA B KOHCTPYKUiax B i I,
Yy MOPIBHSAHHI 3 NPOAYBaHHAM aproHOM y mofeni Ko-
Bwa 6e3 obepTaHHsA, y BCiXx BMNagkax noripysanu
nepemillyBaHHa MOOENOBANbHOI PigMHKU | Yyac noB-
HOrO 3MiLlyBaHHS 3Ha4YHO NOJOBXYBaBCH (

Puc. 5). BoueBunab, ocTaHHE NoB'sA3aHe 3 (HOPMyBaH-
HAM nobnm3y BucTyny TypOyrneHTHOro pyxy piavHwm,
WO nopyllye pagianbHi NOTOKW, YTBOPEHi nig 4ac
npoayBaHHs, i NOripwye 3aranom npouecu nepemi-
LIyBaHHA B MoAeni.

Buctyn Ha gHMWi KOBWa 3adaHUX po3MipiB [LaBaB
3Mory nominwuTu nepemillysBaHHa nifg Yac npoay-
BaHHA 4yepes3 3aHyptoBaHy dypmy i obepTaHHSA Ko-
Bwa. OcTaHHE NOB'A3aHO 3 TUM, IO B LbOMY pasi ni-
ABULLYETbCA edbekT Big obepTaHHA 1 ycyBalTbCA
YMOBHO 3acCTilHi 30HV B MPMAOHHMX 06nacTsx KoBLUa.

3 6okoBUM
BUCMYITOM

3 6okoBUM ma
AOHHUM BUCMYIIOM

Pwuc. 6. 3miHa TpuBanocTi NOBHOIo 3MilLlyBaHHS B €KCNepUMEHTaX i3 3aCTOCYBaHHSAM Pi3HOT KOHCTPYKLI KOBLUA
(BuTpaTta rasy 0,0189 m3/roa, WwBKakicTe o6epTaHHs N=8 06/xB).
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Yac obpobku, 7, xB

Puc. 7. 3miHa kKoHUeHTpauii iHankaTopa CT/Cm B 06'eMi MOA4ENOYO0I PigVHK Nig Yac NpoayBaHHS 3 BUTPATO
rasy 0,0189 m3/roa (a - 3 06epTaHHsIM KOBLUA, N=8 06/xB; 6 - 6e3 0bepTaHHS)

BcraHoBneHo xapaktep BnnuBYy 0oGepTaHHSA KoBLUA
Ha epeKTBHICTb NepemillyBaHHS piguHV Npu Npoay-
BUi. [pn obepTaHHi 3i WweuakicTio GinbLwe 4-x obepTis
Ha XBWUIWHY POrb padianbHUX LMPKYALINHUX NOTOKIB
Bi MpoAyBKM B Mpoueci nepemilyBaHHS OCHOBHOTO
06'eMy BaHHW 3MEHLYETLCA. |[HTEHCMBHICTL 3MiLly-
BaHHS BM3HAYaETbCA NiABEOEHHAM «CBIKUX» MOPLIN
piavHu B pesynbTaTi obepTaHHs B obnacTb 6apboTa-
XKHOT 30HM. B OCTaHHIN, 9K yXe 3a3Hadvarnocs, ycepe-
AHEHHS pigvHKW 3a cknagom BiabyBaeTbCs Ayxe LUBK-

ako. Wo Ginbwa weuakicTb obepTaHHsA KoBLla, TO
100 < *

80
60

40

T/ 70 %

20

yacTilwe nigBoaMTbCa «CBiXKa» Nopuis piguHuM 4o Mi-
CUS iIHTEHCUBHOTO NepeMmillyBaHHS | TUM WBuALe JO-
CAraeTbCs 3MillaHHs B 06'eMmi BCIET piaMHK KoBLUA.
PesynbTatn ekcnepumeHTiB y3aranbHeHo Ha Puc. 8.
Yac noBHOro 3MmiwyBaHHA npu obepTaHHi koBLia i
NpoAyBaHHi aproHOM T MOPIBHIOBanNu 3i BCTaHOBIe-
HUM nig Yac npodyBaHHSA 6e3 obepTaHHs KoBLUA To.
BugHo, wo obepTaHHA KoBLWA € e(PEKTMBHMM 3aco-
©oM chopcyBaHHS NpoLeciB NepeMillyBaHHS B 00'emi
MOZAESoBanbHOI PignHM.

1] 2 4

8 10 12 14

Uisugkicms o6epmaHHA KoBwa, n, 06/x8

Puc. 8. 3miHa BenunumHK T/To 3aneXHO Bif LWBMOKOCTI 06epTaHHA KOBLUA 3a BIQHOCHO Manux BUTpaT rasy Ta
HEeBEeNUKOI MUTOMOI iIHTEHCMBHOCTI NPOAYBaHHS Yepes 3aHypioBaHy opmy

Hanbinbw edekTmBHUM cnig OdikyBaTu BUKOPUC-
TaHHSA 00epTaHHA KOBLUA 3 NEPErOpoOLKOI0 Ha OHULL
nig Yac BAyBaHHA NOPOLUKONOAIOHNX MaTepianis, Ha-
npuknag, gecynbdypaTopiB. Y UbOMYy pasi «CBidXi»
nopuii meTany, Wo nigBogunucs nig yac obepTaHHs
B 30HY BOYBaHHS, NPUCKOPSATb NepeMillyBaHHS i npo-
TikaHHA npouecy aecynbdypadii.

Ha ocHoBi npoBeaeHnx gocnigXeHb 3anponoHOBaHO
HOBUWI cnocid 06pobku cTani Ha yCTaHOBLi KOMMIIEK-
cHoro goBefeHHst 3P-AK (3arnnbHa cdypma - akTuB-
HWUA KiBLU).

BucHoBku.

Y nabopaTtopHMX YMOBaxX Ha MOAENsIX BUBYEHO NpoO-
Lecu nepemillyBaHHs Nig Yac NpoayBaHHs Yepes 3a-
HyptoBaHy cpypMy i obepTaHHs KoBwwa. Po3pobneHo

cnevianbHy KOHCTPYKLUito 06epTOBOro KoBLUla 3 BUCTY-
nomM Ha pgHuwi. Bneple BMBYEHO eEKTUBHICTb
BNNMBY 0b6epTaHHS TaKkoro KoBLUa Ha npouecu nepe-
MilLyBaHHS Nig Yac npoayBaHHA. OTpUMaHo HOBI AaHi
Npo CyMapHWI BNAMB Npo4yBaHHSA ra3om, o6epTaHHS
KOBLUA i BUCTYMY Ha OHULLI Ha npouecu nepemilly-
BaHHs.

BcTaHoBneHo, o obepTaHHs KoBLLA HABKOJO Briac-
HOI OCi Nig Yac NpodyBaHHA HENTParbHUM ra3om Aae
3Mory Ans pexumis obpobku, ski 3a3Bnyan 3acToco-
BYIOTb Ha NpakTuui, CKOPOTUTU TpuBanicTb ycepen-
HEeHHS xiMiyHOro cknagy B 2 i GinbLue pasis.
HarnedekTHilmMm cnig, ovikyBaT BUKOPUCTAHHS PO3-
pobneHoro cnocoby «3aHypioBaHa dypma -
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aKTUBHMI KiBLU» Mig Yyac BOYBaHHSI NOPOLLKOMOAIGHNX
neryeanbHUX MaTepianis i gecynbdypaTtopis.
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ByriieneBorepmiuHe BiJHOBJIEHHSI OKCU/IB 3aJ1i32a B YMOBax

€JICKTPOMATHITHOI'0 BILIMBY
Grishin 0.M., Velychko 0.G., Grek 0.S., Nadtochiy A.A.

Carbothermal reduction of iron oxides under electromagnetic
influence

Mema. 3 Mmemoto ompumaHHs KifbKiCHUX Xapakmepucmuk 8riugy enekmpomMazHimHO20 Mo Ha npoyec 8iOHOBMEHHS
okcudie 3aniza syaneuem y meepoili ha3i ma 8UBYEHHSI MexaHi3aMy Ub020 Mpoyecy npoeedeHo ekcriepuMeHmarbHi 0o-
CriOXeHHS 8yarneyesomepMiyHO20 ma KOMI/IEeKCHO20 8IOHOB/IEHHS 3ani3a 3 eéeMamumy, MagHemumy ma okanuHu. Me-
moduka. ExcriepumeHmu npoeoousnu y 3MiHHOMY MazHimHoMy rosi iHOYKUilHOT neyi 3 4acmomoro 3MiHHO20 MOKY 8 iH-
Adykmopi i 50 'y 0o 40 kY. 3 sukopucmaHHAM mepmozpasimempuyHoi Memoduku. [Tpouyec 8iOHo8IEHHSI Modeso8arnu
8 ymosax 8yarieyesomepMiyHo20 8i0HOBMEHHS i3 8U3HAYEHHSIM KiHUE8020 CmyrneHI0 8iOHOBMEeHHSI OKcudy ma vacy
8i0Ho8neHHs y Oiana3oHi memnepamyp 973-1373 K 3 gaukopucmaHHsIM pi3HUx pydo-gyeinbHUX Mamepiarnie. Pe3yib-
mamu. OmpumaHi OaHi ceid4amb PO MPUCKOPEHHS rpouecie 2a3ucbikauyii 8yaneyto ma 2a3o8020 8iOHOBIEHHSI OKcudig
nid snnueom EMIT Ha 10-20 %. BcmaHo8neHo wo 8nnug MagHim+Ho20 foss muM suwjull YuM suwe yacmoma 3MiHHO20
cmpymy 8 iHOYKmMOpi neyi a makox Wo 8riue MazHimHoe2o ross euuwull y Hu3bKkomemnepamypHux diana3oHax 8iOHos-
neHHs. Haykoea Hoeu3sHa. EkcniepumeHnmarnbHo nidmeepdxeHo ennue EMI Ha kiHemuky 6iOHosneHHs1 okcudie 3anisa.
3arnpornoHosaHo MexaHi3M erugy rnoss Wo iHmeHcugikye npouec 8idHoseHHs 3ani3a. lMpakmu4yHa 3HaYyywicme. IH-
meHcucpikauyis npoyecie gyaneyesomepmiyHo20 8iOHO8IEeHHS okcudig 3arida 3abe3neyye 3HUXEHHS eHepeosumpam ma
nidsuUeHHs1 MPoOyKMUBHOCMI POYECy.
Knroyosi criosa: 8yaneuyesomepmiyHe 8i0HO8MEHHS, iHMeHcugikayis, okcudu 3ari3a, 3MiHHe eneKmpomazgHimHe rorne,
cmyniHb 8iOHOB/IEHHS.
Objective. To obtain quantitative characteristics of the effect of the electromagnetic field on the process of reduction of
iron oxides by carbon in the solid phase and to study the mechanism of this process, experimental studies of carbon-
thermal and complex reduction of iron from hematite, magnetite, and rolling scale were carried out. Methods. The exper-
iments were carried out in an alternating magnetic field of an induction furnace with an alternating current frequency in
the inductor from 50 Hz to 40 kHz using the thermogravimetric technique. The reduction process was modelled under
conditions of carbothermal reduction with the determination of the final degree of oxide reduction and the reduction time
in the temperature range of 973-1373 K using various ore-coal materials. Results. The obtained data indicate an accel-
eration of carbon gasification and gas oxide reduction processes under the influence of EMF by 10-20 %. It was found
that the influence of the magnetic field is higher the higher the frequency of the alternating current in the furnace inductor
and that the influence of the magnetic field is higher in the low-temperature reduction ranges. Scientific novelty. The
effect of EMF on the kinetics of iron oxides reduction has been experimentally confirmed. The mechanism of the field
effect intensifying the iron reduction process is proposed. Practical significance. The intensification of the processes of
carbon-thermal reduction of iron oxides provides a reduction in energy consumption and an increase in process produc-
tivity.
Keywords: carbon-thermal reduction, intensification, iron oxides, alternating electromagnetic field, reduction degree.
Beryn. Byrneuto. Y pesyneTati MigBULLYETLCH peakuinHa

MoxnuBicTb iHTEeHcudiKaLii ByrneLeBoTepMiYHOIo
BiJHOBIIEHHS 3ani3opydHuUX MatepianiB 3a paxyHoK
npuckopeHHs 6ydb-9koi 3 naHoK npouecy Aae
nigcTaBy O4iKyBaTW CNPUATNNBMX pe3ynbTaTiB y pasi
30BHILLUHIX eHepreTnYHNX BNIIUBIB HA CUCTEMY, LLIO pe-
arye. Takoro pogy BMAYMBKM MO3HA4YalOTbCA Ha ra-
3udpikaLii Byrreuto i Ha NpoLueci BiAHOBMNEHHA OKCUAIB
rasamu [1].

AHanis nirepaTtypHuUX JaHuX.

Mpo NpUMHUMNOBY MOXMMBICTbL aKTUBYBaHHSA TBEP-
Aoro Byrneo isnyHUMN MeToAaMu Ta NMPUCKOPEHHS
noro rasudpikadii ceigyaTtb nitepatypHi matepianu [2].
3asHavaloTb, Wo 6ombapayBaHHA rpaddiTy HEWTpo-
Hamu 36inbliye AedeKkTHICTb NOoro  KpuctanidHoi
peLUiTKM, NPpU3BOANTb A0 3MILLEHHS aToMiB BYrneLuto 3
PiBHOBaXXHMX MOSOXEHb Y MiDKBY3M5; CnocTepiraeTbCs
3pOCTaHHSA MDKNIOWMHHUX BigcTaHen. BinbyBaeTtbes
ocrabneHHss 3B'A3kiB  C-C, 30ymkeHHs aToMiB

© MpywuH O.M. — A.T.H., pou YOYHT
Benuuko O.I'. — A.1.H., npodp. YOYHT, akagemik HAH Ykpainu

Ipek O.C. — acnipant YOYHT
Hapgrtouin A.AA. —K.T.H., gou. YOYHT

3paTHicTb rpadity y B3aemogii 3 razamu (O2, COy),
3HWXKYETbCHA eHeprid akTueisauii npouecy. Edekrus-
HUM BUSBNAETLCA He TiflbKM ONPOMIHEHHA 3pasKiB Mig
Yyac pearyBaHHs 3 razamu, a v nonepegHe 6ombapay-
BaHHSA iX, OCKINbKM 3Ha4yHa YacTuHa pagiauiiHux ge-
doekTiB 306epiraeTbcsa Npy HarpiBaHHi 40 BUCOKUX TEM-
nepaTyp.

IHTeHCcUdikytounin BNNUB Ha peakLito rpadity 3 ra-
3aMun 34iNCHIOITL Y-NpomeHi [3-5]. EdekT, cnoctepe-
XyBaHW nig, Yac ONpPOMIHEeHHs B Xoi peakLii, 3a3Bu-
Yal NoB'A3ytoTb 3 iOHI3auielo razoBux mornekyn. MNpu-
CKOpPEHHS npoLecy B pa3i nonepeaHboi 06pobku Cre.,
MEBHOMO MOSICHEHHS] He Ma€, OCKiNbKU HEeOBOPOTHMX
3MiH rpacpiTy B noToLi y-NpOMEHIB BUSBIEHO He Byro.

ABTopu [6-8] cnocTepirann, 30Kpema, iHTeH-
cudikauito peakuii ropiHHA Ta rasudikadii Byrrewto nig
BMNIMBOM YNbTPa3BYKOBUX KonmBaHb. Lien edhekT GyB,
nepeBaxHo, MOB'A3aHUN i3 NPUCKOPEHHSM po3naay

Grishin O. —d.t.s., docent USUST

Velychko O. — d.t.s., professor, USUST Academician of the Na-
tional Academy of Sciences of Ukraine

Grek O. — PhD student at USUST
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21



JITeopis i NPaKmMuKg Memarypeii

NMOBEPXHEBUX BYIMeLb-KNCHEBUX KOMIMMEKCIB Yepes
36inbLUEHHs KiHeTMYHOI eHeprii i Monekyn CO2. Y go-
cnigpkeHHsx [9] Big3Havanocs iCTOTHE 3pOCTaHHS
LLBWAKOCTI FOPiHHSA BYrneLo B pe3ynbTaTi akyCTUYHUX
BMMMBIB 3BYKOBUX 4YacToT. OpgHoyacHo niaBuLLyBa-
nacs koHueHTpauis COz, y rasax, Lo BiaXoadaThb.

JlitepaTypHi gaHi cBigyaTh TakoX MpPO BNAMB Ha
TBEPAMI BYrneLb eNeKTPUYHNX | MarHiTHUX nonie. 3a-
3Ha4YeHi NONsA MOXYTb YMHUTW, HaMNpuKrag, OpiEHTY-
BaribHy Ait0 Ha nycouykm rpadity [10].

3acTtocyBaHHs (hisndHMX MEeTOIB 3 METOIO MPUCKO-
PEHHSA He TifMbKU OKPEMMX IaHOK ByrneueBoTepMiy-
HOro BiJHOBMEHHS, @ W npouecy 3ararnoMm, Jae MOX-
NMBICTb  3HaYHOI  iHTeHcudbikauil  BiAHOBMEHHSA
3ani3opygHuX matepianis TBepaum Byrneuem |HTeH-
cudikauiss 060x NnaHoK BYrneueBOTEPMIYHOIO BigHOB-
neHHs Moxe ByTu peanizoBaHa 3a JOMOMOIOK enek-
TPOMarHiTHOro BnMBY. 3aCTOCYBaHHSA Cy4acHUX Me-
ToAiB (hi3nKO-XIMIYHOro aHanisy gae 3mory getanbHO
gocnigntn npouec TBepAodasHOro BiOHOBMEHHS B
yCiX NOro acnekrax.

Takum 4YMHOM, iHTeHcKdikauis 060X NaHOK BYrie-
LEeBOTEPMIYHOIO BIOHOBMNEHHS Moxe OyTun peaniso-
BaHa 3a AOMOMOroK efleKTpomarHiTHoro Bnnvey. 3a-
CTOCYBaHHS CyyacHUX MeToaiB  i3nKo-XiMidHOro
aHanisy gae 3amory getanbHo 4ocnianTy npolec Teep-
[oa3HOoro BiHOBMNEHHS B YCiX MOro acnekrax.

AsTopu [11-12] gocnigpKkyBanu BiOHOBMEHHA Mar-
HETUTY BOOHEM Hmk4e Temnepatypu Kiopi B npucyT-
HOCTi 30BHILLHBLOrO MarHiTHOro NoNs MeToAoM TEPMO-
rpaBiMeTpuyHoro aHanidy. LUBuokicTb BigHOBMNEHHSA
MOPOLLKY MarHeTuTy 36inbLuyBanaca 3i 36inbLlweHHAM
Hanpy>XeHOCTi 30BHILLUHLOMO MAarHiTHOrO MONS HWX4e
Temnepatypu Kiopi marHeTuTy.

EMII BnnuBae i Ha cTaH NOBEPXHi BigHOBIEHOrO
3ani3a, WO TaKoX Mae NpakTuyHe 3HayeHHs [13].

ABTOpM [14] BCTAHOBUIM, WO MarHiTHe nose Bnu-
Bac Ha YABHY eHeprilo akTMeauil BigHOBMEHHS
06'eMHOro okcmay i He BMIMBAE Ha eHeprilo akTmeauil
npotecy BigHOBNEHHs. BUCnoBneHo npunyLeHHs, Wwo
3MiHW KIHETUYHMX NapaMeTpiB 3YMOBIMEHi BNNINBOM
30BHILLHBOrO MarHiTHOro nosns Ha AedeKkTn CTPYKTypu
TBepOoro Tina.

MeTogoM MarHiTOMeTpil  JOCNIMKEHO  KIHETUKY
BigHoBneHHa BoaHeMm FesOs [15]. Cnoctepiranocs
30iMblUEHHS  WBMAKOCTI  peakuii  BigHOBIEHHS
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MarHeTuTy 3 yTBOPEHHSM HaHOYaCTUHOK MeTaneBoro
3anisa 3a T=693 K.

Y poboTi [16] ocnimKeHo BNNMB HaMnpyXeHOCTi
MarHiTHOro nosisi Ha eqeKTMBHICTb BiAHOBMEHHS, ha-
30Bi 3MiHV 3ani30BMICHMX MiHepaniB i KIHETWUYHY no-
BeOiHKY BiOHOBMEHHs. 3B'A30K MiX eqEeKTUBHICTIO
BIAHOBNEHHS, HANPYXXEHICTIO MarHiTHOro Mons i Yacom
BiAHOBNEHHA O6yno BUSABMEHO METOOOM MOBEPXHI
BiOryKy.

AsTopamu [17] B6yB npoBedeHUA eKCnepuMeHT 3
i30TEePMIYHOrO BigHOBMEHHA 3a 1223 K onsi BUBYEHHS
XapaKTepucTUK HM3bKOTEMNEepaTypHOro CamoBiaHOB-
NEHHS BYrMNeLEeBMICHMX OKaTULLIB BigHMX 3ani3HuX pya
B CTaTU4HOMY MarHiTHoMy noni. Takox ©yno pgo-
CNiKEHO MexaHi3M fii MarHiTHOro Nons 3 TOYKM 30py
npoecy BigHOBMEHHS, eeKTUBHOCTI peakuii, da3o-
BOroO ckragy, 3MiH MiKPOCTPYKTYpU Ta AMHAMIYHOI Mo-
BeAiHKM 3ani3Hnx pya. PesynbTati nokasanu, Wo mar-
HiTHE None moxe 36iNbLUNTY WBUAKICTb HU3bKOTEMIE-
paTypHOro BiOHOBIEHHS BYrNeLEeBMICHUX OKaTULLIB 3
BigHMX 3ani3HnX pya.

BcraHoeneHo [18], wo marHiTHe none 306inbWno
LUBNAKICTb BigHOBNEHHs remaTtuty, Fe203, y BogHi 3a
Temnepatypu 6nmsbko 573 K. ABTOp crnpobyBas nosic-
HUTK uen edpekT BENVKUM TUCKOM «rnapamMarHiTHOro»
OPTOBOAHIO NOOMM3y HamMarHiMeHnx YacTMHOK 3anisa.

Matepianu Ta meToan JOCHIOKEHHS.

BnnmB 3mMiHHMX MarHiTHMX NOMiB NPOMMUCIIOBOI Ya-
ctotn (H=24 kA/M) Ha LWBMAKICTb BiAHOBMNEHHS XiMiYHO
YNCTUX OKCUAIB 3arii3a i MarHETUTOBOrO KOHLEHTpaTy
rpacpitom, aHTpauuTom i AepeBHUM Byrinnam 6yno
BMBYEHO B TemnepaTypHOMy dianasoHi 1273-1273 K.
KomnoHeHTV pyano-ByrinbHOI cyMiwi 6panu B Kinbko-
CTAX, Wo 3abesnevyyloTb aToOMHE CriBBigHOLLIEHHS
C/O=1. 'a3oM-HOCieM CnyryBaB aproH.

PesynbTatv gocnigkeHHs.

JocnimpkeHHs nokasanu MOXMIUBICTb AESKOro npu-
CKOPEHH$ npovecy BunpobyBaHuM mMeTogoMm. Tak, yac
noBHoro BigHoBneHHs FesOa4 rpaditom 3a 1273 K cko-
poyyBaecs Ha ~10 % (Pwuc. 9a). 3miHHe none He
3MiHIOBano xapakrep KiHeTUYHUX KPUBUX | HE BHOCUIO
NMOMITHUX KOPEKTUBIB A0 CKraay rasis, LU0 BiAxoadTb.
CxoxXy kapTvHy Oyno 3adikCOBaHO B LI@apUHi BULLMX
TemnepaTyp i B pasi BigHoBneHHA Fes3Oas. [ieBicTb
nons AeLo 3poctana B pasi 3aMiHu XiMiYHO YUCTUX OK-
cvaiB 3anisa MarHeTUTOBUMM  KOHLIEHTPaTOM:  Tw=100
3meHLwyBanocst Ha 15 % (Puc. 96).

] T ' '
] 5 15 WM 15

Yac, xB

noa 1 20 k1] 40
Hac, ¥8

Puc. 9. KineTuka BigHoBneHHsa Fe2033a 1273 K (a); marHeTuToBoro koHueHTpaTy 3a 1373 K (6) rpaditom B
ymoBax EMI npomucnoBoi yactotn (H=24 kA/m): 1-30BHI nons; 2-nig BAMBOM NOs
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JocnimkeHHsas nokasano, WO LWBWAKICTb BigHOB-
MIEHHS aHTPaUMTOM B YMOBaxX MarHiTHWX BMvBIB 3a-
NWLIAETLCA HM3bKO, X04a BiAHOCHI 3pyLUEHHSA nepe-
Buwytotb 10 %. Y pgocnigax 3 gepeBHUM BYriNnsam
edekT iHTeHcudiKaLii BUsSBMBCSA MiHiManbHUM. Xapak-
Tep CrnocTepexyBaHUX 3aKOHOMIPHOCTEN iCTOTHO He
3MiHIOBaBCS BHACMIAOK Nepexoay Bif cunyynx go 6pu-
KeToBaHUX LUNXT. 3MiHHE none npuckoptoBano nepebir
npoLiecy, ane CTyniHb LIbOro BNANBY 3anvLiaBcs HeBe-
TIVKNM.

Mopanblwi pocnimkeHHss Gynu noe'sa3aHi 3 KoMm-
NSEKCHUM BIQHOBSIEHHAM 3ani3opyaHuX MaTepianis
(Fe203, MarHeTUTOBOrO KOHLIEHTpATy i MpOKaTHOI OKa-
nnHN) - pisHumMmn opmamm Cre y notoui CO, Butparta
aKkoi ctaHoBuna 15 cm®/xB, CniBBigHoweHHA C/O B
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LUMXTOBIN CyMili NigTPUMYBanocs Ha piBHI OOUHWL.
BunpobyBaHHsa npoBogunu B TeMnepaTtypHin obnacTi
1173-1323 K.

HaknageHHa MarHiTHoro nons npoMUCrOBOI Ya-
CTOTU fano 3mory gewo copMyBaTu BiAHOBMEHHS
Fe203 3 yuacTio rpadpity 3a 1173 K (Puc. 10a); yac no-
BHOrO BUAAneHHi KUCH0 ckopotunucsa Ha 8 %, ogHak
nignom Temnepatypu o 1273 K manxe NoBHICTHO yCy-
HyB edekT npuckopeHHs. [MopibHa kapTuHa mana
Micue B pgocnigax 3 okanuHow (Puc. 106). Y pasi
BiOHOBMEHHS 3amni3opyaHOro KOHLEHTpaTy 3a Temne-
patypu 1173 K cnoctepiranacb 6inbl icToTHa nosu-
TMBHa ais nons (Puc. 10B); BOHa B oCHOBHOMY 36epira-
nace i 3a Temnepatypu 1273 K.

6) B)

(1 ; ; ; ; . -
mw 15 2 0 0

Yac, xs

4 &0 8 g
Yac, x6

k)] 40 il 80
Hac. Xxe

Puc. 10. KiHeTuvka BigHOBneHHs Fe203 (a), npokaTHOI okanuHu () i MarHeTMTOBOro KoHUEeHTpaTy (B) rpaditom
y notoui CO 3a temnepatypu 1173 K, B ymoBax MarHiTHOro nosnsi npomMucnoBoi Yactotn (H=24 kA/m): 1-30BHi

nons; 2-y noni.

MopiBHAHO eheKTMBHMM BMSBUNOCS NOSe NpoMu-
CNOBOI YacTOTU B JOCMidax 3a yyacTio aHTpauuTy.
3pOCTaHHs LWBWAOKOCTI Big3Hayanocda nig 4ac Kom-
NMEeKCHOro BIOHOBIEHHSA BCiX 3a3HaYeHVX paHiwe
3anisopygHunx matepianise, ocobnuneo Fe203 i okanuHw.
BigHocHe npuckopeHHst 6yno Ha piBHi, 3achikcoBaHOMY
B NPUCYTHOCTI rpadiTy, abo AeLlo BULLIMM 3a HbOTO.

BvkopucTaHHst B LUMXTi AepeBHOro Byrinnst ob-
MeXXyBarno MOXMNMBOCTI 3aCTOCYBaHHS HU3bKOYaCTOT-
HUX BNAWBIB Ana  iHTeHcudikauii  KOMNMAEKCHOro
BigHOBrEeHHs. [lomiTHe npuckopeHHs npouecy (Ha
piBHI, 3a3HayYeHoOMy B gocnigax 3 rpacitom) 3a 1273 K
Maro miclie nuLie nig Yac BiHOBNEHHSA KOHLUEHTpaTy.
LBnakicte BuaaneHHa kucHw 3 FexOsz i okanuvHu
Mawmxe He 3anexana Bif Lboro Buay BrnvBsiB.

3aranbHUn XapakTep KHETUYHWX KPWMBWX i cknag
rasis, LLO BiAXOAATb, iICTOTHO He 3MiHOBanucs B pasi
HakKrnageHHs 3MIHHOro MarHiTHoro nons. Po3srnsHyTi
BMLLE 3aKOHOMIPHOCTI BigHOBIEHHs1 30epiranucs npu
OpuKeTyBaHHI LLUMXTOBOI CyMiLLli.

Binblw edekTMBHMMM B NNaHi iHTEHCKdiKauii npo-
Lecy BUSBUNUCS eneKkTpoMarHiTHi BNNAuBM niaBuLLe-
HMx dactor. [lpo ue cBigyaTb pesynbTaTn

BigHOBMeHHs Fe203 i MarHeTUTOBOro KOHLUEHTpaTy ae-
peBHUM BYyrinnsaM, rpaditom i caxncTum Byrmeuem.
Hocnign nposBognnucs B gianasoHi 973-1223 K i, ak
npasuno, 3i ctabinisauieto TemnepaTypu, B NoToLi ap-
roHy 3a cnieeigHoweHHs C/O=1. YactoTty i Hanpy-
XEHICTb Nonsi aMiHBarsnu.

Binbl iHTEHCMBHaA Aia eneKkTpomarHiTHoro nons
nposiBNsnacs HanucunbHille y BUNagKy HU3bKoTeMmmne-
paTypHoro BigHoBneHHS. Lle intoctpyeTtbca Puc. 11a,
Ha KoMy NpeacTaBneHo KiHeTUYHI KpUBI BiAHOBMNEHHSA
Fe203 y aepesHoMy Byrinni 3a 973 Ky pisH1x ymoBax.
CniBcTaBneHHs CBiQYMTb NPO Te, L0 eNeKTPpoMarHiT-
Hur Bnnwme (f=25 kl'u, W=50 B, H~5 kA/m) 36inbLuyBaB
cepeHIo WBuAKIiCTb npouecy B 1,5 pasu. [NoaibHi 3py-
LLIEHHS Manu micue nig vac BigHoeneHHs Fe20s Byrne-
uem posnagy CO (Puc. 116), a Takox y gocnigax i3
MarHeTUTOBUM KOHLeHTpaToM. OfHaK KMCEHb OCTaH-
HbOro BUAanNSABCs 3 AyXe Manoto WweuakicTio. 3 nigsu-
LLeHHAM TemnepaTtypu, ePeKkTUBHICTb eneKkTpomarHiT-
HWX BNMMBIB Ha Npouec nagana, ane Bce X Taku 3anu-
Lwianacs icToTHot HaBiTb 3a 1173-1223 K. Lle Bunnu-
Ba€ 3 JaHuX, npeacTaeneHux Ha Puc. 118, Ta B Tab-
nuga 1.
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Puc. 11. Bnnme BucokoyactoTHoro EMI Ha KiHETUKY BigHOBNEHHS Fe20s

a) nepeBHUM Byrinnam 3a 973 K; 6) caxuctum Byrneuem 3a 973 K: 1-no3a nonewm; 2-nig gieto nons (f=25 klu,
W=50 B); B) aepeBHMM Byrinnsam 3a 1173 K: 1-30BHi nons; 2-nig snnveom nons (f=40 k'u, W=50 B); 3-(f=40 kl'u,
W=90 B).

[OaHi ceig4aTb Npo Te, Wo HaknageHHs nonst gop-  BKasye Ha bGinbLue npuckopeHHs naHku (1) nopisHsHO 3
cyBano BCi cTagii BigHOBMNeHHs rematuty. [leske 36a-  peakuieto (I1).
rayeHHs ra3onofibHNX NPOAYKTIB AiOKCUOOM BYrNELO

mFepOg + CO = nFe;0Os + CO2 (l)
(a+0.5B)C + (a+0.5BCOz2) = (20+B)CO (D)
mFepOg + (a+0.58)C = nFe:Os + aCO + 0.58CO; (i

Tabnuus 1. Bnnue enektpomarHiTHOro nonsi Ha KiHeTUKy BigHOBIEHHs1 Fe203 aepeBHUM BYTINNSAM 3a PisHUX
Temnepartyp (f =40 kl'u, W = 50 B).

YmoBU [No3a nonem B noni
T, K Aw, % (Us.)cp. (ur.)cp. (% CO) (Us.)cp. (ur.)cp. (% CO)
%0O/xB. mrC/xB. %0O/xB. mrC/xB.

1173 | 0-30 3,57 11,9 69 4,69 15 75,5
30-60 1,8 6,1 27,5 - - -
30-67 - - - 1,56 6,9 28,8

1273 | 0-30 5,66 19,2 65,4 6,28 21,1 71,2
30-80 3,47 15,5 26,4 4,0 17,7 27,1
80-85,5 1,50 7,5 13,2 - - -
80-100 - - - 1,55 7,7 14,5

EdbeKkTMBHICTL enekTpoMarHiTHUX BRMUBIB 3pOC-  BigHOBIIEHHA 3ani3a. Yac noBHol meTanisauii Fe203
Tana 3 niaBULLIEHHAM MOTYXKHOCTI, WO NiABOANTLCA A0  AepeBHMM Byrinnam y notoui i Hz, i CO 3a 1173 K B
ingyktopa. 3a W=90 B cepegHs 3a gocnig WBKAKCTb  ymMoBax HaknageHHs nons (f= 40 k'y, W=50 B) ckopo-
BigHOBNeHHs Fe:Os3 aepeBHVMM BYriNMnsaM 3MeHLWyBa-  YyBaBcs mavbke Ha 20 % (
nacs 6inbLw Hix Ha 20 % (Puc. 11B). Cnig 3ayBaxuTy,
wo B gianasoHi 1173-1223 K HaknageHHs nonsi BUNpo-

OyBaHMX napameTpiB He BUKIUKANO MOMITHOIO
posirpiBy 3paska, i cneuianbHMX 3axodiB  And
cTabinizauii TeMnepatypu He Gyno noTpiGHo.
[ieBMM Baxkenem NpuUCKOpPEHHs MpoLecy 3anuviia-
NINCA BMCOKOYACTOTHI €MEKTPOMArHiTHi nons i B pasi
nepexoay Big ByrneLeBoTEPMIYHOMO 4O KOMMIEKCHOIo Puc. 12).
100

e
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Puc. 12. KiHeTuka KOMMNEKCHOro BiAHOBIIEHHS
Fe203 3a yyacTio gepesHoro Byrinnsa B notoui CO
(1,2)iH2(3,4) 3a 1173 K: 1, 3-no3a nonewm; 2, 4-
Yac, xB nia gieto nonga (=40 ku, W=50 B)
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HesHauHa 3miHa cknagy rasie, Wo BiaxogdaTh (36a-
rayeHHs ix Ha 1-2 % CO:z i H20), 3a ogHo4acHoro 3po-
CTaHHA Ur J4a€ 3MOry MOB'A3aTN CNOCTEPEXYBaHy iH-
TeHcudpikalito Npouecy 3 NPUCKOPEHHAM YCiX CKago-
BMX MOro peakuin.

Mo3nTMBHMIA BNNUB BUCOKOYACTOTHUX MOMIB Ha
KIHETMKY KOMMMEKCHOTO BifHOBIEHHS NMOCUIIOBABCS B

JIleopis i NPaKMUKg Memarypeii

pasi 3HWKeHHs TemnepaTtypu. Tak, nig 4Yac BigHOB-
NIEHHS remaTuTy caxmuctmm Byrneuem y notoui CO
(temnepatypa 1173 K) Tw=100 CKOpoOYyBanocs B
1,3pa3n (Puc. 13a). Y uux ymoBax Bia3HadaBcs
pO3irpiB LWMXTU, SKUA KOMNEHCYBANM 3HWKEHHAM TEM-
nepaTypw HarpiBaya. 3a BiACYTHOCTI Takoi KOMMNEHca-
Uil Us 3pocTana e binbwe (Puc. 136).

100 - .
80 A 2 |: o 3
e &0 ] | 2
- 4 1
=]
20 ]
a) 6)
[I T T T T 1 T T T T 1
0 1 @ 30 40 SO0 10 20 30 40 S50
Hac, xB Yac, xB

Puc. 13. Bnnme EMI (f=40 kI'y) Ha KiHeTUKY BigHOBNEeHHA Fe203 caxxuctum Byrnewuem y notoui CO 3a 1073 K,
a) 3i crabinisauieto Temnepatypu i 6) 6e3 crabinisauii Temnepatypu: 1-no3a nonew; 2-nig BNAMBOM MOJS

(W=50 B); 3-nig snnueom nonsi (W=90 B).

O0roBopeHHs1 pesynbTarTiB.

Ha nigcrasi pesynbTaTiB gocnigxeHb 6yno 3anpo-
NMOHOBAHO CMoCi6 BIOHOBMNEHHA pyn TBEpPAUM Byrne-
uem (caMocTiiHO abo B KOMMIEKCI 3 razamu), Lo ne-
peabavae iHTEHCMMIKaLilo Npouecy LUMASXOM BrfuBY
3MiHHOIO MarHiTHOro MOMnsi Ha peary4y cucTemy.

30BHIWHI eHepreTuyHi BNAMBM B Mpouecax 3a
yyacTio TBepAoro Byrnew, sK i B pasi cyTo ra3oBoro
BIJHOBIEHHSs!, iICTOTHO BMMMBAaNM Ha OKUCHIOBaHICTb
MeTanisoBaHoro npoaykrty. Lle Oyno nigrBepmkeHo
eKkcnepumMeHTanbHo.

PaHiwe 3a3Havanocs, o 3aniso, oTpyMaHe B pe-
3ynbTaTi BUCOKOTEMMEpPaTypHUX NPOLIECIB BYrneLeBo-
TEPMIYHOro i KOMMMEKCHOro BiAHOBIEHHS, MNOYNHaE
eHeprivHo pearyBaTh 3 KACHEM MOBITPA arne Hwx4e
573 K. MarniTHe none nPOMMCMOBOI  Y4acTOTK
nigHimano Tox Ha 10-20 K, ogHo4YacHO 3HWKyBanucs
LUBUAKICTb | rPAHNYHUIA CTYNiHb OKUCHEHHS.

Brcoko4acToTHUIA eNeKTpoMarHiTHUA BAMAMB TakoxX
CMpUATAMBO NO3HaYaBCs Ha TemnepaTypi noyaTky pe-
aryBaHHs MeTanisaoBaHoOro NpoaykTy 3 KUCHEM MOBITPS
- BOHa NomiTHO 3binbliyBanacsa. Ane BogHo4ac cro-
cTepiranoca aesike 3pOCTaHHA Uok.

3aranomM MoXHa 3a3HauuTy, WO 30BHILLHI eHepre-
TWYHI BNNUBW, Oalo4uM 3MOry MEBHOK Mipok ¢hopcy-
BaTW BYrNneueBOTEPMiYHE Ta KOMMSMEKCHe BiOHOB-
MeHHsa 3anisa, cnpusnu nacueaii OTPUMaHoro me-
Tany.

mFepOq + H2 = nFe/Os + H20
C+H20=CO +H:

Y ToMy camoMy HanpsiMi MaloTb No3HavaTuUcs: iH-
TeHcudiKaLlis ra3oobMmiHy B 06'eMi LIMXTW, 3yMOBIEHa
MarHiTOCTPUKLIMHAMWN KONMBAHHAMU, LLO CNPUSIE pPoO-
3suTky umknis (VI) ta (VII); nonerweHHs dasoBux

[NpuckoptoBanbHy Aito enekTpomarHiTH1X nonis nig
Yyac BYIMEeUeBOTEPMIYHOMO i KOMMIEKCHOMO BigHOB-
NeHHa 3anisa cnig pos3rnggatv B TiCHOMY 3B'A3Ky 3
IXHIM BNNYBOM Ha PO3BUTOK OKPEMUX NTAHOK 3a3Have-
HUX CKMagHWX NpoueciB. IMOBIPHWUI MexXaHi3m iHTeH-
cvdikaLii NaHOK ra3oBOro BiAHOBMNEHHS MigaaBcs Oo-
KnagHoMy aHanidy paHiwe. TyT cnig 3pobuTn geski 3a-
CTEPEXEHHS, LLO BpaxoByOTb creumdiky npouecis 3a
y4yacTio TBepgoro Byrneuto. Lli 3acTepexeHHs 3ymoB-
neHi Hacamnepe MNOPIBHAHO BUCOKMMW Temnepary-
pamu ByrrneueBOTEPMIYHOIO i KOMMNMEKCHOrO BiJHOB-
NEHHS, WO nepeBuLLyoTb, SIK NpaBuio, Touky Kiopi. Y
Taknx ymoBax edekTn, nos'a3aHi 3 dpepomMarHiTHUMu
BMacTMBOCTSIMM 3ani3a Ta MOro okcuAie, MoxyTb abo
By BiacyTHIMKN, abo NposABnATUCA B Mipy peabinitauii
depomarHeTnamy Buwle Tc nig AOiet0 30BHILLHLOrO
nons, To6To y MeHLWin Mipi. binbL icToTHa ponb Hane-
XWTb, O4EBUOHO, BNNMBY €NEKTPOMarHiTHOro nons Ha
iOHM KpUCTaniYHMX PELLITOK i MOneKynm xemocopboBa-
HUX rasiB, 30ymkeHH ix. MoxnuBa peanisauis
eqekTiB, NOB'A3aHUX i3 BUHUKHEHHAM KOHTAKTHOI pi3-
HULi NOTeHUianiB Ha MeXXax BigHOBITHOBAHUX OKCUOHUX
das i 3 pyxom yepes Ui Mexi enekTpuyHnxX 3apsagis nig
BMMMBOM 30BHILIHLOro nons. CyTHICTb Taknx edekTiB
Oyno po3rnsiHyTO paHiLue.

3 ornsgy Ha ocobnMBOCTI MexaHi3My BYrneLeBo-
TEPMIYHOro i KOMMIEKCHOro BiAHOBMNEHHS 3anisopya-
HVX MaTepianis npuckopeHHs peakuin (1), i (1V) cnpusie,
y CBOIO Yepry, chopcoBaHoMy nepebiry peakuin (11(V).

(V)
V)

nepersopeHb y cuctemi Fe-O, wo npuvBoautb 0
paHHbOI NOSIBU MeTaneBoro 3anisa-karanisatopa npo-
uecy rasuagikauii Crs.

mFep0q c nFe;-Og 2C (V|)
€0 —23¢0, »2C0 —=2C0,—4C0 — ...
mFep0g4 Cc nFe,O0g c (V”)
2 —>H20 _>H2 —)H20_)H2 - ...
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He MeHW BaxnuBy ponb MOXe BigirpaBaTu, 3BK-
YanHo, 6e3nocepeHin BNAMB 3MiHHOMO MOMs Ha KiHe-
TUKY LIbOroO NpoLiecy.

3okpema, 3a He HaATO BUCOKMX TemnepaTtyp
30BHILLHI €HepreTUyHi BNMMBU rEHEepyTb MarHito-
CTPUKLIHI KONMMBaHHA hepomarHiTHUX Kpucranis i
CMPUYMHSOTB 3a iX NocepeaHMUTBOM 30ypeHHs raso-
BOro cepefoBuiia. BinbyBaeTbca akTvBaLia ra3oBumx
MOSieKyn, Lo Crnpusie po3BUTKY apcopbuiriHo-ae-
copbuiriHnx npouecis y peakuisx (I1) i (V), nocuneHH:o
yAapHOro pyMHyBaHHS ByrneLb-kKMcHeBUX (abo By-
rmneLb-BOOEHb-KACHEBUX) KOMMIEKCIB Ha MOBEPXHI
Cts. 3 umMm Ta iHWKMK edbekTamm, 3ymoBneHnmMun de-
POMarHiTHUMKM BracTUBOCTAMMW 3arni3a Ta MOro OKCU-
aie, cnig GinbLo Mipoto MoB'sA3aTh BENbMU 3HaYHE
npuckopeHHsa BigHoBneHHa Fe203 3a 973-1073 K, ske
crocTepiranu B pasi HaknageHHs nons (Puc. 116 i Puc.
13a).

Y BCbOMYy AianasoHi BunpobyBaHux Temnepartyp
BaXKnvBa ponb y MPUCKOPEHHI NaHkn rasudikadii By-
rmeu HanexuTb, MabyTb, Ail eNnekTpoMarHiTHoro Bu-
NPOMIHEHHS Ha ByrnewueBy CKNafoBy LUUMXTU K CU-
CcTeMy 3apspKeHNX YacTUHOK. Ha KopuCTb Takoro BUC-
HOBKY CBig4aTb TakKi MipKyBaHHSI.

YacToTHMI CNekTp KonuBaHb aToMiB BYrnewuw B
peLiTUi rpadiTy XapakTepuayeTbCs 0COBNMBOCTAMMU,
3YMOBIIEHNUMW NOTrO Pi3KO aHi3OTPOMHO LUapyBaTo
cTpykTypoto. MixxByrneuesi 3B's3kn B 6a3ncHMX nno-
LUMHaxX GaraTo nepeBepLUYIOTb CUMKM 3B'A3KY MiXK LMK
nnowmHamn. Tomy rpadit BigHOCATbL A0 YMcna rete-
poaMHaMiuHMX CTPYKTYp [10]. Mloro yacToTHMiA cnekTp
MOXHa pO3AINNTM Ha ABi YaCTUHU: BULLi YacTOTU KONK-
BaHb, aX< O MakCUMarbHOl, MaloTb ABOBUMIPHI KOHTU-
HyyMn (LLIapW); 3HWXKEHI YacTOTK XapaKTepHi Ans cu-
CTEMM MOB'A3aHNX Mi>K COBO ABOBUMIPHUX KOHTUHY-
ymiB. BuknageHe gae 3mory odikyBaTu iCTOTHOrO no-
FMIWHAHHS eHepril enekTpoMarHiTHUX BMfMBIB, WO 3a-
cTocoByBanucs B poboOTi, AEAKOK YaCTMHOK aToMiB
Byrrewto abo ixHboi rpynu.

Mo>XnMBOCTI NOrMMHAHHSA eHeprii BUNPOMiHIOBaHHSA
MOPIBHAHO HEBMCOKUX 4acToT LWe Ginblie po3wmpto-
I0TbCS 32 paxyHOK aToMiB BYrreLto, ski nepebysaioTb
y NPVYNOBEPXHEBOMY LLAPi KpucTanis i No6nnay cTpyk-
TYpPHUX AedekTiB rpatku. FAK yxe 3asHa4yanocs, BOHMU,
a TakoX xeMocopboBaHi MONeKynu rasis, MalTb 3HU-
XKEHY 4acToTy TennoBux KonmeaHsb [19].

ToMy BMHUKaKOTb CNPUATINBI YMOBMW Anst BUBIpKo-
BOrO MOMMMHAHHA €Heprii, Wo niaBOAUTLCA 330BHI.
BinbyBaeTbca 30yoKEHHST aTOMIB BYIMELO i MONEKyn
apcop0beHTy. Hacnigkom mae 6yt nonerweHHs Xxemo-
copbuii CO2 i H20 Ha nosepxHi Cts i BUAiNeHHs npo-
OYKTiB peakuii B ra3oBy ¢a3sy, TOBTO NPUCKOPEHHS pe-
akuin (1), (V).

ICTOTHWIN BHECOK PO3rNAHYTUX ePeKTiB y crnocTepe-
XyBaHy KapTuHy Npouecy NigTBEPOKYETbCA ekcrnepu-
MEHTanbHUMW OaHUMK, HaBeAeHUMU Buule. BoHu
cBigyaTtb Mpo Te, WO iHTEHCUMIKYIOYMIA BMMMB MOs
NPOMMUCMOBOI 4acTOTU 3'ABMSABCH CuUnbHile B A0-
cnigax 3 HU3bKO peakuinHosgaTHuMmmn popmamm Crs -
rpadiT i aHTpauuT, rasudikauis skux 3aebinbLuoro pe-
rmameHTye LIBUAKICTb BigHOBMEHHS. [ieBicTb nons
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3HWXKyBarnacsi B pasi BUKOPUCTaHHS B LUNXTi BinbLu ak-
TUBHOIO AEepeBHOro BYTiNIs.

IMomiTHI NnepeBaru B nnaHi iHTeHcUdikauii npouecy
Manu enekTPoOMarHiTHi XBuni NigBULLEHOT 4acToTw.
BoHu 3abesnedvyBanu 3HayHe 3pOCTaHHS LUBUOKOCTI
BMOANEHHs KUCHIO HaBiTb Yy Jocrigax i3 AepeBHUM BY-
rinnam (Puc. 11,

Puc. 12). NonoBHa npuyvHa UbOro nongrae, ma-
OyTb, y 6e3nocepegHbOMY BMAMBI MOMS HA aToMu BY-
rmeuyto B pewitui CTB, wo npu3BoguTb OO0 iXHBLOro
30ymxkeHHsa. OCTaHHE nNPUPOAHO MNOCUNIOBANocs 3i
36inbweHHsm W (Puc. 11B).

BrnnuB enekTpomarHiTHMX MONiB Ha Xapakrepu-
CTUKM OKMCHIOBaHOCTI BiQHOBMEHNX 3paskiB Mae ByTu
MoB'A3aHN 3 0COBNMBOCTSIMM (DOPMYBaHHS MeTarne-
BOr0 NPOAYKTY B YMOBaxX 30BHILLHIX €HepreTUYHuX
BrnmBiB. [1po ue cBigvath, 30Kpema, 0gHaKoBI TEHAEH-
Uil y 3MiHi Tok, Uok | Wok 3@ 3a3HAYEHNX BMNMBIB HA CU-
CTeMy LLIO pearye nig Yac BigHOBIEHHA ra3zamu i B npo-
Lieci 3a yyacTio TBEpAOro ByrneLyo.

MexaHi3m BMnuBY 3MiHHMX MOMiB HA (POPMyBaHHSA
i3nyHOT CTpYKTYpM MeTanesoi ¢asn Byno posrns-
HyTO paHiwe. O4yeBMAHO, BiH 30epiraeTbCa B yMOBaXx
NigBULLIEHMX TemnepaTyp BYINeueBOTEPMIYHOMo Ta
KOMMMNEKCHOrOo BiAHOBMNEHHS 3arni3a 3 OKCuaiB.

Pesynbtatv gocnimkeHb gaBanu 3Mory 3arariom
3poOMTM  BWUCHOBOK, L0  €MEeKTPOMarHiTHi  Bu-
NPOMiHIOBaHHSA hOPCYOThb BiJHOBMNEHHS 33 y4acTHo BY-
rneuro 3a paxyHoK NPUCKOPEHHS BCiX NaHOK NpoLecy.
BnnuvB Ha peakuii ra3oBoro BigHOBIEHHSA 3abe3nevye
OfHOYacHO Jeskui nignom TemnepaTypu noyaTky
OKUCNEHHS MeTaneBoro NpoayKTy KUCHEM MOBITPA.

BucHoBKM.

Y pesynbTati focrigXeHb, BUKOHAHMX Yy TeMnepa-
TypHOMY giana3oHi 973-1373 K 3 BUKOPUCTaHHAM pi3-
HUX pydo-BYrinbHUX MaTepianis, ekcnepuMeHTansHO
BCTAHOBMEHO iHTEHCUQIKYIOYY Ail0 3MIHHUX eneKTpo-
MarHiTHMX NONiB Ha PO3BUTOK BYrreueBOTEPMIYHOMO
Ta KOMMMEKCHOro BiJHOBMEHHA 3aniza. HaknagaHHs
nonis npomucnosoi Yactotu (50 'u) gaeBano 3mory
CKOpPOTUTW TpMBariCTb NOBHOI MeTani3auii 3pa3kiB Ha
10-15 %. BinblWw edeKkTMBHUMN BUABUNUCHA €NeKTpo-
MarHiTHi BNAMBK NigBuLLiEeHMX YacToT: 25-40 kl'y. Mpun
HM3bKOTEMMNEPaTypPHOMY BigHOBMEHHI 3anisa (973 K)
BOHW 3abe3nedvyBanu 3pOoCTaHHA LIBUOKOCTI nMpouecy
B cepefHboMy B 1,5 pasu. lNignom TemnepaTypu 3mMeH-
wyBaB edeKT iHTeHcudpikauii, ane BiH Bce X 3anu-
LaBcsa 3Ha4yHMM. Tak, Yac noBHOI MeTanisauii rema-
TUTY OepeBHUM Byrinnsam y notoui H2 abo CO 3a
1173 K B ymoBax HaknagaHHs nons YactoToro 40 kly
3MeHLyBaBcs ~ Ha 20 %.

BcTaHoBneHo, Wo enektpomarHiTHi nona dopcy-
0Tb BYrneLeBOTEepPMIYHE i KOMMMEKCHe BiAHOBMNEHHS
3anisa 3a paxyHOK MNPWUCKOPEHHSI BCIEl CYKYMHOCTI
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peakuin, Wwo po3BmBatoTbCs. [ewo OinbLlio Mipoto
crnocTtepexyBaHuin edekT peanisyeTbCs Yepes NaHku
ra3oBOro BigHOBIIEHHA. AHani3 ekcnepyMMeHTanbHUX
AaHnxX y CBIiTNI oyHAaMeHTanbHMX MNOMOXeHb di3NKn
TBEpAOro Tina, Teopii marHeTusMmy i kaTtanidy nas
3MOry nepeBaxHO 3B'A3aTU MeXaHi3aM NPUCKOPHOBanb-
HOTrO BNAMBY 3MiHHWX €NEKTPOMarHiTH1X Moni. i3 BNAu-
BOM Ha iOHM KpUCTaniyHMX r'paTok TBEPAUX peareHTiB i
XeMOCcoOpOOBaHNX MOreKyn, i3 30YyMKeHHAM iX yHa-

JIleopis i NPaKMUKg Memarypeii

NigBOOUTBLCA 330BHI. Y LlapuHi NOMipHUX TemnepaTyp
(973-1073 K) popaTtkoBO peanisytoTbcsi edpekTun, no-
B'I3aHi 3 d)epoMarHiTHUMM BNACTMBOCTAMU  Kpu-
cTanivyHux ¢as.

BucokoyacTOTHI enekTpoMarHiTHi nons AoLuinbHO
BMKOPUCTOBYBATWU NS MNPUCKOPEHHS MeTanisadii
3anisopygHux mMaTepianis y npouecax BigHOBMEHHS,
OpraHisoBaHMX 3a y4acTio TBepgoro Byrneuto. [pu
LbOMY MOXe 3[iCHIOBATUCS IHAYKLiIMHWIA HarpiB pyao-

cnigok  BMBOPYOro  MOrMMHAHHA  eHeprii, WO  BYriNbHOI LUNMXTW.
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@opMyBaHHS CTPYKTYPHU B 0araromiapoBux MOKOBKAX 3 BYIJIELEBOI i

KOPO3iiiHOCTINKOI cTajiedl Ta MITHUX CILUIABIB
Myronova T.M., Ashkelianets A.V., Bondarev S.V., Guba R.M.

Structure formation in multi-layer forgings from carbon and
corrosion-resistant steel and copper alloys

Po3pobrieHHs mexHonoaii ompumaHHs 6azamowaposux MOKOBOK i3 Pi3HUX Crinasie cripusie ekoHoMmil dechiyuumHux ma-
mepianie makux sk XpoMOHiKenesi KOpo3itiHocmiliki cmarsi. Bnacmusocmi 6azamowaposux eupobig noedHyoms 6 cobi
MiUyHIiCmb OCHOBHO20 CII0K0 3 KOHCMPYKUilHOI cmarii ma nidsuweHy Kopoa3iliHy cmiliKicmb 8UCOKOie2o8aHo20 wapy, Wo
besnocepedHb0 KOHMakmye 3 poboyum cepedosuuwem. bazamowaposi Mamepianu 3acmocosyromscsi 8 MawuHObydy-
8aHHI, MPOMUCI080CMI, CiflbCbKOMY 20criodapcmei. B skocmi pisarnbHO20 iHCMpYyMeHmy 3acmocos8yembCs «1amiHamHa
cmarnby abo namiHam. JlamiHam sensie coboro ueHmpanbHUl nucm (nnacmuHy), nokpumudl 3 060X CmMopiH ucmamu
cmarni iHWoi Mapku. 3a paxyHOK pi3HuUx enacmusocmeli UeHmpasnbHo20 nucma i 06knadok KIUHOK 3 namiHamy ompumye
roninuwexi xapakmepucmuku.

OO0HuM i3 Halibinbw nowupeHux crocobie 8U20MOBIEHHST MakKux Mamepianig € 2apsiye 0egpopmyeaHHs. Halibinbw eax-
nueoto Mpobremoro npu su2omosrieHHi bazamowaposux cmarsbHUX KOMIo3umig € 3abe3rneqyeHHs1 SIKICHO20 38apto8aHHsI
MK Wwapamu pisHux cmaned.

[ns po3pobrieHHs pexumy KysaHHs1 bazamowiaposux 3a2omigok 8 pobomi 30iliCHI08a/IU KOMIT'IOMepHe MOOETO8aHHS y
npozpami QForm. Bpaxosyroyu ompumaHi pesyrnbmamu MoOerno8aHHs 8USHaYeHO Pexumu Hagpigy ma rnpoeedeHo Ky-
8aHHSI KOMIMO3UMHUX rnakemis i3 piaHux cmarneu. [JechopmysaHHs ekcriepumMeHmarsbHUX 3pa3kie 30ilicHio8anu npomsay-
8aHHsAM. [icrsi po3paxyHKy napamempig KysaHHs npuliHamo dea npoxodu 0515 deghopmauii 3a2o0mieKu 3 CymMapHUM yKO-
som 2,56. [lns 6aecamowaposux nakemis, Wo nidnseanu KysaHHI0 8UKOpUCMO8ys8anu HacmyrnHi crinasu: 0ns yeHmparib-
Ho20 wapy cmarni mapok- LLUX15, Cm.3, dns obknadok cmanb AlISI321, wo € aHamozom cmani 08X18H10T, dons
npomixHux wapie — Midb mapku M1 ma namyHb mapku J163.

HocnidxeHo ocobnugocmi MiKpocmpykmypu 8 30Hax KOHMaKMHO20 38aplo8aHHs Wapie namyHb — gyaneyeea cmarib i
namyHb cmarnb AISI321, midb -8yaneuyesa cmarb, Midb —cmarb AISI321, midb cmarnk LLIX15. B skocmi npoMikHO20 wapy
0151 Kpauwjo20 38aprogaHHsI cmasibHUX Wapie Mix coboro 8 Npoueci KysaHHs!, a makox Ons 3arnobizaHHs Augby3ii 8yaneyro
ma neayro4ux enemeHmis, 0opeyHo peKkoMeHOy8amu 3acmocysaHHs ninacmuHu midi M1.

KYBAHHA, BATATOLUAPOBI 3ArOTIBKW, MOAEJIMOBAHHA, BYITIELIEBA CTAJIb, XPOMOHIKEITIEBA CTAJIb,
MIAHI Cr/TABU, 3BAPHOBAHHA.

The development of the technology for obtaining multi-layer forgings from various alloys contributes to the saving of scarce
materials such as chrome-nickel corrosion-resistant steels. The properties of multilayer products combine the strength of
the main layer of structural steel and the increased corrosion resistance of the highly alloyed layer, which is in direct
contact with the working environment. Multi-layer materials are used in various industries. Laminated steel or laminate is
used as a different tool. Laminate is a central sheet (plate), covered on both sides with sheets of steel of a different grade.
The laminate tool has improved characteristics, it combines the properties of the central sheet and covers.

One of the most common methods of manufacturing such materials is hot deformation. The most important problem in
the production of multilayer steel composites is to ensure high-quality welding between layers of different steels.

To develop the mode of forging multilayer blanks, computer modeling was carried out in the QForm program. After ob-
taining the simulation results, the heating modes were determined and the forging of composite packages from different
steels was carried out.

Deformation of the experimental samples was carried out by forging broach. After calculating the forging parameters, two
passes were taken to deform the workpiece with a total degree of forging of 2.56.

The following alloys were used for multilayer packages to be forged: for the central layer of LLIX15, Cm.3 steel, for the
covers AlSI321 steel, which is an analogue of 08X18H10T steel, for intermediate layers - M1 copper and /163 brass.
The peculiarities of the microstructure in the zones of contact welding of layers of brass - carbon steel and brass steel
AlSI321, copper - carbon steel, copper - steel AlSI321, copper steel LLIX15 were studied. As an intermediate layer for
better welding of steel layers to each other in the forging process, as well as to prevent the diffusion of carbon and alloying
elements, it is appropriate to recommend the use of M1 copper plate.

FORGING, MULTILAER BLANKS, MODELING, CARBON STEEL, CHROME-NICKEL STEEL, COPPER ALLOYS,
WELDING.
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BeTtyn. AkTyanbHiCTb. Y cy4acHin TexHiui nepe-
BaXHa OinbLUiCTb MeTaneBuMX KOHCTPYKUiA Pi3HOro
npu3HaYeHHs Mpu ekcnnyaTauii BigdyBalTb OOHO-
YacHUWN BMMB MeXaHiYHMUX HaBaHTaXeHb | 30BHiLUHb-
Oro arpecumBHOro cepepgosulla. [na ocobnueo
BignoBiganbHNUX MEeTanoMICTKMX KOHCTPYKUIN, OeTta-
nen Ta iHCTPYMEHTY, Ae NoTpibHe 3abe3neyveHHs Bu-
COKOrO PiBHA MILHOCTI i OMopy pi3HUM BuAaM KOposin-
HWX pyNHYyBaHb, a iHOAj i abpa3nMBHOro 3HOCY, CTa€E He-
MOXINMBUM NigidpaTtu ctanb abo cnnae, SKUi NOEaHYE
B cobi BCi HeoOXxigHi sikocTi. [1-4]. 3 meTol eKoHoMii
© MwpoHoBa T.M. — A.T.H., npod. YOYHT

AuwkensHeup A.B. — K.T.H., gou. Mm.XapkiB

Bonaapes C.B. - YOYHT
l'y6a P.M. — acnipaHt YOYHT

noporux i geiuntHuX metanis abo sk martepianu i3
creyjianbHMMM BITaCTUBOCTAMM 3aCTOCOBYHOTHCS Dime-
Tanu — meTanesi BUpoOu (MNacTUHKK, NMNCTU, CTPIYKN,
OpiT i T. iH.), WO cKNagaTbCa 3 ABOX MILHO 3'€QHaHMX
MK coboto pisHopigHMX MeTaniBs abo cnnasie. Ma-
Tepianu 3 ob'edHaHVMK XapakTepucTMKaMn BUKOPU-
CTOBYIOTbCS MOBCIOAHO, MiABULLYIOUN edPeKTUBHICTb
po6oyoro npotecy abo 3abe3nevyoum iHWi JoAaTKOBI
nepeearn. Y cyyacHin metanyprivHii npoMUCroBOCTi
GiMeTan BUpOONAOTL Y Pi3HWIA CNOCIO: HAHECEHHSIM Ha
MOBEPXHIO MOKPUTTH, HannaBfeHHsIM OAHOro MeTtany
Myronova T. — d.t.s., proftssor, USUST

Ashkelianets A. — c.t.s., docent, Kharkiv

Bondarev S. — USUST
Guba R. — PhD student at USUST
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Ha iHLWWK, NNacTUYHUM LedOopMyBaHHSIM, 34e0inb-
LLIOro BarnbLOBaHHAM.

Mpn UbOMYy BaXnNMBO PO3YMITU, WO CTBOPEHHS
GimeTany noB'sA3aHe 3 MEBHUMW BUTpaTaMu, a OTXe,
OOUINBHICTb MOro BMKOPUCTaHHA Mae OyTu none-
PEeaHBO EKOHOMIYHO OBI'PYHTOBAHOIO.

BpaxoBytouu, L0 B yMOBax NPOMUCIIOBOro BUPOG-
HMUTBa B BaraTtbox Bunagkax HeobxigHUM € 3acTocy-
BaHHA AOedOopMyBaHHA METOAOM KyBaHHs, [O-
cnigXeHHs1 0cobnMBOCTEN | PO3POBNIEHHST TEXHOMOTIT
ONst OTpUMaHHS GaraTowapoBMX MOKOBOK € akTyarb-
HOI0 3ajayelo Cy4acHOro martepiano3sHaBcTBa.

AHani3 nitepatypHux gaHux. Po3pisHsoTb Oime-
Tanu gBox- i baratowaposi. bimeTanu Big3Ha4arTbCs
PiaKiICHM NOEeAHAHHAM BNAaCTUBOCTEN BUXiIOHNX MeTa-
neBMX Martepianis, Hanpuknag BWUCOKOI MILHOCTI 3i
3HAYHOK CTINKICTIO MPOTWU cnpautoBaHHA. bimetanu
3aCTOCOBYIOTb, B OCHOBHOMY, SIK KOPO3iNHOCTIWKi, aH-
TUPPUKLIiNHI, TEPMO— Ta 3HOCOCTINKI MaTepianu.

OpfHvM 3 ronoBHMX pe3epBHUX HanpPsAMIB €KOHOMIT
AediUNTHNUX BUCOKONEroBaHUX cTanen € BUKOPU-
CTaHHsA [BollapoBux crtanen. [daHa rpyna crtanen
BKITtOUaEe B cOOi ABi 0COOMBI SKOCTi KOHCTPYKLIAHOMO
MaTepiany: MilHiCTb OCHOBHOrO Criol Ta cneujianbHi
0cobMBOCTi BUCOKONEroBaHOro KOHTAKTHOIO Crotko (B
SIKOCTi  @HTMKOPO3IMHOIO  Lapy BUKOPUCTOBYHOTb
aycTeHiTHi ctani mapok 08X18H10T, 08X17H13M3T
Ta iH.), Ak 6e3nocepeHbO KOHTAKTyE 3 poboyumm ce-
pepoBsuLlieM. 3aBOskM LbOMY ABOLLAPOBA rpyna cra-
nemn xapaKkTepuayeTbCsa CyKYMHICTIO BNAaCTMBOCTEN, SAKi
3abe3neyyoTb KOPO3iHY CTIVKICTb MPU BUCOKIN Mil-
HOCTI, 3HOCOCTIWNKICTb, YAAPHIil B’A3KOCTi Ta iH. [4]. Bu-
FOTOBIIEHHSA TakvMxX MaTepianis 3AiNCHIOETbCA B NpO-
ueci rapsdoro aecopmyBaHHS, a came: BanbLl0BaHHSA
(Hanpuknag, nnakyBaHHS MUCTIB | NXT), MPeCcyBaHHS
(nnakyBaHHs Tpyb), @ TakoXX MEeTOAOM 3BapOBaHHS
BMOyxom. Cnoci® nnakyBaHHsi Nonsirae B TOMY, LLO Ha
MaTpuLl0 OCHOBHOIO MeTany HaknagawTb 3 000X
CTOpIH NUCTM iHLWIOro MeTany, NoTiM BeCb NakeT nigaa-
l0Tb rapsiv npokatui. B pesynbTati Tepmoaundysii Ha
MeXi MoAiny Metaris OTPUMYIOTb MILHUIA TPULLAPOBUIA
BMpI6.

[na nnakyBaHHA 3aCTOCOBYIOTbL MeTarnu i crnasu,
LLIO MalOTb BMCOKY 3BaptoBaHICTb: BYrneLuesi i KUCro-
TOCTIWKI cTani, gopantoMiHin, cnnasu mMigi. B sikocTi 3a-
XUCHOro MOKPUTTA AN NNakyBaHHS BUKOPUCTOBYHOTb
anioMiHin, TaHTan, MonibaeH, TWTaH, Hikenb,
cneuianbHi ctani [5.6].

bimeTann oTpumaHi nnakyBaHHAM BWKOPWUCTOBY-
I0Tb Ha TiNbKN B SKOCTi KOHCTPYKUINHUX Ta yHKLUiO-
HanbHUX MaTepianis, a TakoX A4S BUFOTOBMEHHS iH-
CTPYMEHTIB pi3HOro npusHaveHHs. Hanpuknag nasHo
BiJOMO BUIOTOBIIEHHS NNaMiHOBaHOI cTani.

JlamiHoBaHa cTanb, NamiHaT— Le Ha3BM KOMMNO3UT-
Horo Mmartepiany (cTani), WO BUKOPUCTOBYETLCHA OIS
KMNUHKIB i HOXiB. BnacHe tepmiH "namiHaTt" noxoautb
Big naTunHcbkoro lamina (apkyL, nnactuHa). Lien knnH-
KOBWUI MaTepian oaepXyoTb 3a JONOMOrol KoBarbCbh-
KOro 3BaploBaHHS, i B HOXOBIN TepMIHONOrii BiH OTpu-
MaB nosHayveHHsi Laminated Steel Blade [7]. Ak i npwu
nnakyBaHHi, NamMiHaT CKNnagaeTbCs 3 LEeHTparnbHOro
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nucta (NnacTrHK), NOKPUTOro 3 060X CTOPIH NUCTaMm
cTani iHWoi mapku. 3a paxyHOK pi3HMX BMacTMBOCTEN
LeHTpanbHOro nucta Ta obKmagoK iHCTPYMEHT 3
namMiHaTty OTpUMyeE MOKPaLLEHi XapaKTepucTuku. 3a-
3BMYali LleHTpanbHWI Wap BMKOHYOTb 3 TBepAOi cTani
(vacTo 3 BMCOKoBYrneLeBoi abo HM3bKONEroBaHoi), a
o6knagkm - 3 M'aKLWOi i GinbLL B'A3KOI, ane 3 BUCOKMMM
aHTUKOPO3iNHUMK BNaCTUBOCTSIMU.

3Ha4vHy YacTuHy JeTanen cknagHoi KoHdirypauii
Wwo 3abesneuyloTb ekcnnyaTtauiiHy HagivHiCTb npo-
AyKuii 6araTbox NignpuemMcTB, BUFOTOBMSIIOTb BifTlbHUM
KyBaHHAM abo wTamnyBaHHAM. [pouec BiflbHOro Ky-
BaHHS [O3BOJISIE OTPMMYBaTU BUPOOU pi3HOi hopmu 3i
3nMBKiB ab0 KaTaHoi 3arotoBkn. OpHa 3 nepeBar Ky-
BaHHSA — MPOCTOTa BUrOTOBMIEHHS IHCTPYMEHTA, KNI
Mae yHiBepcarbHe NpusHayeHHs (Ha ogHOMY | TOMY X
IHCTPYMEHTI  OTPUMYIOTb  BUPOOM  PiBHOMAHITHOI
dopmu). KyBaHHSAM BUrOTOBNAIOTL BUPOOWU pi3HO-
MaHiTHMX TuniB, macu, opmMu, PO3MIpiB, TOYHOCTI i
LLOPCTKOCTI MOBEPXHi, NMPU LbOMY BUKOPUCTOBYIOTb
MeTanu pi3HMX XiMiYHUX CKragiB, NNacTUYHOCTI, Mil-
HocTi. KyBaHHAM i wTamnyBaHHSAM MOXyTb OyTu
06pobneHi maibke BCi BUKOPUCTOBYBaAHI B MPOMUCIIO-
BoCcTi MeTanu i cnnasn. OgHaK. OOHOK i3 OCHOBHUX
npobrnemM npu BUrOTOBIEHHI GaraTowwapoBux cTasnb-
HMX KOMMO3UTIB € 3abesneyeHHs sKiCHOro 3Ba-
PHOBaHHS MiX LLApamMu pPi3HMX cTanen.

MeTa. MeTolo gocnigkeHb, WO NPOBOAMNUCH B
AaHin poboTi € BUKOPUCTaHHS MOAEN0BaHHSA npouecy
KyBaHHS NakeTiB i3 cTanen pisHOro npusHaveHHs Ans
BM3HAYEHHS NapaMeTpiB, LU0 XapakTepusylTb Mo-
BELiHKY KOMMO3WUTHMX MaTepianis, BpaxyBaHHSA SKWUX
HeobXxigHO AN po3pobku TeXHOMorii OTpMMaHHs bara-
TOLLAPOBMX CTarnbHNX NOKOBOK 3 MPOMDKHUMU LLapaMm
i3 Migi Ta naTyHi.

Matepianu Ta meToan JOCAIOKEHHS.

Ons GaraTolwapoBux NakeTiB, WO Miagnarany Ky-
BaHHIO BMKOPWUCTOBYBanu HaCTynHi cnnasu
(Tabn.1):4na  UeHTpanbHOro Wapy cTani Mapok-
LWIX15, Ct.3, ana obknagok ctanb AlSI321, wo € aHa-
norom ctani 08X18H10T, ons NpOMDKHWUX LIapiB —
Migbe mapkmn M1 Ta natyHb mapku J163.

Bunbip onsa LeHTpanbHOro Lwapy XpOMWUCTOI cTani
LLIX15 nosicHioeTbCA Ti XapakTepucTukamu, a came: ni-
OBULLIEHMIA BMICT Byrrewuto 3abesnedye BUCOKY TBEP-
[iCTb, 3HOCOCTINKICTb, KOHTAKTHY MILHICTb i CTIMKICTb
00 BTOMHWUX HanpyXeHb, CTiMKICTb A0 BUCOKMX yaap-
HMX Ta 30BHILLHIX MEXaHIYHUX HaBaHTaxeHb. Ha pgeta-
nax i3 gaHol ctani NpakTM4HO He YTBOPHKTLCA BM'S-
TUHW Big TOYHUX BrnuBeiB. CTpykTypa cTtani aodpe nig-
OaeTbCcs Tepmoobpobui - 3arapTyBaHHs | Bignan ga-
HOTb MOXXMUBICTb MOSIMWNTUA MILHICTb. [NacTUYHICTD i
B'A3KICTb Y Cnnasi, WO po3rnagaeTbes, 3HaxoOaTbCs
Ha cepefHbOMY PiBHi Yepes3 Benuky TBepdicTb. JaHa
cTanb Bigpi3HAETbCA OPIGHO3EPHNCTOK OOHOPIOHO
CTPYKTYpPOK Ta MiHIManbHUM BMICTOM HeMeTaneBuX
BKITIOYEHb, Ma€E XOPOLLY MpoxaploBaHicTb, BoHa go-
CUTb Tyronnaseka i BigMiHHO npoBoauTb Tenno. OgHak
cepen HefonikiB cnif 3a3HaunTb cnabky CTiMKICTb OO0
4i1 kopo3ii Ta noraHy 3BaptoBaHiCcTb. Bucoky TBepaicTb
chnnaB Jocdrae 3aBAsikM BENIMKOMY BMICTY BYrneLio,


https://uk.wikipedia.org/wiki/%D0%97%D0%B2%D0%B0%D1%80%D1%8E%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F_%D0%B2%D0%B8%D0%B1%D1%83%D1%85%D0%BE%D0%BC
https://uk.wikipedia.org/wiki/%D0%97%D0%B2%D0%B0%D1%80%D1%8E%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F_%D0%B2%D0%B8%D0%B1%D1%83%D1%85%D0%BE%D0%BC
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ereMeHTa SKUA HeraTMBHO MO3HAYa€eTbCA Ha 3Ba-
ptoBaHocTi. [Ona 3BaptoBaHHa LWX15 Bukopucto-
BYETbCH TifTbKM KOHTAKTHE 3BapOBaHHS.

Tabnuusa 1 — XimiyHUI cknag ekcnepuMeHTanbHuX cnnasis®

XiMiyHWIA Mapka cnnaBy
0,
Enement%  ix1s Cr3 AISI321 Migs M1 Natyrs 1163
C 0,95-1,05 0.14 - 0.22 0o 0,08 - -
Si 0,17-0,37 0.15-0.3 0o 0,8 - -
Mn 0,2-0,4 0.4-0.65 no 2 - -
Ni 0,3 00 0.3 9-11 go 0.002 -
S 0,02 8o 0.05 000,02 fo 0,004 -
Ti 0,01 o 1 - -
P 0,027 0o 0.04 o 0,035 - 780 0.01
Cr 1,3-1,65 00 0.3 17-19 -
Cu 0,25 0o 0.3 0o 0,3 +Ag min 99.9 62-65
Fe peLwita peLita ~65 0o 0,005 po 0.2
Pb - - - fo 0.005 o 0.07
n - - - 0o 0.004 34.22 - 37.5
Sb - - - g0 0.001 o 0.005
Bi - - - 4o 0.002 8o 0.001
) 0,0015 - - 0,05 -
JOMILLIKM - 0,088 - 0,004 0,5

*T nnasneHHs midi M1- 1083°C; T nnasneHHsi namyHi J163 -906°C

Taki BNacTMBOCTI CMOHYKanu st NOBepXHEBMX 00-
Knagok — 3acTtocyBaTw KOPO3INHOCTINKY  CTanb

08X18H10T (AISI321), a pna nokpalleHHs 3Ba-
pIOBaHHSA OCHOBHOIO Luapy 3 MaTepianom obknagok
3acTocyBaTh NPOMDKHWIA LWap i3 naTyHi abo miai. Kpim
TOro nepeabavanocsi, WO HasBHICTb MNPOMIKHOIO
wapy cnpustume 3anobiraHHio andysii Byrneuo i3
HW3bKOBYrNeLeBol

crani WX15 B aycreHiT

KOPOSINHOCTIMKOI cTani obknagok, Wo B Kpal Heba-
)KaHo 3 ABOX MPUYMH:1- 36inbLUEHHS BYrneLto B cTani
08X18H10T Moke BUMKNMKATM MiOBULLEHHST MOXIU-
BOCTi MiXXKpUCTanITHOI KOpO3ii 3a paxyHoK 30iaHiHHS
ayCTeHITy XpOMOM NpV A0AaTKOBOMY YTBOPEHHIO Kap-
0igiB, WO MICTATb XPOM; 2 —3MEHLLEHHSI BYrMeLu B
ctani WX15 noripwunTe ii BNacTMBOCTI, Wo dopmy-
IOTbCH NPU TEPMIYHI 0Bpobui.

AISI321
Jlatyns JIG3
Cranb 3nc
JlaTtysb JIG3 <
AISI321

AISI321
Mige M1
Crans 3mc
Mixs M1
AISI321

9]
PucyHok 1 - IMigrotoBka nakeTy A0 KyBaHHS: a-nakeT NPOMiXHUA wap 3 natyHi 1163, 6 — npomixHui wap 3
migi M1
[Ona  npoBedeHHss  eKCnepuMMEHTasrbHUX  Oo- 2 nakeT: ctanb: CT1.3 TOBLMHOW0 — 3MM; Miflb MapKu

cnigxeHb Byno cknageHo HacTynHi nakeTtu 1:
1nakeT:ctanb LLUX15 TOBWMHO — 3MM; Migb MapKu

M1, ToBWMHOW — 1MM; KOPO3IMHOCTIMKA CcTarb

aycTeHiTHoro knacy AlSI321 ToBLMHOW — 2,5MM;

M1, TOBWMHOWO — 1MM; KOPOSIMHOCTIiKA cTarb
aycTeHiTHoro knacy AlSI321 ToBLUMHOW — 2,5MM;
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3nakeT.ctanb: CT.3 TOBWMHOW — 3MM; NnaTyHb
Mapku J1.63, TOBLLMHO — 1MM; KOPO3IMHOCTINKa cTarnb
aycTeHiTHoro knacy AlSI321 ToBLUMHOW — 2,5MM.

Ha purcyHKy1 nokasaHoO cxemMy CKnagaHHs nakeTis
2 T1a 3. Maket i3 cranno WX15 mae surnag nogibHo
nakety 2.

Poswmipu rotosoro nakety: dosxuHa — 100MMm; TOB-
wrHa — 10mm; wnpmHa — 35mMm. Nepe novyaTkoM Ky-
BaHHA MakeT repMeTUYHO 3aKpinumnyu enekTpoayroBuv
3BapOBaHHSM.

Pesynbtatn gocnigpkeHb. [nsi po3pobneHHs pe-
XMMy KyBaHHsi GaraTollapoBMX 3aroTiBOK B pobOTi

s x e ISSN 1028-2335 Ne3, 2024

3[iiCHIOBaNM KOMM'IOTEPHE MOAENOBAHHS y Nporpami
QForm [8], nonepegHbO 3po6MBLLM MOZernb, 3aro-
TOBKM Ta IHCTpymMeHTa Aecdopmadii B nporpami
SolidWorks, 30epexeHHsi mogeni B dopmarti * dxf.
MpunHATI po3Mipy 3aroToBkuM: ToBLUMHA 10 MM, BUCoTa
100 MM; MaTepian 3aroToBKU: Cr.3nc,
AlISI321;TemnepaTtypa BEPXHbOrO i HWXHLOrO BGOWKy
20°C;4ac oxonomxeHHs1 Ha no.iTpi 3 c.

Ha puc. 2 nokasaHo posnogin TemnepaTyp Ha no-
BEPXHi i BCepeaMHi 3aroToBKW MiCrs NepLuoro yaapy.
TobTo Npuv yaapi nigBuLLEHHST TeMnepaTypu ckragae
make 25...30°C.

=7 Serovoexn
5 3aroroexal cepaeummc
/ Koeounsiit manmmynst
J 3arotoexa 2 npocnoiika
4 3aroroexa 3 noa xoexy 1 n
¥ Vincrpymentei
4 Vimcrpyment 1 noa xoexy 1

§ Vincrpyment 2 wncrpymen

840

PucyHok 2. - Po3nogin Temnepatypu B TPULLAPOBIN 3aroToBL,i Nicnsa nepworo yaapy
Baxnueo Takox OOCMIAUTU SKUM YMHOM MNpY NepLUoMYy yAapi po3noAiNsaTbCs HaMNPYyXeHHSA Ha NOBEpXHI i

BCEpPeVHi MOKOBKM (puc.3).

7 Sacoronmn
{ Barorosea 1 cepaeonn

. Koeosrasit mamuery At
J 3acoroena 2 npecnomas

J 3aroreecs 3 nog cosey 1 n

| Vincrpymaent

{ Vincrpyssent 1 nog xosey 1

J Vincrpyssest 2 uncrpysaen

PucyHok 3 - Po3nofin iHTEHCUBHOCTI HaNpy»KeHb Nicrs nepLioro yaapy

Hambinblw iHTEHCUBHWUIA Hanpy)XeHuh cTaH cro-
CTepiraeTbCs y BHYTPILWHLOMY LIAPIi, @ B NOBEPXHEBUX
Lapax 3Ha4yHO MeHwe. Hasnaku ubomy, BinbLu iHTeH-
CMBHOMY NnacTuyHoMy AedhopmyBaHHIO NignAraloTb
MOBEPXHEBI LLApWU ayCTEHITHOT KOPO3iIMHOCTINKOI cTani,
a UeHTpanbHWi Wwap oTpMMyE Mamke B 2 pasv MeH-
WKWK cTyniHb AedopMyBaHHS (puc.4).

BpaxoBytoun oTpumaHi pesynbTtatv Oyno Bu3Ha-
YeHO eKcrnepuMeHTanbHUN PexxnMm o6poBKN KOMNO3NT-
HUX NakeTiB.

TemnepaTypy HarpiBy nakeTiB obmexeHo go 950-
1000°C y crauioHapHoMy ropHi (y MydenbHin neui)
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BigkpuToro Tuny. [na npouecy KyBaHHS BUKOPWUCTO-
ByBanuv nHEBMaTUYHUIA MOSTOT 3 Macolo Nagaroumx Ya-
ctuH 50 «r, wBuakicTe gedopmauii Ha MOMOTi Jocs-
rana 6000 mm/xB.

HedopmyBaHHSA  ekcrnepuMeHTanbHUX  3paskiB
3paivcHioBann npotdaryBaHHAM. [licna po3paxyHky na-
pamMeTpiB KyBaHHA MPUMHATO ABa Npoxoau Ans Ae-
dopmalii 3aroTiBkM 3 CymMapHUM YykoBOoM 2,56, Lo
BignoBigae HOPMaTUBHUM MOKa3HWKaM MNPWU KyBaHHI
NOKOBOK 3 NMOAOBXeHUX 3nmBkiB —YZ = 2,0...2,5; npu
KyBaHHi 3 cCOpToBOro npokaty — Y% = 1,5...2.


https://www.solidworks.com/ru
https://www.solidworks.com/ru
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7 Sarorosen
/ 3aroroexa 1 cepaesnmx

§ Kosounilt Maraerynst
J 3arotoexa 2 npocaciiks

J 3arotoexa 3 noaxoexy1n

J Vincrpymenoe

. Wnerpymert1 noa xoexy 1

Wnctpynent 2 uHeTpymen

0.75
0.70
0.65
0.60
0.55
0.50
045
0.40
035
0.30
0.25
0.20
015
010
0.05

PucyHok 4 - Posnogin nnactuyHoi gedopmadii npu nepLiomMy ygapi

[nga BU3Ha4YeHHS LWiNbHOCTI 3BapioBaHHA ekcrnepu-
MEHTarnbHUX KOMMO3UTHWUX nNakeTiB nicnsa pedop-
MYBaHHsI MPOBOAMMM MIKPOCTPYKTYPHUIA aHarni3 oTpu-
MaHux 3paskiB. Jonyctuma rmmnbuHa amdysii migi B
CTPYKTYpy cTani, 6e3 BnNnMBy Ha MexaHiyHi BracTu-
BOCTI cTani He noBuHHa 6yTu Ginbwe 0,3-0,5 mm [4,9].

BeaxaeTbes, WO Ha Audysilo migi B ctanesi Bu-
pobu nMpu 3BaploBaHHI KPiM Yacy KOHTaKTyBaHHS 3i
CTannio Migi, BNMBaroTb TaKoX Taki pakTtopu: Hanpy-
XEHUN CTaH MeTany, CTPYKTYPHUIM CTaH i XiMiyHWi
cknag crani.

[ocnigXeHHa 30H KOHTaKTIB CMNaBiB NakeTiB nicns
KyBaHHS NpoBOAMIM 3@ AOMNOMOIoK ONTUYHOTO MiKpO-
ckony AXIOVERT 200 MAT. Ha puc. 5 nokasaHo 3a-
ranbHUM BUMMAL CTPYKTYPWU MIKpOLUAichiB OTPMMaHMX
nicnsa KyBaHHSA KOMMNO3uTHUX nakeTiB Ne2 i Ne3 B nos-
AOBXHbOMY MepeTuHi micns nonipysaHHA 6e3 Tpas-
NEHHs.

3’egHaHHs NNacTUH NPOMIDKHOIO MiAHOrO Lwapy, SK
i3 cranmo Cr1.3, Tak i 3i cranmo AlSI321, mae
[ | |
| | |

| I
|

| !
1 |
a

PIBHOMIPHMI LWiNbHUI XapakTep, O4HaK y BUNaaky i3
MPOMDKHMMM MflacTMHaMWM NnaTyHi  crnocTepiraeTbes
po3LLapyBaHHS, a TakoXX MaconepeHeCeHHs naTyHi y
BYyrfeueBy CTarnb SK Hacnigok Toro, Wo npu aedop-
MyBaHHi Bigbyrnocsi mavixe NoBHE PO3nnaBneHHs nna-
CTMHM natyHi J163, wo mae TemnepaTypy nraBfeHHs
906°C. Cnig 3a3Ha4nTW, LUO iCHYIOTb TEXHOMOTi BUrO-
TOBMNEHHA BiMeTaniyHux NNacTvH HannaBneHHAM fa-
TYHi abo 3BaptoBaHHsA BMOyxom [10...12], B ubOMYy
BMMNAAKy OTPUMYHOTb LifIKOM LWinbHe 3’eaHaHHsA. B ga-
HOMYy BMNaAKy NoBeAiHKa NaTyHi MOXe NOSICHIOBATHCh
Tak 3BaHUM aHOMarnbHMM Maco nepeHeceHHsaM. Llen
ecbekT oTprmaB CBOI Ha3BYy 3a HaABWCOKI LUBUOKOCTI
NnepeMilleHHa aToMiIB, LLIO HaBITb NEPEBULLYIOTb PyX-
NMBICTb aTOMIB B PigKOMYy CTaHi MeTaniB. Sk BCTaHOB-
neHo B pobotax [10,11], Take sBMLLE MOXE BUHMKATMU
B pasi CTBOPEHHS HamnpyXeHoro craHy npu gedop-
MyBaHHi ab0 B iHLUMX 30BHILLUHIX BMMBaXx.

PucyHok 5 — CTpyKTypa KOMMNO3UTHUX MaKeTiB 40 TpaBneHHs: a - Ne2 3 npoMixkHuM wapom i3 migi M1 6 -
Ne3 3 npomixHMM Wapom i3 naTtyHi J163; npu 36insweHHs 50%

O6OB’A3KOBOKD YMOBOK BWHWUKHEHHS TepmMoau-
HaMiyHOro cTumyny, wWo 3abesnedyye Take npu-
LBUALLIEHE MaconepeHeCceHHs, € nokanisawis Hanpy-
XKEHOro CTaHy B YacTuHI 3pa3ka npu nnacTMyHoMmy ae-
dopmyBaHHt0. Came Takui CTaH BUSIBNIEHO Npu Moae-
MNOBaHHI KyBaHHA GaraTowapoBoro 3paska (puc.3).
Maibke  MakcumanbHi Hanpy>XeHHs BigvyBae

LueHTpanbHun wap 3 Byrneuesoi ctani CT1.3, wo i
CrpuUsie NPOHNKHEHHIO cCame B Liel LWap po3nraBneHol
naTyHi.

Kpim onumcaHoro npouecy crnocTtepiraeTbCa TakoX
po3nnaBneHHsa NOBEPXHEBOrO LWapy ByrneLeBol cTani
(puc. 6), Npu LBOMY B LU@pax naTyHi cnocTepiraeTbCcs
YTBOPEHHA [(-hasi TEeMHOro Komnbopy, Xxo4ya Yy
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BMXigHOMY cTaHi cnnaB J163 BigHOCUTbCS A0 0gHOdas-
HUX O natyHen. [NpuynHo Lporo Moxe OyTu 30inb-
LEHHSA KOHLEeHTpauii LMHKY Y BUNAAKYy PO3YNMHEHHS

#%¢ ISSN 1028-2335 Ne3, 2024

B IPaAHWNYHIN 30HI OimeTany BUSBMSETbCS NMPAKTUYHO
npu 850°C i BuLLE, | TOBLUMHA ANAY3iNHOIO NpoLLapKy
30iMbLIYETECA B 4Yaci 3a napabomniyHMM 3aKOHOM

Midi B ayCTeHiTi 060x cTanen npv Harpisi. Qudysia migi
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PucyHok 6 — MikpocTpykTypa 30HM 3'€QHaHHA y komno3uTi nakety Ne3 — (Ha gpbomozpadpii 3 eexy) ctanb
AISI321; npomixHWU - naTyHb J163;:ueHTpanbHun wap C1.3: a — 250% ; 6 — 350% B -500%

3HayHO pigwe 3ycTpiyalTbCca HagpuBK , LIO 3a-
MOBHEHHS NaTYHHIO | B MOBEPXHEBOMY LUapi 06Knaaku
i3 KOpO3iMHOCTINKOI cTani (puc.7), a obnnasBneHHs no-
BEPXHi CCTanen xapakrepHo Ans obox wapis - i

a

LeHTpanbHoro , i obknagku, wo (puc.7a). Ha >xaneb,
npu  UbOMYy  CroCTepiraloTbCsi  BifllapyBaHHS
npomixHOro matepiany (puc.56, puc.6 a, puc.7 a)

PucyHok 7- PospuB y cTpykTypi ctani AlSI321 3anoBHeHWI NaTyHHIO:

a-850%; 6-1200*

Mpn pocnigpkeHHi 3'eqHaHHA LWapiB B NaKeTi 3
MiZHMM NPOMDKHUM LLIAPOM B 30Hi KOHTaKTY i3 cTanamm
po3nnaBfeHHs He cnocTepiraeTbcs. Ha puc.8 noka-
3aHi  MIKPOCTPYKTYpU nepexigHuX 30H 3 pPi3HUM
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B

PucyHok 8 — MikpocTpykTypa 3'egHanHaA wapis ctani AlSI321, migi M1 Ta Byrneuesoi ctani C1.3 (a, 6) a
TakoX KomMno3uty nakeTy 1(B) nicns KyBaHHs npu TemnepaTypi 950-1000°C: a-500%; 6 -850%; B — 100*

3’egHaHHA Migi i3 yciMa cTansmy no BCi JOBXEHHI
KOMMNO3MTHOTO 3paska LWinbHe, 6e3 poslwapyBaHHs.
OpHak y Byrmeuesin ctani 3ycTpivaloTbCs HagpuvBM,
LLIO 3aMnoBHEHHI Miaato (puc.9 a, 6), a 3'eaHaHHA Migi 3
KOPO3iIMHOCTIMKOK CTanmio Mae AiNSHKU 3 XBUIACTOO
mexeto (puc.9 B). | xoua gedopmyBaHHs BiabyBanoch
npu Temnepatypax, KOnu posnnasreHHs He Biady-
BaeTLCA, n iIKpOoKapTVHa Haragye

A

nokasnbHi

OMraBIiEHHS Ha KOHTaKTHI NOBepXxHi. Taka noBeiHka
CnnaBsiB Ha3MBaETbCA TEPMIHOM «XOrogHe Mras-
TNEeHHS».

YTBOPEHHS TaKOro 3’€AHaHHS BUSBMEHO Mpu 3Ba-
ptoBaHHi BUOYXOM , KOMM XONOAHE MNaBIieHHs! BUHM-
Kae 3a paxyHok gji Bucokux tuckis [10...12], wo ctu-
MYJTHOIOTb NiABULLIEHY KiNbKICTb HEPIBHOBAXXHUX BaKaH-
Ciil SIK Ha NoYaTKy niaBfEHHS.

B

PucyHok 9 — OcobnunBoCTi MIKPOCTPYKTYPU KOHTaKTHMX 30H MiZHOMO NPOMIDKHOTO Liapy i3 cTanesnuMmu: a —

850%; 6 — 1500%; B — 1200%

Mpu 3acTocyBaHHI cheuianbHOro TpaBrieHHs (B
po3ymHi NH4OH) BUSIBNSETLCS CTPYKTYpa Mifi, BoHa
Mawxe pIiBHOBICHa, KpyrnHO3epHWCTa i noniegpuyHa 3
HasiBHMW O3HaKamMWu KpucTanie — ABiNHWKIB, LLO 3a-
cBigyye hakT NPOXOKEHHS pekpucTanisadii B npo-
Leci rapsidoro aecpopmMyBaHHs i nig Yac 0XoNogKeHHS
Ha noBiTpi (pnc.9a).

BucHoBku.

B poboTi npoBeaeHO KOMIMOTEPHE MOLENHOBAHHS
y nporpami QForm npouecy KyBaHHs, a caMme npoTary-
BaHH4, TpULLAPOBUX NakeTiB, L0 cKNaaanuck i3 LeH-
TpanbHOro Lapy HM3bKOBYrMeueBoi cTani i 06knagok
i3 KOPO3INHOCTINKOT ayCTeHITHOI cTani, sike nokasaro,
LLIO NpW nepLUOMYy yAapi cnocTepiraeTbCs NiABULLEHHA
Temnepatypu B o0ox wapax Mmamke Ha 30-35°C.
Binbwy cTyniHb AedOopMyBaHHSA OTPUMYIOTL LLapuU
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obknagok i3 ctani AlSI321, a npu ubomy GinbLu Hanpy-
XXEHWN CTaH BWHWKAE B LeEHTpanbHOMY LWapi ctani
Cr.3.

BpaxoByloun oTpumaHi pe3ynbtatv  Mogento-
BaHHS, BU3HAYEHO PEXMMM HarpiBy Ta NPOBEAEHO Ky-
BaHHA KOMMO3UTHUX MaKeTiB i3 pi3HMX cTanen. Temne-
patypy HarpiBy naketiB obmexeHo o 950-1000°C,
wBunakicte aedopmadii Ha monoti gocsarana 6000
MM/XB.

o %% ¢ ISSN 1028-2335 Ne3, 2024

HocnimkeHo 0cobnMBOCTI MIKPOCTPYKTYPU B 30HaAX
KOHTaKTHOrO 3BaploBaHHS LApiB NaTyHb — ByrreLeBa
ctanb i natyHb ctanb AlSI321, migb -Byrneuesa
cTanb, Migb —ctanb AlSI321, migb ctans LLX15.

B sKkocTi mpomixHOro wiapy Ans Kpawioro 3Ba-
PIOBaHHS CTanbHUX LLapiB Mk cOOOK B MpoLUeCi Ky-
BaHHS, a TakoX Ans 3anobiraHHsa andyaii Byrnewto ta
neryumnx enemMmeHTiB, OOPeYHO pekoMeHayBaTu 3a-
CTOCYBaHHsI NnNacTvHu migi M1.
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lllesuyenko /I.B., Osuapyk A.M., Hadmouiii A.A.
IIpobaema aecyabdypauii 4OpHOBOTro (pepoHiKe 10, OTPUMAHOIO 32
TEXHOJIOTI€I0 HU3bKOT0 BiiHOBJIeHHs HA [100y3bkoMy deponikee-

BOMY KOMOIHATI
Shevchenko D.V., Ovcharuk A.M., Nadtochii A.A.

reduction technology at the Pobuzhsky ferronickel plant

Mema. 3 esedeHHsiM 8 ekcrimyamauito PTI11 kaHadckkoi komnaHrii Hatch Ha Nobysbkomy ¢hepoHikenesomy kombiHami
ma rnepeeedeHHsIM ii Ha mexHosoaito HU3bKo20 8iOHoeneHHs1 (THB) cmano mMoxnueum ompumMaHHs ¢hepOoHIKento, Wo
Micmump nuwe comi Yacmku eidcomka KpemHito i 8yaneuyro, wo HeobxiOHi Onss codosoi decynbhypauii 8 koswi, momy
KoMbiHamom erposadXeHO KOMIIIEKCHY MeXHoroeito, sikor nepedbavyaembcs 3milysaHHs (MiKWy8aHHS)) YOPHO8020
peporikento, wo surnyckaembcs 3 PTIIL 3i 3HUXeHUM 8MicmOoM KpPeMHiro ma eyerneyro ma 3 gucokum emicmom Ni, 3i
crinagom i3 PTI12 3 HU3bKOIO KOHUEHmMpaujeto HIKelo ma 8UCOKOK KpeMHito i ayaneuto. OOHaK y 36's3Ky i3 3YrnUHKOH
PTI12 Ha kanimanbHUli peMoHm 8uHuKna nompeba sidnpautosamu pexum Oecynbghypauii 3a KoMbiHOBaHO CXEMOKO,
sika nepedbayvae noedHamu codosy Oecyrbghypauito ma KUCHEBO-KOHBEPMEPHY, SKa € CKpYmHOto i nompebye dodamko-
8UX MamepiarnibHUX ma eHepeemuyHuUXx sumpam.

Memoduka. TepmoduHamiyHe MOOesto8aHHs BUKOHaHe 3 BUKOPUCMAaHHAM rpozpamHozo komrinekcy HSC Chemistry 6.1.
AnanimuyHi ma npomuciiosi docnidxeHHs1 8 ymosax [1oby3bk020 ghepoHikenegoeo kombiHamy.

Pesynbmamu. ObpobrieHo ma rpoaHanizoeaHo pe3yrbmamu MpoMucsiosux 00cidKeHb KOMOIHO8aHOI MexHOI02iYHOI

cxemu Oecyrnbghypauii 8UCOKO8IOCOMKOB8020 (hePOHIKerTHo 8 KOBLWI ma KoHeepmepi, y3azarbHEHO MEXHIYHI pe3ynbmamu
Oecynbgbypauii hepoHikeso Ha 8cix emarax po3gumky ma 800CKOHaIeHHs lioeo 8upobHuumea e ymosax N®K.
Haykoea Hosu3Ha. [posedeHo pigHogaxHuUl po3rodin ¢gha3 y cucmemi Fe-Ni-S-Na-Si-C-O 3 sukopucmaHHsim 6a3u daHux
npoepamu «HSC Chemistry 6,0». [TokasaHo, W0 KpeMHil erueae Ha NosHomy peakuii decynbypauii. BusHayeHo mem-
rnepamypHi Mexi npoyecy.

lMpakmuyHa 3Ha4yumicmsb. Y npomucriosux ymosax [1oby3bk020 ¢hepoHikereeo20 kombiHamy gidrnpayb08aHoO ma 0C80EHO
KOoMbiHO8aHy mexHorogito Oecyribghypauii suCOK08iOCOmK08020 ghepoHikernto 3 PTI11 3a cxemoro Kigwi-KUCHe8UU KOH8ep-
mep, wo 3abesneyuno moxnusicms pobomu kombiHamy npu 3ynuHui PTI12 Ha kanimanbHUl peMoHmM ma 00epXaHHs
moeapHOi PodyKuyii.

Knroyosi criosa: pydHomepmiyHa riid, YopHosuli hepoHikenn, Oecynbghypauis, KpeMHil, 8yaneub, MiKWy8aHHs

Purpose. With the commissioning of the Canadian company Hatch's RTP1 at the Pobuzhsky Ferronickel Plant and its
transfer to low-reduction technology, it became possible to produce ferronickel containing only hundredths of a percent of
silicon and carbon, which are necessary for soda desulfurization in a ladle. Therefore, the plant has implemented a com-
prehensive technology that provides for mixing (mixing) crude ferronickel produced from RTP1 with a reduced silicon and
carbon content and a high Ni content, with an alloy from RTP2 with a low nickel concentration and a high silicon and
carbon. However, due to the shutdown of RTP2 for major repairs, there was a need to develop a desulfurization mode
using a combined scheme that involves combining soda desulfurization and oxygen-converter desulfurization, which is
difficult and requires additional material and energy costs. Methodology. Thermodynamic modeling was performed using
the HSC Chemistry 6.1 software package. Analytical and industrial research in the conditions of Pobuzhsky Ferronickel
Plant.

Results. The results of industrial research of the combined technological scheme of high-percentage ferronickel desulfu-
rization in a ladle and converter were processed and analyzed, the technical results of ferronickel desulfurization at all
stages of development and improvement of production in the conditions of the PFC were summarized.

Scientific novelty. The equilibrium distribution of phases in the Fe-Ni-S-Na-Si-C-O system was carried out using the data-
base of the HSC Chemistry 6.0 program. It was shown that silicon affects the completeness of the desulfurization reaction.
The temperature limits of the process were identified.

Practical significance. In industrial conditions of the Pobuzhsky Ferronickel Plant, a combined technology for desulfuriza-
tion of high-grade ferronickel from RTP1 using the ladle-oxygen converter scheme has been developed and mastered,
which has provided the possibility of the plant operating when RTP2 is stopped for major repairs and obtaining commercial
products.

Keywords: ore-thermal furnace, rough ferronickel, desulfurization, silicon, carbon, mixing

The problem of desulphurization of crude ferronickel obtained by low

BeTyn. Hikenb BigHOCUTBLCA A0 rpynm BaXKKUX KOMb-
OpOBMX MeTaniB i BUKOPUCTOBYETLCH B Pi3HUX ranysax
iHOyCTpil, NOYMHa4YM 3 BUpoBHULTBA NeroBaHoi ctani
i 3aKiH4Yyl4N BUCOKOTEXHOMOTMYHMMM PO3pobKamMmn y
MeAVUMHI | enekTpoTexHiui. Hikenb — Le enemeHT,
AKUA Yy NpuUpoAi iCHye Yy BUMsaAi psgy Okcuais,
cynbdigis i cunikaris. Moro BaxnmMBICTb MOSICHIOETLCS
YHiKanbHUMKU BMACTMBOCTSIMU: [0OAAaBaHHS HiKeno y

© LWesuenko O.B. — YOYHT
OBuapyk A.M. — YOYHT
Hagrouin A.A. — A.T.H., npod. YOYHT

cnnasu MiABULLYE iX MILUHICTb, 3HOCOCTINKICTb, KO-
pO3iHY CTIMKICTb, nNiABULLYE TEnno i enekTpo-
NPOBIAHICTb, MOKpaLLye MarHiTHi i kaTtaniyHi Bnactu-
BOCTI. Y psagi ranysein npoMUCNOBOCTi, Hanpuknaa, npu
BUrOTOBIEHHI PEeaKTUBHUX OBWUIYHIB, CNNaBu HIiKento,
He3aMmiHHi. Lle meTan, sikuin Hapasi BU3HaHO OOHUM i3
HaWUiHHIWNX maTtepianis, wo Buaobyeascsa y 20-21
CTONITTAX.

Shevchenko D. — USUST
Ovcharuk A. — USUST
Nadtochii A. — d.t.s., proftssor, USUST
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AHanis nitepaTypHuUX AaHMUX Ta NOCTaHOBKa 3a-
Aadi. Ha cborogHilwHin geHb BMaobyTkoM i nepepob-
KO0 HiKeneBux pya 3anmatoTbCs 22 KpaiHu cBiTy. Jlige-
pamu ranysi Bxe OOBrum 4ac 3anuvwaiotbes Kanaga,
AscTpanis Ta Hosa KanegoHisi. [1o cnncky KpynHWX Bu-
pobHukiB BxoaaTb |HOoHe3is | Kyba. Pyan Hamsumwol
AKoCTi AobyBatoTeca Ha PininniHax, y Hosin Kane-
JoHili Ta IHgoHesiT [1].

BrnacHa MmiHepanbHO-cupoBuHHa 6asa Hikeno B
YkpaiHi npeactaBneHa €k30reHHMMM poaoBuLLaMum
cunikaTHOro Hikemno Kip BMBITPtoBaHHs CepepHboro
MpugHinpos’s i Mobyxoka 3 BmicToMm Hikento 0,38-
1,24%, ToAi 9K y CBiTi HaMbinbLle NPOMUCIIOBE 3Ha-
YEeHHSA MaloTb pPoAoBMLLA HiKento CynbdigHoro Tuny.
Hikenb B YkpaiHi €, ane pasom 3 TUM € i Yumarno npo-
6rnem. | ocHoBHa nonsirae B TOMy, L0 HiKeneBsi pyau
YkpaiHn 6igHi. €avMHe nignpuveEMCTBO Ha TepwuTopil
YKpaiHu, Wo 3aatHe nepepobnaTy pyamn Takoro Tuny —
MoBy3bknin bepoHikeneBm KOMOGIHAT npautoe no-
BHICTIO Ha IMMOPTHIN  CUMPOBWHI |  HanmeXuTtb
MibkHapogHi komnanii Solway Investment Group [2]
BiAMOBNSETLCA B, NepepodKn BiTYN3HSIHOT CUPOBUHM.
KombiHaT BMKOpPUCTOBYE nuwe IiMMNOPTHY pyay 3
BMicTOM Hikento 1,6-2,2 % poaoeuLl Hoeoi KanegoHii,
IHooHesiT Ta [BaTemanu [3].

Mpun nepeBeneHHi BUpoBHMLTBA HA BUKOPWUCTAHHS
iIMNOPTHMX PYA KOHCTPYKTMBHA TEXHONOMYHa cxema
MPaKTUYHO He 3MiHMnacs i BKrnoyae B cebe nigrotosky
orapky B Tpyb4dactmx obeprosux nedvax (TOI), enek-
TPOBUMMAaBKy Orapky B pyaHOTepMiYHUX nedax (PTIT)
noTyxHicTio 42 MB-A gns oTpuMmMaHHS 4OPHOBOrO
Hikento i noro padpiHyBaHHS Ans OTPUMaHHS TOBapHOI
npoaykuii B 30-TOHHMX KOHBEpPTEpPAX.

TexHonorivyHa cxeMa padgiHyBaHHSA YOpHOBOro dhe-
poHikento Ga3yeTbCsi HAa nonepeaHin gecynbdypaduii
piakoro depoHikento Ta nocnigoBHOMY paddiHyBaHHi
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BiJ, KpeMHito, Xxpomy, Byrneut, cipkm Ta cocdopy y
BEPTUKanbHMX KoHBepTepax LD 3 «kncnorw» i «0CHOB-
HOHO» (DYTEPOBKO 3 BEPXHIM MPOOYBaHHAM KUCHEM.
Mepwunn eTan gecynbypadii HOpHOBOro OEepPOoHIKeNto
NpOBOANTBLCA 32 AOMNOMOTOH KanbLMHOBaHOI coan abo
COAOBOr0 po3nnaBy - BTOPUHHOIO Matepiany Ximiy-
HOro BMPOOHULTBA, 3aCTOCYBaHHA SKOro [A03BONSE
niasmwmnTK epeKTUBHICTb Aecynbdypadii i koedilieHT
BMKOPWUCTaHHSA peareHTy [4]. 3 BBEAEHHSM B eKkcnnya-
Tauito PTTM1 kaHagcbkoi komnaHii Hatch i nepeeeneh-
HsIM i HAa TEXHOJOril0 HM3bKOro BiaHOBNEHHS (THB)
CTano MOXIMBMM OTPUMaHHA (EepoHIikento, Lo
MICTUTb fMLle COTi YacTKM BiACOTKa KPEMHIo i BYy-
rMeuto, WO BUKIIOYAE MOXIMBICTb MO0 BTOPMHHOIO
padiHyBaHHA COA0H0.

PYHTOBHWA  aHania Ta ornag — cnocobis
pachiHyBaHHs cnnaeiB  Ha MPOBIOHUX  CBITOBUX
nignpMemcTeax, Lo BUpobnsoTe hepoHikens, HaBe-
AeHnni y poboTtax [4-7], AO3BONMUB y3aranbHUTU pe-
3ynbTaTM YMCIIEHHUX MOKa3HUKIB Aecynbdypadii 3a
Pi3HUMW  TEXHOMOMYHUMKW CXEMaMM Ta HaMITUTK
LLMAXM ONTUMI3aUii Npouecy B ymMoBax KOMOIHaTY.

TeopeTn4Hi gocnigxeHHs gecynbdypadii Yop-
HoBoOro cepoHikernio.

TepmoamMHaMivyHMIA aHani3 cynbgigiB enemMmeHTis,
LLIO BXOAATb 4O CKragy MeTanyprinHnx 3anisaoBmiCHUX
cucTeM, O03BOSISIE HAMITUTU NMOBIPHICHI peakuii ae-
cynbypadii po3nnasiB Npy TEXHONOrNYHMX NpoLecax
OTPUMaHHSA PEpPOHikento. 3HayHWM, SKWO He BU3Ha-
YanbHWI BMAUB Ha NOBEAIHKY CipKkW i, NepL 3a BCe, il
BMOANEHHs1 3 MeTany Hagae ii akTUBHICTb, WO MiaBu-
Lye peakuiiHy 3gaTHiCTb. AHania pesynbTaTtiB gdo-
CnigXeHb BNNMBY Pi3HNX eNeMEHTIB Ha KoediLieHT ak-
TUBHOCTI cipku (puc. 1) y BiHapHMX cuctemax nokasye,
LLIO OCHOBHMMM efleMeHTaMu, Lo MiABULLYIOTb aKTUB-
HICTb CipKK, € BYrneub Ta KPEMHIMN.
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Puc. 1. Bnnue pi3HMx enemMeHTiB Ha koedilieHT akTUBHOCTI Cipku [8]

Mpw 36inbLUEHHI KOHUEHTpaLi Byrnewuw Ta Kpem-
Hilo ICTOTHO MigBULLYETLCA KOeILIEHT aKTUBHOCTI Ci-
PKM i, BiAMOBIAHO, NPY OaHin KOHUEeHTpauii cipku Ta ii
aKTMBHICTb, YMM 3HAYHOK MIPOI0 MOSACHIOETLCH CYyT-
TEBE MOMIMWEHHA YMOB Aecynbdypalii 4aByHiB
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MOpPIBHSIHO 3 Aecynbdypallieto po3nnasy B cTanenna-
BUIbHWX arperaTax [8].

YcniwHa Ta BucokoedeKkTMBHa Aecyrbdypauis vo-
PHOBOIrO YepoHiKento coao MOXMBa npwu padoiHy-
BaHHi CnnaBiB, L0 MalTb y CBOEMY CKafi BUCOKY (3-
5 %) KOHUEHTpauilo KpPeMHil0 Ta BYyrfeuw, Lo
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NiABULLYIOTb KOeILIEHT akTUBHOCTI Cipkn Ta CTyMiHb Mpouec BupaneHHs cipkn Moxe OyTu y3aranbHe-
aecynbdypauii. Lleii npouec 3acHOBaHW Ha YTBO-  HUK peakuieto
PEeHHI B npoueci peakuil CTiMkoro 3'eaHaHHsA cynbdigy
HaTpilo, L0 NepexoanTb Y LUMaK.

[SIre-ni + 2(Na2COs3) + [C] + [Si] = (NazSiOs) + 3CO + (NazS).

TemnepaTtypHi 3anexHOCTi BinbHUX eHeprin N66ca MOXNMBUX peakLin B3aEMOZIl Cipku 3 COAOK0 NpeacTas-
neHi B Tabnuui 1 Ta Ha puc. 2.

Tabnuusa 1 — TemnepaTypHi 3anexHOCTi BinbHWUX eHeprin [[i66ca ans peakuin B3aemogii cynbgigis 3 cogoto

Ne Moxnuea peakuis TemnepatypHa 3anexHicte AGY,
Ibx/monb
1 FeS + 3Na2CO3 + 2Si = 2Na:SiOs + NazS + Fe + 3CO —326578 —430-T
2 NiS + 3Na2CO3 + 2Si = 2Na2SiOs + NazS + Ni + 3CO —340447 — 440-T
3 FeS + Na:COs3 + C = Fe + NazS + CO + CO2 —-362121 — 330-T
4 NiS + Na2CO3 + C = Ni + Na:S + CO + CO» —348251 — 340-T
5 FeS + 2Na»,CO3 + Si + C = Fe + Na:SiO3 + NazS + 3CO 103813 — 467-T
6 NiS + 2Na2COs + Si + C = Ni + NazSiOs3 + Na2S + 3CO 89943 —477-T
200
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5 \1 Puc. 2 BinbHa eHepris [66ca ans Moxnmeux
- 1000 peakuin B3aemogii cynbdigis 3 cogoto (undpun y
2 KPMBUX HOMepa peakLuirn B Tabn.1)
-1200

Temnepatypa, K

AHani3 oTpMMaHux pesynbTaTiB nokasye, Wwo Tep-  ¢asun (Bmict CO) Ha nepemillyBaHHs peareHTiB Ta
MOAMHaMIYHO Ha Aecynbdypauitlo B cuctemi 6inbll  36inbLIEHHSIM IXHbOI KOHTaKTHOI NOBEPXHI.
epekTMBHO BNNMBae kKpemHii (puc.2, kp. 1,2) PiBHoBaxHMM po3noain da3 y cuctemi Fe-Ni-S-Na-
nopiBHAHO 3 Byrneuem (kp.3,4). Xo4va ge-ski gaxiBui-  Si-C-O, skuii NpoBenu 3 BUKOPUCTaHHAM 6a3n AaHux
BMPOOHUKM Big3Ha4atoTh, WO Ginbwni BAve Ha npo-  nporpamm  «HSC  Chemistry 6,0», nokasas, Lo
uec gecynbdypadii Hagae came ByrneLpb, Wo, MabyTb,  KPEMHI BINIMBAE Ha NOBHOTY Npouecy Aecynbdypalii
NOB'sI3aHO He TiNbKW TEPMOAMHAMIYHO, arne i 3 kiHeTud-  (gmB. puc.3, ai 0).

HAMK napaMeTpamn npoLecy — BMAMBOM ra3o0BOIl
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Puc. 3 - PiBHoBaxHUI po3nogin a3 y cuctemax:
a) 0,5FeS+0,5NiS+Na2C0O3+C; 6) 0,5FeS+0,5NiS+2Na2COs+C+Si
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IHTEHCMBHE 3MEHLUEHHS Cynbdiay Hikernto NpoTikae
npu Temneparypax
500-800 °C, a cynbdigy 3aniza npu 700-1300°C (puc.
3, 6), To6TO miaBULEHHA TemnepaTypu Buwe 1300-
1350 °C He pouinbHO anst npouecy aecynbdypaldii Yo-
PHOBOrO hepOoHiKento.

Takum YnHoM, BBeAeHHS B ekcrninyaTadito PTI1 ka-
Hagcbkoi komnaHii Hatch i nepeBeneHHs i Ha TEXHO-
NOrit0 HA3BKOTO BiAHOBMNEHHS NPMBENO OO0 OTPUMaHHS
bepoHiKkento, WO MICTUTb NMLe COTi YacTKu BigcOTKa
KPEMHIIO i ByrfeLto, WO BUKNIOYAE MOXIUBICTb MOro
BTOPMHHOIO pacpiHyBaHHS COAOM0.

Tabnuus 2 - XiMiYHUIA cknag YepHOBOro hepoHikernto
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Tomy kombiHaTom 6yrno po3pobrneHo Ta BMpo-
Ba[)KEHO KOMIMIIEKCHY TEXHOMOrilo, Kol nepenba-
YaeTbCs 3MillyBaHHA (MiKLWYBaHHS) YOPHOBOro doe-
pOHikento, Wwo Bunyckaetbca 3 PTI1 3i 3HWXKEHUM
BMIiCTOM KpeMHito Ta Byrneuto (go 0,01 %) Ta 3 Buco-
kum BMmicTom Ni (noHag 50 %), 3i cnnasom i3 PTIM2 3
HU3bKOK KOHLeHTpauieto Hikento (10-17 %) Ta Buco-
KOK KpEeMHito i ByrneLto, HeobxigHi ana cogosoi ae-
cynbdypadii B KoBLWi. ¥ Tabn. 2 HaBeaeHo XiMiYHUN
cknag 4YopHoBoro depoHikento Ha PTI1 ta PTI2, Bu-
poOneHoro 3a PisHNMK TEXHOSOMNYHMMM CXEMAMM.

Ha PTIM1 i PTMN2, %

Ni Co Si Cr S C P Cu
PTIM 47 0,42 0,01 0,02 0,5 0,014 0,065 0,063
PTN2 14,5 0,27 3,90 1.8 0,25 2,5 0,064 0,032

MikwyBaHHSA 0O3BONMMAO MOBEPHYTUCS OO MPOEKT-
HOT TeXHOJOriT - No3anivyHol Aecynbdypauii KanbLunHo-
BaAHO COAOH B KOBLUi Ta AOBEAEHHS MeTany B KOH-
BepTepi.

Y 3B'asky i3 3ynuHkoto PTT12 Ha kaniTanbHuiA pe-
MOHT, a PTI1 npogomxyBana npautoBatn 3a TEXHO-
NOriel0  HU3bKOro BiOHOBIMEHHA, BMHUKMNA noTpeba
BignpautoBaTn pexum gecynbypadii 3a kombiHoBa-
Hoto cxemoto. Lia cxema nepepbayae noegHatu co-
OOBY AecynbdypaLito Ta KUCHEBO-KOHBEPTEPHY, AKa €
CKpYTHOI i noTpebye OodaTKOBMX MaTepianbHUX Ta
eHepreTu4Hnx BuTpaT. MNMpoBeaeHi BUNpobyBaHHSA no-
Kasanu, Wo npu HeoOXiOHOCTI MOXNuBe 3AiNCHEHHS
anbTepHaTMBHOI cxemun pacpiHyBaHHA Ha npoTuBary
iCHYIOYIN Ha JAaHWA MOMEHT Ha KOMOGiHaTi.

- BanHsky (CaCOs), «kr/T Ni 31

- pepocuniuito PC75, -«- 45

- coan (NazCOs), -«- 57,3
- antominito (Al), -«- 8,54
- BanHa (CaO), -«- 169
- KucHto (0O2), m3/T Ni 162
- yac nnasku, rog 2,15
- Yyac npoayBaHHS, XB 20,6.

3. Buny4yeHHs Hikento B ToBapHy NpoAyKLito 3 Yop-
HoBOro goepoHikento, wo Mictutb 42,1 % Nii 0,283 %
S, craHoBuno 92,4 %, Tob6To BTpPATK Hikento Ha cTagii
pacbiHyBaHHS CTaHOBNATb 6mn3bko 8%.

4. 3a nepiog BunpobysaHb 6yno BMpobneHo 4op-
HOBOro pepoHikento 3aranbHum obcsrom 3341,6 T abo
1521 1 Hikento, cipku BBegeHo 9,457 T, a nepenwuno y
ToBapHun cnnae 1,534 1, To6TO Aecynbdypauia 3a oa-
HOIO cXeMoto Jo3Bonuna Buganutn 7923 T abo noHaa
83% cipkn. Ha 1 kr BigaaneHoil Cipku BUTpa4YeHo, Kr:
BanHsaky 60,6; depocuniuia 8,752; cogm 11,0;
antominito 1,73; BanHa 30,165; kucHio 29 Hwm3.

5. Mpu pecynbdypauii YopHOBOro hepoHikento
ytBOopunocs 1546,7 T KOHBEPTEPHOro LMaky, Lo
MicTuTb, % 3a macoto: Ni 0,52; Fe 45,8; SiO2 11,5; CuO
16,02; MgO 7,95; Al203 0,73. KpaTHiCTb LWnaky cTaHo-
Buna 0,6; ocHoBHicTb CaO+MgO/SiO2 2,08. BtpaTtn Ni
3i wnakom cTaHoBMnmM 8 T, yTunisauis SKoro €
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3a npomucnoBy KamnaHilo 3 BunnaeBkn de-
POHIKEN0 3a TEXHOMOTIE HU3bKOrO BiOHOBMEHHS B
PTI1 ta noro gecynbdypalito 3a KOMBIHOBaHO TeX-
HororiyHot cxemoto 6yno 3pobneHo 95 Bunyckis.
AHani3 nokasHukiB pobotn PTI1 3a gocnimkyBaHuin
nepiog i3 BupobHMUTBa Ta padiHyBaHHA BUCOKOBIA-
COTKOBOTO (pepoHikento 403BONMB 3pobuTK Taki BUC-
HOBKM:

1. Po3pobneHa TexHormoriyHa cxema gecynbdy-
pauii 3abe3nevye oTpMMaHHS TOBapHOTro hepoHiKento,
WO BignNoOBigae BMMOram MPKHapOAHMX CTaHOapTiB.
CepepHii BmicT cipkn (S) crtaHosuTb 0,059%, a
CTyniHb Aeynbdypauii gocsrae 80-84%.

2. [Ina 3abes3neyveHHs OTPMMaHHSI PepOHiKento 3
HM3bKMM BMICTOM S Byno BUTpPaYeHo:

aKkTyanbHow npobnemoto. [e-siki  Wnaxu  Woao
BUPILLEHHS NUTaHHA YTUmisaLii LmMx WnakiB po3rnsaHyTi
y poboTtax [9-11].

[HTepec BUKNUKaE NOPIBHANBHUA aHani3 TEXHIYHUX
MoKasHUKIB npouecy padiHyBaHHA 4YOpPHOBOro e-
POHIKerto 3a TpboMa cxemamu (Tabn. 3) — NpoekTHa,
MiKLWyBaHHS Ta gocnigHa (kombiHoBaHa).

AHani3 nokasye, Lo HanbinbLL ePeKTUBHOO € NPo-
€eKTHa TEeXHOJOris1, 3a sIkot 0buABI Nevi NpaulTb Ha
MOBHE BiJHOBMEHHS.

AHanizytoun nokasHukn pobotu neden PTM1 i
PTM2 3a TexHonorield MiKWyBaHHA po3nnaBy Ha
BMNYCKY 3 nedi, cnig 3asHauutu, wo niv PTM2 npautoe
GinbL ebeKTUBHO, TOMY LLO 32 OAMH i TOW Xe nepiog
poboTwn 3 nevi PTI11 i3 Bmictom Ni B cnnasi 45,22 %
BMMNYyCKy Ha 34 % meHLwe, Hix i3 nedi PTI12 i3 BmicToM
Hikento 10,53%.
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Tabnuusa 3 - TexHi4Hi Noka3HMKM No3aneyHoi gecynbdypauii YOPHOBOro PEPOHIKENIO 3a PI3HUMU TEXHO-
NOriYHMMM cxemamu

No TexHonoriyHi cxemu

n/_n HarimeHyBaHHs nokasHuKa OnvTHa MikwyBaHHsA MpoekTHa
PTIM1 PTIM2

1 YopHoBuin bepoHikenb, T 3341,6 1022,1 5889,25 10525

2 Hikenio, T 1406,8 462,55 619,6 1418

3 BmicT Ni, T 42,1 45,22 10,53 13,48

4 BmicT S, 1 0,283 0,36 0,089 0,298

5 Butpata CaCOs, T 48,0 805,5 305

6 Butpata FeSi, 1 70,0 18,56 48,15

7 Butparta cogn, T 87,17 73,85 117,7

8 Butpata Al, T 13,75 - -

9 Butparta BanHa, T 239,0 - Fe pyna79

10 Yac nnasku, rog 2,15 1,7 0,7/0,84

11 Mpoayska Oz, xB 20,6 21,64 8,12/15,21

12 Butparta Oz, Hm® 228630 194402/286645 320058/107991

OTpuMaHo:

13 ToBapHui FeNi, T 2600 5920 9130

14 Hikenio, T 1521 1119,6 1584

15 BwmicT Ni,% 54,53 18,9 17,4

16 BunyyeHHsa Ni, % 92,4 95,9 90,6

17 BwmicT S,% 0,059 0,043 0,068

18 KpaTHicTb Lwnaky 0,60 0,40 0,26

19 Hikento B wnaky,% 0,52 0,19/0,14 0,18/0,226

20 BuganeHo cipku, T 0,792 0,635 2,516

PadgiHyBaHHS YOpHOBOro doepoHikento 3a onutHol 40 %, NOPIBHAHO 3 TEXHOJONED MIKLLYBaHHS Ta Mpo-
TEXHOMOTIE0 BUKITUKANO HEOBXIAHICTb 36INbWNTN BUT-  eKTHOIO (Tabn. 4), 3Ha4yHO 3HWXKYETbCA | Mpoayk-
paty depocuniuito, OOAATKOBO BMKOPUCTOBYBATU  TUBHICTb npouecy — 52, 2 Ta 60 % BignosigHo.
anioMmiHin i BanHoO, Npu LbOMY Yac Nnaeku 3pic Ha 26 i

Tabnuus 4 - MNMuTomi BUTpaT MaTepianis Ha padiHyBaHHA DEPOHIKENIO 3a PiIBHUMU TEXHOMOTYHUMUN CXe-
mamu, kr/1 1 Ni

Ne CraTTa BiTpaT TexHOMori4YHi cxemm

n/n OnwutHa MikwyBaHHs [MpoekTHa
1 BuTtpata kanbunHOBaHOI coam 57,3 65,96 70,5
2 Butparta BanHsiky 31,5 72,0 192
3 Butparta cepocuniuito 46 16 30

4 ButpaTta antomiito 9 -

5 ButpaTta BarnHa 157 -

6 BuTtpata KUCHI0, HMS 150 429 270
7 BwicT [S], % 0,059 0,043 0,068
8 Buny4yeHHsa Ni, % 92,4 95,9 90,6
9 MpoaykTnBHICTb, T Ni/cyTKM 16,0 48,7 51,1
10 Yac nnaBku, rog, 2,15 1,7 1,54
11 Yac npoayBsku, XB 20,6 21,84 23,3

[MOpiBHAHHA NUTOMKX BUTPAT MaTepianis Ha padiHyBaHHA Ta BuaaneHHa 1 Kr cipku Wwe pas niaTeepaxye
OinbLU BUCOKY e(heKTUBHICTb MPOEKTHOI cxemu (Tabn. 5), sika 6a3yeTbcst Ha Aecynbdypalii HikeneBoro YaByHy.

Tabnuus 5 - MatepianbHi BUTpaTh Ha padiHyBaHHs Ta gecynbdypauito YOPHOBOrO hePOHIKENHo, KI/KrS

Ne CraTTa BuTpaT TexHonori4yHi cxemm

n/n OnutHa MikwyBaHHs MpoekTHa
1 KanbumHoBaHa coaa 110 116 44

2 BanHsk 61 267 121

3 depocuniuin 88,4 29,2 19,14

4 AnoMiHIn 17,4 - -

5 BanHo 301 - -

6 KuceHb, Hw3 288 757 170
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BucHoBku. Y npomucnoBux ymoax [1oGy3bkoro
depoHikeneBoro koMOiHaTy  BignpaubOBaHO Ta
OCBOEHO KOMBiIHOBaHY TeXHOJOrit0 Aecynbdypadii BU-
cokoBiacoTkoBoro depoHikento 3 PTI1 3a cxemoto
KIBLU-KMCHEBUA KOHBepTep, WO 3abe3nedunno Mox-
nuBicTe pobotn kombiHaTy npwu 3ynuHui PTIM2 Ha
KanitTansHUM PEeMOHT Ta OAEePXKaHHs TOBApPHOI Mpo-
AyKuii, wo mictute 54,55% Hikento Ta 0,059% cipku.

AHani3 nokasHukiB npouecy padiHyBaHHA YOPHO-
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BiANpaubOBaHMMM Ha KOMOIHATi — gocrigHa TexHo-
norisi, TEXHOMOrA MiKLWYBaHHA Ta NPOEKTHa, NiaTBep-
avnn, Wo Hambinbw edeKTUBHOK € MPOeKTHa, 3a
sKOK 06MABI Nevi NpautooTe Ha NOBHE BiAHOBIEHHS.
MMuTomi maTepianbHi BUTpaT Ha padiHyBaHHSA Ta BU-
paneHHa 1 Kr cipkM 3a MPOEKTHOKW TEXHOJOriE
HanbinbLL HM3bKI, TaK, HaNpuKnag, BuTparta coam npu-
©nm3HO B 2,5 pasn MeHLUe, HiXK 3a iHWNUMK CXeMaMMU,
depocuniuito B 1,5-4,6 pasu; kucHio 1,7-4,5 pasu; a Ta-

BOro

depoHikento  3a  TpbOMa  crnocobamu,  KOX BUKITKOYAETLCH 3aCTOCYBaHHSI antoMiHilo Ta BanHa.
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Study of the impact of blast furnace process intensification by increas-
ing the blast flow rate on the operating parameters of the blast supply

30iJIbIIEHHS] BUTPAT AYTTS HA MapaMeTPH eKCILIyaTalil CHCTEMHU

MiIBOAY Ta HATPiBAHHSA AYTTH
Gres L.P., Gupalo 0.V., Yeromin 0.0., Radchenko Yu.M., Sulimenko S.le.

and heating system

Memoro pobomu € docriOxeHHs ennusy 3b6inbweHHs sumpam Oymms Ha napamempu ekcrilyamauii cucmemu nodadi
ma HazpieaHHsi dymmsi Onsi ymoe OOMeHHOI nedi KopucHuM 06’emom 1754 m°. Memoduka. [nsi 8UKOHaHHsI 0CIOKeHb
8UKOPUCMAHO YUCEeIIbHO-po3paxyHKosuli MemoOd, sikuli nepedbayae 8UKOHaHHSI po3paxyHKie crianieHHs nanuea, mernso-
macoobmiHy ma 2a300uHaMiKu 3 8USHaYeHHSIM eKCrilyamauitiHux napamempig cucmemu nodayi ma HagpisaHHs Oymms
Ha OinbHuUUsix «mypborosimpodyska — 610K rosimpoHazpieayie — mpakm 2aps4020 0ymmsi — OOMeHHa Mivy». Pe3ysb-
mamu. BusHadyeHo, wo 3abesneqyeHHs memrnepamypu nid Kyrorom nosimpoHaezpigayie 1350 °C nompebye 36aza4eHHs
OoMeHHO020 2a3y npupoOHUM A0 emicmy NMpuUpPOOHO20 2a3y 8 MPUPOOHO-00MeHHIU cymiwi 5,6 %. HazpieaHHs 36inbuwieHol
Ha 18,6 % sumpamu dymmsi nompebye nidsuwieHHs mernaoeoi Nomy»Hocmi rnosimpoHazpieaqie 00 MakCcUuMaribHO MOX-
nueoi i npuzeodums 00 3HUXeHHS memnepamypu Haegpigy Oymmsi Ha 30 °C. lNpu ybomy mennosi empamu mpybornpo-
800y 2apsivo20 dymmsi Ha OifisiHYi «rnogimpoHaezpisayi-gpypmu OOMEHHOI nedi» malbke He 3MIHIOHMbCS, 8 Mol Yac 5K
sumpamu OuMoBUX 2a3ie ma empamu iX mucky 8 OUMOBOMY mpakmi rogimpoHazpisaqie Cymmeso 3pocmarome.
OckinbKu esaKyaujisi OUMOo8UX ea3ig i3 nosimpoHazpigadyie 8i0bysaembCcsi 8 OCHOBHOMY 3a pPaxyHOK MUCKY KOMIMOHEHMI8
crianieHHs, PeKoMeHO008aHO 8UKOpUCMaHHS UeHmparizogaHoi nodayi nosimpsi 3 eeHmMuassmopom binbwoi npodykmus-
Hocmi. Haykoea Hoeu3Ha pobomu riorisieae y 8USIBIIEHOMY 83aEMO38 3Ky MK aumpamamu Oymmsi ma ekcriflyamauitiHumu
napamempamu cucmemu (ioeo HagpigaHHsi ma nideody 0o doMeHHoI neyi. [Jo npakmu4Hoi 3Havyuwyocmi pobomu crid eioHe-
cmu po3pobrieri pexkomeHdauii wjodo 3abesreqeHHs ekcriyamauii cucmemu nideody ma HagpisaHHs Oymms npu 36inbWeHHi
tioeo sumpam.

Knro4yoei cnoea: rosimpoHaepieay, domeHHe Oymmsi, memriepamypa Oymmsi, aumpama Oymimsi, mpamu mucky.

The objective of the study is to investigate the effect of increasing the air blast flow rate on the operating parameters of
the blast supply and heating system for the conditions of a blast furnace with a useful volume of 1754 m®. Methods. The
authors used numerical methods for calculations of fuel combustion, heat and mass transfer, and gas dynamics to deter-
mine the operating parameters of the air blast supply and heating system at the "turbo-blower - hot-blast stoves -hot blast
pipeline - blast furnace" sections. Results. It has been determined that ensuring a temperature of 1350 °C under the
dome of hot-blast stoves requires the enrichment of blast furnace gas with natural gas to a content of 5.6 % natural gas
in the mixture. Heating of the air blast flow rate, which is raised by 18.5 %, requires an increase of the heat output of the
hot blast stoves up to the maximum and leads to a decrease of the hot blast air temperature by 30 °C. At the same time,
the heat losses of the hot blast pipeline in the section "hot-blast stoves -blast furnace" almost do not change, while the
flue gas flow rate and pressure losses in the flue gas path of the hot-blast stoves increase significantly. Since the evacu-
ation of flue gases from the hot-blast stoves occurs mainly due to the pressure of the combustion components, it is
recommended to use a centralized air supply with an air fan of higher capacity. The scientific novelty of the research
lies in the revealed relationship between the air blast flow rate and the operational parameters of the heating system and
its supply to the blast furnace. The practical value of the research includes the developed recommendations for ensuring
the operation of the air blast supply and heating system under conditions of increasing consumption.

Keywords: hot-blast stoves, air blast, temperature of air blast, blast flow, pressure loss.
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1. Betyn

Ha metanypritHux nignpuemcreax 4acTto rnocrtae
NUTaHHS NPO 30iNbLUEHHST NPOAYKTUBHOCTI JOMEHHMX
neyen. [ns BUPILLEHHSA LUbOro NUTaHHS 3a3BMYai BU-
KOPUCTOBYIOTb HACTYMHi 3aX0AMu.

1) 36inblueHHA KOpUCHOro 06’'eMy OOMEHHOI Mnevi
nig yYac i pekoHCTpyKLUii. Peanisauia 3axoay notpebye
3HaAYHUX HBECTULIN ANnA MOAEpHi3aLuii BCbOro Kom-
nrnekcy AOMEHHOT neui.

2) MigBuweHHs TemnepaTypyu raps4voro AyTTs
LIMISXOM MoZepHisauii nosiTpoHarpisadvis (IMH) ta/abo
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3a paxyHok 3abe3neyeHHs1 MakCMMarbHO A0NyCTUMMX
Temnepatyp nig kynoriom [MH, wnaxom HarpiBaHHA
KOMMOHEHTIB CnaneHHs, 36arayeHHss JOMEHHOrO rasy
npupogHnM, abo 36aravyeHHs MOBITPSA cnaneHHsi Kuc-
Hewm [1, 2].

Mig yac mopepHisauii MH 3a3Buyan 36iNbLYIOTb
3aranbHy MOBEPXHIO 1X HarpiBaHHSA LUNAXOM BUKOPU-
CTaHHs HacaZku 3 NigBULLEHOO MUTOMOIO MOBEPXHELD
HarpiBaHHs. Hanpuknag, 6noyHa Hacagka 3 kaHanamm
40 MM 3aMiHIOETLCA Ha Hacaky ¢ kaHanamu 30 mm [3-
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5], nepeobnagHanHs NMH 3 BUKOPUCTAaHHAM BUHECEHOT
Kamepu cnaneHHs abo KynornbHMM onaneHHsam [6-9].

MigBuweHHA TemnepaTypy OyTTS NPU3BOAUTL He
nuwe Jo 36inbLIEHHS NPOAYKTMBHOCTI AOMEHHOI nevi,
a i 0O 3HWXKEHHHA NUTOMUX BUTPAT KOKCY. Tak 3a Aa-
HuMK poboTn [10], nigBuLLEHHs TemnepaTypyu OyTTH
Ha 100 °C B iHTepBani Temnepatyp 1100-1200 °C npu-
3B0AUTb A0 30inblUeHHA MPOAYKTUBHOCTI OOMEHHOT
nevi Ha 3 % npu o gHOYACHOMY 3HXKEHHI MUTOMUX BUT-
paTt kokcy Ha 3 %.

3) MigBULLEHHST IHTEHCMBHOCTI OOMEHHOI MMaBKK
3a paxyHOK 30inblUeHHs BuTpat ayTTd, WO
HarpiBaeTbca B [MH pgomeHHoi nedi [11]. B ubomy
BMNaaKy HeoOXigHO BpaxoBYyBaTW MOXIUBY 3MiHy na-
pamMeTpiB ekcnnyaTauii BcCiel cuctemu nodadvi Ta
HarpiBaHHa ayTTsa: TypbonosiTpodyBka — Onok no-
BiTpOHarpiBayviB — TpakT rapsidoro OyTTs — OOMEHHa
niv. Mpn LbOMy 3MiHa 3Ha4YeHb TUCKY, BUTpAT i Temne-
paTtypu QyTTa Ha (bypmMax AOMEHHOI NeYi MoXe yHeMO-
XINMBUTU BUKOPUCTAHHS LIbOrO 3axoay.

2. Meta Ta 3aBaaHHsA AocnigKeHHs

MeToto pobOTM € [OOChimKeHHs BrnvBy 306inb-
LUEHHs BUTpAT AyTTa Ans iHTeHcudikauii JOMEHHOro
npouecy Ha napameTpu ekcnsyaTtauii cuctemm nogadi
Ta HarpiBaHHs OyTTS AN YMOB AOMEHHOI nedi Ko-
pUCHUM 06’emom 1754 M3,

B pob6oTi po3srnaHyTo 3 BapiaHTu poboTu nosiTpo-
HarpiBadyis, a came:

BapiaHt 1 (6asoBun BapiaHT) — BWTpaTa AyTTH
2950 m3/xB  npu Temnepatypi nig kynonom [MH
1350 °C, sika 3abe3nedyeTbcsl 30arayeHHAM LOMEH-
HOro rasy NPUPOAHMUM.

BapiaHT 2 — BuTpaTa ayT1Ta 2950 M3/XB Npu Temne-
patypi nig kynonom NMH 1168 °C, sika 3abe3nevyeTbcs
onaneHHAM MoBiTpoHarpiBayiB JOMEHHUM rasom 3
TennoToto 3ropsiHHs 3085 kx/m3.

BapiaHT 3 — ButpaTa gyt 3500 M3/xB npu Temne-
patypi nig kynonom NMH 1350 °C, sika 3abe3nevyeTbes
onaneHHam NH npupoaHO-AOMEHHOIO CYMILLILLIIO.

Tabnuug 1. NapameTpn poboTn NosiTpoHarpisavis
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3. MeToau pocniaXeHHA

[nsa BWMKOHaHHA [OOCHIOKEHb BUKOPUCTAHO 4u-
CenbHO-PO3paxyHKOBUI METOA, KM nepeadbadvae Bu-
KOHaHHS HaCTYMHI po3paxyHKiB:

1) cnaneHHs nanvBa Ta BU3HAYEHHS Kanopumet-
pVYYHOT TeMnepaTypy NPOAYKTIB 3ropsHHS NPY BUKOPU-
CTaHHi AOMeHHoro rasy abo npupoaHO-OOMEHHO!
CyMilli 3 ypaxyBaHHAM TemnepaTypu KOMMOHEHTIB
crnaneHHs;

2) Tennosux notyxHocten NH, Butpat nanuea, no-
BITPSA CnaneHHs Ta AMMOBMX rasiB, napameTpiB Tenso-
0o6MiHy, KoedilieHTiB TennoBigaadi Ta Tennonepeaavi
B Hacagui lNH, 3aMiHM TemnepaTyp AMMOBMKX rasiB i
OyTTS B Nepioan HarpiBaHHs | oyTT4;

3) napameTpiB poboTM nanbHuka Ons 3abesne-
YeHHs1 6e3nynbcauiiHOro ropiHHA NanuBea;

4) BTpaT TUCKY AUMOBMX rasis Ha AainaHui MNH — gn-
Map, BUGIp TUCKY rasy i BEHTUNATOPHOrO MOBITPS;

5) BTpaT TMCKy y TpaKkTi xonogHoro oyTTa (Big Typ-
BonosiTpodysku Ao MH), a Takox y TpakTi rapsyoro
aytTa (Bia MH go cdypm gomeHHoT nevi);

6) 3mMiHM TemnepaTypu rapsidoro oyTTst Ha AiNsHui
MH — doypmn 4OMEHHOT neui.

Mig yYac pospaxyHkiB napameTpiB cnaneHHs na-
nMBa BWKOpPMCTOBYBanu BigoMy metoauky [12]. Po-
3paxyHKM TEennoBMX | TennomacoobmiHHMX napa-
meTpis NH BukoHyBanuca 3a metoaukoto [3]. Brpatu
TUCKY Yy TpaKTax XONogHOro Ta rapsidoro ayTTs, a Ta-
KOX 3MiHa TeMnepaTtypu rapsyoro AyTTs Ha LWnsxy Big
MH po AomeHHOI nedi BU3Hayanucst 3a pPEeKOMEH-
Aauismmn pobotu [13].

4. Pe3ynbTaTy AOCNigKeHHs Ta iXx 0OroBoOpeHHsi

PospaxyHku cnantoBaHHA nanvea (Tabn. 1) noka-
3anu, wo npu onaneHHi MNMH gomeHHnm rasom (OI)
TemnepaTtypa nig KynorioM € HM3bKOKW i cKknagae
1168 °C (BapiaHT 2). TemnepaTypa nig Kynonom
1350 °C pocsaraeTbes 3a paxyHok onaneHHs MNH npu-
poaHo-aomeHHoto cymiwiio (MAC) 3 BmicTom npupoa-
Horo rasy 5,55 % (BapiaHtn 1 3).

Homep ButpaTta ManuBo i noro Ten- | Temnepa- Temnepa- Yactka npu- | tyn, °C
BapiaHTa | QyTTS, nota 3ropsiHHg, | Typa nanvea, | Typa noBiTps, | pOOHOro rasy,
M3/xB kx/m3 °C °C %

1 2950 Mac, 4782 40 10 5,55 1350
2 2950 Ar, 3085 40 10 0 1168
3 3500 Mac, 4782 40 10 5,55 1350

MpooosxeHHs Tabnuui 1
Homep Tennosa notyx- | Butpata na- | ButpaTta no- | Butpata gumy, | TemnepaTtypa
BapiaHTa HiCTb, KBT nuvea, m3/rop BiTpsA, M3/ron m3/roq, aytTs, °C
1 36763 27673 31053 55508 1190
2 32279 37667 23723 56704 1037
3 44960 33847 36785 66449 1160

Ak BuaHo 3 Tabn. 1, npu HarpiBaHHi 2950 m3/xB
ayTTsa i onanenHi NMH gomeHHUM rasom, TemnepaTtypa
2yTTa He nepesuwwye 1037 “C (BapiaHT 2), a npu 36a-
rayeHHi JOMEHHOro rasy NPUPOOHMM 3 MiABULLEHHSAM
Tennotn 3ropsiHHa MAOC go 4782 kx/m3 — 1190 °C
(BapiaHT 1). HeobxigHicTb 36inbWEeHHs BUTpaTK OyTTH

0o 3500 m3/xB (BapiaHT 3) noTpebye 36inbLUeHHs Ten-
noBoi noTyxHocti NMH o mMakcumManbHO MOXIMBOI.
Mpy UbOMyY TemnepaTypu HarpiBy AyTTs 3MEHLLYETLCA
no 1160 °C.

TemnepaTypa rapsyoro gyTTsi, B OCHOBHOMY, 3are-
XWTb Big 3aranbHOi NMOLWi MOBEPXHi TennoobMiHy
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Hacagku MH. Mpu ananisi napameTpiB ekcnnyaTtauil
komnnekcy «b6nok MNH-goMeHHa nivyb» BUKOPUCTOBY-
I0Tb MOHATTA MUTOMOI MOBEPXHi HarpiBy, Konu 3a-
ranbHa noeepxHsi HarpiBy NH BigHocuTbCs 4o 06’emMy
nevi (m?/m3). 3a Hopmamn YKPOINMPOMESy [14] ue
3HAYEHHs1 MpW BMKOPUCTaHHI Hacagku 3 KaHanamu
30 mm cknagae 105 m?/m3. Ansa 6noky MH, ki po3rns-
0alTbCa B AaHin poboTi, NMTOMa NOBEpXHs1 Harpisy
aopisHioe 93,5 m2/m3,

[na nomeHHUX neyen Toro x o6’emy, Lo ekcrnnya-
TYHOTbCH NPU Pi3HUX 3HAYEHHSX IHTEHCMBHOCTI AOMEH-
HOT NfiaBKu, OOUINBHO 3aranbHy NoBepxHIo Harpisy MH
BiQHOCMTK 00 BUTpAT AyTTH, WO HarpiBaetbes [3]. B
LUbOMY BMMAAKy HOPMOBaHE 3HAYEeHHs MUTOMOI Mo-
BEpxHi HarpiBaHHs cknage 52,5m%/(xe-m3), a ans
BapiaHTiB 1 Ta 2 — 55,6 M%/(xB-M3). Npun 36iNbLUEHHI
BuTpaT ay1ta go 3500 m3/xB nMTOMa MNOBEPXHS
HarpiBy 3meHwyeTbcst go 50,5 M?%/(xB'mM3), Wo i €
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OCHOBHOIO MPUYNHOK 3HWXKEHHS Temnepatypu raps-
4oro AyTTS.

Takox B poboTi 6yno BUKOHaHO po3paxyHKK napa-
MEeTpIB ekcnnyaTauii meTanesoro nansHuka NH npo-
OykTuBHicTio 48000 m3/rog ANnst BU3HAYEHHS HASIBHOCTI
nynbCaLiiHOro ropiHHA. [na uboro po3paxoByBanu
LWBMAKICTb ra3dy, MOBITPsS i rasonoBiTPSAHOI CyMilli B
nanbHYKY, a TaKOX MUTOME TENSIOBE HaBaHTaXKEHHS,
sIKe BU3HAYa€eTbCA SK BiAHOLLEHHS 3aranbHOi TENoBoI
noTy>xHocTi MH Ao nnoLli ropM3oHTanbHOro NnepeTuHy
Moro kamepwu 3ropsHHs. 3a ganumu [3], BiOCYTHICTb
NynbCcauiHOro TropiHHA NPOSBMASETECA MPU  YMOBaXx
KONMM NUTOME TEMNoBe HaBaHTaXeHHs MeHwe 10
MBT/M2, a weuakicTb rasy, NoBiTPs i ra3onoBiTPsIHOI
cyMmiLi npubnn3Ho ogHakoBi. Pe3ynbTaTh po3paxyHKiB
napameTpiB nanbHWMKa HaBedeHi B Tabn. 2, 3 skoi
BMAOHO, LLO 3a3HauYeHi LWBWMAOKOCTI Ans BapiaHTiB 1-3
Marno Bigpi3HAOTbCA, a NUTOME TenroBe HaBaHTa-
XeHHs1 He nepesuLye 10 MBT/M2.

Tabnuug 2. PedynbTat po3paxyHKiB napaMeTpiB nanbHUKa

Homep Wenakicte na- | Weunakicte no- | LWBuakicts Mutome Tennoese

BapiaHTa nuea, m/c BITPS, M/C CymiLli, m/c HaBaHTaXXeHH4,
MBT/Mm?2

1 13,61 22,4 17,17 5,5

2 18,52 17,12 17,95 48

3 16,64 26,54 20,65 6,7

BrkoHaHO po3paxyHku BTpaT TUCKY MO TPaKTy XO-
nopgHoro ayTTa (Big TypbonosiTpogysku go MNH), a Ta-
KOX Mo TpakTy rapsidoro gyTTs (Big NH oo doypm go-
MEHHOI MeYi) Ana BMNaaKy, KOnu MnoBiTpoHarpisad,

KU 3HAXOOUTBCS B PEXUMI HarpiBaHHS, po3MiLLeHni
Ha HanbinblWiA BigcTaHi Big AOMeHHoT neuvi. Po-
3paxyHKM BWKOHAHO Ana ymoB onaneHHsa H npu-
POAHO-AOMEHHO cyMilwLwio (BapiaHTu 1 3).

Tabnuug 3. PesynbTtatn po3paxyHKy BTpaT TUCKY B NOBITPONPOBOAAX XOMNOAHOIO i rapsyoro ayTTs

Napametp ?omep BapiaHSTa
TemnepaTtypa noBiTPA MiCNA CTUCHEHHSI Ha BXOAi B MOBITPOMPOBIA XONOAHOro

o 174 176
aytTa, °C
Temnepatypa xonogHoro AyTtsa Ha Bxogi B MH, °C 150 150
BTpaTu TUCKy y noBiTponpoBogi xonogHoro ayTTg, la 2956 6397
BTpatn tucky y H, Ma 3640 5511
BtpaTtu Tucky B NOBITPONPOBOAi rapsyoro ayTTa Ha ginaHui 1 (sig MNH go Bxoay y 5052 7113
npsiMm1iA NOBITPONPOBIA rapsyoro ayTTa), MNMa
BTpaTtu TUCKy B MOBITPONPOBOAi rapsa4voro AyTTd Ha AingHui 2 (Big Bxody Y NpsMun 1605 2219
NOBITPOMNPOBIA rapsa4oro AyTTa A0 KiNbLeBoro nositponposogy), lNa
Kinbuesui nositponposig i dypmmn goOMeHHoI nevi, MNa 2086 2933
3aranbHi BTpaTti TUCKY B MOBITPONPOBOAAX XONOAHOrO i rapsyvoro ayTTs, lNa 17041 24173
HeobxigHWM TUCK NOBITPA Nepea BXOA4O0M Y NOBITPONpoBig xonogHoro ayTrs, Ma | 399523 406633

[[azoguHamivHi po3paxyHKU MOBITPOMPOBOAIB XO-
NoAHOro Ta rapsyoro OyTTS BUKOHYBamnu 3a peKOMeH-
Jauisammu pobotu [13]. PesynbTatn umMx po3paxyHkiB
HaBedeHi B Tabnuui 3, 3 sKoi BMAHO, WO npu 30inb-
LUEHHi BUTpaT OyTTS 3HA4YHO 3pOCTalTb BTpATU MOro
Tucky. [inst BapiaHTy 1, Konum HarpiBatoTbea 2950 m3/xB
OyTTs, BTPATK TUCKy cknagatoTe 17041 Ma, a Heob-
XigHun Tuck nicna TypbonosiTpoayskm — 399523 lMa.
Mpw 36inbLienHi BuTpat ayTTs Ao 3500 m3/xB (BapiaHT
3) BTpatm TucKy 36inbwytoTbes B 1,4 pasu go
24173 Ma, a HeobXiaHWI TUCK XONOAHOro AyTTA — 4O
406633 Ma.
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BukoHaHO po3paxyHku BTpaT Temnepatypu raps-
4yoro AyTTA MO JOBXMWHI Moro TpakTty. Po3paxyHkoBa
TemnepaTypa rapsqoro AyTTs, WO MNOOAETbCH B O0-
MEHHY Niy BiApi3HAETLCA Big TemnepaTypu Ha BUXOAI
i3 MH, Tak 9K iCHylOTb BTpaTu TENnoTu, SKki 3anexarb
Bi OOBXUWHW TpaKTy rapsyoro OyTTd. Bcio OoBXuHY
TPaKTy YMOBHO AiNUNu Ha ABi AiNsHKK.

[insHka 4Yepes gKy He BeCb 4ac LMPKYIoe OyTTs
npautoe B HecTauioHapHOMY pexumi. B nepiog konwm
OyTTS HE MPOXOAUTb Yepe3 L AiNsHKY, KOXyX Mo-
BITpOMpOBOA4Y BTpayvae TennoTy y AOBKIMNS, Wo npus-
BOAMTb OO0 3HWXKEHHS TemnepaTypu dyTepiBkva Mo-
BiTponpoBogy rapsyoro nOyTTd. Komm uyepes Ut



No3, 2024 ISSN 1028-2335 & e sommewisriniiik

AiNsHKY NofaeTbCs rapsde OyTTd, TO YacTUHA WOro
TEennoTW BUTPaYaeTbCA Ha HarpiBaHHA doyTepiBku no-
BITPONPOBOAY, LLO BUKITMKAE 3HMKEHHSA TemnepaTypu
AYyTTA Ha Ui ginsHu,.

Opyra pinaHka Bigpi3HAETbLCA TUM, LLO Yepe3 Hei
BECb Yac 3iNCHI0ETBCA Nofava rapsa4voro ayTTs. BoHa
npaLoe B CTalioHapHOMY pexuMi. Ha uiel ginsHui 3Hu-
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MOB’AI3aHO TifbKM 3 MPOLECOM CTauioOHapHUX BTpaT
TEMNMOTM B  HAaBKOMUWIHE CcepefoBuMlie  Tenso-
NPOBIAHICTIO.

PesynbTatn po3paxyHkiB HaBeAeHi B Tabn. 4, 3 sikoi
BMAHO, IO 3MEHLLEHHS TeMnepaTypu rapsa4oro gyTTs
Ha wnsaxy Big MNMH go dypm AoMeHHOI nevi cknagae
20,8 °C gna sapiaHta 1 ta 17,7 C — gnga BapiaHty 3.

XEeHHA TemMmnepatypu ayTTtda 6y,u,e 3HA4YHO MEeHLIMM Ta

Tabnuus 4. 3HWwKeHHs TemnepaTypu rapayoro gytra anga 1 1a 3 BapiaHTiB poboTu noBiTpoHarpisayis

MapameTp Homep BapiaHTy

1 |3
[inaHka, Wo npautoe B HeCTaLiOHapHOMY PEXUMI:
— TemnepaTypa raps4oro ayTTs Ha novaTky AinsgHku, °C 1190 1160
— TemnepaTypa raps4oro ayTTsa B KiHUi AinsiHkW, °C 1174 1146
— 3HWKEHHS TeMNepaTtypu AyTTa Ha 1 M JOBXWUHM AinsiHKK, °C/m 0,606 0,515
— 3HWKEHHS TeMnepaTtypu AyTTs Ha ginsHui, °C 16 14
[insHka, Lo npautoe B cTalioHapHOMY PEXNUMI:
— Temnepatypa rapsa4oro gyTTs Ha NoYaTKy QiNsHKN, M 1174 1146
— TemnepaTypa raps4oro gayTTs B KiHUi AinsiHkK, °C 1169 1142
— 3HWKEHHS TeMnepaTtypu AyTTa Ha 1 M JOBXWUHM AinsHKK, °C/m 0,12 0,103
— 3HWKEHHS TemnepaTtypu AyTTa Ha ginsHui, °C 5 4
3HWKeHHs TemnepaTypm gyTTa Ha 1 M nosiTponpoBogy rapsyoro gytTd, °C/m 0,313 0,266
3aranbHe 3HWKEHHS TeMnepaTypy AyTTS B NOBITPONpPoBogi rapsyoro aytrs, °C 21 18
;I'gmnepaTypa rapsiyoro gyTTa 6ins KinbLEBOro NMOBITPONPOBOAY OOMEHHOI Meui, 1169 1142

[ns BU3Ha4YeHHs HeobXigHOro TUCKyY MNOBITPSA i rasy
nepe nNanbHUKOM, a TaKOX TAMM AMMaps BUKOHaHO ra-
304MHaMIYHI po3paxyHKM Npu pyci AUMOBUX rasiB ye-

MakcumarnbHi BTpaTU TUCKY OMMOBUX rasiB MatoTb
Micue B Hacafui noBiTpoHarpiBaya i npu 36inbLUEHHI
BuTpaT ayTTa 3 2950 o 3500 m3/xB BOHM 36inbLuy-

pe3 MNH i gumoBni TpakT. PesynbTatn pospaxyHkiB  t0Tbcsa 3 1607 go 2977 MNa.

HaBegeHo B Tabnuui 5. 3 TaAbnuui BMAHO, LWIO

Tabnuusa 5. Pe3ynbrat ra3oguHaMiyHoro po3paxyHky nosiTpoHarpisavis

Napametp ?omep BaplaH3Ty
BTpaTtu TCKy B NarnbHUKY No ra3oBomy TpakTy, MNa 326 465,3
BTpaTtu TUCKY B NarnbHWKY MO NOBITPAHOMY TpakTy, la 400 594
BTpatu TCcKy B KaMepi ropiHHs i nigkynonsHoMy npoctopi, Ma — 296 — 248
BTpatn TncKy B Hacagui nosiTpoHarpiBa4a, lNa 1607 2977
BTpaTtu Trcky B AgMMoBMX naTpybKax NosiTpoHarpiaya, Na 816 1173
BTpatu Tcky B gumoBomy 6oposi, NMa 170 245,6
Tara gumoBoi Tpybw, MNa — 300 —283
Twuck rasy nepef nanbHuKom, MNa 3823 5830
Twuck noBiTpsa nepep nansHuKoMm, la 3897 5958

[vmap NpakTUYHO He BMNMBAE Ha CTBOPEHHS YMOB
Ana eBakyadii gumosux rasis. [Npu BucoTi gumapst 60
M ONnsa BapiaHTy 1 Moro edekTMBHa TAra cknagae
300 Ma, a 3aranbHi BTpaTh TUCKY AMMOBUX rasiB ckna-
AaoTb 2723 MNMa 3 ypaxyBaHHAM Taru gumaps. JAumosi
rasv eBaKylTbCAd B OCHOBHOMY 3a paxyHOK TUCKY
rasy i BEHTUNATOPHOro noBiTps. [pn ubOMY po3paxyH-
KOBE 3HaYeHHS1 TUCKY KOMMOHEHTIB CraneHHsi MOBUHHO
Oyt Ha 1500-1600 lMa BinbLue 3aranbHUX BTpaT TUCKY
OVMOBMX Ta3iB 3 ypaxyBaHHSM 4aCTKOBOro 3anpas-
NEHHS KaHaniB Hacagkyu Ta YHEMOXIMBIIEHHS SBULLA
nynbCcauiiHOro ropiHHS rasy.

IcHyto4i ManbHUKM 3abe3nevyoTb MakCuMarbHU
Tnck noeitpa 3000-3500 Ma. [Ans nigBULLEHHS TUCKY
NoBiTPSA 00 HeobxigHUX 3HaveHb 5958 lNMa (BapiaHT 3)
PEKOMEHOYETLCA BUKOPUCTOBYBATU LIEHTPanizoBaHy
nogavy nosiTpst O4HUM NOTY)XXHUM BEHTUNSATOPOM. 3a-
Be3neyeHHs TUCKY AoMeHHoro rasy go 6000 Ma 3a-
3BUYaAN HE BUKIUKAE TPYAHOLLIB.

BucHoBku

1. Tennota 3ropsiHHA AOMEHHOro rasy HeaoCTaTHS
0N HarpiBaHHA OyTTS OO BMCOKOI Temnepatypu. [pu
TENnOTi 3ropsiHHs AoMeHHoro rasy 3085 k[x/m3
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Temnepatypa nig kynonom ckrnagae 1168 °C, a
ayT1Tsa — 1037 °C. [Onsa 3abe3neyeHHs TemnepaTypu
nig kynonom 1350 °C HeoOXxigHO AOMEHHWI ra3 3bara-
YyBaTV NPUPOAHUM O BMICTY NPUPOOHOrO ra3y B Npu-
POAHO-AOMEHHIN cymilli 5,55 %.

2. MNpwn 36inblweHHi ButpaTtn gytTa 3 2950 go 3500
M3/xB HeoDOXiAHO nigBULLYBaTWM TEMMOBY MOTYXHICTb
MoBITPOHAarpiBayiB 40 MakCMMarbHO MOXMMBUX 3Ha-
YeHb. [1py LbOMY TeMnepaTypa rapsyoro oyTTa 3MeH-
wyetbesa Ha 30 °C (3 1190 go 1160 °C).

3. PisHuusa Mk TemnepaTtypamu nig Kynosiom i ra-
PSIYOro OyTTS XapaKTepusye iHTEHCUMBHICTb Tennoob-
MiHy B Hacagui noiTpoHarpiBayiB. [lpu 36inbLUEHHI
BuTpaT AyTTa 3 2950 Ao 3500 m3/xB i npy TemnepaTypi
nig kynonom 1350 °C us pisHMUA BigNoBigHO cknagae
160i 190 °C.

4. TMpwu aHanisi napameTpiB ekcnnyartawii KOM-
nnekcy «MH - goMeHHa niYb» BUKOPUCTOBYIOTb MO-
HATTS MUTOMOI MOBEPXHi HarpiBaHHs, KON Benu4mHa
3aranbHOI MOBEPXHi HarpiBaHHa ©GroKy MoBiTPO-
HarpiBayiB BiZHOCUTBLCS 4O BEMMYMHM O6’€EMY AOMEH-
Hoi neui. [lna Hacagkm 3 kaHanamn 30 mm nMTOMa no-
BEPXHs HarpiBaHHs cknagae 105 m2/m3. [Ana gomeH-
HUX NeYen Takoro X 00’eMy, sKi ekcnyaTyrTbCs npu
Pi3Hi IHTEHCMBHOCTI OOMEHHOrO0 MpOoLEecy AOUifbHO
3aranbHy MOBEPXHIO HarpiBaHHS MNOBITpPOHarpisadis
BigHOCUTK OO BUTpaT AyTT4. [pn LbOMy Hopma nuTo-
MOI MOBEepxHi HarpiBaHHsi cknagae 52,5 m?/(xB-m3).
Mpw 36inbleHHi BuTpaT ayTTa 8o 3500 M3/xBUnNuHY LS
nMToMa  MOBEPXHS  HArpiBaHHA  3MEHLUYETbCS
BianoBiaHo oo 50,5 M?/(xB-M3), WO i € OCHOBHOIO Npw-
UYMHOLO 3HKEHHSI TemnepaTypu ayTTs.

5. YM0BOIO HegonyLeHHs nynbcadii nonym’'s npu
ropiHHi rasy B kamepi cnantoBaHHs NMH € npnbnuaHa
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PIBHICTb LUBUAKOCTEN rasy, MoBiTPSA i ra3onoBiTPAHOI
CyMilLi y nanbHKKy, 3 YMOB HE NepeBuLLYyBaHHA Benu-
Y/MHU MUTOMOTO HaBaHTaXeHHs kamepu crnaneHHs 10
MBT/m2. [Inst BapiaHTie 1 i 3 Wi yMOBU HasiBHi.

6. PospaxyHkoBa TemnepaTypa rapsyoro AyTTs,
LLIO NOJAETLCA B AOMEHHY Nid, BiAPI3HAETLCS Big TEM-
nepaTypv oyTTs Ha BMXOZj i3 NOBITpOHarpisavis i 3ane-
XWUTb Big OOBXWHM i BUOy OyTEpiBKU TPAKTY raps4oro
ayTTa, BuTpatn i Temnepatypu aytta. [pu 36inb-
LeHHs BuTpaTh ayTTa 3 2950 o 3500 M3/XB 3HKEHHS
TemnepaTypu rapsyoro AyTTs HE3Ha4YHO 3MEHLLYETLCS
(321 po 18 °C).

7. BTpaTtn TUCKY NO TpakTam XONOAHOrO i rapsivoro
OyTTS 3HAYHO BMIIMBAKOTb HA HEOOXigHUIM TUCK nicns
TypbonoBiTPOAYBKM NpU 3a4aHOMY 3HAYEHHI TUCKY ra-
psYoro oyTTa Ha cbypmax 4OMEHHOI nedi. AHania po-
3paxyHKiB Nokasas, Lo N9 yMOB BUOGpaHOi JOMEHHOT
nedvi icHytode obnagHaHHs, ske BkNoYae Typbo-
MOBITPOAYBKY, TPAKTM XOMNOAHOIO i rapayoro gyTrsd i
noBiTpoHarpiBayi 3 yMOBOW iX MoAepHi3auii, Moxe
OyTU BMKOPMCTaAHO Npu NigBULLEHHI IHTEHCMBHOCTI A0~
MEHHOro npouecy, Konu 30iMblyloTbCa BUTpPaTH
ayTTS.

8. lpu nigBuWEHHI BUTpaTM AYyTTS HeobXiaHO
36inbLUyBaTH BATPATH rasy, Lo Np1M3BoauTb 4O MiaBu-
LLIEHHS1 BUTPaTN AMMOBMX rasiB i BTpaT iX TUCKY. ICHy-
oYM gumap Marno BhnivMBae Ha YMOBM eBakyalii au-
MOBWX rasiB i3 nosiTpoHarpisayis. Lia ¢yHkuis, B oc-
HOBHOMY, 3AINCHIOETLCA 3@ PaxyHOK TUCKY KOMMO-
HEHTIB cnaneHHs. PekomeHOOBaHO BUKOPUCTAHHSA
LeHTpanisoBaHoi nogadi MoBiTPA 3 BUKOPUCTAHHAM
OOHOro BEHTUNSTOPA BUCOKOI NPOAYKTUBHOCTI.
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Development of a “passive” cut-off system of final bof slag and
prodused of functional stopers
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Ha cbo20dHiwHiti OeHb icHyromb 08I MPUHUUMOSI CXeMu 8i0CiKaHHS KOH8EPMEePHO:20 WinakKy: asmomamuyHa (aKmusHa)
ma «nacusHay. [Jo OCHOBHUX aBmoMamu4HUX cxem 8iOHOCUMbLCS ea300uHaMiyHa cucmema 8idcikaHHS ma cucmema
muny «wubepHull 3ameopy». [JocmyrnHow ma echekmueHOI0 arbmepHamueolo € CXema «1acueHo20» 8i0CIHeHHS NepeuH-
HO20 ma 8IMOPUHHO20 KOHBEPMEPHO20 WiakKy, 3 BUKOPUCMaHHSIM DyHKUIOHaNbHUX 802HEMPUBKUX 8UPObI8.
Ha npomucniosomy matidanquky komnanii TOB «[1P-IHxiHipiHa» crinsHo 3 ®TIMC HAH YkpaiHu po3pobrieHo «nacueHy»
CXeMy KOMIIIeKCHO20 8iOCiYeHHs KOHeepmepHo20 wiaKy. BoHa eknodae dei cucmemu, nepsuHHa 8idcikaHHSA rnacmuy-
HUM CMOMopPOM murly «mamrioH» i 8MOPUHHA 8iOCiKaHHSI 802HEeMPUBKUM CMOMopoM murly «Kyns» / «Opomuk». Obudsi
cucmemu npayorme i3 pyYHUMU ariikamopamu, Wo MiHIMI3ye KanimarsbHi sumpamu Ha ix erpogadKeHHs y 8UpObHUYUU
naHytoe.
B nepiod 3 nunHsi 2020 do sepecHsi 2020 p. nposedeHo ycniwHi 0ocnioHi ma docniOHo-rnpomuciosi surnpobysaHHs1 cmo-
ropie neps8uHHo2o eidcikaHHs wnaky mapok « GIR-TAMP-150-DMK» KK lMNMpAT «KAMET-CTAJIb» (m. Kam’sHcbke, Yk-
paiHa) y cknadi 0gox 250 mH KoH8epmepis.
CepedHiti nokasHuk peghocghopauii Memarly 3 suKopucmaHHsIM po3pobrieHux gupobig 6yrno 3HuxeHo Ha 20%.
Y nepiod 2021-2024 pokie, 8 ymosax kombiHamy lNMpAT «KAMET-CTAJIb» npogedeHo ycniwHi npomMuciosi surpobysaHHs
p03pobrieHOi KOMMIEKCHOI cucmeMu 8i0CiHeHHS KOHBEPMEPHO20 WIaKy.
CymapHuli ekoHOMIYHULU eghekm 8i0 erposadxeHHs1 cmaHosus = 1,2 USD/mH cmarni.
KOHBEPTEP, LLUIIAK, NEPBUHHE BIACIKAHHSA, BTOPUHHE BILACIKAHHA, CTOIMOP, TAMIIOH.

One of the main tools for improving the quality of produced metal products is operations to detect and cut-off slag during
the technological metal transfer from BOF to the ladle.
According to estimates from various researchers and practical experience, the amount of slag entering the ladle during
the tapping is distributed as follows: up to 25% - at the beginning, up to 60% - at the end of the tapping and up to 15% -
when the converter returns to its working position.
Today, there are two basic schemes for cutting off converter slag: automatic («active») and «passive». The main auto-
matic schemes include a «gas-dynamic» cut-off system and a «slide gate» type system. An affordable and effective
alternative is the scheme of “passive”, primary and secondary BOF slag cut-off system, using functional refractory devices.
At the industrial facilities of GIR-Engineering LLC, together with PTIMA NAS of Ukraine, has developed a "passive"
scheme for the complex BOF slag cut-off system. It includes two systems, primary cut-off with a plastic «tampon» type
stopper and secondary cut-off with the refractory «ball» / «dart» type stopper. Both systems work with manual applicators,
which minimizes the capital costs of introducing them into the production chain.
During the period from July 2020 to September 2020, successful experimental and pilot-industrial tests of primary cut-off
slag stoppers «tampon» type, «GIR-TAMP-150-DMK» brand, were carried out in steelmaking shop of PrJSC «KAMET-
STAL» (Kamianske, Ukraine) consisting of two 250-ton capacity BOF units.
The average rephosphorization rate using the developed products was reduced by 20%.
During 2021-2024 years, at the PrJSC " KAMET-STAL" plant, successful industrial tests of the developed complex BOF
slag cut-off system were carried out.
The total economic effect from implementation was = 1.2 USD per ton of steel.
BOF, SLAG, PRIMARY CUT-OFF SYSTEM, SECONDARY CUT-OFF SYSTEM, STOPPER, TAMPON.
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Cyu4acHa, npoBigHa TeHaeHUis B MeTanyprinHin ra-
nysi ue 3pocTaloynin NoNUT Ha Tak 3BaHi «4UCTi» cTani
Ta PO3LUMPEHHS CreLjianbHOro copTaMeHTy NpoaykKLii,
LLIO BMNyCKaeTbCs. B Takmx ymoBax npouecu BUpOOHU-
UTBa Ha BCiX TEXHOMOrYHMX nepefinax notpebyoTb
noAanbLUIOro AOCHIMKEHHS | onTuMmisauii [1,2].

OgpHieto 3 BaXNMBMX 3aBOaHb, L0 BUMarakTb BUpi-
LUEHHS1 B YMOBax Cy4acCHOro KOHBEPTEPHOro LIEXy, €
CKOPOYEHHS  KifbKOCTi  KiHLEBOrO  TEXHOMOrYHOro
Lnaky, Lo noTpannse B KiBLU Nif Yac BUMYCKY piaKkoro
MeTany 3 nnasurbHOro arperaty. B nepwy yepry ue

© KamkiHa J1.B. — A.T.H., npodp. YOYHT
CwmipHoB O.M. — A.T.H., npod. PTIMC, m.Kunis
WapaHaiH K.M. — K.T.H.
Ps6un [.B. — K.T.H.
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BUSIBMEHHSA Ta BifICIKaHHS LLNAKoBOro poannaey B Xo4i
TexHonoriyHoro nepenuay [2,3].

3a ouiHKamMu pi3HUX AOCMIAHWKIB i NPaKTUYHOrO
JocBigy, KiNbKiCTb LWNaky, Wo noTpannse B KiBLWw, nig
Yyac BUMYCKY cTani 3 KOHBepTopa Po3rnofinsaeTbCa Ha-
CTYNHUM YMHOM (6€e3 BUKOPUCTaHHA TexHomorii/npu-
CTpPOIB BiACiYeHHs wraky): 8o 25% - Ha no4aTky Buny-
cKky, 8o 60% - B KiHUi Bunycky i 4o 15 % - nig yac no-
BEPHEHHS KOHBEpPTOpa y poboye NoMoXeHHs.

Cxemy BuMNycky nnaBkv Ta eTaniB noTpanfsHHA
Lunaky Yyepes NbOTKY [0 KiBlla HaBeJeHO Ha PUCYHKY
1.

Kamkina L. — d.t.s., proftssor, USUST
Smirnov A. —d.t.s., proftssor, Kyiv
Sharandin K. —c.t.s.

Ryabyi D. —c.t.s.
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PucyHok 1. CxemaTtnyHe 3006paykeHHs1 BUMYCKy MaBKU 3 KOHBEPTEPA Ta eTanu NoTpansisiHHA LWaky Ao cTa-
NEepo3nMBHOIO KiBLUA; Ae a) — NoYaToK BUMYCKy, 6) — KiHeLb BUMYyCKy ((0OpMyBaHHSA BiKHWHW), B) — MOBEPTaHHS

(«nipitoM») koHBepTEpa B poboye NONOXKEHHS.

Ha cborofHilLHin AeHb iCHYI0Tb ekinbka OCHOBHUX
MeToAdiB aBTOMAaTWYHOIO BU3HAYEHHSA MPOHUKHEHHS
LUMaky B CTPYMiHb MeTary: eneKkTpoMarHiTHui, Bibpa-
LinHWIM Ta iHbpayvepBoOHUi [4-9].

Mpn BUKOPWUCTaHHI aBTOMATUYHUX CUCTEM paH-
HbOrO BUSIBMEHHS LUMAKy Npw 3nuBi MeTany 3 KOHBep-
Tepa BiACIKaHHS LUMaKy siK NpaBuIio OPraHi3oBylOTb 3a
[0MoMOroto cneuianbHUX NPUCTPOIB — «3arfyLUOKy.

Mpuknagom Takoro NpUcTpoto moxe Oyt "rasogm-
Hami4yHa" cuctema BiAcCikaHHS Lnaky Ta cuctema Tuny
«wmnbepHun» 3atsop [10].

AnbTepHaTVBOIO AN aBTOMaTUYHUX MeTogis/cuc-
TeM BifcCikaHHSA LWaKy, Wo nepeadavaloTb BignosigHe
obnagHaHHA, Ha npakTuui LUMpOKe 3aCTOCyBaHHS
oTpMManu Tak 38aHi, "nacvBHI" MeToan NepPBUHHOIO Ta
BTOPWHHOIO BIACIKaHHA wnaky. [lia Taknx metopnis

3aCcHOBaHa Ha nposBi NeBHMX i3nYHUX edbekTiB Ta
BMacTMBOCTEN (YHKUIOHANBHUX €eNneMeHTiB, TobTo
LunakoBiaciyHnx ctonopis [11-13].

®isnyHe MoaentoBaHHA 0O3BONSE BidyanidyBaTi Ta
KINBKICHO OUiHUTK BinbLUiCTb isVYHMX NpoLeciB, Lo
CYNpPOBOXYIOTb MPOLEC BiAcikaHHA wnaky [14, 15].

[ns ouiHKM rigpoAnHamikM pigkoi WwiakomeTanesoil
BaHHM KOHBEPTEpPa Ha eTani BUMYCKY MNaBKK1, a Takox
BMBYEHHS NPOLECIB SKi CyNMpPOBOLXKYOTb NEPBUHHE i
BTOPWHHE BifCiKaHHS KIHLEBOrO LUfaky 3a JOMOMOro
yHKLIOHANBHNX enemMeHTiB Byrno CTBOPEHO i3nyHy
MoZenb KoHBepTepa.

Macwitab mogeni 1:6 no BigHOLLEHHIO OO TUMOBUX
reomMeTpu4Hux posmipis 160 TH arperary.

JlTaBopaTtopHa ycTaHoBKa (hi3nyHOI Moaeni KoOHBep-
Tepa npegcTaBneHa Ha PUCYHKY 2.

PycyHok 2. 3aranbHum BUrMNsi ycTaHOBKM (hisvdHOI Mogeni KoHBepTepa B macwitabi 1:6; ge: 1 — kopnyc
MoZeni i3 Npo30poro oprckna; 2 — nNboTka (CTaneBuUnyCckHWUIA kKaHan); 3 — onopHi Landw; 4 — nepeknagnHun Xopc-

TKOCTI; 5 — onopHa BiCb; 6 — BepTUKanbHi onopu; 7 — OHULLE;

npuBig Haxuny moaeni KoHBepTepa.

8 — enekTpomexaHidHuin
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Ha nepliomy eTtani mogentoBaHHA SOCRIMKyBanm
XapakTtep pyxy NoTOKiB LUiakoMeTaneBoi BaHHU B Npo-
Leci BMNYCKy nnaBKu.
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Ha pucyHKy 3 nokasaHo 3MiHy rigpoguHamMivHoi ka-
PTUHM BUNMBY NITABKU Yepe3 CTaneBUMYCKHUIA KaHan
NbOTKM KOHBEpTepa Yy Yaci 6e3 BUKOPUCTaHHS CUCTEM
BiACikaHHS LUNaky — BiNbHWIA BUMNKB.

PucyHok 3. KiHorpama Haxuny KoHBepTepa 40 BUMYCKY i BiANOBIOHO BUNUBY PiAKOI BaHHW Yepes cTanesuny-
CKHWI KaHarn NbOTKN KOHBepTepa (hisnyHe MoaentoBaHHs — BiNbHWUIA BUNUB); Ae a) — 1 cek. Bunuey, 6) — 20 cek.
BUIUBY, B) — 25 CeK. BUNUBY; YEPBOHMWIN KOHTYP — Mexa po3ainy das wnak/metan.

BcraHoBneHo, wo Ha 1-ih cekyHam (puc. 3, a) cno-
cTepiraeTbCsa BUNepeaxatoye NoTpansisHHA Wnaky o
KaHamny 3a paxyHOK «HabiraHHsa» Lwnaky nepea meta-
NOM — NEPBUHHMI KiHLEBWUI LWnak. HanpuvkiHui moae-
noBaHHs Bunycky 20-in — 25-in cekyHaax (puc. 3. 6),
B) BMAHA YiTKa AMHaMika (OOpMyBaHHS i PO3BUTKY BU-
XOpy MeTany 3 3aTAryBaHHAM LUNaky y Yaci.

Ons 3anobiraHHa nNOTpannsHHA nepLoi nopuii
LUTaKy (Bunepemkatoye «HabiraHHs») o

CTaneBUMyCKHOro KaHany BCTaHOBMOBaNM NnacTuyHy
npobKy y BUMSAAI UMNIHAPUYHOIO CTOMOPY — «TaM-
MOHY».

Ha pucyHKy 4 noka3daHo ctany rigpogvHamivHy Ka-
PTVHY Nepeg Nno4YaTkoM BUIUBY MIlaBKu Yyepes crane-
BUMYCKHUW KaHan nbOTKW KOHBEpTepa Mpu BUKOPUC-
TaHHSA NNacTUYHOro CTOMOpy — BiATEPMIHOBaHUWA BU-
nue.

PucyHok 4. KiHorpama Haxuny KoHBepTepa [0 BUMYCKY i BiANOBigHA 3aTpMMKa BUNUBY PiAKol BaHHU Yepes
CTaneBUNMYCKHUIN kaHan NboTku (isanyHe MogentoBaHHA — NNacTUYHNUIA CTONOP NEPBUMHHOTO BiACiKaHHA); e a) —
1 cek. BunuBy, 6) — 5 cek. BUNMBY; YEPBOHUI KOHTYP — MeXa po3ainy das wwnak/metarn.

Cronop 3akynoptoBaB NbOTKY Ha AeSKUA Yac npu-
MUHAIOYM BUMMB, a LWMak, Wo noTpanues A0 KaHany
CnnuBaB JOropw 3a paxyHOK Pi3HUL Y LWifbHOCTI 3 Me-
Tanom.

BcTaHoOBNEHO, O BUKOPUCTAHHS NITACTUYHOI Mpo-
0KV y BUrMSAi LMNIHOPUYHOTO «TaMMoHy» 3abe3neyyto
mavixe 98 % BiACiKaHHA NePBUHHOIO LUNaKy Lo «Habi-
rae» nepej mMetanom npu Haxuni KOHBepTepa Ha nep-
LUiM XBUNWHI BUMYCKY. A 3a paxyHOK NpaBusbHO Nigio-
PaHOI0 LUMXTOBKU MaTepiany, «TamroH» LUBUAKO pyWi-
HYETbCSA BUKOHaB CBOIO (DYHKLLIO Ta He 3aTpUMYye Tex-
HOOriYyHy onepawito BUnNuBY.
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Ha HacTynHin ctagii BukopnctoByBanm metoam Bu-
COKOTEMMEPATYPHOro (Pi3NYHOr0 MOAENOBaHHA Ha
nedi Tammana. Tak, 4nis aHaniady iCHyr4YMX 3paskiB (iM-
NMOPTHOrO BUPOOHULTBA) Ta PO3POOKM BITYNIHAHUX
aHanoris NnacTMyHMX BUPOOIB — CTOMOPIB NEPBMHHOMO
BifCikaHHA PO3pOBNEHO OpuriHanbHYy METOAMKY SKa
BKMOYana 2 oCHOBHi eTanu.

Cnepwy aHanisyBanu eTanoHHi 3pasky nnactuy-
HWX maTepianiB CTOMOPIB EBPOMNENCHLKUX BUPOOHUKIB.
3a pesynbTtatamu  XiMiYHOrO aHanisy nigbupanacs
6nm3bKka LUMXTOBKA Ha OCHOBI AOCTYMHOI BiTYM3HSHOI
CUPOBUHM.
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Ha pucyHky 5 npeacrtaBneHuin 30BHILLHIN BUMMAg
nabopaTopHUX 3paskiB MIacTUYHOrO Martepiany ans
cTonopiB Tuny «TamnoH». B Tabnuuyi 1 HaBegeHo

Ne1 No2

Ne3

'« JITeopist i NPAKMUKG MEMAAYPELL

OCHOBHI (Di3VKO-XiMiYHi NMOKa3HMKM MatepianiB nabo-
paToOpHKX 3pas3kiB.

N°4 NeS N2

PucyHok 5. 30BHiWHI BUrMsg 3paskiB NnacTMYHUX MaTepianiB Lo AocnimKyBanuck; ae 3paskm Ne1, Ne3 —
iMMOPTHOrO BUPOOHMLTBA («eTanoHHi»); Ne2, Ne4-Ne6 — po3pobreHi ckragu — aHanoru.

Tabnuus 1 — i3nKo-XiMiYHI NOKA3HMKKN MIIAaCTUYHOIO MaTtepiany CTonopa; NoPIBHANbHI 3pa3ku.

XimiuHni cknag™™, % BonoricTb

Ne 3paska - B.M.n., % ’
A120, Ca0 Fe20, SiO2 C W, %

1* 31,3 2,3 3,52 54,4 7 16,8 26,3

2 32,7 3 2,7 55,2 5 12,6 25,5

3* 25,1 4,5 4,5 57,1 6 16,7 25,7

4 31,6 3,4 4,2 52,5 6 13,2 27,9

5 34,5 2,5 3,6 50,6 7,5 17,5 25,1

6 35,2 1,8 3,2 50,5 7 16,7 27,3

* - «eTarnoHHi» 3pasky iIMMNOPTHOro BMpoOHMKa (HimeuunHa).

** _ XiMIYHUI CKnag Ha NpoXXapeHy PeYvoBUHY.

B akocTi BU3HavanbHoOro napameTpy nnacTU4Horo
maTepiany obpaHo nokasHuK «B.M.n., %» (3a Temnepa-
Typu 1150 °C). Llen napameTp Bignosigae sogHo4ac
3a repmeTu3auiio CTaneBunycKHOro KaHany Ao noya-
TKY BUMMBY Ta 32 MEXaHiYHY MILHICTb «MPOBKn» NpoTn
depocTaTU4HOrO TUCKY CTOBMa MeTtany. Takox, Big

Ne2 Ne3

Ne1

nokasHuka «B.M.n., %» HanpsiMy 3anexitb MOro ysBHa
LWiNbHICTb Ta BiAKpWTa NOPYBAaTICTb MiCs CRikaHHS.

Y AKOCTi MpuKnagy Ha pUCYHKY 6 NOKa3aHO 30BHiLL-
Hi BUrNsS4 nabopaTopHMX 3paskiB NNacTUYHOro MaTe-
piany ctonopa nicns npoxaptoBaHHs npu 1150 °C.

No4 Nes N6

PuycyHok 6. 3oBHiLLHIM BUrnsSg nabopaTopHUX 3paskiB NNacTUYHOro MaTtepiany ctornopa nicnsi NpoXapoBaHHS
npu 1150 °C, e 3pasku Ne1, Ne3 — imnopTHOro BUpobHMLTBa («eTanoHHi»); Ne2, Ne4-Ne6 — po3pobneHi cknaam

— aHanoru.

OTpumaHo eMnipuyHi 3anexHOCTi BiAKpPUTOI Nopy-
BaTOCTi Ta MEXaHi4YHOI MILUHOCTI MNaCTUYHOrO BOMHET-
pVBKOro matepiany Big BMICTy BinbHoro C (Byrnewo) y
LUMXTOBLi Ta MokasHuKa «B.M.Nn.,%» (micns npoxapto-
BaHHsA npu 1150 °C ).

#Ak BUOHO 3 pUCYHKY 6 3 ornsgy Ha Tabnmuto 1 yum
6inbwe BMicT BinbHoro C (Byrnewo) B MaTtepiani Ta no-
KasHuWK «B.M.N.,%» TuM BinbLua BigkprTa NopyBaTicTb B

cneyeHomy 3pasky Ta obepHeHO npornopuinHa Benwu-
YMHA MEXaHIYHOI MiLLHOCTi.

B npomucnosy po3pobky B SIKOCTi OCHOBHOIO KOM-
NMOHEHTY PYHKLIOHANbHOIo BUPOBY Byro B3sITO 3pa3ok
NNacT14YHOI Macu Nig HOMepPOoM 5, Ta MPUCBOEHO MapKy
«GIR-TAMP-DMK».

MeToaun BTOPMHHOrO BifCiKaHHS LUNaKy HanpuKiHLi
BMNYCKY MMaBKu JOCHiAXKyBanu 3 BUKOPUCTAHHAM qDi-
3MYHOrO  (XOMNOAHOro) MoAentoBaHHA. Y AKOCTI
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YHKLOHanNbHUX BUMPOGIB «nonnaBkoBOro» Tuny ob6-
paHo ABi HaMBINbLL NOLWMPEHI | MPOCTi B BUKOPUCTAHHI
KOHCTPYKLT: CTONOP — «Kynsi», Ta CTONOP — «APOTUKY.
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Ha pucyHky 7 npeacraeneHa cxema TpeTboro Mo-
OenbHOro etany BTOPWMHHOIO BIACIKAHHS KiHLEBOro
Lnaky.

PucyHok 7. CxemaTtnyHe 306paxeHHst TPETbOro MOAENbHOro eTany BTOPUHHOIO BiACIKaHHS KiHLEBOrO LUMaKy
3 BUKOPUCTaHHAM LUTYYHUX (PYHKUIOHANbHNX BUPOBIB: @) CcTonop Tuny «Kynsa», 6) ctonop Tuny «4poTuk» ge: 1-
CTaneBuUnyCKHUA KaHan, 2 — pigkun meTtan, 3 — piakun Wnak, 4 — «kynsa», 5 — « ApoTUK».

O6uasi mogeni BUroTOBNSANWUCH 3 NAACTUAiHy i Mi-
HOMoMiCTMPOny 3a AN AOCATHEHHS 3a4aHol LWifNbHO-
CTi. YABHa WinbHICTb Moaenen nigbmpanacsa sk cepe-
OHE 3HaYEeHHS MK MeTarnom Ta LWrakoM (Mik BOAOH i
TpaHchopMaTOPHUM MacrioMm).

Mogeni ctonopiB BBOAMNN HANPUKIHLI BUMNYCKY, Y
OCTaHHIN TPETUHI BUNKMBY, B TON Yac K NOYMHANM cro-
cTepirati BUXOp Y 30Hi CTaneBuMyCKHOro OTBOPY.

[na raciHHA BUXOpY i 3aTAryBaHHS LUNaKy CTOMNo-
pam Hagasanu cneuianbHy KoHdirypadito. Tino

CTOMOpa Maro 3MiLLLEHWNI LIeHTP TSHKIHHS, @ Ha Aoro no-
BEPXHi 6yno cchopmoBaHo gekinobka 60po3H. Taka KoH-
irypauis gogatkoBo 3abesneyye CTikaHHSA 3anuLKiB
pigkoro metany no 6opo3Ham CTonopy 3 KOHBepTepa y
KiBLL Y pasi nepegyacHoro 6roKyBaHHS NbOTKM.

Ha pucyHky 8 B skocCTi npyknagy npeacTaBneHo Ki-
Horpamy npoLecy MOAEroBaHHA BiACIKaHHA CTorMo-
pOM TUMY «OPOTUKY.

PucyHok 8. KiHorpama npouecy BTOPMHHOTO BifCiKaHHS LUMaKy Ha MOZeri KOHBepTepa; Ae a) MOMEHT nogadi
CTOMOpY TUNY «APOTUKY» - BUXOP HABKOJIO FOFIOBKM CTOMOPY (YEPBOHMUI KOHTYP), 6) KiHELb BUNMBY MeTarny — BU-

XOp HaBKOSO FOfIOBKU BiACYTHIN.

Tak, Ha pUCyHKy 8 a) HaBegEeHO NoYaTKOBUIA eTarn
BiACikaHHSA, @ came MOMEeHT nofadi cTonopy Tuny
«Kynsi» y ocTaHHin 1/3 yacy Bunuey. BugHo Typbyne-
HTHUI BUXOP HaABKOIO rofiBK1 CTOMOPY i YacTKoBe 3a-
TANYBaHHSA MOKPUBHOMO LUMaKy OO CTaneBunyCKHOro
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kaHany. MNopuii Wwnaky, Wo 3aTAryeTbCs BUAINEHO Yve-
PBOHMM KOHTYpOM. Ha pucyHKy 8 6) nokasaHo 3aksto-
YHUI eTan BifcikaHHS. 3 pUCyHKa BUOHO, LLLO XapakTep
BUTIKAHHS OCTaHHIX MopLin MeTany € cTauioHapHUM,
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namiHapHum. Buxop i 3aTsaryBaHHS Wnaky 4o cTanesu-
NYCKHOIO OTBOPY BiACYTHI.

BcTaHoBneHo, Wo npaBuribHO NigibpaHi KOHCTPYK-
TMBHI i hi3nYHi BNacTMBOCTI cTonopy 3abes3nevyoTb He
TiNbKW BiAQINEHHs1 MOKPMBHOIO KiHLEBOrO LUMaKy a Mi-
HiMi3yl0Tb TypOyneHTHe, BUXOponoaibHe 3aTaryBaHHs
Lunaky B NPOLLECi BUNMBY MNaBKM Y KiBLU.

3a aHarnoriyHol MeToaMKO NPOBOAWMAM MOAento-
BaHHA BiACIKaHHS LUNAKy 3 BUKOPUCTaHHSIM CTOMOPIB
TNy «kyns». Cnocrepirannucsa aHanorivyHi 3akoHOMiIp-
HOCTiI.

3a pesynbratamu isn4HOro MOAENOBaAHHS i aHa-
ni3y NpoMUCNOBUX JaHuX (Pi3nKo-XiMiYHOro cknagy Ki-
HLUEBWX LUMAKIB Ha BITYM3HAHMX NigNPUEMCTBAX B Npo-
MMWCOBY PO3pOOKy B3ATO 2-a BUOW CTOMOPIB BTOPUH-
HOro BiACIKaHHA LWNaky Tuny «kyns» mapkm «GIR-
Ballstop-KS» i Tuny «apotuk» mapku «GIR-Dart-
AMKR».

UWaviba

Tnactuyrmis |~
BOrHeTpUB

[IET lniska

3BaproBaHHs

UWaviba

ws JIeopist 1 NpaKmuKa memarypeti

Komnanieto TOB «[I'IP-IHxiHipiHr» pasom 3 Pisunko-
TEXHOMOrMYHMM HCTUTYTOM MeTaniB Ta cnnasis HAH
YKpaiHn po3pobneHo KOMMMEKCHY NMPOMUCIIOBY CUC-
TeMmy sika BKIovae B cebe nepBuHHe Ta BTOPUHHE Bid-
CikaHHS KiHLLEBOro KOHBEPTEPHOIO LUNaKy.

Ha npomucrnosomy mangaHdmky komnawii TOB
«[ip-HxinipiHr» (M. QHiNpo) B nepiog 3 BepecHsa 2023
p. 00 xoBTHA 2023 p. BUpOoGneHo AocniaHO-NPOMKC-
noBsi NapTil CTONOPIB NMEPBMHHOMO BIACIKAHHA LUNaKy
TMny «tamnoH» mapkm «GIR-TAMP-DMK-150» B kinb-
kocTi 100 wT., Ta CTOMOpPIB BTOPWHHOIO BIiACIKAHHS
LUnaKy Tmny «Kynsi» Mmapkm «GIR-Ballstop-KS» B kinb-
kocTi 100 wT. (50 wT. & 250 mm Ta 50 wt. & 220 Mm).

Ha pucyHky 9 HaBegeHO cxeMaTUYHUI Ta 30BHiLL-
HiM BUMMAL NAACTUYHOIO CTOMOPY TUMNY «TaMMOH»
Mapkn «GIR-TAMP-DMK-150».

PucyHok 9. lNMnactnyHMin CTONOp NEpPBUHHOIO BiACIKAHHA KOHBEPTEpPHOro wnaky Mapku «GIR-TAMP-150-
DMK» YAO «KAMET-CTAJIb», ge a) - cxemaTtuyHe 306paxeHHst (KpecneHHs), 6) — 30BHILLHIN BUrnAA.

Ha pucyHky 10 HaBegeHO cxemaTuyHUIA Ta 3aranbHUin BUA CTOMOPY TUNy «Kynsa» mapkn « GIR-Ballstop-KS-

250» BTOPMHHOrO BiCiKaHHS KiHLLEBOro LUnaky.

Mem. aHKep

6)

PucyHok 10. Ctonop BTOPMHHOrO BiACikaHHA KOHBepTepHOoro wnaky mapkm «GIR-Ballstop-KS-250» HAO
«KAMET-CTAJlb», e a) - cxeMaTnyHe 300paxkeHHs (KpecneHHs1), 0) — 30BHILLHIN BUMAg (NakyBaHHS).

MapTii 3pobneHi B agpec NpAT «KameTt-Ctanb»
onsa 250 TH koHBepTepiB. Takox po3pobneHi i nocTas-
NeHi pyyHi MexaHivHi annikatopu/maHinynsTopyu ans
[OoCTaBkM OyHKLiOHaNbHMX BUPOBIB 40 CTaneBunyck-
HOro KaHarny i NOPOXXHUHN KOHBEPTEPY.

Cucrtema NnepBUHHOIO BifCIKaHHSI KiHLIEBOrO KOHBE-
pTepHoro wraky BupobHuutea TOB «[IP-IHXiHIpiHM» 3
BMKOPUCT@HHAM MMAAacTUYHOro CcTomopa Tumy «Tam-
noH» Mapkn «GIR-TAMP-DMK-150» Ta py4Horo, me-
XaHi4YHOro annikatopa/mMaHinynarTopa Tuny «LwTaHray
Mapku «GIR-MAN-KS» npepcrasneHa Ha pucyHKy 11.
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PucyHok 11. 3aranbHui BUMsS4 a) Ta cxeMaTu4Huin BUrnsig 6) cucteMm NepBUHHOTO BiACIKAHHS KiHLIEBOrO
KOHBEPTEPHOTO LWaKy, Ae 1 - MexaHiyHui annikatop (MaHinynsTop) 3 pyYHVM NpYMBOAOM Afsi BCTAHOBIEHHS
NNacTUYHOro CTOoMNopa y NbOoTKY, 2 — CTanepo3nNMBHUIA KaHan (NMboTka), 3 — YHKUiOHaNbHUIA NAaCTUYHWIA CTONOpP

TUMY «TaMMOH.

Tak, nicna LWMXTOBKM KOHBEPTEPA, 3a 4OMNOMOrow
PYYHOro MaHinynaTopa Tuny «wTraHra» (pucyHok 11.
no3. 1) B cTaneBunyCKHUIA kaHan NboTkN (PUCYHOK 11.
no3. 2) BCTaAHOBMIOKOTL cTOMop (pucyHok 11. nos 3).
Crtonop cknagaeTbest 3 HeCy4oi TpyOKM 3 ONOPHUM He-
PYXJIMBUM HWDKHIM TOPLEBUM | MPUTUCKHUM PYXITUBUM
BEPXHIM hflaHUAMKM, MK KUMKW pO3MillleHa nnactu-
YHa BOrHETpMBKa «NpobKa» Ha OCHOBI antomocuriika-
TiB, WO MICTSATb ferkonnaeki  TyronsiaBKi KOMMOHe-
HTW. Jlerkonnaeki N TyronnasKi KOMMNOHEHTW B aroMo-
cunikaTax y3sTi B KiNbKOCTI, WO 3abesneyye ix HacTy-
nHe cniesigHoweHHs (0,15-0,24):(0,85-0,76), Bigno-
BIHO, MPW LIbOMY NErKonaBki KOMNOHEHTW y34Ti dpa-
Kuieto 0-1 mm, a woHanmeHLe 20 % Big 3aranbHOI Ki-
NbKOCTI TYronnaBKMX KOMMOHEHTIB y3aTi dpakuieto
3,1-4 mm [16].

Hani npobKy MexaHiYHO po3LUMPIOTL Y pagianb-
HOMY HanNpPsSIMKY HA30BHi 4O MOBHOIO NEPEKPUTTA CTa-
NEBUMYCKHOTO OTBOPY B MICLLi YCTAHOBIEHHS CTOMOPA.

[ns Bunycky mnaBku KOHBEPTEP HaxunswTb Y6ik
anuey. [lo uboro yacy matepian nNpobku Bxe chika-
€TbCS W LWiNbHO 3aKynoproe NboTky. CneveHa B NnboTui
BOTHETPMBKA Maca MNEPELUKOPKAE BIYYEHHIO B Hel
LUaKy nig Yac npodyBKu po3niaBy B KOHBepTepi, 0Co-
6rmBo npw 30inbLUEHHI 06'€MY ra3opiguHHOT eMyIbCil.
Mpu Haxuni KkoHBepTepa BiobyBaeTbCA 3aTpuMKa BU-
nycky Ha 7-15 cekyHa. 3a uen yac Hag CTanieBuUnyck-
HUM OTBOpPOM nepebyBae meTan, a LWak cnnveae ao-
ropu, He NOTpannAYX B NbOTKY, NPU LIbOMY CrieyeHa
«MpobKa» NoYMHae NPONIaBNATUCA N PyNHYETLCA Nig
depocTaTMyHMM TUCKOM CTOBMA MeTany W Linaky.
JIboTKa 3BINBLHAETECA 1 Yepes Hel 3MMBaETbCA YMCTUN
MeTan y KisLu.

Cwnctema BTOPMHHOrO BiACiKaHHS KiHLLEBOro KOHBE-
PTEPHOrO LWMNaky 3 BUKOPUCTAHHSAM BOTHETPUBKOIO
cTonopa Tuny «kynsa» mapku «GIR-Ballstop-KS» Ta py-
YHOro, MexaHi4YHOro annikatopa/maHinynaropa Tuny
«Bi3ok» mMapkn «GIR-MAN-KS-2» npefcTasneHa Ha
pUCYHKy 12.

PucyHok 12. 3aranbHui cxemaTuyHWU BUMMSA CUCTEMMW BTOPUHHOIO BiACIKAHHS KiHLEBOrO KOHBEPTEPHOrO
waky, ge 1 - annikatop (MaHinynsaTop) TMNy «Bi3oKy» ANs Nogadi CTonopy B MOPOXHWHY KOHBEpTepa, 2 — Mexa-
HIYHWIA NPUBIA Big' €4HAHHA CTOMOPY Bif WTaHMM, 3 — CTanNeBUNyCKHUN KaHar (NboTKa).

Tak, nig Yac BUNyCKy NnaBku 3 KOHBepTepa, nicns
anuBy 2/3 — 3/4 nnaBku, BOrHETPUBKWUA CTOMOP
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MaHinynaTopy TUNy «Bi3ok» (puc. 12, no3.1) 3 py4yHUm
MEeXaHi4HMM npmBoaoM (puc. 12, nos. 2).

BuxpoBa BOpOHKa, LIO YTBOPHETHCA B MPOLEC
3NMBY MeTary, «3axonsoey BOrHETPUBKMI CTOMOp, 3a
pPaxyHOK YOro BiH CAMOLIEHTPYETLCS NO OCi CTanesuny-
CKHOro kaHany. [Ins nmoganblUoro ynoBiflbHEHHs (ra-
CiHHS) BUXOpPY Ta MiHiMi3auis 3aTaryBaHHS LWnaky cTo-
nop mMae cneuianbHy KOHCTPYKUit0. BiH mae BepxHio Ta
HWKHIO YaCTVHU Ta CUMETPUYHUI BIOHOCHO BeEpTUKa-
NbHI NAOLLMHN.

Ha 30BHILLHI MOBEPXHi CTOMOPY YTBOPEHO LLLOHAN-
MeHLLe ogHa 6opo3Ha (kaHaBka), LeHTp Baru BUpoOy
3MilLleHni. LieHTp Barm 3HaxoguTbCsa Ha LeHTpanbHin
OCi y NPOMDXKY, SIKUIA BignoBigae cniBBigHOLIEHHIO:

L
— —=0,49 — 0,465

C.TSIXK.

Oe: Lnp. — BucoTa crtonopy (Mm); Herax. — BUCOTa
LEHTPY TSXKIHHSA NO OCi NPUCTPOIO (MM).

Konu meTan noBHiCTIo 3rMBaeTLCSA, CTOMOP, Lo ne-
pebyBae Ha Mexi po3finy meTan-lnak, nepekprBae
CTaneBWNyCKHWUI KaHar, 3anobiratoum 3ruBy LUMaKo-
BOrO po3niaBy Y KiBLL.

BapitoBaHHs1 reoMeTpUYHMX pO3MIpiB CTOMNOpPY B Ai-
anasoHi 220 - 300 MM Jo03BONSIE BpaxyBaTuh B'A3KICTb
Ta TOBLUMHY LIApy LUNAaKy, XapakTepHi ANs KOHKpeT-
HOro BMPOOHULITBA, @ TaKoX BHYTPILLHIA AiameTp cTa-
nesunyckHoro kaHany [171].

YAaBHa LWiNbHICTb Tifa cTonopa sik NpaBumio 3Haxo-
anTbesa B Mexax 3,7-4,1 kr/m3, wo 3abesnevye poaTta-
LUYBaHHSI NPUCTPOIO Ha MEXi po3Ainy Lwnak-meTarn.

Y nepiog 3 rpyaHa 2023 no notun 2024 y koHBEp-
TepHomy BigaineHHi MpAT "KAMET-CTAJb" npoiwnm
AOCnigHO-NPOMUCNOBI  BUNPOBOYBaHHS  KOMMMEKCHOI
CUCTEMMU NEPBUHHOMO i BTOPUHHOTO BIACIKAHHS KiHLe-
BOro wnaky. Komnnekr nocrasfeHoi cuctemMun BKMHO-
yaB B cebe:

JIleopis i NPaKMUKg Memarypeii

- NAACTWYHI CTOMOPU ANs NEePBUHHOIO BiACIKaHHSA
TNy «TamMnoH» mapkm «GIR-TAMP-DMK-150» B Kifnb-
kocTi 100 wrT.;

- MEXaHi4YHWIA pyYHUI annikatop/maHinynsaTop tuny
«wTaHra» mapkn «GIR-MAN-KS» B kinbkocTi 1 wr.;

- BorHeTpuBki cTonopu tuny «kyna» mapok «GIR-
BALLSTOP-KS-220» (& 220 mm) B kinbkocTi 50 wT.,
«GIR-BALLSTOP-KS-250» (@ 250 mm) B kinbkocTi 50
LWT.;

- MEXaHiYHWI pyYHUI annikatop/maHinynsaTop tuny
«Bi3ok» Mapkn «GIR-MAN-KS-2» B KinbKoCTi 1 LT.

BunpobyBaHHS npoBoaMnucs 3rigHo 3 3aTBepaxe-
H1M nnaHom-rpacdikom Ne OK -67-23 MpAT "KAMET-
CTAJIb".

OuiHky edeKTMBHOCTI CUCTEMU BIACIKAHHS LUIaKy
30ifCcHIOBanNM ogpasy 3a TpbOMa napameTpamu: CTy-
niHb pecpocdopisadil ctani, BUTpaTn pepocnnasis Ha
BUWMYCKY, KiNbKiCTb NOKPMBHOTO wnaky nepea AKIT.

Tak, cTyniHb pedocdopisaLii B cepeaHboMy ckna-
nana 0,0085% 3 BUKOpPUCTaHHAM CUCTEMU BifCiKaHHA
npotn 0,0115% 6e3 BigcikaHHsa. TobTo Ha 26%
MeHLLE.

Butpatn depocnnasiB, Takux €K depocuniuin
(FeSi65) Ta depocunikomapraHeub (FeSiMn) Gyno
3HKEHO B cepeaHboMy Ha 5,5%.

KinbkicTb MOKpMBHOIO LWNaKy (BMCOTA LUMAKy) B KO-
BWi npu nogadi Ha AKIT 6yna 3HwkeHa Ha 30%. Mpwu
LbOMY BUTpaTK NnagikoBoro wnaty CaF2 Ha nnaeky
CKOpPOYEHO B cepeaHboMy Ha 13%, Lo Takox no3uTu-
BHO BMIMBAE Ha CTIMKICTb (PyTepiBKM CTanbKOBLUA.

CymapHuii OdvikyBaHW €KOHOMIYHWMIA edekT Bif
BMPOBADKEHHS] KOMMIIEKCHOI CUCTEMi MEPBUHHOIO |
BTOPWHHOTO BiACikaHHA Wwnaky cknagas = 1,2 USD/TH
crani.

KomnnekcHa cuctema BiAcCikaHHSi KOHBEPTEPHOro
wraky BupobHuuTtea TOB «[IP-IHXiHIpiHr» pekomeH-
JoBaHa g0 BukopuctaHHa B ymoax lMpAT "KAMET-
CTAJIb" Ha NoCTiHIN OCHOBI 3 BHECEHHAM 3MiH 40 Te-
XHOJOFYHOT IHCTPYKLUii BUpOBHMLTBA CTani B KOHBEp-
Tepax nignpuemcraa.
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JlocaiyKeHHA 3aKJINHIOBAHHS YaCTHHOK MaTepiajly y 0OTBOPaX BUIbHO

YKJIAJI€HOI Cisi40l MOBEPXHI BiOpaliiiHOro rpoxora

Zaselskyi V., Popolov D.
Research on Particle Jamming in the Openings of a Freely Laid
Sieving Surface of a Vibrating Screen

Mema docnidxxeHHs nornseana y 8UBYEHHI A8uULa 3aKUHIO8aHHS YaCMUHOK Mamepially 8 omeopax Cis4oi mosepxHi, ska
8irIbHO yKradeHa & kopobi 8ibpauiliHo20 2poxomy, i po3pobui aHanimu4yHOI 3anexHocmi 0718 8U3HAYEHHS CUMU 3aKITUHIO-
8aHHs. Memooduka 6a3yembcsi Ha aHanimu4YHoMy ioxo0i 3 ypaxyeaHHAM hi3uKo-MexaHiYHUX eracmusocmet Mamepia-
niig i KiHeMamuy4HUX xapakmepucmuk cucmemu. Po3ansdanocs 3aKiuH08aHHs YaCMUHKU 3a paxyHOK CUsl Cyx020 mepmsi
ma rpy»<Hoi 0eghopmauii, 8UKITUKaHOI ydapHUMU HagaHMaxxeHHAMU. [ocnidxeHHss nepedbayano meopemuyHuUl aHanis i
8UKOPUCMAaHHS YUCE/IbHO20 MOOEsIH08aHHS, SiKi 00380MIUMU 8U3HAYUMU KpUMUYHI napamempu cucmemu. Pesynbmamu
roka3saru, W0 3aK/uUHI8aHHs1 YacmuHoK 8i0bysaembcs Mpu OOMpPUMaHHI Me8HUX CriggiOHOWEeHb MiX Cuslor iHepuii, 2e-
OMEMPUYHUMU rapamempamu YacmuHOK | 0meopie Cisiuoi noeepxHi. BcmaHoeneHo aHanimuyHy 3anexHicms, ska 0o-
380/15I€ MPO2HO3y8amu Cusly 3aK/IUHIO8aHHSI 3 ypaxye8aHHsIM 2yCmuHU Mamepiany, napamempie deghopmauii ma KiHema-
MmuYHUX Xapakmepucmuk eibpauitiHoeo epoxoma. Haykoea Hog8u3Ha AoCniOXeHHs rornsieae y po3pobui Mooeri 3aKUHIo-
8aHHS YaCMUHOK 3 ypaxye8aHHSAM iX npy»xHoi deghopmayii ma ymeopeHoi cunu mepmsi, @ makox 6 ideHmudbikauii Kpumu-
YHUX napamempis, wo ennaugarms Ha uyel npouec. [Mpakmuy4Ha 3Ha4dywicme rosisieae y MoXnueocmi 800CKOHaIEHHS
KOHCMpYyKUil 8ibpauitiHux epoxomie ma onmumisauii ix poboyux napamempie 0711 3HUXEHHS1 3abugaHHsi omeopis i rio-
BULWEHHS eheKmuUBHOCMI 2pDOX0YEHHST MemariypailiHoi cuposuHu. OmpumaHri pesynibmamu MOXymb 6ymu 8ukopucmanri
0519 po3pobku binbl egheKMUBHUX CissHUX MOBEPXOHb | SMEHWEHHSI eHep2emuYyHUX sumpam y memaiypailiHomy aupob-
Huumei.

Knroyosi criosa: 3aknuHo8aHHsI YaCMUHOK, 8ibpauitiHulti 2poxom, cigya rnosepxHs, memarypaitiHa wuxma, cuna mepms,
dehopmauis, KiHemamuyHi napamempu.

The research aimed to study the phenomenon of particle jamming in the openings of a sieving surface freely mounted in
the box of a vibrating screen and to develop an analytical dependence for determining the jamming force. The methodol-
ogy was based on an analytical approach considering the physico-mechanical properties of materials and the kinematic
characteristics of the system. Particle jamming was analyzed as a result of dry friction forces and elastic deformation
caused by impact loads. The study included theoretical analysis and numerical modeling, which allowed identifying critical
system parameters. The results revealed that particle jamming occurs under specific relationships between inertial force,
geometric parameters of particles, and sieving surface openings. An analytical dependence was established to predict
the jamming force, accounting for material density, deformation parameters, and the kinematic characteristics of the vi-
brating screen. The scientific novelty lies in developing a jamming model that considers particle elastic deformation and
frictional forces, as well as identifying critical parameters affecting this process. The practical significance lies in the po-
tential improvement of vibrating screen designs and optimization of their operating parameters to reduce opening block-
ages and enhance the efficiency of metallurgical material sieving. The findings can be applied to the development of more
efficient sieving surfaces and the reduction of energy costs in metallurgical production.

Keywords: particle jamming, vibrating screen, sieving surface, metallurgical charge, friction force, deformation, kinematic
parameters.

JIleopis i NPaKMUKg Memarypeii

BcTyn

Ha cborofHilwHin AeHb y MeTanypriiHii npomMuncrio-
BOCTi B SKOCTi CifiuMx MOBEPXOHb Ans KanibpysBaHHSA
MeTanyprinHol LUMXTX nepe NiaBkow NepeBaxHoO BU-
KOPWUCTOBYIOTBCS CTarneBi MMCTOBI abo KONOCHMKOBI Ci-
A4i NOBEpPXHI, AKi 34aTHi BUTPUMYBATW BUCOKI MUTOMI 1K
CVNOoBI, Tak i TemnepaTtypHi HaBaHTaxeHHA. OgHak
e(EKTUBHICTb TaKMX CiiYMX MOBEPXOHb € AOCUTb HN3b-
KO0 Yepes iXHE 3abMBaHHSA BaXXKOMPOXiAHMMMN YaCTUH-
Kamu matepiany.

OctaHHiMK pokamm Oyno 3anponoHoBaHo GaraTo
Pi3HOMaHITHNX CXeM rPOXOTiB Ans iHTeHcudikauii npo-
uecy kanibpyBaHHs MeTanyprinHOi CUPOBUHM, LLO JO-
3BOMWMO MOKPALWUTM CaMi MPOLECU TPOXOYEHHS.
MpoTe QocnimpKeHHNA, NPUCBAYEH] CIAYMM MOBEPXHAM,
30KpeEMa TUM, LLO BiflbHO YKNaaarTbCcsa Ha Kopob rpo-
X0Ta, 3anMLarTbCa Mano BUBYEHUMMU.

Y cTaTTi HaBeaeHo pe3ynbTatu AochigXeHb Npo-
Lecy 3aknuHIOBaHHSA 4YacTUHOK MaTepiany B oTBOpax

© 3acenbcbkuin B. W, - a.1.H., npod. HHTI AYET m.Kpuswuii Pir
Mononos . B. - k.T.H., gou. HHTI OYET m.Kpusun Pir

BiNbHO yKNageHOoi Cisyoi NoBepxHi Ha kopobi Bibpauivi-
HOro rpoxoTa. TakoX OKpecrneHo noparbLui Kpoku, He-
00XigHi AN 3mMeHLWweHHsa 3abyBaHHA OTBOPIB i NigBu-
LeHHA edEeKTUBHOCTI KanibpyBaHHs MeTanypriiHol
CUPOBUHM.

AHani3 nitepatypHux AaHuUX Ta MNOCTaHOBKa
npo6nemu

Ciloya NoBepxHA € OCHOBHUM efnemMeHToM pobo-
YOro opraHy BiOpaLiiHOro rpoxoTy Bi KOTpoOi 3ane-
XWTb SKICTb KanibpyBaHHA MeTanyprinHMX LUMXTOBMX
mMaTepianis. TpuBanun yac B MeTanyprinHin ranysi su-
KOPWUCTOBYIOTBLCA 30ipHi KOMMNEKTU CUT i NITOCKMX Me-
TaneBux NUCTIB 3 KBaApaTHUMMU, KpyrnnuMmu abo winu-
HonoAibHMMK cisunmm otBopamu [1] i ryMoBuMX KapT,
AKi MaloTb nepdgoposaHy pobody noBepxHio [2, 3].
Ane Takui pi3HOBUA BUKOPUCTOBYBAHWX CiSuMX NnoBe-
pXOHb He 3abe3nedvyloTb HeobXxigHy edeKTVBHICTb
rPOXOYEHHS MeTarnyprinHoi CMPOBMHU Be3nocepenHbo
nepeg il nmogadyeo B nnaBwunbHi  arperatn  [4].

Zaselskyi V. - d.t.s. prof SUET Kryvyi Rih
Popolov D. - c.t.s. docent SUET Kryvyi Rih
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[ONOBHMM HEOOSIKOM TakuX CisiiMX NMOBEPXOHb € Be-
JIMKa TOBLLMHA OTBOPIB B SKMX YaCTUHKa MaTepiany 3a-
KIMMHIOETLCS Ta HE Mae 3MOrv MOBEPHYTUCH A0 Hagpe-
LWiTHOro abo MigpeLliTHOro NPOAYKTIB TUM caMe 3axa-
PaLLYOTb XMBU NEPETUH CisiHOi NOBEPXHI, 3HMXKaUn
e(PEKTUBHICTb FPOXOYEHHS MEeTanyprifiHOl LUNXTW.

Mpobnemi 3abuBaHHA Ta OYMLLIEHHS CisiuMX NOBEp-
XOHb, WO 3aCTOCOBYHTLCA B FipHUYO-MeTanyprivHin
ranysi, NpMCBAYEHO Ynmano gocnimkeHs [5-7]. OgHak
BiNbLUICTb i3 HUX CTOCYETBCS XKOPCTKO 3aKPINneHnx Ci-
AYNX MOBEPXOHb, TOAI K NMUTAHHSA, MNOB’A3aHi 3 BiflbHO
YKIageHUMM NOBEPXHAMM, BUBYEHi HeQoCTaTHbO. Ha-
sIBHIi pob6OTY NKLLE YaCcTKOBO BiAMNOBIAAKOTb HA CyYacHi
3anuTK WOAO X MOXITMBOCTEN Ta €PEKTMBHOMO BUKO-
pUcTaHH4A. Y MoHorpadii [8] po3rnsiHyTO KOHCTPYKLito
rpoxoTa, B SKi Ha CMTO Ta MaTepian AitoTb iIMMYNbCHO-
yOapHi HaBaHTaXeHHA. Y poboTi BU3Ha4YeHO onTuma-
NbHi CNiBBIAHOLLEHHA Macu cuta oo Macu kopoby rpo-
XOTa nif Yac copTyBaHHA Kokcy. 3okpema, Byno BcTa-
HOBIEHO, WO B AianasoHi 3HaveHb 0,5...1,75 cnocte-
piraeTbCs CyTTEBE 3MEHLLEHHS 3abUBaHHS KOKCy dopa-
Kuieto 0...3 MMm. Takox MoOKasaHo, WO BUKOPUCTAHHS
BiflbHO YKMaAeHOoi cig4ol MOBEpXHi cnpusie nigsu-
LLEHHIO e(EKTUBHOCTI rPOXOYEHHS1 3aBAsKM 30inb-
LLIEHHIO NOMMMHanbHOT 34aTHOCTI cuTa Ta iHTEeHCUdika-
Uil BHYTpIiLWHBbOLIAPOBKX NpoLecis. BogHo4vac iHwWi ac-
MeKTW, NOB’sA3aHi 3 BUKOPUCTAHHAM BiflbHO YKINaAeHNX
CislMX MOBEPXOHb, 3anuwiaTbcst abo 30BCiM HEBU-
BYEHMMU, abo aocnigKeHi HegoCTaTHBO.

MeTa i 3aBaaHHA gocnigxeHb

MeToo pgocnigxeHHs OyB TeopeTudHuA aHanis
SIBMLLIA 3aKMMHIOBAHHA YaCTUHOK MaTepiarny B 0TBOpax
CifvOoi NOBepXHi, Aka BiNbHO 3akpinneHa B kKopobi rpo-
X0Ta, a TakoX po3pobka aHaniTUYHOI 3anexHocCTi Ans
BM3HAYEHHS CUITN 3aKITUHIOBAHHS, sIka BpaxoBye i3u-
YHi BMACTMBOCTI MaTepianiB KOHTaKTYHOUMUX Tif, IXHi

vV

PucyHok 1 — Cxema cun, WO Ail0Tb HAa YaCTUHKY, SKa 3aKMUHIOETLCSA

o %% ¢ ISSN 1028-2335 Ne3, 2024

reoMeTpuyHi NapameTpu, a TakoX KiHeMaTu4dHi Ta an-
HaMIiYHi XapaKTepUCTUKN CUCTEMMU.

Martepianu Ta meToau aocnigkKeHb

HocnimkeHHs npoBoaunocs aHaniTM4HUM MeTo-
OOM i3 ypaxyBaHHSIM HACTYMHUX NPUNyLLEHb:

3aKMNMHIOBAHHSA YaCTUHKM B OTBOPI CiSi40i NOBEPXHIi
BiAOyBaeTbCA 32 paxyHOK CUM CyXOro TepTs, SKi AiloTb
B TOYKaX KOHTAKTy MOBEPXHi YACTUHKU 3 OKpankom
OTBOPY Cisl40i NOBEPXHi Yepes Ait0 KOHTAKTHOro TUCKY,
KOTPU BUHMKAE B HACNIQOK NPY>KHOI Aedopmaltii 4ac-
TUHKMK, SiKa BUKNMKaHA i 3arnMbneHHsM B OTBIp, Nig,
Jiel0 cunu iHepuii Big pyxy cisyoi NoOBepxHi Ta yaapy
MO YacTWHLi, WO 3aKNMHIETBCA, Lapy marepiany,
AKUN NiAKNOAETbCS;

KiIHeTUYHa eHepris Wwapy maTtepiany, Wo nagae, no-
BHICTIO NepexoanTb B NOTeHUianbHy eHeprito aedop-
Mauii YacTuHkm [9];

3aKOH PO3NOfiNeHHs1 HanpyXeHb Ta Aedopmauin
3a 06'EMOM YaCTUHKM 3aNNLLIAETLCH TakUM Xe, SK Npu
cTaTuyHin gji cunm [9];

AedopMaLis BUHWKAE MUTTEBO Y BCIX NMepeTuHax
YacTtuHkm [10];

Y MOMEHT 3iTKHEHHSI Llapy MaTtepiany 3 cisyoto no-
BEPXHEIO LLap B3aEMOZIE 3 HElO SIK HENpYyXXHe TBepae
Tino [11];

MaTepian YacTMHKM Ta Cisvol MOBEpXHi Nigkops-
€TbCs 3aKkoHy 'yka, a gedopmadii mani [11];

npouec 3aKNMUHIOBAHHSA NPUAMAEMO aaUTUBHUM, a
Aito Big cvn iHepuii Ta yaapy matepiany BM3Ha4aeMo
BMKOPMCTOBYOYM METOZ, Cyneprno3nil.

Pe3ynbTatu gocnimkeHHsA

Po3rnsaHMMo npouec 3aknNMHIOBaHHST YaCTUHKA Nig,
Ji€t0 BriacHOi Cynm TspKIHHA Ta cunum iHepuii J Big nepe-
MILLEHHSA CiSHOTl MOBEPXHI, pO3paxyHKOBa CXema KOTpOoro
HaBeaeHa Ha puc. 1.

A-AO

Buginumo OO’'EMHWIA eneMeHT 4YacTUHKKM, L0 3aKMUHIOETBCH, Y BUMsSOi NPsSIMOKYTHOrO napaneneninega
ABCDA'B'C'D’ (auB. puc. 2) Ha AinbHWL KOHTaKTY 3 NO3BEXHLOKD OTBOPY cuTa. Ha ropnsoHTanbHin rpaHi BuaineHoro
o6’emy gijtoTe Npoekuii cun iHepuii Jy, cunm TspkiHHA Gy (BB 'CC”), a Takox peakuii onopu Niy Ta N2y (AA'DD ) Ha BiCb
y.
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PucyHok 2 — BuaineHun o6’eMHUN eneMeHT YacTUHKU

lMpoekuis peakuii onopu Ha Bicb X (Nx), BUHMKAE B MO-
nepeyHomy Hanpsmky (ABB°A”ta CC'D D), € Hacnigkom
ecpekty lNMyaccoHa Ta yTpyaHeHocTi aecopmadii, To6To,
npeacTaBnse cobor BTOPUHHMIA edheKT (TUCK CTIHOK Ha

BEpTMKanbHOMY HanpsMKy Os. BpaxoBytouu, Lo Buaine-
HUI €NEMEHT 3HaX0OUTLCS B 00'EMHOMY HanpyXeHOMY
CTaHi Be4eMO Ans FOfloBHUX HanpsiMKIB MO3HAYEHHS,

BKa3aHi Ha puc. 2.

YacTMHKY),  BUKIMKAHWA  [i€l0  HanpyXkeHb Yy Togai maemo:
0, =0, (1)
N
2 b by )
o — Jy + G,
7 LM-b’ 3

Ae 6., — TOBLUUMHA Cito4oi NoBepxHi; LM Ta b po3mMip OTBOPY CisivOi NOBEPXHI.
Ha nigcTaBi y3aransHeHoro 3akoHy 'yka anst 06’emHoro 4edopMoBaHOro cTaHy Tina [12] 3anuwemMo B1pas rono-

BHOrO NMOAOBXXEHHSA B3O0BX BiCi — X

(4)

& == [0y — piy - (03 + 77)],

SIS

e E —mopgynb KOHra matepiany YactuHku; u, — koedilieHT NyaccoHa maTtepiany YaCTUHKN.
BkasaHi napameTpn MoxyTb obupatuch 3a [11], e mogynb KOHra gopisHioe 0,35-10% MIMNa gnsa kokcy Ta

0,3-10°% MIMa gna arnomepary, a koediuieHT MyaccoHa 0,21 Ta 0,26 BignosigHo.
Ockinbku gedopmallisi OTBOPY Cisi4Oi MOBEPXHI 3HEBAKITMBO Mara, NPUAMaEMO, LLIO MOro reoMeTpUYHi po3mMipn

3anuatoTbCa NOCTIMHUMME

LM = const;
b = const;
TOo[j
&, =0. (5)

MepeTBopumo BUpa3 (4)(4) spaxosytoun (1-3) Ta (5)(5)

61



wi %% ¢ ISSN 1028-2335

JITeopis i NPaKmMuKg Memarypeii wa

_ Ny +,un'(]y+Gy):
E-b-6y E-LM-b

3 Bupa3y (6) BU3HAYMMO 3HAYEHHS peakLiii ornopu Ha BiCb X

N _,un'(]y+Gy)'E'b'5cn_.un'(]y+Gy)'6cnH
X E-LM-b B LM '

MepeTtBopuMmo BMpa3 (7) po3nucas NpoeKLii cun Ta ix 3Ha4YeHHs
Jy=my-a-siny;
G, =m,-gcosa;

Mg 8cp-my - (a-siny + g cosa)
B LM

)

N1

Ne3, 2024

(6)

)

®)
©)

(10)

ne m, — Maca 4aCTuHKWU; a — NPUCKOPEHHA nepecyBaHHA YaCTUHKM pa3oMm 3 cisivoro NoBEepPXHeK; g — NPUCKO-

PEHHS BiNbHOro NagiHHNA; Y — KyT Bibpauii; @ — KyT Haxurny Cito4oi MOBEPXHI.

Bupasnmo Macy YaCTMHKM, L0 3aKITUHIOE, BPaxOBYHOYM rEOMETPUYHMIA PO3MIP OTBOPY Cisivoi NOBEPXHI, YMOBY 3a-

KrnnHioBaHHS [13], koedilieHT TepTs maTtepiany o Cisgyy NOBEPXHIO.

my = V06.l«1 P,

e Vyg.4 — 00’EM HaCTUHKN, M3; p — LWINBbHICTb YaCTUHKM Kr/M3.

O6’eM YaCTUHKM BM3HAYaAEMO BUXOASUM 3 PO3PaxyHKOBOI CXEMM, NpeacTaBneHoi B podoTi [13]

BC + AD
Vogay = T-PQ - b.

BpaxoBytoun aHaniTuyHi 3anexHocTi [13] Bupas (12) npunme Burnsg

LM-(1+sin agc) + LM-(1-sin agc)

v _ cos?age cos? ag. LM b=
06 2 COS g,
LM?
= ? .
cos3 ag.

MepeTBoptoemo Bupa3 (13) 3 ypaxyBaHHAM aHaniTMYHUX 3anexHocTen [13]

V, LM? b
064 7 cos3(arctg f)

Bupas (11) 3 ypaxyBaHHaM (14) npunme BUrNsg

LM?

=— " _.p-p.
e cos3(arctg f) p

MigcTaBumo (15) B (10)
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LM? .
un-é‘cn-m-b-p-(a-51n1/J+gcosa)
Nx1= LM =

My 8 LM-b-p-(a-siny + gcosa)

cos3(arctg ) (16)

Po3arnsHmMmMo npoLec 3aknmMHioBaHHS YaCTUHKM Mg Oieto yaapy Big nafiHHs wapy NiaknMHyToro mMartepiany, pospa-
XYHKOBa CXeMa sIkoro HaBeeHo Ha puc. 3.

A-AO

PucyHok 3 — PospaxyHkoBa cxema Mo BU3HAYEHHIO Mac Liapy, Lo BAAPSIE NO YaCTUHLI

[nsa BU3HaYeHHs1 Macu Lwapy, LWo BAAPSE MO YacTWHL, BULINMMO B HEOMY NPSIMOKYTHWI Napanernenines 3 OCHo-
BOO, CTOPOHM KOTPOI AopiBHiotoTL BC [13] Ta b (guB. puc. 3), 3 BUCOTOHO, LLIO JOPIBHIOE BUCOTI LLAPY, SIKUIA TPaHCMNo-
pTyeTbest, Huw.

Maca napaneneninegy OOpPIBHIOE

LM - (1 + sin ag.)
> . b .
cos? ag,
= {as, = arctg f} =
LM - (1 + sin(arct,
= ( ( gf))-b-Hm-pKr. 17)
cos?(arctg f)

my=BC-b-H, p= H,-p=

Lsnakictb napaneneninega B MOMEHT 3iTKHEHHS 3 CiF4O0 NMOBEPXHEID

Vi=42-g-hm/c (18)

Ae h — MakcmarnbHa BucoTa NiaknaaHH:A Lwapy matepiarny, Wo TPaHCMNoPTYETLCS, M.
MpunycTyMo, Lo yAap BMAiNeHoro 06’emy Lwapy martepiany, WO TPaHCNOPTYETLCA, MO YaCTUHL, LLIO 3aKNMHMIach,
€ LieHTpanbH1MM abCcontoTHO HEMPYXKHUM, TOAj BTPATW KIHETUYHOI eHeprii [14]

my -V m,-V2? m; +m,) - V?
AEK:< 12 1 + 22 2)_(( 1 22) )L[)K' (19)

e m, — mMaca Cito4oi MOBEPXHi, Kr; V, — LWBUAKICTb CiMOl MOBEPXHI B MOMEHT 3iTKHEHHS, MPUMNYCTUMO, LLO LIBUA-
KICTb Ma€ MaKcMasibHe 3Ha4YeHHS, sike BU3HAYaETbCA 3a KIHEMATUYHOO giarpamMoto pyxy CUCTEMU «4aCTUHKA-CUTOY,
m/c; V — WBMAKICTb cuTa Ta MaTtepiany nicnga yaapy:

my-Vy+m, -V,
=— 1 2 2y (20)
m; +my,

MepeTtBopumo (19) 3 BpaxyBaHHAM (20)

m1 ' V12 m2 ' sz
AE, = -
x ( 2 2
i mq-Vi+myVy 2
(ml + mZ) ( mq+my )

2

_mymy - (V= V,)? T (21)
2 (mp+my) -
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MipcTaBmBwn y (21) Bupasu (17) Ta (18)

cos?(arctg f) b Hm p ( 2 g h VZ)
2 ( cos2(arctg f) b-Hy-p +m2)

AE, = JUx. (22)

MpunycTrMo, WO BTpaTa KIHETUYHOI eHeprii MOBHICTIO NepexoanTb B MOTEHLNHY eHeprito AecbopmaLii

1
U =AE =2 P-ALJx (23)

Oe P — 30BHiLLHA cuna, Wo Npu3BoauTb 40 Aedbopmalii YaCTUHKM, LLO 3aKINMHIOETBLCS, B3QOBX Bici y. Bupasnmo 3
dopmynu (23) 3HadeHHs gechopmadii
2-U

Ockinbkn, NepeTnH YaCTUHKM B3OOBX BICi y 3MIHIOETLCS, TO 3ararnbHa 3miHa ii BUCOTM B3OOBX BiCi y cknaae [15]

l l

P Pr 1

0 0

ae F(y) — nnoLa nonepeyHoro NepeT1Hy YacTUHKM B NIOLLMHI NEPNIEeHAVKYSPHIN BICi V.
Bvipaavmo 30BHiLwLHIO cuny P 3 (25), BpaxoBytoun (24)

\/Z-U-E JZ-AEK-EH
= T R ' (26)
0™ b
PospaxyHKOBa cXemMa woao BU3Ha4YeHHA I'IJ'IOLIJ,i nonepeYvyHoro nepeTnHy YaCTtnHkM npnBeaeHa Ha puc. 4.
S

Q'
y P C

" V / 1
&

L F M
PucyHok 4 - PospaxyHkoBa cxema BU3HAYEHHS MS1OLL nonepeyHoro
NepeTuHy YaCTUHKM
2:y
F(y) = <BC - —) b M2, 27
tgo

MepeTBOpPMMO BUpas (27) 3 BpaxyBaHHAM [13]

LM - (1 + sin(arctg f)) 2.y
F(y) = 5 - b M2, (28)
cos?(arctg f) ctg (arctg f)
BucoTa yacTuHkm BignosigHo cxemam puc. 3 Ta 4
l=PF=PQ—-FQum (29)

MepeTBopumo (29) Bpaxosytoun [13]
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LM 1 — sin(arct;
| = PF = (1- arctg )Y | (30)
cos(arctg f) 2
3Baxatoun Ha (28), (30) nepeTBopMMO (26)
1/2
2-AE.-E
P = LM (1 1-sin(arctgf)) =
fcos(arctg I3) 2 : . 1 : dy
0 (LM (1+sin(arctg 1)) 2y )~b
cos2(arctg f) ctg (arctg f)
4-b-AE - E ’
(In |-22—| - In|LM (31)
Ctg a ( n 1-sina nl |
lMpoekuis peakLii onopu Ha Bicb X BpaxoBytoun (31) (31)
-6, 4-b-AE.-E
Nx2 — “HLMCH . K H, (32)
ctg ag. (ln |1_Sina - lnlLMl)
Cwvna Teptsa cknage
FTep = (le + Nxz) “f H. (33)
MepeTBOpPUMO BMpa3, Bpaxosytoum (16) Ta (32)
LM-b-p-(a-sinp+gcosa) 1
Frep = Uy " Ocn " f — X
rep = Hn " Oen " f < cos3(arctg f) LM
y 4-b-AE - E (34)

ctg (arctg f) - (ln |#Ivictgf)| - lnlLMl)

OTpumaHa aHaniTdHa 3anexHicte (34) nossonsie
BM3HAUUTM CUIY 3aKMMHIOBAHHS YaCTWHKM MaTtepiany,
LLO pO3CiBAETLCA, PO3MIPOM MEHLLE MEXHOro, B OTBOPI
Cisivoi MOBEPXHI, BpaxoByo4M disnyHi BMacTUBOCTI MaTe-
piany Ta cisqol NoOBEPXHI, il reoMeTpuyHi po3mipu, KiHe-
MaTWYHI Ta AMHaMIYHI napameTpu.

BucHoBku

Ha ocHOBi npoBefdeHoOro TeopeTuyHoro Aochi-

BCTaHoOBrMeHa B kopobi rpoxota. OTpumaHo aHanitu-
YHY 3anexHICTb, L0 A03BOMSE BU3HAYaTH CUNY 3aKNu-
HIOBaHHS YaCTUHOK, BPaxoBYUn di3nyHi BMacTMBOCTI
KOHTaKTY4MX Tif, iXHi reoOMeTpuyHi napameTpu, a Ta-
KOX KiHEMaTW4Hi Ta AMHaMiYHi XapakTepuUCTUKKU CuC-
Temu. 3asHadeHi pe3ynbTatm MOXyTb OyTU BMKOpUC-
TaHi Ang onTuMisauii napameTpis poboTn rpoxoTiB Ta
NiABULLEHHST €ePeKTUBHOCTI NPOLECIB rPOXOYEHHS.

[KEHHSI BU3HAYEHO MEXaHi3M 3aKNMHIOBAHHA YacTu-
HOK MaTepiany B OTBOpax Cisidoi NOBEPXHi, SKa BiNlbHO
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Bubip onTuMaJibHOI BUTPATH iHEPTHOIO ra3y NpHu MPOAyBaHHI CTAJI B

250-TOHHOMY CTaJIepPO3JJUBHOMY KOBIIII
Akreev V.V.,, Melnyk S.0., Prikhodko S.V., Ovcharuk A.M., Huba R.M.

Choosing the optimum inert gas consumption when purging steel in a
250-ton steel ladle

B cyyacHomy ceimi, nid yac cmpimMKo20 nid8uUeHHsI 8UMO2 PUHKY 00 «4ucmomu» cmasii ma He8rMmuUHHO20 PO38UMKY cma-
JienueapHoI MPOMUCI080CMI, MUMaHHS 3abe3nedyeHHs1 sKocmi no3aniyHoi 06pobku Habysae ocobiueoi akmyarnbHOCMI.
Hucmoma cmani 3aex0u 6yna 0CHOBHUM 3a80aHHsAM 01151 8IMOPUHHO20 pagbiHy8aHHs y Cy4yaCHOMY cmanernnasuibHOMY
rpouyeci Ha ycmaHoskax «riy-kisw». Bid egpekmusHocmi paghiHysaHHs 3Ha4YHOK MIpOKo 3anexume 6bazamo noKa3HUKie
mexHoroaii, makux, ik KOHmMPOIIb KOMIIOHEHMI8 ma ckiiadosux cmarti, sudaneHHs WKIONuUeux OOMILWLOK ma 6KITHYEHb.
lNpouec pachiHysaHHs HeMOXuGo pearnidysamu 6e3 2omozeHizauii memany. 3a yro yacmuHy mexHoroeii 06pobku gid-
rogidae npodysaHHs1 cmarneeoi 8aHHU IHEPMHUM 2a30M, siKe 8 nepwy Jyepay, 30ilicHroembcs 3a 00romMo20k0 rpodysarb-
HuX npoboK, ecmaHoeeHUX y NpodysHi 8y3/1u 8 OHUW, cmanepo3nu8HO20 Koswa.
Poboma nipucesiyeHa 8u3Ha4yeHHI0 onmumaribHOI eumpamu iHepmHo20 2a3y nid Yyac rnpodysaHHs cmari 8 250-moHHoMy
cmarnepo3anueHoMy Kosuwi. Y chymepyeaHHi OHUWa cmanepo3ueHo20 Kogla 8UKOPUCMO8YomMbCs NpodyeHi 8y3nu 3 Wi-
JIUHHUMU 1IpobKamu 3 onmuyHUMU iHOUKamopamu 3Hocy y euensdi Memarneso2o wmugma. BukoHaHO Komm'tomepHe
MmodesoeaHHs rpouecy npodysaHHsI cmarii 3 pisHoro sumpamoto apeoHy (300 n/xe ma 600 rn/xs), eka3aHi nepesasu ma
Hedoniku, npudineHo yeazy NUMaHHIO 8rnusy Ha chymepyeaHHs.
Knroyoei cnoea: cmarneposnueHul Kiswi, npodyeaHHS, npodysHuli 8y3011, npodyeHa npobka, sumpamu iHepmHozo 2a3sy,
8rus Ha chymepysaHHs Koswa.
In the modern world, during the rapid increase of market requirements for the "purity" of steel and the relentless develop-
ment of the steel industry, the issue of quality implementation of non-furnace processing is becoming particularly relevant.
The purity of steel always has been the main task for secondary refining in the modern steelmaking process in ladle
furnaces. Many indicators of the technology, such as control of steel components, removal of harmful impurities and
inclusions, largely depend of the efficiency of refining.
Impossible to implement refining process without homogenization of metal. Purging of the steel bath with inert gas is
responsible for this part of the technology, which is primarily carried out purging plugs installed in purging units in the
bottom of the steel ladle.
This article is devoted to the determination of the optimal consumption of inert gas during purging of steel in 250-ton steel
ladle. Purging units with slotted purging plugs and optical wear indicators with metal pin are used in the bottom lining of
steel ladle. A computer simulation of the purging process was made with different argon flow rate (300 I/min and 600
I/min), advantages and disadvantages specified, paid attention to the issue of influence on the steel ladle lining.
Key words: steel ladle, purging, purging unit, purging plug, consumption of inert gas, influence on ladle lining.
BcTtyn. [NpomMucnoBuii Nnpouec NpoAyBaHHS MeTa-  aproHOM Y KOBLUI). Y Wi poboTi Mu po3rnggaTMMemMo
neBOi BaHHW 3AINCHIOETLCS OCHOBHMMM 3acobaMy  HWKHE MpoAyBaHHSA 4epe3 npoayBanbHi  MPobKM
(By3on ans npopyBaHHs1) Ta aBapiHMMK 3acobamu  (puc.1).

(BepxHsA MOHOMITHa 6eToOHHa dbypma Ans NpoayBaHHS

AN
AN
i .
mizana 20 x 0. 2um
KitekicTs 30urr
1 L]
Puc. 1. Cxema po3sTtawlyBaHHA npoayBanbHUX NpPO- Puc. 2. KpecneHHss npogyBanbHOiI nNpo-
6GOK y KOBLUI OKu
© Akpees B.B. Akreev V.V.,
MenbHuk C.O. Melnyk S.O.,
Mpuxoabko C.B. Prikhodko S.V.,
Oyapyk A.M. Ovcharuk A.M.,
ly6a P.M. Huba R.M.
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MpopyBanbHa npobka — Lue BOrHETPUBKWUIA BUPIO B
MeTanesii o6Givanui, Npu3HaYeHnn ana nogadi rasy
Bi[] 30BHILUHBOI TOPLIEBOI NOBEPXHi B 3a4aHOMY Hanps-
MKy Yepes3 BHYTPILLHIO TOpPLEBY MOBEPXHIO Aari B Me-
Tanesy BaHHy KOBLUA. PO3pi3HAIOTE Taki OCHOBHI TUMK
NpoboK 3a Kepami4YHOK YaCTUHOK — LLITMHHI, NOPUCTI,
3i BCTaBkamu, 3 KepamidyHUMKU NnacTMHaMu, CKNagoBi
(ribpunaHi) Ta guHaMIYHI.

Y poboTi NpoBOAUTECA MOAEMOBAHHSA NepeMiLLy-
BaHHA Ta yCepedHEeHHs MeTany B CTanepo3nMBHOMY
KOBLLIi 3a JOMOMOIOH LWiMTMHHNX NPOOOK, KiNbKICTb LLji-
nuH — 30, po3mip winuHm 0,2 x 20 mm (puc. 2). Bubip
TMNOPO3MIipy NPOOKK, Ti KOHCTPYKLT, KINbKOCTI LinuH,
reoMeTpPUYHUX po3MipiB 0OYMOBNEHMIN TEXHIYHUM 3a-
BAAHHAM KOMOIHATY Ha JaHWA TUMN NPOAYKLii.

Pyx 6ynbballok iHepTHMX rasiB B KOBLUI i nepeMilly-
BaHHA MeTany 3anexXuTb Bif TUCKy IHEPTHOro rasy B
CUCTEMI, FEOMETPUYHMX PO3MIpiB NPOBKU, MiCLb BCTa-
HOBMEHHS, KifTIbKOCTi LUMMH Ta iHLWNX KOHCTPYKTUBHNX
ocobnmsocTen Bnpobis.

HopaTkoBy ponb BigirpatoTb ekcnnyaTauinHi dak-
TOpu - 06CNyroByBaHHS By3na MpOAYyBKW, OYMLLIEHHS
NpoAyBHOI NPOOKK MiXK nNnaBkamn. 30kpema, iHTEHCK-
BHE NpoayBaHHS KMCHEM NPU3BOAUTL A0 NiABULLEHOTO
3HOCY BOTHETPMBKOrO BUPOOY, B TOW Yac sk HegocTa-
THE OYMLLIEHHS NPOBKM Npr3Beae 40 HAMOPOXYBaHHS
MeTany B LWinMHax BMpoOy i, MOXNMBO, 3aKynopto-
BaHHSA NPOAYBHUX erfeMeHTiB. 3 peLuToo ue BhnfvHe

Puc. 3. OcHoBHi eaH|3MV| 3|-|ocy npoAyBHUX NPob6oK

KOpo3is MpogyBanbHOi NpobkM BHACNigOK ouyn-
LLIEHHS1 MOBEPXHi KNCHeM. KncHeBe NpoMMBaHHSA 34ii-
CHIOETBCS 3a JOMOMOrOK BMCOKOrO TWUCKY ANis BuAaa-
NEHHs MeTaneBuX i LUMakoBMX YTBOpPeHb B obnacTi
npogysarnbHoro By3na. Lis onepauis HeobxigHa 3agns
NigBULWEHHA HadiHOCTI poboTu MpobkM Ta BUCOKOI
edekTmBHOCTI 6apboTyBaHHSA rady. [NpoLuec O4MLLEHHS
NPOGKN KUCHEM XapaKTepU3YETbCS KPUTUYHO BUCO-
KMMY TemnepaTypamu, a TakoX YTBOPEHHSM XiMiYHO-
arpecuBHOro cepefoByLLa 3 BEMUKOK KiNbKICTIO OKCU-
JiB 3aniza. Take cepefoBuLle OyXe arpecuBHe Mo Bi-
OHOLLEHHIO 10 BOTHETPMBKOrO Marepiany npoaysarb-
Horo By3na. [llpouec Mae Oyau 3akiH4eHo, Konwu
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Ha npouec nepemiwlyBaHHA MeTany B CTanb KOBLLU,
3HWXKYHOYM NOro iHTEHCUBHICTD [1,2].

AHani3 nitepaTypHMX AaHMX Ta NOCTaHOBKa 3a-
Aadi. [JoHHnn npouec npoayBaHHA cTani B KOBLUI 3a
O0MOMOrO0 NPOAYBHMX BY3riB MA€ HU3KY akTyanbHUX
nUTaHb, Ha SKMX HEOBXIAHO 3ynNuHUTMCS [3]:

cTanb 3 KOHBepTepa, Mawuu TemnepaTypy B Me-
xax Big 1600 po 1700°C noTpannse y KiBLW i BXoauTb
y KOHTaKT i3 noBepxHeto npobku. TemnepaTtypa BHyT-
PiLLHBOT NOBEPXHI NPOBKU MpU LIbOMY Pi3KO NiaBULLY-
€TbCS o npubnnsHo
1600 °C. 30BHiLIHA NOBEPXHS NPOAYBHOI NPOOKM y BU-
nagKy HedoCTaTHLOro NporpiBy pyTepyBaHHSA OHMLA
KOBLWIA Mae TemnepaTypy B mexax 300-400°C, wo
CMPVYMHSAE TEPMIYHWMIA yaap Ta BWHUKHEHHS Hamnpy-
)KEHb B BOrHETPWBI;

npyu HeOOCTaTHbOMY TUCKY rady MOXe CKracTucd
CUTyaLlis, KONW CTarb KOHTAKTYE 3 NOBEPXHED LUiMWH
npobku. B Hacnigok nokansHOro neperpisy B 30HaxX KO-
HTakTy npobkn 3 meTtanom BigbysatTbCs a3osi ne-
PETBOPEHHS i3 3MiHOIO iX MEeXaHiYHNX BNacTMBOCTEMN,
L0 BMKIMKAE HaMpyry y BOTHETPMBI i MpU3BOAMTb O0
MOro po3TpiCKyBaHHS i po3LLIapOByBaHHS.

3 iHWoro 6oky, Npu BinbLL IHTEHCUBHI Nogadi rasy,
BMCOKOI LLBWAKOCTI NOTOKY, BATpaTK rasy byae Binoy-
BaTuCA OiNnbllU IHTEHCUBHE NepeMillyBaHHS, LLIO MOXe
NPU3BECTN [0 BUMNEPEKYIOHOro 3HOCY MNpPOJyBHOT
npobkn Yepes CTMpaHHSA | 3BOPOTHOrO BNNMBY rasy

OOCArHyTO MOBHA Npaue3aaTHICTb NpoAyBarnbHOi Npo-
OKM Ta JOCArHYTO 3afaHy LWBMAOKICTb NOTOKY rasy [3].

OfHUM i3 epeKTMBHMX CnocobiB, 3a LOMOMOroH
SIKOrO MOXKHa MakcuMMi3yBaTun CTpok poboTu npogysa-
NbHOI MPOOKN € HasiBHICTb iHAWKATOPY 3HOCY BOTHE-
TpuBy. Llen 3aci6 [o3Bonsie KOHTpPONioBaTW piBEHb
3HOCY BOrHeTpmBY Mpobku Ta yHMKaTU nepeg4acHoro
BMBEOEHHS il 3 ekcrinyaTauii.

HarnnowwmpeHiwmnm npunomom opmMyBaHHSA iHAMW-
KaTopa 3HOCY € BUKOPUCTaHHs MaTepiany 3 OinbL Bu-
COKOK TEennonpoBIAHICTIO HiPK OCHOBHMI Matepian
npobku. Matoun BuLLY TeNNonpoBigHiCTb, MaTepian iH-
OvKaTtopa OXOJIOMKYETbCS MOTOKOM rasy Ao OinbLu
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HU3bKOI TemnepaTypu HiXK OCHOBHWA MaTtepian npo-
Okn. PesynbTatom Lporo 0yae HasBHICTb 4oOpe NoMi-
THOI TEMHOI NASIMM Ha BHYTPILLHIA NOBEPXHi NpoayBa-
NbHOI NPO6KuU.

Opyrvi Tvn iHaMKaTopa 3HOCy — Le cuctema 3 Bu-
KOpUCTaHHAM MeTanesoro wrudgrta. Wtndt posmiwy-
10Tb B Mpobui BiA BY3bKOro (BHYTPILLHLOrO) nepepisy
[0 piBHSA KPUTUYHOIO 3HOCY BOrHeTpmBy. B npoueci po-
60TH WTNPT cnocTepiraeTbCsa K TEMHA TOYKa Ha Mno-
BEPXHi NPOOKU i 3HMKAE NiCNA AOCATHEHHSA KPUTUYHOIO
piBHS BOrHETPUBY.

3HOLLUEHHSA NpoAyBarbHOI NpobKM Yepe3 nmoTpan-
NAHHSA Ta iHINbTpaUito cTani y WinuHM 3 HacTyMHUM
PO3KOSOBaHHAM Tifla BOrHETPUBY, LS iHQINbTpaLis Bi-
AbyBaeTbca nig Yac dasm Bunycky 3 KoHBepTepa. Lle
noLunpeHe ABULLE - LLINNHW 3 HA3bKO LUBUAKICTIO NO-
TOKY ra3y HeraTMBHO NO3Ha4YaTUMYTbCS Ha NPOAYKTUB-
HoCTi NpobkK, pyx rasy yepes HUX Byae Bkpam HecTa-
BinbHMN. KOHCTPYKUiS NpoAyBHOI YacTUHM NPoBKu, re-
OMETPUYHI PO3MIPU LLIMWH, NPOAYKTUBHICTL Ta LWBWA-
KICTb pyXy rasdy matoTb 6yTu nigibpaHi petensHo Ao 3a-
BOACbKUX YMOB Ansi 3abe3nedeHHst ctabinbHoro, He-
NynbCYy4Oro noToky [2].

€ MOXIMBICTb A0AAaTKOBO 3abe3neynTun NpuUcTpin
3BOPOTHMM KranaHoM. 3BOPOTHUI KrnanaH MOoXHa po-
3MICTUTU B TiNi TpyOK1 NpoayBHOI NPOOKK, a TaKoX y
cucTeMi nogadi iHepTHOrO rasy Ha cTanbKoBLUi. 3BOpO-
THUM KnanaH [O03BOJSIAE YHUKHYTM MOTPansHHA Me-
Tany B WinMHM Npobkn Nicns 3aKkiHYeHHs NpoAYyBaHHS
iHEPTHMM ra3oM: nicns NPUNMHEHHS nodadi rasy 4o BU-
poby 3BOPOTHWUI KnanaH CTBOPKOE 3aIULLIKOBMIN TUCK
rasy BcepeauHi Npobku i He 4O3BONSE MeTany NPoHuU-
KHYTW B LWLiNMHK BUpoby. BCTaHOBNEHHS knanaHa siko-
Mora 6nwk4e go npodyBanbHOi NpobkM 3a3Bnyal ao-
3BOJISIE YHEMOXINMBUTW NaAiHHA TUCKY rasy B NpooL i
TUM CaMUM YHUKHYTU MPOXOKEHHA MeTany B Npoay-
BarsbHi WiNMHW.

Pe3ynbTaTty gocnigxeHb Ta 06roBopeHHs ix pe-
3ynbTaTtiB. Onsa nobynosu reometpii 250-TOHHOrO
CcTanbKiBlla BUKOPUCTOBYBaBCHA MNPOrpamMHUA  KOM-
Nnnekc CucTeMm aBTOMATUYHOIO  MPOEKTYBAHHSA
SolidWorks. r'pyHTyPO'vIVICb Ha NMPOEKTHUX KPECIEHHSIX,
Oyna nigrotoBneHa TpMBMMIpHa Mogernb MeTanesoro
KOpnycy KiBLUa, B HEI BCTAHOBUNN apmaTtypHe i poboye
dyTepyBaHHA BIigNOBIOHO OO peanbHoro pobo4yoro
NpPOeKTY, BCTAHOBWUMNY NPOAyBaribHi By3nn 3i 3MiHHUMMA
npogyBanbHUMM Npobkamm (puc. 1, 2).

MMig yac nigrotToBkM yMOB MOAENIOBaHHSA BPaxoBy-
Banucs pearnbHi 3Ha4EeHHS - TUCK iIHEPTHOro rasy B Me-
Xax 6-10 aT, BuTpaTa iHepTHOro rasy Ha pisHi 300 n/xs
Ta 600 n/xB [3-4].

Ons dopmynioBaHHA MaTemaTuyHoi mogeni 6ynu
3pO6MeHi HACTYMHI NPUNYLLEHHS: PO3rnA4anucs e

Ym0 iy = 2 t y9m
o Ty (PUYm) = 5= ((Dmn + D) ax,-> + S,

m=12,...M

ae D, ,Dt,— monekynspHa i TypGyneHTHa mart-
pvi andysii, S, — WBMAKICTb BUpOGHMLTBA abo cno-
XWNBAHHA m —T0 KOMMOHEHTA.

Y Bunagky 3akoHy andyasii dika:

Dy =D+ 6, D‘rtnn = Omn * %- 2

JIleopis i NPaKMUKg Memarypeii

pioKvi Wwniak, metan, iHepTHUA ra3 (1); iHepTHUI ras
po3rnagaBca K CTUCIMBUK igeansHWUA ras i, Takum Yn-
HOM, OOTpUMYyBanoch cnieBsigHoWweHHA pV = uRT, a
posnnaB — AK HbIOTOHIBCbKa piguHa, WO He CTUckKa-
€TbCA (2); B'A3KICTb i MOBEPXHEBUM HaTAr ycix pas
Bynu nocTinHMMK (3); XiMIYHMMK peakuisMn npouecy
nnaeky AOBENOCS 3HeXTyBaTH (3).

HopatkoBun mopyne Flow Simulation gossonse
MOZEnNoBaTU NOTOKM PiAMHU Ta rady anst ob4mMcneHHs
Pi3HMX XapaKTepuUCTUK, TaknX SK TemnepaTtypa, WBna-
KICTb MOTOKYy, 00'eMHa Ta MacoBa KOHLEHTpaLis pi-
AnHn Towo. Moaynb po3B’sa3ye piBHAHHA Hap’e-Cto-
Kca, siki € hOpPMYIOBaHHSIMM 3aKOHIB 30epeXeHHs
Macw, iMnNynbCy Ta eHeprii Ang NOTOoKiB piguHW. Bupas
[OOMOBHIOKTHLCS PIBHAHHAMW CTaHy PiavHU, LLO BU3Ha-
YalTb NpUpoay piauHW, i eMnipuyHMMK 3anexHoc-
TAMM NYCTUHM PiAMHK, B'A3KOCTI | TENNONPOBIAHOCTI pi-
OnHKW Big TemnepaTypu. HenpyHi HEHbIOTOHIBCBKI pi-
OVHW po3rnagatoThCs LWNSAXOM BBEAEHHSA 3aNeXHOCTI
iX AMHaMIYHOI B'A3KOCTI Bif LUBMAKOCTi 3CyBY MOTOKY i
TemnepaTtypu, a CTUCMMBI PiAVHN — LUNSXOM BBe-
[OEHHS 3aNeXHOCTi iX NYCTUHM Big TUCKY. 3adada KOHK-
pPeTU3YETLCA BM3HAYEHHAM ii reoMeTpii, rPaHNYHUX i
no4aTkoBuMX yMOB [5].

Mporpama gns mopentoBaHHA 3gatHa nepepnba-
YyaTu SK namiHapHi, Tak i TypOyneHTHi NoToku. JlamiHa-
PHi MOTOKM BUHMKAKOTb MPU HN3bKMX 3HAYEHHSAX Yncna
PenHonbaca, konu unicno PenHonbaca nepesullye
NeBHE KPUTMYHE 3HAYEHHS, NOTIK cTae TYpOyNneHTHUM,
TOGTO NapameTpu NOTOKY NOYUHAKOTb XaOTUYHO KOSU-
BaTucs. binbLUiCTb NOTOKIB PiaUHY, siKi 3yCTpiYaoTbLCA
B iHXXEHepHin npaktuui, € TypbyneHTHMMu, ToMy Mo-
aynb Oyno po3pobneHo B OCHOBHOMY AN MOZENto-
BaHHS Ta BMBYEHHS TypOyneHTHUX noToki. [nsa npo-
rHO3yBaHHA TypOYNEeHTHUX MOTOKIB BUKOPUCTOBY-
I0TbCA ycepeaHeHi 3a ®aBpoM piBHSAHHA Has’e-Cto-
Kca, Je BPaxoBYIOTbCH ycepeaHeHi 3a YacoM edekTn
TypOyneHTHOCTI NOTOKY HAa NapaMeTpu NOTOKY, Todi SK
iHWi, TOO6TO BenukomMacwTabHi, 3anexHi Big 4acy
SBMLLA BPaxoBYOTbCA Ge3nocepeaHbo. 3aBasku Uin
npouenypi B PIBHAHHAX 3'IBNAIOTLCA  0OOATKOBI
yneHu, BigoMi K Hanpyrn PenHonbaca, Ans SKUX He-
obxigHO HagaTu gopatkoBy iHGopmadito. Llo6 3a-
KPUTU L0 CUCTEMY PiBHSHb, MPOrPaMHUA MOAyIb BU-
KOPWCTOBYE PIBHSAHHSI NepeHocy Anst TypOyneHTHOI Ki-
HEeTWUYHOI eHepril Ta WBUAKOCTI 1i Ancunauii, Tak 3BaHy
mogenb k — ¢ [5].

MacoobmiH cymiliax pigvH BU3HAYaETLCS PiBHSAH-
HSAMMK 30epeXeHHs 4acToK. PIiBHSIHHA, WO OMUCYIOTb
KOHLLeHTpaLii KOMMOHEHTIB CyMilli, MOXHa 3anucaTn y
BUMMAAI:

)

MbK KOHUEHTpauiaMu BuUAiB Mae Micle HacTymnHa
anrebpaiyHa 3anexHictb:

YmYm=1. 3)

Akwo rasonogibHa (abo pigka) pevoBnHa oudyH-
aye B rasonofibHivi (abo pigkin) piguHi (SKwo us
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piavHa Teye i NepeHOCUTb iHLWY PEYOBUHY, LIIO PiaNHY
3a3BuMYal Ha3nBatTb PiOUHOK-HOCIEM), | MacoBa Yac-
TKa L€l pedoBMHU Y B PiguHiI HOCiA 3aHagTo Mana,
TO6TO ¥ << 1, TO BOHa HE MOX€E BMNMVHYTU Ha BNacTu-
BOCTi NOTOKY PiAVHN-HOCIA (LWIBMAKICTb, TUCK, TeMnepa-
Typy), @ NoTiM Ha po3noain uiei pe4oBuHM B 0BYUCIIO-
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pigvHK Ta i andpysito B Lo pianHy. 3rigHo 3 udieto on-
uieto, AMdysis Uiel pe4OBUHK OLHIOETHCA B nonepea-
HbO pPO3paxoBaHOMY CTalioHapHOMY abo HecTaLlioHa-
PHOMY MOTOLi PIOVUHU-HOCIA LUASIXOM BUPILLEHHS Ha-
CTYMHOTO PIBHAHHS, BPAXOBYHOUYN HEPIBHOMIPHICTb KOH-
LeHTpaLii pe4yoBMHM Ta rpagieHT TUCKY PiOUHU-HOCIA

BanbHin 0obnacTi 4yepe3 nepeHeceHHs i MOTOKOM  (nuwe Ansa rasonodibHux piguH) [5]:
Y | O [y, PR (g e ) O] O mams [pyviy (i e ) 0]
at +6xl- PYU; pm Pr-Le+Prt-Let X _axi m2 p Pr-Le+Prt-Let ax; I’ (4)

Je p — ryctmHa piguHKW-HOCIA i CyMmilli peyvyoBUHU
(ockinbkn y << 1, TO o MOXHa BBa)kaTu ryCTUHOI pi-
OVHU-HOCIS); t — Yac; X — i-Ta KOMNOHEHTa BUKOPUCTO-
BYBaHOi CCTEMW KOOPAMHAT; U; — i-Ta CKNagoBa LUBW-
OKOCTi HECYYOI PignHM (peYoBMHA Ma€e OAHaKOBY LLIBU-
OKICTb); p — CTaTUYHUIA TUCK PiOUHN-HOCIN; R — yHiBEp-
carnbHa rasosa crana; m — MofnsipHa maca piguHu-Ho-
Cisl Ta CyMmilWli peyoBUHU; M1 — MONApPHa Maca peyo-
BMHUW; M2 — MOMNSIpHA Maca PiagUHN-HOCIS; V1 — MUTOMUIA
ob’em PEYOBVHY;
U — NaMiHapHa B’s13KiCTb piAWHN-HOCIS; Ut — TypOyneH-
THa B’AA3KICTb piavHK-HOCIS;
Pr, Pri— namiHapHe Ta TypbyneHTHe uncna NMpaHgtnsa
Hecy4yoi pianHu;
Le, Le; — namiHapHe Ta TypbyneHTHe uucna Jlbtoica
Hecyuoi piguHu.

PiBHAHHSA po3B’A3yeTbcs B 064mcnoBansHii obna-
cTi (abo ii nigobnacrTi) i3 3agaHMMmM KOpucTyBaYvem rpa-
HUYHUMW YMOBaMM, MOYATKOBMMM YMOBaMM Ta Kepe-
namm o6’emy peqoBMHM, LLIO MEPEHOCUTLCH MOTOKOM
piavHu (abo rasy). B Hawomy Bunaaky 3aBoaHHs 3Be-
OEHO [0 TOro, Wo obuncnoBanbHa obnacTe BU3Ha-
YeHa K BHYTPILLIHA MOPOXHMHA CTanepo3nmMBHOIO Ko-
Bla, obyMoBneHa noro pobounm dytepyBaHHSIM, pi-
OVHa — ue po3nna., ra3 NofdacTbCs Yepes3 LUiNUHHY
npoAysarnbHy Npobky i3 3agaHMMn ymoBamu, napame-
TPWY MOAEMNOBaHHS ideanbHi (CTanbkiBw po3TalloBa-
HWI CTPOro BEPTUKAmMbLHO).

Y npoueci MOAernoBaHHA B KOBLUI pO3paxoByBa-
nacs ob'emMHa KOHUEHTpaLis po3nnasy B Yaci npu og-
HoYacHin poboTi ABOX NpoAdyBarbHUX BY3iB 3 04HaKO-
BOK BUTPATOK iHepTHOro rasdy. CTpinkn Ha 300pa-
XEHHI IEeMOHCTPYIOTb BEKTOPU LUBUAKOCTEW, a MiHil,
Lo ob'eaHYOTb CTPINKKM — NiHii Tevii (kpuBi, Aki npoBe-
[OeHi B cepeivHi NOTOKY Tak, WO B AaHWUIA MOMEHT Yacy
BEKTOPW LUBUOKOCTEN Y BCiX TOYKaX L€l KpMBOI JOTU-
YHi Jo Hei) [5, 6]. Ona npoBeaeHHsA aHani3y Ta 3icTas-
NEHHs1 pe3ynbTaTiB Mk JBOMA PIBHSIMU BUTpaTy rasy,
0b6paHi HacTynHi YacoBi npomikkn — 0,5 ¢; 1¢;2c; 4
c;6¢c;12¢; 15 ¢; 17 ¢; 23 ¢ Ta 27 c. Ha koxHoMmy pu-
cyHky BuTpaTa rady B 300 n/xB 306paxeHa y niBin ya-
cTuHi, 600 n/xB y npaBi YacTuHi 306paxXeHHS.

Ha puc. 4, a 306paxeHo novyaTok NpoAyBaHHs cTa-
Nepo3nNMBHOIoO KoBla Ha 4Yacosin nosHadui 0,5 c. B
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Luen 4yac MM MOXXeMO CrocTepiraTi NoYaTKOBY LIMPKY-
NSyt posnna.y B o6nacTi npogyBHUX Npobok, 40 TOro
X BIAMIHHOCTI y npagiii Ta niBili YaCTWHI 306paKeHHSsI
NPaKkTUYHO BiACYTHIi abo MiHiManbHi. PikcyeTbcs NoBi-
NbHUIA PYX PiAMHU B3OOBX CTiH CTAnNepo3nmMBHOIO KO-
Bwa. Obnactb B cepenHii YacTUHI METaneBoi BaHHU
Mo BCilh BUCOTi NPAKTUYHO HE PYXaETbCH, Xo4a Yy Bapi-
aHTi 3 BuTpaTtoto 600 n/xB U 30Ha 34a€ETLCS BidyanbHO
MeHLLoto, Hix npu 300 n/xs.

YacoBui npomikok 1,0 ¢ mae neBHi ocobnmBOCTi
(puc.4, 6). ObnacTtb UMpKynsauii pignHu 6ina npogysa-
NbHUX BY3NiB po3lumpunacs i 3éinbnnacs B nepepisi
MOZEIOBaHHS, CNOCTEPIraeTbCsl XapakTepHUn Typoy-
NEHTHWUI, HecTauioHapHU pyx pignHn. Obnactb «6e3
PyXy» B CEpeAVHi BaHHW cTarna 3Ha4yHO MEHLLOM i Te-
nep GinbLU ABHO BiAPI3HAETLCA Y NpaBii Ta MiBin Yac-
TUHaAX 300pakeHHsi. Pasom 3 TuM, LMPKynauis poan-
naBy 6ins CTiH cTana po3LWwnpoBaTUCa BUA CTiHM Y Bik
cepeaunHn (BepTUKanbHOI OcCi) koBLia. 3'sBunacsa HoBa
obnacTb pyxy — B LUNAKOBIN 30Hi, Ae MiHii Tevil npoxo-
OSTb Bifl LUNAKOBOro MOSICY KOBLUA BCepeanHy BaHHU
00 BepTUKanbHOI OCi i NoTiM po3ainaTtees. YactuHa 3
HUX CcrpsMOBaHa B34OBX OCi Bropy A0 MOBEPXHI
BaHHW, YaCTWUHa — BHU3 Yy HanpsMKy AHULIA cTanb-
kowwa. lNMpouec nepemiwyBaHHA B 000X BuMNagkax Ha
puc. 4, 6 306inbLLYy€e CBOI iIHTEHCUMBHICTb Y MOPIBHSIHHI 3
puc. 4, a.

MoyaTkoBa cTagia npoayBaHHA CTarnbKoBLUA 3aKiH-
YyeTbCA NPUOMM3HO Ha YeTBEPTIN CeKyHAi mopento-
BaHHSA npouecy, AuB. puc. 4, 8. Tak MOXHa BUCNOBU-
TUCH I'PYHTYIOYUCb Ha TOMY, LLO BHYTPIWHSA o6nacTtb
BaHHM MeTany «6e3 pyxy» 3MeHwyeTbes Ha 2,0 ¢, Ha
Yyacosin nosHauui B 4,0 ¢ npu Butparti 300 n/xB nepeT-
BOPIOETLCS Ha MarneHbky nnsmy, a npu Butpati 600
n/xs ii 6inblwe Hemae. Pyx YacTMHOK No napanenbHuX
ninisix, obpe NomiTHWIA Ha puc. 4, a Ta 6, Tenep BXe
BiACYTHIN. Teuia cTae HeyperynboBaHO, pyx 4acTu-
HOK 3a3Ha€ XaoTUYHUX 3MiH B HanpsMi B KoopauMHaTax
NMOLLWHM i B Yaci.

30HU TypOYNEHTHOCTI 3'ABNAOTLCA BXE B Pi3HUX
MicLSIX MeTaneBoi BaHHW, ane ocobnmBo YiTKo iX BU-
AHO Mpun BUTpaTi iHepTHoro rady B 600 n/xB Ha yeTBe-
pTivi cekyHAi (pwuc. 4, &).
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300 V/min 600 Vmin

300 Vmin 600 Vmin

Puc. 4. NpoayBaHHs, yacoBa no3Ha4ka: a- 0,5¢;6-1,0c,e—2,0c;2-4,0c
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Puc. 5. NpoayBaHHs, YacoBa no3Ha4ka: a- 6,0 c; 6-12,0c;e-15,0c

Puc. 6. 36ypeHHs npu npoayBaHHi Ha 600 n/xB

BigsHayaeTbCsl XxaOTU4HE Ta iHTEHCMBHE nepemi-
LIyBaHHS piguHn Nobnmay CTiH koBwa. B Takomy pe-
XMMi MpodyBaHHA MOXe BNIVHYTU HA TEPMIH CrnyXou
poboyoro dpyTepyBaHHS CTiH KOBLUA.

Ha puc. 5, a npu Butparti iHepTHOro rasy 600 n/xs
BMAHO, LLIO MOTIK rady «BepTuKanbHO NpobuBae» BaHHY
MeTany i YTBOPKE nNpaAMi, MiHii Tedii npakTMyHO
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napanenbHi Big, NpogyBHUX NPOOOK Ha OHWLLI CTarbki-
BLLa [0 LUNaKoBOi 30HW Bropi BaHHW. Ha noBepxHi pi-
OVIHU YTBOPUIUCS ABi «XBUIi», WO HaragytoTb crie-
CKM pianHun, SKi Npu po3rnsagi NOBEepXHi 3 PidHNX NpOoek-
Ui € XBUNenogibHMM KOpOTKOYACHUM MigAOMOM pi-
OVHW OKPYTIoi oopmu.
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Puc. 7. NpogyBaHHS, YacoBa no3Hayvka: a- 17,0 c; 6 -23,0c; e - 27,0 ¢

BigcyTHicTb gaHoro siBvula B niBin YacTuHi 306pa-
)KEHHSI HAOYHO MOKa3ye HWXKYY IHTEHCUBHICTb BAY-
BaHHSA IHEPTHOrO rasy B BaHHY. Takox BUOHO, WO NiHil
Tedii He napaneneHi (abo NapanenbHi Ha MeHLINX Ai-
NAAHKax i MEHLLOO MipOt0), B LUMAKOBI 30Hi BOHW 3Mi-
HIOKOTb CBIl HANPSIMOK, MOBEPXHSA PiAvHM HE MaE BU-
CTyMiB, SK Ha NMpaBii YacTuHi 306paxeHHsA. CTae nomi-
THAM LikaBU MOMEHT. [lepemillyBaHHSA BXe 3anoB-
HWNO BaHHY MOBHICTIO B 060X Bunagkax (300 ta 600
n/xe), obrnacten «6e3 pyxy» He nuwmnocs. Ane X ne-
peMillyBaHHs € HenepenbadyBaHe, BOHO He Habyrno
cTabinbHOro, NOCTIMHOIO XapakTepy.

PosrnsHemo puc. 5, 6 i 8 3 nosHavykamu Yacy 12,0
Ta 15,0 c. Pyx yacTUHOK piavHU XapaKTepunsyeTbes Bu-
NagKoBICTIO 3MiHWM TpaekTopii, TypOyneHTHa Tedis BU-
HMKaE B Pi3HNX 0ONacTsX MeTaneBoi BaHHW, sIK MpU BU-
TpaTi rasy 300 n/xs, Tak i npn 600 n/xB. Ha noBepxHi
piouHn npu 600 n/xB yTBOpIOKOTBECA 30YpeHHs (auB.
puc. 6) i Tenep ix NosiBa BXe Mae LIMPKYITOYMIA Xxapa-
kTep 6e3 MOCTiHOI YacToTW, 3 BUMAOKOBUM MiCLIEM

nosisn. Moxemo BiA3HaA4MTK, WO 3 TOYKM 30pYy 30y-
PEHHSI MOBEPXHi BaHHW, BPaxoBYOUM MOXMMBI Crne-
CKW | BUKMOWN MeTarny 3 KoBLUAa (0QHOYacHO He 3Baxa-
04N Ha IHTEHCMBHICTb MEepeMillyBaHHS B KOBLLI), 3 Mi-
pKyBaHb 6e3neku, kpawum byae npogyBaHHS 3 MeH-
woto BuTpaToto rasy. Cnig Big3HauuTy, LWo npu nepe-
MiLLyBaHHi BaHHW NoBnm3y CTiHW CTanbKoBLUA Ha Npo-
Mixkax Yacy B 12,0 Ta 15,0 ¢, cnocrepiraetscs GinbLu
«3aKpy4deHi» MiHii Tedii 3 04HOYACHOID NOSBOIO AiNAHOK
TypOyneHTHOCTI y 6e3nocepeHin 6rmM3bKOCTi 4O CTiH.
B Takomy pexumi npogyBaHHA ocTaToyHo byae Bhnu-
BaTW Ha TepMiH cny6un poboyoro yTepyBaHHs CTiH
KoBLUA.

Ha puc. 7 306paxxeHe NpodyBaHHSA BaHHW Ha Yaco-
Bux ginaHkax 17,0, 23,0 Ta 27,0 c. WinvHHi npoaysa-
NbHi NPOBKN EMOHCTPYIOTb HEPIBHOMIPHE, SIKOKOCh Mi-
poto nynbCyode, ane nocTilnHe i iHTEHCUBHE nepemi-
wysaHHA B 06’emi. MNicna BBeAeHHs iHepTHOro rasy B
piovHy yTBOPHOOTLECSA Oynbballku, BOHWU TpaHchopMy-
I0TbCH,  CTUKaKTbCA Ta pos3nagalTbCcd nig 4Yac
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nigruomMy Bropy 4yepes B3aeMOfit0 MK piguHOK Ta ra-
30M, CTiHaMW.

[nsa nopiBHAHHSA pe3ynbTartie, Oynn B3sTI BUTpATH
iHepTHoro rasy nig Yac npogyeaHHs B 300 n/xe Ta 600
n/xs. byna oTpumaHa Bidyanisauisi 4iNsSHOK, 4aCTKOBO
3 BUCOKOI TypOyneHTHICTIO MOTOKIB MeTany, Ta npo-
aHanisaoBaHWU IX MOXIUBUIA BNIINB Ha CTiMKICTb BOrHe-
TPUBKOTrO hyTEPYBaHHS CTanbKOBLUA:

3 TOUKM 30py «30YpEHHSI» NOBEPXHi BaHHM (puc. 6),
BPaXOBYIOUYN MOXMMBI CMMECKN | BUKAAM MeTany 3 KO-
BLIA (OQHOYACHO He 3BaXkaluu Ha iIHTEHCUBHICTb ne-
peMilyBaHHs1), npoayBaHHs npu 300 n/xe Burnsigae
OinbLU cTabiNbHUM Ta HagIMHUM.

IHTEHCMBHICTb NepeMillyBaHHS BaHHW MeTany, npu
BMKOPUCTaHHI npogyBaHHA B 600 n/xB, Buule, WO
MOXXe NMPVBECTU O CKOPOYEHHS TPUBANocCTi NpubyTTa
MeTany B KOBLLU, NiABULLEHHSI TPOOYKTUBHOCTI i CTilKO-
CTi yTepYyBaHHS, 3HKEHHIO MUTOMUX BUTpAT.

[HTEHCMBHICTb NepemillyBaHHA BaHHW, NpU BUKO-
pucTaHHi npogyBaHHA Ha 600 n/xB, 3HA4YHO BMLIE
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TaKOX i OiNg CTiH, WO MOXe NpU3BeCTH 4O BUNepeska-
NBHOrO 3HOCY AINAHOK doyTepyBaHHS.

[HTEHCMBHICTb NepeMillyBaHHS NpY BUKOPUCTaHHI
npoayBaHHs Ha
300 n/xB He Ma€ Takoi KinNbKOCTi TypOyneHTHUX 3aBuX-
peHb 6insa CTiH, Wo 3gaeTbes Oinbw 6e3nedyHnm ans
dyTepyBaHHs. Ane B TOW e 4ac TpusanicTb nepeby-
BaHHA MeTany B KOBLUI 30iMnbLlIYyETLCS, WO MOXE No3-
HaunTUCS Ha yTepyBaHHA HEraTMBHO.

OTpuMaHHa Oinbll TOYHUX YUCENTbHUX 3HAYEeHb
ONS OUiHKK Yacy NpubyBaHHA MeTarny B KOBLUI Npw Tin
YW iHLWIN NPOAYKTUBHOCTI NepeMilLlyBaHHS, Tak camo SK
i OinblU TOYHA OUiHKa 3HOCY DYTEPOBKM B 3ANEXHOCTI
BiA Yacy npubyBaHHSA MeTany B KOBLUI Ta 3HOCY LUMs-
XOM BVMMMBaHHS 4epe3 MepeMillyBaHHsi, BMMaralTb
OinbLL 06'eMHOT NOCTaBKKW 3a4adi N0 MoaentoBaHHI, a
TaKOX AOAaHHAM B pO3paxyHOK BNNMBY Temnepartypu
Ta XiMiYHUX peakuin npouecy nnaBKu.
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HepcneKTan BHKOPHUCTAHHA KOMIIJVICKCHOI'O BIIJIMBY Ha

3aTBepPAiHHSA
Selivorstov V.Yu., Dotsenko Yu.V., Selivorstova T.V.

alloy of the Al-Si system during the hardening process

HasedeHo pe3ynbmamu aHanimu4yHux 0ocnidxeHb egheKmueHOCMI CriirlbHO20 BUKOPUCMAaHHS MPOUEecie 8rusy Mmucky
ma modudpikysaHHs1 Ha Kpucmarnisauito crinasie cucmemu Al-Si. [ThedcmasrieHo KOMIIIEKCHY MeXHOIoeito 2a300uHamid-
HO20 ernusy ma ModOucpikysaHHs1 Ha po3riiag y nusapHiti popmi, wo Ao3eorsie NodpiIbHUMU cmpyKmypHi cknadosi ma
nidsuwumu MexaHiyHi ma ekcrilyamauiliHi erracmusocmi numux eupobie. Teopemu4Ho 0b2pyHmyeaHo AouyinnbHicmb ma
MOX/IUBICMb KOMIMIIEKCHO20 8r1/1u8y MoOUIKy8aHHSIM ma 2a308UM MUCKOM Ha MPOYeC CmMpyKmMypoymeopeHHs fusap-
Hozo crinasy AKSM. Bunusok « OropHull HaKOHEYHUK cmiliku KoHeeepay i3 crinasy AKSM ([JCTY2839-94) macoro 1,1 ke
3anueanu npu memnepamypi 71010 °C e nidiepimuti i nogpapbosaHuli YasyHHUL KOKifb 3 MiHIMa/IbHOK MOBWUHOK
cmiHku 40 mm. Bmicm modudbikamopa (EUTEKTAL T200) y posnnasi cknadas 8id 0,1 0o 0,3 mac.%. MexaHiuHi enacmu-
8ocmi Memarny 8UNUBKI8 8U3Havanu 3a cmaHOapmHOK MemoOUKO. AHari3 MakpoCmpyKmypu 8UrueKie mposodunu 3
suKopucmaHHsIM wkanu wnapucmocmi BIAM. [a3o8y wnapucmicme meMriniemis 8urueKie usHayanu Ha mpbox Keao-
pamax rnnowuHoro 1 cm? koxHul. Kinbkicmes nop ma ixHiti po3mip eusHayarnu sk cepedHe apughmemuyHe mpbox uMipie.
CmyniHb wnapucmocmi makpouwrichie 8 banax ecmaHoenosanu rMopisHIHHAM ix 3 emanoHamu wkanu. [MposedeHuli
aHarnia nimepamypHux Oxepersn no memi pobomu rokasas, Wo KOMMIEKCHUU 8riiu8 Ha Memarl, Wo Kpucmari3yembcs,
8K/IroYae rnpouecu MoougbikysaHHsI ma HaknadaHHS MUCKY € NepCrieKmueHUMU 3 MOYKU 30pYy MiOBUUEHHS MexaHidHUX
enacmusocmel crinasie cucmemu Al-Si.

lMpusedeHi daHi cgid4amb NPO rnepcriekmusHicmb PO3POBKU ma 8UKOPUCMAaHHS KOMI/IEKCHUX MEeXHOoso2ill 06pobKu
crinasie cucmemu Al-Si sk Ha emani nidzomoeku po3snnasy 00 3anusKu, mak i Ha emari ¢popmysaHHs surnueka besnoce-
pPedHbO 8 nusapHili popmi. BHacridok ernposadxeHHs 3a3Ha4yeHoi mexHoroeii ckopomurnacs Kinbkicms 6paky eurnusekis
110 puxsiomax ma 2a308ux pakosuHax Ha 28 %, 36inbwunucs Ha 25 % nnacmuyHi enracmugocmi 1UMo20 memary, Ha
15-20 % edanocsi 3HU3UMU KinbKicms MoOugikamopa, a makox 3HuU3umu memrepamypy ma 4yac o6pobku.

Knroyosi criosa: kpucmanisay,isi crinasis, muck, MOOUQIKy8aHHs!, KOMIIeKCHa MEeXHO102is], 2a300UHaMiqyHUl 8rnus, po3-
nnas, nueapHa popma, cmpyKmypHi ckrnadosi, MexaHidHi ernacmugocmi.

The results of analytical studies of the effectiveness of the joint use of the processes of pressure influence and modification
on the crystallization of alloys of the Al-Si system are presented. A complex technology of gas-dynamic influence and
modification on the melt in the casting mold is presented, which allows to grind the structural components and increase
the mechanical and operational properties of the cast products. The expediency and possibility of a complex effect of
modification and gas pressure on the structure formation process of the AK5M cast alloy is theoretically substantiated.
Casting "Conveyor rack support tip" made of AK5M alloy (CTY 2839-94) weighing 1.1 kg was poured at a temperature
of 710210 OC into a heated and painted cast iron mold with a minimum wall thickness of 40 mm. The content of the
modifier (EUTEKTAL T200) in the melt was from 0.1 to 0.3 wt.%. The mechanical properties of the metal of the castings
were determined according to the standard method. Analysis of the macrostructure of castings was performed using the
BIAM sparring scale. The gas sparsity of casting templates was determined on three squares with a plane of 1 cm2 each.
The number of pores and their size were determined as the arithmetic mean of three measurements. The degree of
roughness of the macrocuts in points was established by comparing them with the standards of the scale. The analysis
of literary sources on the topic of the work showed that the complex impact on the crystallizing metal, including the
processes of modification and pressure application, is promising from the point of view of improving the mechanical
properties of alloys of the Al-Si system.

The given data show the prospects of development and use of complex technologies for processing alloys of the Al-Si
system both at the stage of preparing the melt for pouring and at the stage of forming the casting directly in the foundry
mold. As a result of the implementation of the mentioned technology, the number of defective castings on the bulkheads
and gas sinks was reduced by 28%, the plastic properties of the cast metal increased by 25%, it was possible to reduce
the amount of modifier by 15-20%, as well as reduce the temperature and processing time.

Key words: crystallization of alloys, pressure, maodification, complex technology, gas dynamic influence, melt, casting
form, structural components, mechanical properties.
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(GopmMyBaHHSI BJIACTHBOCTEH JIUTOIO ciJIaBy cucteMu Ai-Si B mpoueci

Prospects for the development of complex injection molding of the cast

Bcryn. CTBOpeHHA HOBUX TexXHOMOri Ta niaBu-
LEeHHA MeXaHiYHMX Ta ekcnnyaTauiiHUX XapakTepu-
CTUK NUTKX BMpODBIB € akTyanbHow npobnemoto nu-
BapHoro BupobHuuTea. MNpu 6e3nepepBHO 3pocTato-
YMX BUMOrax Ao NiaBULLIEHHS AKOCTi BUNMBKIB Ta HEOO-
XiOHOCTI eKoHOMII MaTepianiB TpaguuiiHi TeXHOMOTii
CTalTb Aefani MeHw edekTnBHuMU. B TenepiwHin
yac HabyBalTb OinNbLIOI aKTanbHOCTI KOMMJIEKCHI

© CeniebopcTtoB B.1O. — A.1.H., npoc. YAYHT

DoueHko KO.B. — k.T.H., gou. YOYHT
CeniebopcToBa T.B. — k.T.H., gou. YOYHT

TeXHonoril, Wo noeaHylTb npouecn padiHyBaHHS,
MOAMIKYBaHHS Ta 30BHILIHIX BNMMBIB HA MeTan Bu-
nMBKa, WO KpUCTanisyeTbCs B NMBapHi chopmi.
EdektnBHMM cnocoboM nigBULLEHHST MEXaHIYHMX
BMNacTMBOCTEN CrnaBiB € 3MiHa Mopdonorii das, wo
OpMYIOTBCA, 3a PaxyHOK 3aTBepaiHHS i MoOUIKy-
BaHHS X y pi3Ko HepiBHOBaxHMX ymoBax [1, 2]. IMpwu
LbOMY CTBOPIOKTLCA YMOBU noAapiOHEHHs!
Selivorstov V. — d.t.s., proftssor, USUST

Dotsenko Yu. — c.t.s., docent USUST
Selivorstova T. — c.t.s., docent USUST
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CTPYKTYPHUX CKIadOBWX, 3HAYHOrO MiABULLEHHS PO3-
YMHHOCTI Y TBEPAOMY CTaHi, MPUrHIYEHHS 3POCTaHHA
rpyoux BKIOYEHb NEPBUHHUX iHTEPMETArIAIB.

AHani3 nitepaTypHuMX AaHMX Ta NOCTaHOBKa
npobnemu. Cnnasu cuctemun Al-Si BUKOPUCTOBYIOTb,
nepeBaxHo, K KOHCTPYKUINHI maTtepianu, Tomy came
MeXaHi4Hi BNacTMBOCTI € OCHOBHMMW MOKa3HUKaMWU
sikocTi [3]. OgHuM i3 cnocobiB NigBULLIEHHS MEXAHIYHMX
Bnactmeocten cnnasiB cuctemu Al-Si € moamciky-
BaHHA. TeopeTuyHi 3acagm MoanMdikyBaHHSA KONMbOPO-
BMX CMnnaBiB BuKNageHo y pobotax M.B. ManbueBa,
B.l. HanankoBa, I'.b. CTporaHoBa, b.b. N'ynsesa Ta iH-
wux. MNpu uboMy po3pi3HADTL 2 poay MoaudikaTopis
(3a N.A. PebnHgepom) — moaudpikyBaHHsS Tyromnmnae-
KMMUW YacTUHKamm (iHOKynsiLis) | 3MiHa moBepXHEeBO-akK-
TMBHMMX efleMeHTamn (nimitadis). Y nepwiomy
BMNAAKy BUKOPUCTOBYIOTb npaBuno [daHunosa-KoHo-
©aeBCbKOro (npuHUMN PO3MipPHO-CTPYKTYpPHOT
BiANOBIAHOCTI) Ta enekTpoHHy Teopito Jlamixosa-Cawm-
coHoBa (akuenTtytoumn kputepin 1/Nn) [3-6]. Jo mo-
ancbikatopis antomiHito 1-ro pogy BigHocaTe Ti, Zr, V,
TiC, TiB2 Ta iH; 4o MoandikaTopiB antoMiHilo 2-ro pogy
— B, Sr, Sb, Ba T1a iH. Bubip mogndikatopis anst Al-Si
chnaBiB € CKnagHilUMM 3aBOaHHAM, OCKiflbKWM Heob-
XigHO noapidHUTM oaHovacHo AeHapwutn Al i Si.
BignosigHo o Teopii cMHTe3dy cnnasiB (no b.b. Ty-
NSIEBY) OOHWM i3 KPUTEPIIB, LLIO XapakTepusylTb MO-
AViKylody  30aTHICTb  €eneMeHTiB, €  KpuTepin
po3noginy B KpeMmHii psgy enemeHTiB (wsi=10-3+104)
[7]. BignosigHo, oo mogudikaTopiB Si BiaAHOCATb psaa
HacTynHux enemeHTiB: Na-K-Ca-Sr-Ba-Cd-Sb-Bi-B-S-
P. Po3pobneHo ehekT1BHI KOMNNEKCHI MoaundikaTopu
cnnaeiB cuctemu Al-Si, Wwo Bkno4aroTs MoandikaTopu
1 Ta 2 pogis. BpaxyBaHHSA npvpoaun cnnasy Ta BUKO-
pUCTaHHSA i3NKO-XiIMIYHMX KpUTEPIiB 403BONSIE B Aa-
HWUIA Yac OTPUMYyBaTU BUCOKUIA epekT MoandikyBaHHS
npu Manux Ta rpaHWYHO Manux JobaBkax eremeHTIB
(0,1+0,001% 3a mac.) [4].

[CHYOTb | hidnyHi MeToau BNNUBY, WO MaloTb MO-
OVdiKyouMin edekT, Taki K ynbTpa3BykoBa 00pobka,
TemnepaTtypHo-4acoBa 06pobka, HaKNaJeHHs1 Ha pPo3-
nnae enekTpoMarHiTHoOro nons Ta iH. Benukuii iHTepec
BUKMMKaKOTb NpoLecu, Lo NOB'A3aHi i3 3aCToCyBaHHAM

o %% ¢ ISSN 1028-2335 Ne3, 2024

TUCKY Ha MeTan BUIMBKIB, LLO KpUCTanisyeTbcs. 30-
KpEMa, y TEXHONOMYHMX CXemMax JuTTS 3 Kpu-
ctanisauieto cnnaeis nig Tnuckom (JIKO) Tuck, wo npm-
KnagaeTbCa Ha po3nnaB Yy MpoLUeci 3aTBepAiHHS,
3Ha4yHO BMNMBaE xapakrep kpuctanidadii [9]. 36inb-
LLUEHHS LUBWOKOCTI OXONOKEHHS NpU3BOANTL OO0 Bid-
MOBIOHOrO 3pOCTaHHSA LUBMAKOCTI KpucTanisauii, aka
3MIHIOETbCHA BHACMIAOK BNAMBY TUCKY NpW KpucTanisa-
Uil Ha YMCNO LEHTPIB Ta WBUAKICTbL 3POCTaHHA 3apoa-
KiB. LLIBMOKOCTI OXONOaKEHHS1 3pOCTaloThb 3aneXxHo Big,
rabapuTiB BUNIMBKIB, TEMNEPATYPHUX YMOB INUTTS, Me-
Toay npecyBaHHs Big 2-3 go 10 i GinbLue pasis. [iasu-
LLIEHHS LUBUAOKOCTi OXONODKEHHS KONTbOPOBMX CMIaBIB,
LLIO ABNSIOTb CODOH CUCTEMU 3 OOMEXKEHOI PO3UMH-
HICTI0, MPM3BOANTL A0 3MiHW CTPYKTYPU Ta NeryBaHHs
TBEPAOro pPO34MHY, MOB'A3aHOr0 3 AEHAPUTHOM
nikeaujelo Ta YTBOPEHHsIM KBasieBTeKTUkM. Ha
CbOFOAHILLHIN AeHb Mano BiAOMOCTEW MPO BUKOPU-
CTaHHSA KOMBIHOBaHMX TEXHONMOTIN, WO BNMBAKOTL Ha
CTPYKTYPHi Cknagosi MeTany, i TUM camuMm MiaBu-
LLYIOTb MOro Cry><00Bi BMAcTUBOCTI.

MeTolo po60TH € TeOpeTUYHE OOIrPYHTYBaHHS AO-
LiNbHOCTi Ta MOXXIMBOCTiI KOMMNEKCHOro BMfIMBY MOAM-
dikyBaHHSIM Ta rasoBMM TMCKOM Ha MPOLEC CTPYKTY-
POYTBOPEHHS NMBapHOro cnnasy cuctemu Al-Si.

3aBaaHHA pocnigkeHHA. AHania edeKTUBHOCTI
TexHonorii  MoaudikyBaHHA Ta rasoguHaMmiYHOro
BnnmBy Ha cnnae AKSM, wo TBepaie B meTanesin go-
pMi.

Martepianm Ta mMetogu gocnigKeHHA. Bunmeok
«OnopHU HaKOHEYHWK CTIiKM KOHBeepa» i3 crnnasy
AK5M (0CTY2839-94) macoto 1,1 kr 3anveanu npu Te-
mnepaTtypi 710410 °C B nigirpiTun i nodpapboBaHuin Ya-
BYHHWUIA KOKifb 3 MiHIManbHOIO TOBLUMHOK CTiHKM 40
MM. Cxema BunvBKa NpeacTaBrieHa Ha PUCYHKY 1.
Bmict mogudpikatopa (EUTEKTAL T200) y posnnasi
cknagas Bia 0,1 oo 0,3 mac.%. MexaHiyHi BnacTnBOCTi
MeTany BWMUBKIB BU3Ha4Yanu 3a CTaHOapTHOK MEeTOo-
OVKOK. AHani3 MakpOCTPYKTYpW BUITMBKIB MPOBOAWIM
3 BUKOPUCTaHHAM LWkanu wnapuctocTi BIAM (puc. 2):
6an 1 — gpibHa wnapucTicTb; 6an 2 — 3HWKeHa Wwna-
pucTicTb; 6an 3 — cepegHs WNapucTicTb; 6an 4 — nig-
BMLLEHA LWINApUCTICTb; 6an 5 — BUCOKa LUNAPUCTICTb.

PucyHok 1 — Cxema Bunueka «ONOPHMI HAKOHEYHMK CTiKM KOHBEEPa»
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PucyHok 2 — Wkana wnapucrtocti BIAM

"a3oBy LUNAPUCTICTb TEMMNIETIB BUNMBKIB BU3HA4Yanu Ha TpbOX KBaapaTax NroLmMHO 1 cM?2 KoXKHUI (purc. 3).

PucyHok 3 — Cxema posTallyBaHHSA KBagpaTiB Ha MakpoLunidax

KinbkicTe nop Ta ixHi po3mip BM3Ha4anu gk cepe-
AHE apudMeTuyHe Tpbox BMMIpiB. CTyniHb wnapuc-
TOCTi Makpownigie B 6anax BCTaHOBMNOBaNu nopie-
HAHHAM X 3 eTanoHamm LKanu.

PesynbTatu gocnigxeHb. [lis TUCKy Ha KpucTani-
3aujto cnnasiB cuctemmn Al-Si nposiBRNsieTbCs y nogpio-
HEHHi CTPYKTYPHMX CKNnagoBuX. TUCK crnpusie 30inb-
LLIEHHIO0 B3AEMHOT PO3YMHHOCTI KOMMOHEHTIB CMNNasiB, a
TaKkoX 3MIHIOE €BTEKTUYHY KOHLEHTpaLito cnnasis.

36inblUeHHT PO34YMHHOCTI KOMMOHEHTIB MOSICHIO-
€TbCS 3aranbMOBYBaHHSM MEPBUMHHOI Andys3ii, fka
Mae MicLie Npy Nnepexomi Cnnaey 3 PiaKkoro CTaHy B TBe-
pavi. Ons po3yMiHHS XK YCYHEHHSI €BTEKTUYHOI TOYKU
HeobXigHO pO3rNsHYTW 3MiHY fAiarpamu CcTaHy nig
BMSMBOM TUCKY.

Ha pucyHky 4 npegcrtaBneHoO 4acTuHy fdiarpamu
ctaHy Al-Si. LTpuxoBuMKU niHIAMW HaHeceHo njar-
pamy, sika BUXOAMTb Npu Aii Tucky. Jdiarpama nobyno-
BaHa Ha niacTasi po3paxyHKiB, BUKOHAHUX 3a PiBHAH-
HAM norapudmikm posunHHocTi LWpeaepa ansa GiHap-
Hux cuctem [10]:

1)

_ Qa1 1y,
nX = 7 (E — ;),
Qp (1 1
In(1-X) =G — 7 )
roe X — MorbHa KOHLEeHTpauis KOMNOHeHTa A,
(1-X) — monbHa KOHUEeHTpaLis KoMnoHeHTa B;
Qa — NpuxoBaHa TensioTa NNaBfieHHs: KOMMOHEHTA
A
Qb — NpuxoBaHa TensioTa NNaBfieHHs: KOMMOHEHTA
B;
Ta— Temnepatypa nnaBfieHHs KOMMOHEHTa A,
Ty — TEMMNepaTypa nnaBfeHHs KOMNoHeHTa B;
T — noTOYHa TemnepaTypa NaBfeHHS.
Mpu pospaxyHkax npurumanocs, Wwo Temneparypa
NAaBNeHHs YWUCTOro arniMiHilo MigBULLYETLCA Ha
6,3x10° °C Ha KoXHy artmocdepy TUCKy, a

TemnepaTtypa MMaBMeHHs YUMCTOro KpPEeMHito Bigno-
BiHO 3HMXKYETbCA Ha 5,8x10°2 °C.

BukoHaHi BUXoastum 3 LbOro po3paxyHKku nokasanm,
L0 3MILLEHHS eBTEKTUYHOI TOYkM anga giarpamu Al-Si
ctaHoBuTb 0,003% Ha koXHY aTMocdepy TUCKY. 3Mi-
LLIeHHs BiabyBaeTbCs y BiK KpeMHito.

PucyHok 4 — 3miHa giarpamu ctany Al-Si npwu gii Tu-
cky [10]

Ha pucyHky 5 nokasaHo 3MiHy NONOXEHHS NPUKop-
OOHHWX MiHin giarpamn ctaHy cuctemn Al-Si npu mo-
AndpikysaHHi Hatpiem. [Mig BnnveBom MopamdikaTopa
CKnaj eBTEeKTUKM 3pyLyeTbesa Y Oik nigBMLLEHOI KOH-
LeHTpauii kpemHito [11].

£

v
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PucyHok 5 — 3miHa NOMNOXeHHA NPUKOPOOHHMX
niHin giarpamm ctaHy cuctemu Al-Si npu 3miHi HaTpiEM.
CyuinbHi niHiT — piBHOBaXHa Aiarpama ctaHy [11]

77



JITeopis i NPaKmMuKg Memarypeii

HaeegeHi aaHi nokasyloTb, WO NPOBEAeHHSA npo-
uecy Kpuctanisauii npu Brnnvei mogudikyBaHHs abo
TUCKY NPM3BOANTb A0 3CyBY B 061acTb OinbLL BUCOKNX
KOHLIEHTPAL, Opyroro KOMMOHEHTA HEPIBHOBAKHUX
nikeigycy i conigycy 3 ogHOYacHUM NigBULLEHHAM Te-
MnepaTypu eBTEKTUKY, Lo AA€E NiACTaBn NS BUKOPU-
CTaHHs KOMOIHOBaHMX crnocobiB BNNuMBY Ha npouec
CTPYKTYPOYTBOPEHHS.

Ha kadbegpi nmeBapHoro BupobHMUTBa YKpaiHCb-
KOro Aep>XaBHOro YHIBEPCUTETY HaYKW | TEXHOSOTIiN po-
3pobneHa TexHomnoria rasoguHamMiyHoOro BNAMBY Ha
piakun MeTan Ta meTan, WO KpUCTani3yeTbCcsa B nu-
BapHin goopmi [12, 13]. PesynbTaTi nabopaTopHux ao-
CNiMKeHb Ta MPOMUCIIOBUX BUMPOOYyBaHb MOKasamnu
NigBULWEHHA MEXaHiYHUX BracTMBOCTEN NUTOrO Me-
Tany Ta 3HWKEeHHs1 BpaKy 3a LUNapucTiCTIO Npu BUPO6-
HULITBI BUNUBKIB.

3okpema, npu BUPOBHWUTBI BWMNKMBKIB JdeTanen
«OnOpHWIN HAKOHEYHUK CTIliKU KOHBEEpay, Lo BUrOTO-
BnsitoTeCs 3i cnnasy AKSM cnocobom nutTsa B KOKinb,
B MOPSAOK TEXHOSOrYHMX ornepauii BUTFOTOBIIEHHS

Tabnuus 1 — MexaHivHi BnactmeocTi cnnasy AKSM

o %% ¢ ISSN 1028-2335 Ne3, 2024

BUIMBKa Bynu BKITHOYEHi HACTYMHI eTanu: NpoBeAeHHS
pacdpiHyBaHHs (npenapaT DEGASAL T 200) i BBeaeHHs
moaudpikatopa EUTEKTAL T 200), BBeaAeHHst B po-
604y NOPOXHUHY chopMK NPUCTPOIO AN nojadi rasy
OopuriHanbHOI KOHCTPYKLUIT, BATPUMKa BUIUBKU 3 Npu-
CTPOEM NPOTHAroM 3a4aHOro MPOMDKKY Yacy, nopada
rasy (aproHy) 3 no4aTkoBUMM nokasHnkamm Tucky 0,15
- 0,2 MMNa, HacTynHe HapoLlyBaHHA Tucky o 1 - 1,1
M la Ta BUTpMMKa Nig TMCKOM 4O MOBHOrO 3aTBepaiHHSA
BUIMBKA.

B pesynbTati razoguHamiyHOl Aji YHEMOXITMBIIO-
€TbCs1 MOBHE NepeMep3aHHs XXUBUIbHUKA-HaANVBY 4O
3aTBepPAiHHS TEnoBoro Bysna Ta BigbyBaeTbCcsa npu-
MyCOBE MNepeMiLLeHHS po3nnaBy i3 BEPXHbOI YaCTUHU
BMIMBKa, 3abe3neyytoun Ginbll CNpUSTIIMBUIA NpoLec
XuBrienHs. lMpu komOiHOBaHOMY BMNMBI Ha npouec
KpucTanisauii B pesynbtaTi MmoandikyBaHHS Ta raso-
AvHamivHoro Bnnuey (FAB) NiaBULLYIOTECA MeXaHiYHi
BMacTMBOCTI CMnaBy B MOPIBHAHHI 3 MeTanoMm, Lo
OTpYMaHui 3a TpaguuinHoto TexHonorieto (TT) (Tabn.
1).

No e, MMa HB 5 %

3paska TT raB TT rOB TT rOB
1 162,2 185,2 70 73 1,0 1,27
2 161,8 184,8 68 72 0,9 1,26
3 162,1 185,3 68 73 0,9 1,27

O6roBopeHHs pe3ynbTarTiB. [1pnBeaeHi gaHi cBi-
J4aTb NpO MEepPCrneKTUBHICTb PO3pobKM Ta BUKOPUC-
TaHHS KOMMIIEKCHNX TEXHOMOTIN 06pobKM cnnaeiB cuc-
Temu Al-Si Ak Ha eTani NigroToBKM po3nnasy A0 3anu-
BKW, TaK i Ha eTani popmyBaHHsA BUnMBKa 6e3nocepe-
OHBbO B nuBapHin dopmi. BHacnigok BrpoBamKeHHs
3a3Ha4eHOol TeXHOMOrii CKOPOTUNAacs KinbKiCTb Gpaky
BMITMBKIB MO PMXMOTax Ta ra3oBux pakoBuHax Ha 28 %,
36inbwmnmcs Ha 25 % nnacTuyHi BNacTUBOCTI NIMTOrO
mMeTany, Ha 15-20 % BOanocs 3HU3UTU KiNbKiCTb MOAM-
dhikaTopa, a TakoXX 3HU3UTU TemnepaTypy Ta vac ob-
poOKMN.

BucHoBku:

1. MNMpoBeaeHuin aHani3 niTepaTypHUX DKepen no
Temi pobOTM NokKasas, LLLO KOMMIIEKCHWI BNNMB HA Me-
Tan, Wo KpucTanisyetbCca, BKIIoYae npouecu moandi-
KyBaHHSI Ta HaKNagaHHs TUCKY € NEePCNeKTUBHMMM 3
TOYKM 30pYy NIABULLEHHA MEXaHiYHWX BnacTUBOCTEN
cnnaeiB cuctemm Al-Si.

2. NpoBeaeHHs npouecy KpucTanisauii npy BNuBi
MoaMdiKyBaHHSA abo TUCKY NpU3BOANTL 40 3CyBY B 00-
nacTb OinbLU BUCOKMX KOHLEHTPALLii ApYroro KOMMNoHe-
HTa HepiBHOBaXKHMX nikBigycy Ta conigycy. Bapito-
BaHHS BENWYMHU TUCKY NPV KpUCTanisauii Ta KinbKocTi
MoaudikaTopa Npu3BoAUTL A0 3MiHW CNiBBIQHOLLIEHHS
a3 y CTPYKTYpi EBTEKTUYHWX CMIIaBiB, Lo BNNMBaE Ha
MeXxaHiYHi Ta ekcnnyaTauiHi BNnacTUBOCTI BUMNMBKIB.

3. Po3pobneHa komnnekcHa TeXHOMOris ra3oguHa-
MiYHOro BNMUBY Ha po3nnas Y NMBapHi opmi Ta Mo-
AndbikyBaHHA JO3BONSE OOCAITU CTIMKOro edekTy no-
OPIOHEHHSA KpMCTanivyHOi CTPYKTYPU, 3HKEHHS MaKpo-
Ta MikpogedekTiB Ta NigBULLEHHA MEeXaHiYHMX Bnac-
TuBocTen cnnaesy AKSM, wo TBepaie B HEOXONOOXKY-
BaHOMY KOKiri y NOPIBHAHHI 3 TPaaULINHOIO TEXHOIO-
rieto: TMM4acoBun onip 36inbwyeTbea 3 161-162 MlMa
0o 184-185 Mrla (11 — 12%), TBepaictb — 3 68-70 HB
no 184-185 HB, BiaHocHe nogosXeHHsa 3 0,9 — 1% ao
1,26 — 1,27% (26 — 27%).
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Velychko K.A., Mianovska Ya,V., Kamkina L.V.
Regulation of carbon and phosphorus content in manganese alloys
when processed in an oxidizing gas environment or oxide system

Beauuko K.O., Manoscvka A.B., Kamkina J1.B.
PeryaioBannsi BMicTy ByrJiemio ta ¢gocopy B MapraHueBMx CIjiaBax
npu 00podIi B OKMCIHBAIBLHOMY Ira30BOMY cepeoBHIIi 200 OKCH/IHIM

cucreMi

Purpose: Determination of rational methods for reducing the carbon and phosphorus content in manganese alloys. Re-
search methodology: thermodynamic calculations and experimental studies of decarburization and dephosphorization of
a high-phosphorus manganese alloy. Research materials: As a high-carbon ferromanganese with a high phosphorus
content, an associated metal (manganese alloy) obtained during the production of low-phosphorus slag at the Nikopol
Ferroalloy Plant was used. Rolling scale was used as an oxidant (composition, wt. %: FeO — 59.5; Fe304 — 38.9). Re-
search results: The features of dephosphorization of manganese alloys were considered. According to the adopted “clas-
sical” technology, a useful product of dephosphorization of manganese concentrates is manganese slag with a low phos-
phorus content. Oxidation of phosphorus dissolved in the metal can occur as a result of its interaction with oxygen in the
gas phase, while the oxidation of this slag, the higher its basicity, the greater the probability of phosphorus oxidation.
Considering the basicity of the slag, the higher the FeO content in it, the better the conditions for removing phosphorus
from the metal. The process of dephosphorization of the associated metal includes the oxidation of phosphorus, the
binding of phosphorus oxide into strong compounds (phosphates) and their transition to the slag phase. Scientific novelty:
The composition of the associated metal includes silicon, which has a much higher affinity for oxygen than phosphorus;
Then, naturally, it will first be oxidized with the formation of silicon oxide with a melting point much higher than the tem-
perature of experimental studies. Practical significance: The results obtained show that when oxidizing the associated
metal with iron scale at a specific consumption of 114 kg/t of metal, the total degree of extraction: silicon 88.16%, phos-
phorus 71.03%. At the same time, the manganese content in the metal decreased by 6.48% due to the reduction of rolling

scale.

Introduction

The considerable interest of metallurgists in the de-
velopment of methods for refining manganese alloys is
explained by the need to significantly reduce the phos-
phorus content in alloys and steels, the main source of
which is manganese ores. Refining melts obtained on
their basis in oxidizing conditions by blowing the melts
with gaseous oxygen or by adding solid oxidants is
considered ineffective. Under these conditions, part of
manganese, an element with a higher chemical affinity
for oxygen, can also pass into the slag along with phos-
phorus. The formed slag based on oxides of these el-
ements, saturated with phosphorus, is a technogenic
waste that is difficult to dispose of. A rational solution
to problems of this type will allow obtaining an addi-
tional amount of steels and alloys, while increasing the
coefficient of through-extraction of valuable alloying el-
ements from the starting raw materials with a guaran-
teed low loss. In modem industrial production, special
requirements are placed on the consumer characteris-
tics of steel, which largely depend on the composition
and undesirable impurities. For most grades of steel,
such an impurity is phosphorus, the main source of
which is manganese ferroalloys. Smelting ferroalloys
with the required phosphorus content is possible only
if production is provided with low-phosphorus manga-
nese raw materials. In this regard, the production of
ferroalloys standard for phosphorus requires prelimi-
nary dephosphorization of concentrates.
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Existing methods of refining alloys based on man-
ganese and other elements with a high chemical affin-
ity for oxygen can be divided into several groups ac-
cording to their physicochemical nature, technological
features and type of product obtained.

By the aggregate state of the refining object: refin-
ing@@he alloy in a solid or liquid state to obtain a product
- alow-phosphorus manganese alloy and waste, which
is a slag saturated with phosphorus compounds.

By the type of main reactions that ensure intensive
and fairly complete conversion of phosphorus in a
given direction: oxidative, reductive, redox or ex-
change type.

By the direction of the main refining reaction that
ensures the conversion of phosphorus: from the metal
to the slag phase in order to obtain a manganese-
based metal alloy with a low phosphorus content in it
with the achievement of high values of the phosphorus
distribution coefficient between the slag and the metal;
from the metal to the gas phase by forming its volatile
compounds; with phosphorus remaining in the metal
phase to obtain low-phosphorus manganese slag.

By the temperature of metal refining: it is most ex-
pedient to refine metals and alloys at a temperature
that corresponds to the given technological scheme of
their production. For example, when refining vanadium
slags by blowing with oxygen, the initial physically cold
cast iron with a temperature of 1250...1300°C is used.

Velychko K. — PhD student at USUST
Mianovska Ya. — d.t.s., docent USUST
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The initial temperature of the accompanying manga-
nese alloy is 1320...1350°C.

By the number of individual stages that solve the
corresponding technological tasks by carrying out both
reduction and oxidation reactions. With the accumula-
tion of new data, the above classification can be ex-
panded or refined.

1. Relevance of the problem

High-carbon ferromanganese grade FMn70 with
0.35% phosphorus increases the concentration of
phosphorus in steel by 3-5 times [1]. In structural steel
with a manganese content of 0.5-1%, FMn70 contrib-
utes only 0.003-0.005% phosphorus, which is 5-10
times lower than the requirements of the standards.
However, in [2] it is shown that in this case, reducing
the phosphorus concentration to thousandths of a per-
cent can significantly increase the plastic and fatigue
properties of the metal. According to the accepted
“classical” technology, the useful product of
dephosphorization of manganese concentrates is low-
phosphorus manganese slag.

A by-product is an associated alloy with a high
phosphorus content, composition, %: Mn 45-55; P 3-4;
Si 0.2-0.5; C 3.0-4.0 and other impurities. The for-
mation of an associated high- phosphorus manganese
alloy, which has no consumer value, leads to the loss
of manganese with this associated alloy, which
amounts to 12-22% of the given amount of manganese
in an electric furnace with manganese concentrate.

proposed calcium and its alloys as reagents for the
depliosphorization of manganese alloys under reduc-
ing conditions. However, calcium has a greater affinity
for carbon and binds to carbon more readily than to
phosphorus, reducing its effectiveness in removing
phosphorus. This depliosphorization method is not
practical for high-carbon manganese alloys. An in-
creased silicon content in the metal melt reduces the
efficiency of its dephosphorization. Therefore, it is nec-
essary' to reduce the silicon content by any conven-
tional method below 0.6% by weight.

2. Analysis of literature data

An increase in the specific phosphorus content
(P/Mn) in manganese ore raw materials necessitates
an increase in the consumption of low-phosphorus
slag to produce ferroalloys with a low phosphorus con-
tent. A feature of the electrometallurgical method of
dephosphorization of ore and concentrates and one of
its main disadvantages is the need to increase the sil-
ica content in the slag to 25-26% for a batch process
and 29-31% for a continuous process (18-20% in the
original concentrate) [3,4]. An increase in SiO2 in the
slag is necessary to impart high fluid mobility to the
slag and create conditions for complete separation by
density of the slag and particles of the high-phospho-
rus accompanying metal. The use of low-phosphorus
slag in the smelting of ferromanganese has a negative
impact on the quality of the alloy due to the greater
amount of silica that is introduced by the slag com-
pared to concentrates, and this leads to an increase in
the phosphorus content in the alloy [5]. However, ob-
taining ferromanganese with <0.55% P and
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silicomanganese with <0.5% P using only manganese
agglomerates is practically impossible.

A reduction in Si0z is achieved by smelting pig-
grade low-phosphorus slag with a high content of
Na20 and K20 by introducing alkali aluminosilicates
into the charge, for example pegmatite (8-10% Naz0 +
K20; 13-15% AI203; 70-75% SiO») [4, 6, 7]. The au-
thors of [8] proposed calcium and its alloys as reagents
for the dephosphorization of manganese alloys under
reducing conditions. However, calcium has a greater
affinity for carbon and binds to carbon more readily
than to phosphorus, reducing its effectiveness in re-
moving phosphorus. This dephosphorization method
is not practical for high-carbon manganese alloys. An
increased silicon content in the metal melt reduces the
efficiency of its dephosphorization. Therefore, it is nec-
essary to reduce the silicon content by any conven-
tional method below 0.6% by weight.

The best results are obtained when the manganese
alloy has a silicon content of no more than 0.1%. The
greatest efficiency of desiliconization is achieved by in-
troducing oxidizing agents and fluxes into the melt. The
oxidizing agent can be in the form of gases (02 and
CO) orin the form of solid particles of iron and manga-
nese oxides or alkali and alkaline earth metal car-
bonates, barium oxide. Analysis of thermodynamic
data shows that during the dephosphorization of ferro-
manganese, the formation of gaseous phosphorus or
its gaseous compounds PHs, PCis, PCis, the formation
of phosphides of the CasP2type under reducing condi-
tions, and under oxidizing conditions of orthophos-
phates Cas(POa4)2: NasPO4 [9-13].

It is known that reductive dephosphorization occurs
most intensively at high temperatures. In addition, this
type of dephosphorization is associated with the con-
sumption or formation of very active compounds, such
as alkaline earth metal phosphides. Oxidative
dephosphorization occurs most intensively at low tem-
peratures and, as a rule, is associated with the con-
sumption of relatively inexpensive, non-scarce materi-
als [14-16]. To dephosphorize manganese alloys, low-
melting reagents and mixtures can be used: calcium
chloride; sodium chloride; mixtures thereof; sodium
chloride and soda and others. Dephosphorization of
manganese alloys only with melts of calcium chloride,
as well as a mixture of calcium chlonde and sodium
chloride, allows one to obtain only a slight reduction in
phosphorus content (by 11-25%) [17]. Higher
dephosphorization rates were obtained when using
low-melting salts with the addition of oxygen-contain-
ing components [18-24]. It has been shown that when
treated with mixtures of this composition, the degree of
dephosphorization of manganese alloys increases,
which depends on the amount and ratio of salts used.
In parallel with the dephosphorization process, carbon
removal occurs, and carbon is removed to a greater
extent from alloys with a high phosphorus content.
Thus, when processing manganese alloys with molten
salts, solid-phase dephosphorization occurs, and the
phosphorus content in the alloys decreases by 62-
75%, especially when processing mixtures of sodium-
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containing compounds. Solid-phase dephosphoriza-
tion technology is of interest not only in terms of pro-
ducing low-phosphorus manganese alloys, but also for
recycling fines obtained during casting, crushing and
fractionation of alloys.

Oxidation of phosphorus dissolved in a metal can
occur as a result of its interaction with oxygen in the
gas phase according to the reaction

4/5 [P] + O2(g) = 2/5(P205) 1)

AG° =-618 000+ 175,0 T,

with oxygen dissolved in the metal

4/5 [P] + 2[O] = 2/5(P20s) 2

AG°® =-384000+ 170,24 T,

iron oxides contained in the slag

4/5[P] + 2[FcO] = 2/5(P20s) + 2Fejq. 3)

AG° =-142 000 + 65,48 T.

In all cases, the oxidation of phosphorus dissolved
in the metal is accompanied by the release of heat.
When phosphorus is oxidized by oxygen gas, a signif-
icant amount of heat is released. In some processes
associated with the processing of phosphorous cast
iron (for example, in the Thomas process), the metal is
heated due to the heat from the oxidation of phospho-
rus. An increase in the oxidation of the slag promotes
the oxidation of phosphorus, and, conversely, a de-
crease in the activity of iron oxides in the slag compli-
cates the occurrence of these processes. The pres-
ence in the metal of increased amounts of easily oxi-
dized impurities (Si, Mn, C, etc.) complicates the pro-
cess of phosphorus removal, since these impurities in-
teract with iron oxides and the oxidation of the slag de-
creases. To remove phosphorus from the metal and
retain it in the slag, it is necessary to reduce the activity
of P2C>5 in the slag. This is achieved by adding lime
(or limestone) to the main slag. The main component
of lime, CaO, interacts with P-05, forming strong com-
pounds such as (CaO) (P20s) or (Ca0)3 (P205). When
metal interacts with slag containing iron and calcium
oxides, the following reactions occur:

2[P] + 5(FeO) + 4(Ca0)=4 (CaO) (P20s) + 5Fe (4)

2[P] + 5(FeO)+ 3(Ca0) = 3 (CaO) (P20s) + 5Fe. (5)

Analysis of the above reactions shows that for a
given slag oxidation, the higher its basicity, the greater
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the likelihood of phosphorus oxidation. Given the ba-
sicity of the slag, the higher the FeO content in it, the
better the conditions for removing phosphorus from the
metal

Results of experimental studies.

As high-carbon ferromanganese with a high phos-
phorus content, an associated metal (manganese al-
loy) was used, obtained during the production of low-
phosphorus slag at the Nikopol Ferroalloy Plant. The
process of dephosphorization of associated metal in-
volves the oxidation of phosphorus, the binding of
phosphorus oxide into strong compounds (phos-
phates) and their transfer to the slag phase. Mill scale
was used as an oxidizing agent (composition, wt.%:
FeO - 59.5; FesOa - 38.9). The composition of the as-
sociated metal includes silicon, which has a signifi-
cantly higher affinity for oxygen than phosphorus; then,
naturally, it will oxidize first to form silicon oxide with a
melting point significantly higher than the temperature
of experimental studies.

To form a low-melting slag on the surface of the
melt (with a melting temperature of less than 1300°C
of the ternary system SiO2-CaO-Al:03 (Si02 - 62%;
CaO - 23%; Al20s3 - 15%) additives of lime and alumina
were introduced. The amount of additives was deter-
mined based on the possible formation of S102 as a
result of complete oxidation of silicon in the associated
metal due to oxygen in the scale.

The process of dephosphorization of associated
metal consists of two stages: oxidation of silicon and
conversion of its oxide into low-melting slag (first
stage); oxidation of phosphorus, binding it into strong
phosphates and transferring them to the slag phase
(second stage). A sample of the associated metal was
melted in an alumina crucible placed in a Tamman fur-
nace. The melt temperature (in the experiments it was
1300°C) was periodically monitored with an immersion
thermocouple (BP 5/20). After melting the associated
metal, we measured the temperature, removed the re-
sulting slag from its surface and took a metal sample
for chemical analysis. Then scale was added in por-
tions to the clean surface of the melt (based on the
complete oxidation of all the silicon of the associated
metal).

Table 1 Dynamics of changes in the concentrations of silicon and phosphorus in manganese alloy when

treated with oxide mixtures

Stage Material

Metal composition, %

Si P Mn
Initial sample Initial high-phosphorus metal u 1,6 64,60
Sample No. 1 Oxidation of silicon by scale 0,76 145 64,71
Sample No. 2 Slag removal CaO, Al203 Oxidation of 0,36 1,37 66,86
silicon, phosphorus
Slag removal. Oxidation of silicon, phos-
Sample No. 3 phorus 0,09 042 58,23
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The specific consumption of scale was 57 kg/t of
metal. The specific consumption of slagforming agents
(lime and alumina) for the formation of low-melting slag
on the surface of the melt was 8.8 kg/t of metal (for
lime) and 5.8 kg/t of metal (for alumina). To accelerate
the assimilation of additives, the melt was forcibly
mixed with a molybdenum rod. After the formation of a
liquid-mobile slag phase, a metal sample was taken for
chemical analysis. Then all the slag was removed from
the surface of the melt (by freezing it onto a steel rod).
In order to determine the completeness of silicon oxi-
dation, as well as the possibility of phosphorus oxida-
tion, scale was added in portions to the surface of the
melt with a specific consumption of 57 kg/t of metal.
After assimilating the scale, CaO and Al20s were
added. The specific consumption of lime and alumina
was, respectively, 8.8 kg/t of metal and 5.8 kg/t of
metal. To accelerate the assimilation of additives, the
melt was forcibly mixed with a molybdenum rod. A
metal sample was taken for chemical analysis. Below
are the results of the analysis of metal samples (Table
1).

The results obtained show that during the oxidation
of associated metal with iron scale with a specific con-
sumption of 114 kg/t of metal, the total degree of
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removal of: silicon was 88.16%, phosphorus 71.03%.
At the same time, the manganese content in the metal
decreased by 6.48% due to the reduction of mill scale.

Conclusion

The possibility of dephosphorizalion of carbona-
ceous high-phosphorus associated ferromanganese,
formed during the electrometallurgical dephosphoriza-
tion of manganese ore, with additives of a mixture con-
sisting of mill scale, lime and alumina is shown.

As high-carbon ferromanganese with a high phos-
phorus content, an associated metal (manganese al-
loy) was used, obtained during the production of low-
phosphorus slag at the Nikopol Ferroalloy Plant. The
process of dephosphorization of associated metal in-
volves the oxidation of phosphorus, the binding of
phosphorus oxide into strong compounds (phos-
phates) and their transfer to the slag phase. Mill scale
was used as an oxidizing agent (composition, wt.%:
FeO - 59.5; Fe304 - 38.9). The composition of the as-
sociated metal includes silicon, which has a signifi-
cantly higher affinity for oxygen than phosphorus; then,
naturally, it will oxidize first to form silicon oxide with a
melting point significantly higher than the temperature
of experimental studies.
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AHaJII3 mpoueciB Ta METOAIB PO3IIMPEHHS] CHPOBUHHOI 0231
KOKCYBAHHS

Hosinomuienns 1. Ctan npo0dJieMu po31IMpeHHs1 CHPOBHHHOI 0a31

KOKCYBaHHSA
Kashirnaya N.O., Korenev 0.V., Sorokin E.L. Starovoit A.G.,
Maliy E.L, Starovoit M.

Analysis of processes and methods for expanding the protein base
coking plant. Note 1. The problem of expanding the serum base coking

plant

Mema. AHaniz nocmcy4acHux memodis, wjo 00380/151H0Mb PO3WUPSAMU CUPOBUHHY ba3y KOKCye8aHHsI 3adrisi echekmus-
HO20 8UKOPUCMaHHS 8UKOMHUX MPUPOOHUX pecypcie KpaiHu.

Memooduka. AHarni3 cy4acHux ma rnocmcydJacHux memodie i mexHoroeil, wo cmocyombscsi Memodosioaii po3WUPEHHS
CUPOBUHHOI 6a3u KOKCY8aHHs.

Pe3ynbmamu. [NpoaHarizogaHo npiopumemHi MemooOu po3wWUpeHHSI CUPOBUHHOI b6a3u KoKcyeaHHs. BuaHayeHo, knacu-
ikauito memodie ma po3dineHo Ha mexaHidHi Memodu, mepMiyHi Memodu ma crieyuchidHi, wo nepedbayvarome 3MiHy
enacmusocmel Kam’siHo20 8yeinns. lNpoaHanisoeaHo, maki memodu, wo nepedbayarome yuinbHEHHS 8y2iMs.
Haykoea Hosu3Ha. 30ilicHeHuUl Kpumuy4HUl aHarsi3 dxxepersn sIK 8iMYuU3HSIHUX, makK | 3aKOPOOHHUX CIMOCOBHO ICHYIOHUX
memodie ma MemoOuK PO3WUPEHHST CUPOBUHHOI ba3u KOKcysaHHs, 00380/1U8 8CMaHO8UMU ¢hakm HeOocmamHbOi 8u-
8YeHOCMI MUMaHHs, WO YHEeMOXITUBIIIOE 8IPO8adXXEeHHST 3arpOoroHO8aHUX MEXHO02IU.

lMpakmu4Ha 3Ha4yumicmb. BugyeHHs1 numaHHs1 w000 pOo3WUPEHHST CUPOBUHHOI b6a3u KOKcyg8aHHs1 00380/1UI0 8CMaHo-
8umu HedocmamHicmb 3HaHb Ma HayKo8UX IMOJI0XKeHb PO CMPYKMYypy CriKIUu8o20 8ye2inns ma tioeo enacmusocmi, uo
YHEMOXITUBITIOE (1020 eQheKmMUBHO 8UKOPUCMO8y8amu.

Knroyoei cnoea. CuposuHHa ba3a KOKCcyeaHHs, 6pukemysaHHs1 8y2insisi, bBpukemyeaHHs 3 8’sXKy4UMU pe4yoguHaMu, mpa-
MbysaHHs, mepMidHUl niponi3, mepmMokamanimu4Hi npoyecu.

JIleopis i NPaKMUKg Memarypeii

B cyyacHux ymoBax npoBigHMM HanpsMoMm KoMnrie-
KCHOI nepepobkn BMKOMHOrO KaM sIHOro BYrinns B Yk-
paiHi € KoKcoximMmiyHe BUPOBHMLTBO. KokcoBe BUPOGHY-
LUTBO 3anexwuTtb Big (PYHKUIOHYBaHHSA MeTanypriiHol
ranysi, Tomy nepebyBae y NOCTINHIN HEBU3HAYEHOCTI
CTOCOBHO CUPOBUHHOI 6a3u [1 - 5]. BUpobHULTBO He-
0OXiOHOI KiNbKOCTi KOKCY 3 BUCOKMMM SIKICHUMW MOKa3-
HUKaMW 3 BYTiNbHOI CUPOBUHHOI 6a3n KOKCyBaHHSA YK-
paiHu BiguyBae CUIbHY 3anexHicTb Big HecTadi gobpe-
KOKCIBHOrO HUW3bKO cipdaHoro Byrinns [6]. Binbwictb
MeTofjiB Ta NpOLECiB PO3LLUMPEHHSI CUPOBUHHOT 6a3n
KOKCYBaHHS1 JOCATHYTI B AOCUTb HEeCTaHOapTHUX Ha-
npamax [7 - 19]. NpoTe 3a3HaveHnIn Nnepenik npiopute-
THUX METOZiB PO3LUMPEHHS CUPOBUHHOI Gasn KOKCy-
BaHHSA YMOBIMNbHIOE PO3BUTOK OOCUTb MEPCMNEKTUBHUX
HanpsimMiB, WO nepebyBaloTb y NPoLEC PO3POBKN.

Hitoye KOKCOXiMiYHEe BUPOBHULTBO € YHiKanbHUM
KOMMIEKCOM XiMIKOTEXHOMOrIYHOT nepepobku Byrinmns.
Lle yMOXNMBNIOE BUKOPUCTAHHA HOBMX CUPOBUHHMX
KOMIMOHEHTIB i3 BUPOOHMLITBOM iHHOBALiIMHOT NPOAYKLiT
3 HOBMMW CMOXMBYUMU AKOCTAMU 6e3 JOKOPIHHOI pe-
KOHCTPYKLi iCHyt04oro BUpobHMUTBa. Taka KoHuenuis
pPO3BUTKY nepenbavae CTBOPEHHS HOBUX
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eHeprosbepiratoumx, pecypcosbepiraoumnx Ta eKosnori-
YHO YMCTUX TEXHOOri KOKCOXIMIYHOrO BUPOOHMLTBA,
ska Oyae aganTtoBaHa OO CyYaCHUX PUHKOBUX YMOB
[20 - 22]. e noTpebye peTenbHOro AOChigKEHHs Ta
BUSIBITEHHS OCOONMBOCTEN HOBOI KOMIMMEKCHOI TEXHO-
norii, Wo nepenbavae, Hacamnepen, TEXHONOri0 Nia-
FOTOBKW BYTiMbHOI LUNXTW.

Omxe, HEODOXIOHO PO3rNAHYTU HANMOLLMPEHILLi Me-
TOAW Ta MPOLECU PO3LLUMPEHHS CUPOBUHHOI Ba3n KOK-
CyBaHHs ONA OOCArHEHHs MakCUMarbHOro pesyrb-
TaTty.

MMig Yac BMOOpY NepepaxoBaHMX HbKYE MpiopuUTeT-
HUX METOAIB PO3LUMPEHHS CUPOBMHHOI 6a3n Kokcy-
BaHH4, y NepLly Yyepry, yeara 3Bepranacs Ha npouecu
Ta MeToaw, WO Bidirpanu Baxrnvey porb Yy HayLi i Tex-
HiLi Ans 3abe3nedyeHHs po3BUTKY BYTiNbHOI Ta KOKCOXi-
MiYHOT ranysi.

Y npaktuui pobotn KX3 BMKOPUCTOBYIOTb pi3Hi
NPUNOMMU, O A03BOMSAOTb 36iNbLUNTU FYCTUHY BYTiNb-
HOrO 3aBaHTaXXEHHA Ta NiABULMTU MOro CRIKMMBICTb:
YyacTkoBe OpPMKETYBaHHS, YLLiNbHEHHS [23, 24]. Ywinb-
HEHHS BYTiNbHOro 3aBaHTaXXEHHSI B KOKCOBUX KaMepax
BMKOPUCTOBYIOTb  ANA  NIABULLEHHS  CMIKMMBOCTI
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MOPUCTOTO Tifa KOKCY, LLO CNpUSIE 3any4YeHHI0 0 KOK-
CyBaHHsi CNabKoCMiKMMBOro, ra3oBoOro i MiCHOro BYy-
rinns. Pa3om 3i 36inblIEHHAM NoMerny BUKOPWUCTOBY-
I0Tb 0OMacnoBaHHS, TpamOyBaHHs, BibpaLiito, bpuke-
TYBaHHS | FpaHynioBaHHA YacTUHM abo BCbOro BYyTifb-
HOro 3aBaHTaXeHHs. EDeKTUBHMM € yLUiNbHEHHS BYTi-
NBHOTO 3aBaHTaXEHHs | BoAHOYacC rnuboka cyllka Ta
TepMoniaroToBka BYrinns. Ak opraHivHi AOMiWKn ans
3MOYYBaHHS1 BUKOPUCTOBYHOTb HU3bKOKUMAAYI PignHMW,
MasyT, KaM’'iHOBYTiNbHI MacTuna. Huabkokmunnsdi op-
raHiyHi goMilkn 3abe3nevytoTb 30iNbLUEHHS TYCTUHM
HaCWMHOI MacK LLUMXT, BUCOKOKMUNNIAYi cami 6epyTb yu-
acTb y AEeCTPYKTMBHIN nnacTudikauii Byrinns [25].
3Baxatoumn Ha 3a3HaveHe BuLe, OO YnCha Hauro-
NOBHILLUMX METOAIB PO3LLUMPEHHS CUPOBMHHOT H6a3u Ko-
KCyBaHHS1 MOXKHa BigHECTW Taki krnacudikau,ii:

— MEXaHIYHUN MeTOA PO3LUMPEHHHA CUPOBUMHHOT
6a3u kokcyBaHHS (BpukeTyBaHHS, TPamMBbyBaHHS);

— TepMiyHa MiaroToBKa ByriflbHOI WNXTW abo okpe-
MOFO KOMMOHEHTa, ik METOA, PO3LUMPEHHS CUPOBUHHOT
0a3n KOKCYBaHHS;

— PO3LUMPEHHSA CMPOBUHHOI Ga3n KOKCyBaHHSA 3a
OOMOMOro  [JOMILIOK  (OpraHiyHux, MiHepanbHuX
TOLLO).

3asHaveHi BuULLIE TEXHOMOTII, Hacamnepea, NpusHa-
YeHi Ons BYriNbHUX LUMXT, OO0 CKNagy SKMX BXOOUTb
3Ha4YHa KifnbKiCTb HU3bKOMEeTaMopdi3oBaHOro BYTiNfA.
3anacu crnabkocniknueoro Byrinnga cknagatoTte 62%, 3
AKnx nuwe 16,2% moxyTb OyTu 3anydeHi 4o npouecy
KOKCYBaHHS1. BUKOpPUCTaHHA OCTaHHBOIO YHEMOXNMB-
OE NOro TEXHOMOriYHa 0cobruBicTb [26, 27].

Byrinns razoBoi rpynn mae mexi 30bHocTi 6,1 - 7,3
%, Ta BMmicT cipkun 0,91 - 1,76 %, a Takox xapakrepu-
3yETLCSA 3@ MOKA3HWMKOM TOBLUUHM MAACTUYHOTO Luapy
10 - 11 MM Ta iHTEpBanNom 3Ha4yeHb cepeaHbOro noka-
3HKKa BigbuTTaA BiTpUHITY 0,66 - 0,84%, KONM cepenHe
3HayeHHs1 noro ctaHoBUTb 0,76%. OcobnuBeicTio Uiei
rpynu BYrinnsi € HU3bKMIM BMICT BITPUHITY (34 - 45%) Ta
NigBULWEHUIA BMICT OMICHIOKYMX KOMMOHEHTIB (55 -
66%). HeobxigHo 3a3HaunTK, WO B NpoLeci posnoainy
BITPUHITY 3a cTagisMy metamopismy, nepeBaxae
CTagis XupHoro Byrinns (64 - 73%), ska nigTBepmKy-
€TbCHA 3HAYEHHSIMM CepeaHbOoro nokasHuka BiobuTTA
BiTpUHITY (RO = 1,09%).

IMOBiIpHO Usl 0O6CTaBMHa € JOCUTb 3HAYYLLOK ONS
TOro, WOo6 Byrinms NMpoxodwno cTagilo NigrotoBky B
NPOMUCIIOBUX YMOBaX nepeg NpoL.ecoM KOKCYBaHHS 3
METO MOKPALLEHHS SIKOCTi KOKCY, @ TaKOX MO3UTUBHO
NO3HAYMIOCA Ha MOKPALLEHHi NMOKa3HUKIB MeXaHi4yHOI
Ta rapsi4ol MiLHOCTI Kokey [28 - 32].

Ha cborogHi OCHOBHMM MPOLECOM NPAKTUYHOTO BU-
KOPWCTaHHS 4N PO3LWUMPEHHS CUPOBUHHOI 6a3n KOKCy-
BaHHS € npouec TpambyBaHHs Ta OpuKeTyBaHHS SK Mo-
BHOrO, TaK i YacTkoBoro. Lien meTon nowmnpeHnin Sk Ha
TepuTopii YKpaiHuW, Tak i 3a il Mexamu, TOMy O Y-
NbHEHHST BYFINBbHOI LUMXTU  YMOXIUBITIOE BUKOPUC-
TaHHS B NPOLLECi KOKCYBaHHS BYTiNsi, Ha OCHOBI CUPO-
BMHHOI 6a3n kokcyBaHHs [33 - 39].

TpambyBaHHS BYriNIbHOTO 3aBaHTaXXEHHS 3HWKYE
MOro ra3onpoHMUKHICTb Y NIAacTUYHOMY CTaHi, Lo nia-
CWIIOE MpoLlecu BIOHOBMEHHS | 36inblUye TOBLUUHY
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nnactTu4Horo wapy. NopiBHAHO 3 KOKCYyBaHHAM BYrinb-
HOI LLUMXTW Hacunom, TpamOyBaHHA O03BoNse 36inb-
LUMTK TYCTUHY BYFiNbHOrO 3aBaHTaXeHHs [23, 24, 40,
41].

TexHonoria TpambyBaHHS BYTifbHOI LWWMXTU NOMs-
rae B TOMy, LLO LUMXTa 3 BYriNbHUX 6awT nogaeTbcs 4o
TpambyBanbHOI Kamepu, y SKiln BiaOyBaeTbCA noLua-
poOBe YLNbHEHHSA LWXTU MagaldvMy MOMOoTKaMu.
Mpouec TpambyBaHHs TpuBae 4 xBUnNuHU. OTpuMaHui
«BYTiNbHUIA NUPIr» NOOAETLCA A0 KaMepu KOKCYBaHHS.
[a3n, Wo BMAOINATLCA NI Yac 3aBaHTaXKEHHS, BiOc-
MOKTYIOTbCS1 Yepe3 OTBOPY B KaMepi KOKCYBaHHsI ycTa-
HOBKOLO, LLIO NMepecyBaeTbCcs Ha Bepxy bartapei. [a3n
cnantoTbCs B TOMKOBIM KaMepi Ta BUAANATLCA B aT-
mMocdpepy 3 Temnepartypoto 70°C.

BpukeTyBaHHs 1 rpaHyntoBaHHSA BCiel abo YacTUHM
BYFNbHOI LLUMXTK, 3 4OAABaAHHAM 4 6e3 3B’A3yH0401 A0-
MilWKKn, nepeadadae 30iNbLLIEHHA HACUMHOI Macu LWn-
XTW B Kamepi KOKCOBOI neuvi. bpuketn oTpumytoTb Ha
BanKoBMX Mpecax cneuianbHOoi KOHCTPYKLii, a rpaHy-
MNOBaHHS BYTiNbHOI Macy 34IMCHIOITL Ha TapinyacTux
rpaHynaTopax. [pu 4acTKoBOMY 3amnoBHEHHI 00’emMy
BYTINbHOIO 3aBaHTa)XeHHS GpukeToBaHO abo rpaHy-
NbOBaHOI0 BYTiNbHOWO WKnXTO (Ha 40 - 60%) ryctuHa
il HacunHoi macwu 30inblyeTbes Ha 10 - 16%.

OCHOBHVMM 3aBOaHHSAM, LWO BUPILYETLCS Nig Yac
OpUKETYBaHHS, € MOXIMBICTb 30iNbLUEHHS B LLUMXTi Ya-
CTkn cnabkocniknmeoro Byrinnga (razosoro abo nic-
HOro).

Hanbinbw edektnsHuM € BprkeTyBaHHa abo rpa-
HYMIOBaHHS LIMXTU 3 OOAABaHHAM 3B’A3YH04OI peyo-
BMHY (Ma3yTy abo iHLIMX BUCOKOKMUNNSAYMX NPOAYKTIB).
Y upOMy BMNaAKy MOXHa 3Ha4HO 30iMbLINTK BMICT y
LUMXTi ra3oBoro i nicHoro Byrinns [25].

BpukeTyBaHHA TakoX BIiQHOCWUTBCA OO Mpouecy
YLLiNbHEHHS BYFiNbHOT LUMXTK, ane € Aesiki BigMiHHOCTI.
B npoueci 6prkeTyBaHHA MOXHa yTUNidyBaTu Taki Big-
X04M, SIK BYTINbHUIA MK, TOBTO BUPILLMTY OJHY i3 eKo-
noriyHnx npobnem: 6e3gnuMHe 3aBaHTaXXeHHs1 Bpuke-
TiB, ©e3BigxogHicTb ByrnesbaradyBanbHOroO Bigdi-
NEHHS, BiACYTHICTb BENMKNX TeMnepatyp nig vyac 6pu-
KeTyBaHHs. ToMy 3a TexHonorielo bpukeTyBaHHA MO-
)KHa BUKOPUCTOBYBATW BigXOAN KOKCOXiMIYHOTO BUPOG-
HMLUTBA, Lie J03BOSIAE€ EKOHOMIYHO CTaBMTUCSA A0 eHe-
PreTU4HMX Ta CUPOBUHHUX PECypCiB MiANpUeEMCTB Ta
3HAYHO 3MEHLUUTU 3abpyOHEHHS JOBKOJULLHLOIO Ce-
penosuLua [35].

BpukeTyBaHHA € JOCUTbL CYTTEBUM Ha [iH04MX KOK-
COXiMiYHMX NigNPUEMCTBAX, B OCHOBY SIKUX narae 6pu-
KeTyBaHHS YaCTWUHM BYTiNbHOT WnXTW. MpnbnusHo 30%
BYriNbHOI KXt abo cnabkocniknmeoro Byrinns 6pu-
KETYETBCS pa3oM 3i 3B’S3yH04OK0 PEYOBUHOH.

Takox BapTO 3BEPHYTW yBary Ha 3B’A3ylody peyo-
BMHY B Mpoueci OpukeTyBaHHS, O NOBUHHA BiAMnoBi-
Aatm neBHMM BMMOram. 3B'A3yl04a  pevyoBUHA
(kam’siHOBYTINbHA cMona, nek, 6iTymu, rygpoHu TOLLO)
BMKOHYE OBi OCHOBHI (DYHKLT:

— no-neplue, Hagae NIAcTUYHICTb Maci, Lo Opuke-
TYETLCS;

— no-gpyre, Cnpusie CnikaHHK BYriNbHUX YacToK 3
YTBOPEHHAM MiLJHOrO MeTanyprinHOro KoKcy.
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BukopucTaHHa uiel TexHonorii Mae i Heonikn, 30k-
peMa OOCUTb CKITagHO PO3MOAINMTY 3B'sA3yH0YY peyo-
BWHY PiBHOMIPHO MO BCili Maci BYrifibHOT LUNMXTH, Lo 30
npu3BOaNTb A0 PYMHYBaHHSA OpUWKETIB Mig Yac TpaHc-
NMOpPTYBaHHS Ta OTPUMAaHHSA KOKCY 3 HepiBHOMIpHUM
pO3Mo4inioM SIKICHUX MOKa3HUKIB.

JIleopis i NPaKMUKg Memarypeii

BctaHoBneHo [42], AKWO KOHTpomBaTu npouec
BWIOTOBMEHHS OpuMKeTiB, 30kpeMa TUCK MpecyBaHHS,
CcKnag i KinbKiCTb 3B’sI3yl04OI PEYOBUMHU, MapO4YHUI
CKnag BYrifIbHOI LUMXTW Ta CTYNiHb MeTamopdiamy By-
rinns, To MOXHA TakUM YUHOM BUPILUNTY NUTAHHSA CU-
POBUHHOI ©a3n KOKCyBaHHS, NpoTe NpoLec € A0CUTb

CKNagHuUM.
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3JIMBKIiB PeiiKOBOI cTaJII
Niziaiev K.H., Synehin Ye.V., Stoianov 0.M., Zhuravlova S.V., Zhuravlova L.V,
Ostrianin R.Ye. Skripnik A.

Improvement of the temperature and speed regime of casting
rail steel ingots

Mema. [JocnidxeHHs memnepamypHO-WeUOKICHO20 PEXUMY pO3rusaHHs PeliKkogoi cmarti 3 MEMOI0 3HUXXEHHS Oechekmis
37IUMKi8, maKux K mpiujuHu, Hememariesi 8KIIIOYEHHS ma ycaodka, i nid8UUWEeHHSI SKOCMi MemaronpooyKuii.
Memoduka. BukopucmaHo aHanimuy4Hi ma ekcriepuMeHmarbHi nioxodu 07151 U3Ha4YeHHs 8nnusy memnepamypu po3nu-
8aHHS | WeUOGKOCMI HarnoBHEHHS BUNTUBHUUb Ha SIKICMb 311UMKie criokitiHoi cmarni. lposedeHo aHanis deghekmig i po3po-
6reHo Mamemamuy4Hy Modesnb Onisi onmumi3dauii napamempig po3anueaHHs. [ocnioxeHHs 8UKOHaHO Ha Mapkax cmaini
K63, IT70cn i 70, ski po3nusanucs cughoOHHUM criocoboM y 3n1usKuU Macor 7 m.

Pe3ynbmamu. BcmaHoeneHo onmumaribHi 3Ha4eHHs1 napamvempa memrepamypHO-WeEUOKICHO20 pexXumy Onisi KOXHOI

docnidxysaHoi Mapku cmarni, ujo 00380/1Ur10 3HU3UMU Kirlbkicms 6paky Ha 57,45%. Pe3ynbmamu nidmeepdxyroms, ujo
dompumaHHs orMmuMarnbHO20 CriegiOHOWEeHHsI memMrepamypu nepeapigy cmaisii Had fikgidycom ma weudKocmi po3su-
8aHHS MIHIMI3ye ymeopeHHsI MPIWuH i rieH. Po3paxosaHi 3HaueHHs1 WeudKocmi po3nugy ma Jacy Harmo8HEeHHS 3/1UMKie
HasedeHo y suensidi epahiyHuUX 3anexHocmed.

Haykoea Hosu3Ha. Briepwe nposedeHo KomrnekcHUU aHari3 3anexHocmi skocmi 3numkig pelikogol cmarii 8id napame-
mpie memrepamypHO-WeUOGKICHO20 PEXUMY PO3/IUBaHHS 3 ypaxy8aHHSIM MapKu cmarsii. 3arnpornoHosaHo napamemp orl-
mumizayii ma po3pobreHo MemoOuKy 8U3HaYEHHST ONTMUMaribHO20 MemMepamypHO-WBUOKICHO20 PEXUMY PO3/uGaHHs
cmarii 8 3nusKu cughoHHUM criocobom, sika bazyembCsi Ha anpokcuMauii ekcriepumMeHmarnbHUX 0aHuXx.

lNpakmuyHa 3Havywicmsb. Pe3yrnsmamu docnidxeHHs 0360s1510mb Nid8uUMU sIKicmb 31umkie petikogoi cmarii, 3HU-
3uswu Kinbkicmb 0eghekmis, o cripusiec eKOHOMII pecypcig i MoKpaweHHIo eKcriyamauitHux enacmusocmel Memario-
rpoOdykuii. 3anpornoHosaHi pekomeHdauii Moxyms 6ymu sukopucmari Ha MemarnypeaitiHux nidnpuemcmeax Ornsi 00CKO-
HarneHHs1 mexHosoeii po3nueaHHsI crmarii.

Knro4doei cnoea: posnusaHHs cmarii, memnepamypHO-WeUOKICHUL pexuM, pelikoga cmarb, 0eghekmu 3/1usKie, cu-
¢bOHHE po3ugaHHs, onmumisauis.

Purpose. To study the temperature and speed regime of rail steel casting in order to reduce ingot defects, such as cracks,
non-metallic inclusions and shrinkage, and to improve the quality of metal products.

Methodology. Analytical and experimental approaches were used to determine the effect of casting temperature and
mould filling rate on the quality of killed steel ingots. Defects were analyzed and a mathematical model was developed to
optimize casting parameters. The study was carried out on steel grades K63, PT70sp and 70G, which were cast by uphill
casting into ingots weighing 7 tonnes.

Findings. The optimal values of the temperature-rate parameter were established for each steel grade under study, which
allowed reducing the number of rejects by 57.45%. The results confirm that compliance with the optimal ratio of the
temperature of steel overheating above liquidus and the casting speed minimizes the formation of cracks and films. The
calculated values of the casting speed and ingot filling time are presented in the form of graphical dependencies.
Originality. For the first time, a comprehensive analysis of the dependence of rail steel ingot quality on the parameters
of the temperature and speed regime of casting, taking into account the steel grade, was carried out. An optimisation
parameter has been proposed and a methodology for determining the optimal temperature and speed regime of steel
ingot casting by the uphill casting method based on the approximation of experimental data has been developed.
Practical value. The results of the study make it possible to improve the quality of rail steel ingots by reducing the number
of defects, which contributes to resource savings and improved performance properties of metal products. The proposed
recommendations can be used at metallurgical enterprises to improve steel casting technology.

Keywords: steel casting, temperature and speed conditions, rail steel, ingot defects, uphill casting, optimization.
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PoanueaHHsA cTani 3Bepxy Mae HU3Ky BaroMmmx He-
OONIKiB, siKi BNIMBalOTb Ha SKICTb cTani Yyepes3 HasB-
HICTb sIK NMOBEpPXHEBUX AedheKTiB y 3B'A3Ky 3 po36pus-
KyBaHHSIM MeTany npu HanoBHEHHI BUITMBHULb, TaK i
BHYTPILLHIX AedekTiB, SKi yTBOPIOTLCS NPU KOHTaKTI
CTPYMEHS MeTany 3 aTMOCepOoLo OKUCTTHOBarbHOI. Ha
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Bucoki BUMOrn o SIKOCTi MeTanonpoaykuii ctas-
Nate nepen MeTanypritHUMKM nignpuemMcTesaMn 3a-
BAAHHS NOCTIMHOMO BAOCKOHANEHHS TEXHOSOriT BUPO-
OHUUTBa cTani, 3a sIKoi Yepes Ti UM iHWi NpUYMHKN 3a-
CTOCOBYETBLCA PO3NMB Y BUMNMBHUUI. 3 ApYyroi noso-
BMHU XX CT. pO3NUBaHHS CTanu cM)OHHUM Crocobom
Y 3MMBKM, 9K NpaBuno, BUpobnsioTe 3 BUKOPUCTAHHSAM
cneuianbHUX cymillen.
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CtaH nutaHHA. OcHOBHUMU aedeKkTamum nig yac
BMPOOHMLTBA CTani € TPiLMHN, po3LWapyBaHHs, pBa-
HWHa, ycajkKa i HeMeTaneBi BKIMOYEHHS.

Y pesynbTaTti niTepaTtypHOro Ta CTaTUCTUYHOIO
aHanidy 6yno BCTaHOBMEHO OCHOBHiI MPWUYMHU YTBO-
peHHs unx aedpekTiB. OcKinbkM oanH AedekT MoXxe
OyTu HacnigkoM ogpasy KifbKOX YMHHUKIB, TO ANd Kpa-
LLIOT HAOYHOCTI pe3ynbTaTu HaBedeHO Yy BUrMsSAI Tab-
i 1.

Tabnuus 1 — MNMpu4nHM YTBOPEHHS pi3HUX BUAiB AedekTiB

Buaun gedexTis
@
- X o
m I © 1
MprymrHa po3BuUTKY AedekTy < ST |z © 2
z © E x| 5% s T
E) I L Q = I 3z
s | 2 | 85|88 8 |83
E‘ cC I o > g (o} o m
Hu3bke BigHoweHHst Mn/S i Bucokun BMicTt O i Cu B meTani | o ° °
Buicoka TemnepaTypa BUNycKy 3 KOHBepTepa ° ° ° °
3HOC BUNUBHWLb ° °
Husbka sKicTb BOrHETPUBIB CTarnbKoBLUA i CUCOHHOI Npo- o o .
BOOKM
HusbKa sKicTb TENN0I30NALINHOT CyMillli ° ° °
HenpaBunbHuiA TeMnepaTypHO-LLBUAKICHUA PEXMM pPO3- o o . o
NMBaHHs
[MepepuBaHHsA CTPyMEHS MeTany Mig Yac po3nuBaHHS ° °
HegocTaTtHin Yac BUTPUMKK CTani Y BUIIMBHULUAX ° ° °

[ani getanbHO po3rnsaHyTo kKnacudikadito [1] i npu-
YNHW BUHMKHEHHSA LMX AedeKTiB.

TpiwuHu. 3anexHo Big po3TallyBaHHS Ta NPUYKH
YTBOPEHHSA PO3Pi3HAIOTb AEKiNbKa BUAIB TPILLMH: XOr10-
OHi (Big TemnepaTtypHuX Ta pa3oBux NepeTBOpPEHb),
rapsidi, NO300BXHI, KpamoBi, NOMEePEYHi, CiTka rapsaymx
TPilWMH. XONo4HI TPILLWHN BUHUKAKOTb 3a HU3bKUX Te-
MnepaTyp y MeTarni 3i 3Ha4HO BUPaKEHNMN NPY>KHUMMN
BNacTMBOCTSAMU. Y 3nuBKax Byrneuesol cTani gasosi
nepeTBOPEHHS BigOyBalTbCA 3a3BM4Yal 3a Temnepa-
Typu noHag 700 °C, konu metan Mae 3HayHy nnacTtu-
YHICTb | NOB3YYICTb, WO NepeLIKogKae PO3BUTKY Ha-
npyXeHb. TOMy B Takux 3NmMBKax 3a 3BMYAMHUX YMOB
XOMOAHI TPILLMHW YTBOPIOKOTHLCS NULLIE Bi Temnepary-
PHUX HaNpyXeHb.

3 noBepxHeBux AedekTiB HaWCKNagHiwMmMmn 3a
CBOIM MOXOPKEHHSIM | BaXXKMMU OO0 3anobiraHHA €
rapsdi TpilLMHK, WO BUHMKAKOTL 3a TemnepaTyp, 6nu-
3bKMX [0 TemnepaTtyp Kpuctanisadii. Y npsMOKyTHUX
3MMTKax Taki TPILMHM MOXYTb PO3TallOBYyBaTUCA Ha
IXHiX rpaHsix i pebpax (kytax). KyToBsi TpiLLMHM B OCHO-
BHOMY MO3J0BXHi, @ TPILLMHM Ha FPpaHsaX MOXyTb OyTu
i NO300BXHIMM, | NONEPEYHUMM.

JoBxuHa rapsaumx TpiwmH pisHa (Big 0,1 oo 1 m i
GinbLie). BoHn matoTb nepeprByacTy i 3uraaronogioHy
(iHogj 3 okncneHumum Kpankamm) nosepxHro. Metan no-
6nu3y TpiwmH 3a3Buyan  3HeByrneuboBaHun. Ll
O3HaKM € OCHOBHMMM 30BHILUHIMW BIgMIHHOCTSIMW Ta-
pPAYMX TPILLMH Big TPILLWH iHWNX BUAIB.

3Hay4yHWN BNMMB Ha YTBOPEHHS rapaymnx TPiLLUH Mae
Temnepatypa meTtany, Lo 3annBaeTbes. [igBuLLeHHs
TemnepaTypu, 9K NpaBuo, NPU3BOAUTbL A0 3HMKEHHS
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LLBUOKOCTi 3pOCTaHHS! Kipku 3nmnBKa i 36inbLUeHHs1 AMO-
BIPHOCTi NOSIBU MICLIEBUX «MiAMMBIBY, LLO CNPUYUHSIE
nigBULLEHHS HanpyxeHb. [10 TOro >, NoAoBXyETbCA
nepLwa cragia opmyBaHHS KipKu (3HWKEHHSA Temne-
paTypu Ha il noBepxHi), Wo 36inbluye Yac iCHyBaHHS
TEPMIYHMX HaMpy>XeHb, WO PO3TAryl0Tb, HA MOBEPXHI
3nveka. Lli dpaktopu npm3BoasTe 40 NOSBU TPILWMH Y
nepiog HamoOBHEHHSA HWXHBOI MOSIOBUHM BUITMBHWULI,
TOOTO Ha eTani, konNu TemnepaTypa MeTany B Hil e
JOCUTb BUCOKA.

3Ha4yHMN BNNMB Ha TPILLMHOYTBOPEHHS YUHUTb
BMICT Cipkv B MmeTani suwmi 3a 0,030-0,035%, wo cu-
NBbHO 3HWXYE NSIACTUYHICTL CTasli 3a BMCOKUX TeMmre-
paTyp, Hagae in BnacTueiCTb YepBoHonomkocTi. LUkig-
NVBWUIA BMAUB CIPKN MOXEe BYyTV AELLUO 3HKEHWUN Npu
nigBULLIEHHI BMICTY MapraHuto Ans JOTPUMaHHSA Benu-
YMHU cniBBigHoWeHHA Mn/S nonapg 20-25.

lnena i Hannueu. Iig 4Yac HanNnOBHEHHS1 BUMMB-
HMLb CMOKINHO cTanmo, ocobnmeo B Npoueci cudoH-
HOro PO3NUBaHHSA, Ha NOBEPXHi MeTary, 3anexHo Bia
1noro Temneparypu, XimidHOro cknagy i WenaKocCTi Ha-
OXOKEHHS, YTBOPIOIOTLCS OKUCIIEHI NIeHN Ta CKopu-
HKW, SIKi MOCTYMNOBO 30iNbLUYOTLCS i JOCAraTb 3HaY-
HUX PO3MIpIB Y BEPXHIil YacTUHI BUNuBHULI. HemeTa-
NEBIi BKIMIOYEHHS, O CNIIMBAKTb, 3aTPUMYIOTBCS CKO-
PWHKOIO i 3abpyaHto0Th Ti. AKWwo 6ing CTiHOK BUMMB-
HULi 3aN1LLIAETLCA LIap pigkoro meTany (paHT) gocta-
THBOI LUMPWHK, TO YTBOPEHa CKOPWHKAa MoTpannse B
NpUOYTKOBY YaCTMHY 3MMTKa i BUOANSETLCA pa3oM i3
Heto. FAKLLO X paHT BY3bKWIN, TO CKOPUHKM NMPUMOPOXKY-
IOTbCA A0 KOPKOBOI YaCTUHW 3NUTKA, O TBEPAHE, i Ni-
aBepTaroTbes. MeTtan, LWo 3HoBY HaAXoauTb, 3annBae
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Taki CKOPWHKK, | BOHN abo po3MMBaoTbCA (MOBHICTHO
abo yacTkoBO), abo LNKOM 3anuialTbCs B 3ITUBKY.
HanyacrTilwe CKOpUHKM pO3TaLLOBYOTLCH Y BEPXHi NO-
NOBWHI 3rnTKa, TOGTO B MiCLli CTUKY BUNMBHUL 3 Npu-
OyTkoBol HaacTaBkot. Popma, po3mipu i Micue pos-
TallyBaHHsI KipOYOK 3a NEPETUHOM 3MUTKIB i 3aroToOBOK
MOXYTb BYTN Pi3HOMaHITHUMM.

Kopouku, wo noTpanunu B TiNO 3nuTKa, AyXe
BaXXKO BUSABMTU. HaBiTb Nig Yac KOHTPOMIO AKOCTi Me-
Tany 3a BUCOTOI 3MMTKa 3anuTa CKOpMHKA MOXe He
noTpanuTn B NEpPeTVH KOHTPOMbOBAHOrO TeMmnseTa.
YacTo 3aBOpoTaMu Kipku MOXYTb ByTH ypakeHi OKpeMi
3nuBkn. OKMCIEHI CKOPWHKMK, CyNpOBOOXKYBaHi Benu-
KAMW HEMETaNeBUMW BKITHOYEHHAMMW, OO YMcha SIKNUX
BXOAATb CKMafHi CMOMyKN OKCUAIB i BOTHETPMBM, MO3-
HayalTbCs Ha SKOCTI MeTarny.

LLlo6 He gonyCcTUTU 3aBOPOTY YTBOPEHOI CKOPUHKM,
HeobXxigHO KOHTPOMNOBATU MOBEPXHIO MeTany, Lo nig-
HIMaeTbCA y BUNMBHULL. 3a rapHOro 3MalLleHHs BUMKU-
BHULi i HOPManbHOI LWBWMAKOCTI PO3MUBAHHA MeTan
BECb Yac MOBWMHEH «BiOXOAMTWU» Big CTIHOK, YTBOpIO-
to4M abCOMTHO YNCTUI, BiflbHWUI Bid NNeHn paHT. Lle
3abe3ne4yoTb, perynoydm WBUAKICTb PO3NMBAHHS 3
ypaxyBaHHAM TemnepaTtypu i piguHu, wo Tede (cnig
OpaTn oo yBaru, WO NigBULEHHS LUBUAKOCTI | Temne-
paTypy PO3MMBaHHA ONst HWU3KM MapoK cTani MoXxe
NPM3BECTM [0 YTBOPEHHS rapsiuMx TPIiUMH Ha 3nuT-
Kax).

Bunxogsuwm i3 3a3HaveHoro BuLLe, 06mMparTb PEXUM
HanoBHEHHSI (3anexHo Big Mapku ctani, opmu i Barun
3nuTKiB, TemnepaTtypu pO3nvBaHHs), 3a dkoro 6e3
YTBOPEHHA CKOPMHKM Ha MOBEPXHi MeTany 3amnoBHI0-
etbesa 1/4, 1/2, 2/3 (abo HaBiTb yCs1) BUNMBHULSA 3a BU-
coTo. Buwe uporo piBHa MoXHa [OMyCTUTW YTBO-
PEHHS MIEeH i Kipo4oK Npu 30epeXkeHHi pigkoro paHTa
6insa cTiHOK BUNUBHMWLI.

PoanuBaHHa meTany i3 3acTtocyBaHHsIM NaBato-
YMX CYXUX OepeB'sHUX paMoK 3anobirae yTBOPEHHIO
3aBOpPOTIB KIPOYOK. [INnsi CNOCTEPEXKEHHS 32 PEXMMOM
po3nvBaHHA 3a BUINSA0M MOBEPXHI MeTarny i perynio-
BaHHSA i1 LUBMAKOCTI OAHY BUNMBHULIO HA KOXHOMY Nif-
[AOHI 3anuwwatoTb 6e3 pamku.

LLlo6 He gonycTUTK YTBOPEHHSA CKOPWHKM Ha noBe-
PXHi MeTany y BUNMBHWULI, PO3NNBaHHA cnif, 3A4iNCHIO-
BaTW Nig LUNakoyTBOPHOBANbHUMK | Tennoisonsuin-
HAMW CyMillamu, pigKMMMK LUNakamu, Tennoisonsuin-
HUMMW OUCKaMK TOLLIO.

YCYHEHHS MNeHN MOXNUBE LUNAXOM LUidyBaHHS i
BOTHEBOI 324MCTKM. YCYHEHHS X HANMMBIB y OinbLUOCTi
BMNaKiB HEMOXITMBE.

JIleopis i NPaKMUKg Memarypeii

MeToauka npoBeAeHHSA

Po3suTok aedekTiB y 3nnTKy rotoBoi ctani (ycag-
KOBa paKoBMWHa, MOPUCTICTb, CTOBNYacTa kpucranisa-
Ljis, cerperadis, TpilmHM Ta iH.) 6araTo B YOMy BU3Ha-
YaeTbCs BMOOPOM CNiBBIOHOLLEHHSA TemnepaTypu Ta
LWBKMAKOCTI po3nuBaHHA ctani [2]. Mpu ubomy eguHa
3aNeXHIiCTb OTPUMAHHS SKICHMX 3NUTKIB B, 3a3Have-
HWX NapamMeTpiB BIACYTHS Y 3B'A3Ky 3 Pi3HULEI0 Y CMo-
cobax pos3nMBaHHs Ta XiMiYHOro ckragy crarni.

TemnepaTypa po3nvBaHHA CTani € OAHUM 3 HaWn-
BinbLl BaXXNMBMX MapaMeTpiB, WO BNAMBaKOTh Ha SK-
iCTb 3MWTKIB: PO3BUTOK YCaAKOBUX MOPOXHEY i nopuc-
TOCTi B 3NUTKY, NPOTiKaHHS NpoLeciB KpucTanisauii Ta
cerperavuii ctani, BUAINEHHA PO34YMHHUX | HEPO3YMHHUX
OOMILLOK, NosiBa TPILLMH | 3aBOPOTIB HA NOBEPXHi 3MK-
BKa.

Mpn BigOMUX MiLHICHNX | 0COBNMBO MNACTUYHMX
BMaCTMBOCTSIX CTani Npy BUCOKUX TeMNepaTypax Cxu-
MbHICTb 3MUTKIB 4O YTBOPEHHS TPILLMH i 3aBOPOTIB 3a-
nexuTb Bif KiNbKocTi Tenna neperpisy ctani Qposn, ke
nigsoanTbest 40 1 M2 GiYHOT NOBEPXHi CKOPWHKM 3MnTKa
NPW HaMOBHEHHI BUIMBHULI pigKoi cTanno. AKWwo uier
TennoTtu 3abaraTo, TO WBMAKICTb KpucTanisauii 3MeH-
LIYETLCS, CKOPUHKA BMXOOUTb TOHKOK Ta 34aTHOK A0
YTBOPEHHS po3puMBIB. Y pasi HEBEMNUKOro nigBeaeHHA
Tenna WBMAKICTb TBEPAiHHA 30inbLUyeTbCS, ane Lboro
Tenna MoXe He BUCTauyuTy Ha KOMMeHcaLito BTpaT Te-
nna Ha BWMNPOMIHIOBaHHSA 3 BiOKPUTOI MOBEPXHi Me-
Tany, Wwo nigHiMaeTbCs B NpoLueci po3nuey y BUMWB-
HuLi. TOMy HanMeHLUa KinbKiCTb NOBEePXHEBMX Aedek-
TiB BUXOO4MTb 3@ SIKUXOCb OMTUMAarnbHUX Temneparyp
poanusaHHs ctani (puc. 1) [3], aki MmoxyTb ByTn gocs-
FHYTi i3 BUKOPUCTAHHSAM OOBOAKM CTani Ha yCTaHOBLI
«KiBW-niv» [4].

Taknm YMHOM A8 MiHiMi3auii 4edeKTiB 3NINTKIB He-
obxigHe OTpMMaHHSA YMOBU

Gposn = Tt 2 = const, )

0e q posn— WIMbHICTb TENMOBOrO MOTOKY Bif, cTani
[0 CTiHKW BUNUBHUL,, BT/MZ;

C — NMTOMa TENNOEMHICTb CTani 3a HopMarbHOI Te-
MnepaTtypu posnueaHH4a, Ix/kr-°C;

W — LUBUAKICTb PO3MIMBaHHS, M/XB.;

AT — neperpi cTani Hag TemnepaTyporo Niksigycy
nig Yac po3nueaHHs, °C;

H, S, I1- Bucota 3nuTtka, nnowa i nepyumeTp no-
nepeYyHoro nepepisy 3nuTka, M, M2, M.

ABo, npocrTiwe kaxyunm w - AT = const, OCKINbKU
(c,p,H,S,T) = const.
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PucyHok 1 — Bnnve Tenna neperpiBy Ctanu Ha CXWUMbHICTb 3NUTKIB 4O YTBOPEHHS AedekTis (a), i Ha gonyc-
TUMY LUBWAKICTB Ti po3nuBaHHs (6) (LMdpu Ha KpUBUX — 3HAYEHHs 1/ S)

[nsa pocnigxeHsb [5,6], WO NpoBOAATLCA Ha CTansaX
20, Ct3, 14XI'Ci19l, wo po3nmBatoTbCH B 31TMBKM Ma-
coto 8,6; 9,6 Ta 12,8 T cudoHHMM cnocobom, Byno
BCT@HOBIIEHO ONTUMAIbHE (s, = 160 + 181 KBT/M2.
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Akwo po3paxyBaty 3a LMW 3HAYEHHAMU Temne-
paTypHO-LUBUAKICHUA PEXUM PO3NUBAHHS CMOKIMHUX
ctanen MT70cn i 70 ans 3nuekiB H = 2200MMm i
[1/S = 6 OTPMMAEMO HACTYMHi LWBMOKOCTI PO3NMBY B
3anexHoCTi Big neperpiBy (PUCYHOK 2).
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PucyHok 2 — 3miHa wBuakocTi (a) i yacy (6) po3nuBy 3nuTKiB 3aneXHO Bi NeperpiBy cTani Hag TemMnepaTypoto
nikBigyc: — dakTuyHa KpuBa - - - po3paxyHKOBUN iHTepBan

Ha pucyHKy 2 ACHO BUAOHO, WO (PakTUyHa WBKua-
KICTb pO3NMBaHHS i Yac HaNOBHEHHS NigAoHY, Xou i ne-
XaTb y Mexax BcTaHoBrneHux Tl ona gaHoro niganpu-
€MCTBA, NPaKTUYHO He 3anexartb Big TemnepaTtypu ne-
perpiBy ctani, i il 3MiHa Mae BUMNAOKOBUA XapakTrep.
BiAgMiHHICTb y pO3paxyHKOBIN Ta NPaKTUYHIN LLIBUOKO-
CTi PO3SMBY MOSICHIOETHCH BIOMIHHICTIO YMOB, B SIKUX
Bynu oTpumaHi q,,; = 160 + 181 kB1/M?, Big yMOB 3a-
Bogy. OgHak y 6yab-akoMy pasi Yac HanoBHEHHS Nif-
OOHY HeobxigHO BapitoBaTh B 3aneXHOCTI Big Temne-
paTtypu cTani Ha po3NuBaHHi.

Ak BXe HeogHOPA30BO NiAKPECNOBANocs BULLE,
XapakTepHUMn gedekramu, NpUYMHO SKUX € Heao-
TPUMaHHSA TemnepaTypHO-LLBUAKICHOrO PEXUMY pO3-
NBaHHS, € TPILWWHM Ta nneHn. Tomy Anst po3pobKu
peXrMy po3nMBaHHS CMOKIMHOT CTani pisHUX Mapok He-
0b6XxigHO 3acTocyBaTu TEXHIKY onTumidauii. OnTumiso-

BaHuM napametpom e api6 4T/ ~AT xw (1 — yac

{0,0119x2 —0.4191x + 3.7921 —y = 0;
0.0051x% — 0.0909x + 0.4711 — y = 0.
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HaMOBHEHHS TiNa 3nuTka), a Noro onTMMarbHe 3Ha-
YeHHs BignoBigaTMMe O4HOYACHIN MiHIMI3aLiT TPILLKMH i
MNreH, siK Lie MoKa3aHo Ha PUCYHKY 1a.

OnTumi3auis TemnepaTypHO-WBUAKICHOrO pe-
UMY PO3NMBaHHA

[na ontumisauii napameTtpa AT/T 6yno BuKopuc-
TaHO MacrnopTy NMaBoK CTani CNOKinHMX mMapok K63,
MT70cn, 70I", 09I2C.

Ha pucyHky 3 HaBegeHO 3anexHiCTb ypaXeHOCTi
3MUTKIB CMOKINHOI cTani TpiwmMHamMK Ta nneHamu Big
napameTpa AT/T. Ak BnaHo Ha rpadiky, cyTTteBe 3me-
HLLIEHHS1 pO3BUTKY AedeKTiB CrnocTepiracTbCsa Npu 3Ha-
YeHHi napameTpa, LWo onTuMisyeTbes, 14,44. [ins 3Ha-
XOMMKEHHSA LbOro 3Ha4YeHHs1 HeObXigHO BUPILLWTU CUC-
Temy (2) KBagpaTHUX PiBHSIHb, OAEPXaHUX MPKU anpok-
cumalLlii TOYOK.

)
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PucyHok 3 — 3anexHicTb ypaxeHHs 3anuTkiB ctanm K63 TpilumHamun Ta nneHamu Big napameTpa AT/T

AHanoriyHo 3HaxoAMMO OMTUMArbHE 3HAYeHHS ANs iHWWX Mapok cTtani. [padikv 3anexHoCTi, OTpUMaHi B
XOAi aHanisy, npeacTaBneHi Ha pUcyHok 3-5.
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PucyHok 4 — 3anexHicTb ypaxeHHs 3nuTkiB ctanu MNT70cn TpilmMHamu Ta nneHamu Big, napameTpa AT/T
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PucyHok 5 — BanexHicTb ypaxeHHs 3nuTkiB ctanm 700" TpiwmHamm Ta nnogamu Big napameTpa AT/T

Y pO3rnsHyTMIA NePiof CNnocTepiranocs BiaCyTHICTb
TPILWMH | NNeH Ha 3nutkax ctani 09M2C, wo ceigunTb
Npo  MpaBWIbHICTE  TemnepaTypHO-LIBUAKICHOIO

pexumy ii posnuBaHHA. OnTumarnbHi 3HaYeHHs napa-
mMeTpa AT/T iHLUMX Mapok cTani HaBeaeHi y Tabnuui 1.

Tabnuus 7.1 — OnTuMarbHi 3Ha4eHHs! napameTpa AT/T A8 Mapok, L0 BUBYaKOTbCA

Mapka ctani K63 MT70cn 70l
3HavenHsi napametpa 47/, 14,44 8,94 8,92
3a 3HaAEHUMU ONTUMANbLHUMKU 3HAYEHHAMMU Na- T, = tk‘f‘;%, XB., 3)
pametpa 47/, moxHa po3paxyBaTu LWBMAKICTL PO3NK- 4
BaHHS! (4aC HANOBHEHHS TiNa 3N1TKa) NpU NEBHUX 3Ha- ar),
UeHHSIX TemnepaTypy cTani B KOBLLI Ta yaci 1oro Bu- w, = 2.2 - —=—, M/xB., (4)

TPUMKMN.

3rigHo 3 pitoyoto Ha nignpuemcTsi Tl BTpaTa Tem-
nepaTypu B KoBLUi cTaHoBUTL 1 °C 3a xB. 3a pesynb-
TaTamm po3paxyHKy 3a MeTOAUKOIO [7] OTpUMaHO 3HU-
XeHHa Temnepatypu Ha 1,3-2,5°C/xB. 3anexHo Big
CTIMKOCTIi KOBLUA. 3Ba)kato4um Ha Te, L0 3HWKEHHS TEM-
nepaTtypu B KOBLLi CTaHOBUTb B cepegHbomy 1°C/xB.,
Yyac i WBWAKICTb HAMOBHEHHSA Tina 3Nm1BKa po3paxoBy-
€MO 3a hopmynamu:

94

te—tn—Tpur

0e T eum—Yac BUTPUMKM CTani B KOBLLI, XB.

3a yumu bopmynamm po3paxoBYETLCS MAacUB 3Ha-
YeHb Yacy PO3NMBKM NPU BUTPUMLL MeTany B KOBLLUI Bif,
5 no 20 xB. i TemnepaTypi cTani B KOBLi. Temnepartypa
cTani B KOBLUI AN JOCNigKyBaHMX MapoK cTani Bapito-
€TbCcA B Takux wMexax: 1525+1570°C pna 70r;
1540+1570°C pnga ctani MT70cn; 1540+1576°C ans
K63. padpikn 3 pos3paxoBaHO LUBUAKICTIO pO3NUBY
HaBeOeHO Ha pUCyHKax 6-8.
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PucyHok 6 — PospaxyHkoBa LIBUAKICTb pO3NuBaHHs Tina anutka ctani K63 (undpu Ha KpMBMX — Yac BUTPUMKM

KOBLUA nepepn po3nMBOM Y XBUIMHAX)
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PucyHok 7 — Po3paxyHKkoBa LIBUAKICTb pO3nuMBY Tina anuTka ctani MT70cn (undpw Ha KpMBMX — Yac BUTPUMKM

KOBLUA nepen po3fimBoM y XBVIJ'IVIHaX)
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Temnepatypa ctani B koBwwi,’C
PucyHok 8 — Po3paxyHkoBa LWBUAKICTb po3nuBy Tina 3nutka ctani 70l (umdpu Ha KpUBUX — Yac BUTPUMKM

KOBLUA nepen po3ninBoM y XBVIJ'IVIHaX)

BucHoBku

lMpoBedeHo geTanbHy knacudikawito HanbinbLw xa-
pakTepHuUX Ana ymoB 3aBofy AedekTiB, WO YTBOpPIO-
HOTbCHA NPY BUPOOHULITBI CTarni CMOKINHMX Mapok, i3 3a-
3HAYEHHSIM MPUYMH iX BUHWKHEHHS Ta 3axogdiB CBiTO-
BOro JOCBigy LWOAO iX 3anobiraHHs Ta YCYyHeHHs. 8.

Po3pobneHo Ta BunpobyBaHoO TeMnepaTypHO-LLBMAKI-
CHUI PEXMM PO3NMBaHHA CTani 3 ypaxyBaHHAM MapKu
cTani Ta Yacy BUTPUMKM MeTany B CTaneposfimBHOMY
KOBWWIi. 3a pesynbTatamu AOCHIOHUX MNNaBOK oAep-
XaHO 3HWDKEHHS KinbKoCTi 6paky, nmpu BMPOOHULITBI
CMOKiINHMX Mapok cTani, Ha 57,45% Big icHyto4oro.
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