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Peghepam
Ilenvro padomel sensemcs mamemMamuyeckoe MoOenuposanue npoyecca OpoOLeHus
MEMANLIYPSULECKO20 WLAKA 8 MEXHOIO2UYECKUX CXeMax e20 nepepabomku OJisi NOGbluleHUs!
appexmusHocmu  CKpLIMUSL  YEHHO20 KOMNOHEHMA U ONMUMUZAYUU IHEPSEMUYECKUX
sampam. D@ pexmusHocms uzeieueHuss Memaiia 6 npoyecce MazHUMHOU Cenapayuy wiaKd
b6ydem 3agucemv OmM KOAUMECBA 00pasyrOwecocs npu OpobieHuu Kiacca KpYnHOCMmU,
coomeemcmeyloujeco0 KpynHocmu 3epen YenHo20 KOMROHeHma. [ peamuzayuu maxo2o
PACKPbIMUSL MEXHUYECKUMU cpedcmeamu Oe3 nepeusmenrvyeniss Heobxo0umo adanmuposans
napamempul pabomusl OpoOOUTKIL.
Memoodonozusn nposedeHus Uccied06anuil 8KIIOYALA ONPedeleHUe XUMUYECKO20, (a306020
cocmagos npodwvl mexkyupeeo konsepmopnoeo wnaka OAO «MMKy kpynnocmoro 0-70 mm;
@pakyuonuposanue Ha yskue Kiaccol Kpynwocmu 0—5 mm, 5—10, 10—20 mm; onpedenenue 6
HUX coOeporcanus MazHumnou parxyuu. Hemaznumnole wacmuysl mpex ¢ppaxyuii KpynHocmu
Opobunuce 6 yenmpobedcHo-yoapuoti Opobunxe [I-0,36 npu eapvuposanuu auHeuHoOU
ckopocmu 8pawenus yckopumens om 30 0o 90 m/c ¢ onpedeneHuem epaHyiomempuiecKoeo
cocmaesa npooyKkmoe opooneHus.
Pesynomamut u ux ananu3s. 3eprosoii cocmae npooyKkmos OpooeHust uLaKa annpoKCUMUPO8aH
Kaaccuveckum ypasuenuem Pozuna—Pammnepa, 0ns uezo Ovliu onpedenenvl napamemp,
Xapakmepusyiowuil KpynHocms 0pobleno2o Mamepuand, u napamemp, Xapakmepusyiouuil
00HOPOOHOCHb 36PH06020 cocmasd. Onpedenenvl yPagHeHUsl, ONUCLLEAIOWUE IMU NAPAMEmpPbl
KaK 3Havenue GYHKYUU KPYRHOCMU KOHBEPMOPHO20 WLAKd, NOCMYnanwe2o Ha OpobieHue,
npU 3a0AHHOL CKOPOCMU 8PAUEHUSL YCKOPUMEIS.
Bub1600b1. Paspabomannas s1ekmpoHHas Gopma paciema napamempos 3epHo8020 COCMABd
opobnenozo npooykma JIL[ nozeonsiem npocHo3upogams MpaHcHOpMayuro 3epHOBO20
cocmasa npodykma OpoodieHUs. WILAKA RPU UBMEHEHUU NAPAMEMPO8 UCXOOHO20 MAMEPUALA U
DEIHCUMHBIX RAPAMEMPO8 OPOOUILKU U MeM CAMBIM KOCBEHHO NPOSHO3UPOBANTb I DeKmueHocmp
nocaeoyoujell MazHUMHOU cenapayul WiaKos.

Knroueesvre cnoea: mamemamuueckoe mooenuposanue; OpobnenHue; MemaiiypeudecKull
WaaK, QyHKYuU pacnpeoerenus; paHyioMempuyeckuti cocmas, pasmep dacmuy,; gpaxyuu
KpynHocmu.

Hccneodosanue evtnonneno sa cuem epanma Poccuiickoeo nayunozo ¢gonda Ne 22-27-
00526, https.//rscf.ru/project/22-27-00526/.

BBenenne. MupoBoii 1 OTE€UECTBEHHBIN OIBIT MOCIEAHUX JIET MOKA3bIBAET, UTO ME-

TaJUTyprUYeCcKHe IPEATNPUATHS 001aal0T IIMPOKUME BO3MOKHOCTSIMH I10 PEIUKINHTY
OTXOZIOB COOCTBEHHOTO MPOW3BOJICTBA, W NUIAKA CTAHOBATCS Hambollee pereHepupye-
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MBIMH METAJICOACPKAITUMHU OTXoAaMu [1—5]. DTo mpOAMKTOBAaHO HEOOXOAMMOCTHIO
OHOBPEMEHHOTO PEUICHMSI 33Jad PalMOHAIBHOTO HEAPOIOIh30BAHUS, BOCIIOTHEHHS
HCTOINAOMICHCS MUHEPATbHO-CBIPhEBOH 0a3bl JACHCTBYIOIIUX METAILTYPrHICCKUX
MIPEINpPUATHH, a TaKKe He MEHee aKTyaJIbHBIX NMPHUPOJOOXPAHHBIX 33/1a4 YMEHBIIEHUS
00BEMOB H TUIOIIAJICH CKIAIUPYEMBIX U TOJITOBPEMEHHO XPAHSIINXCS MHOTOTOHHAXK-
HBIX OTXOJIOB, CHIDKEHHS NECTPYKTUBHOTO TPaHC(HOPMHUPOBAHUS MMH €CTECTBEHHOMN
MIPUPOJHON CpPEIbl, COXpaHEHHs 3A0POBbS W YIAYUIICHHS KadecTB J>KU3HU Hacele-
Hus [1, 6-8]. ComacHo oTpacieBoil mporpamme «lIpumMeHeHHE BTOPUYHBIX PECYPCOB
¥ BTOPUYHOTO CHIPhSI M3 OTXOMOB B MPOMEIIIICHHOM Hpou3BoacTBe» ([lacnopm om-
pacnesoii npozpammul «lIpumenenue moputHbIX pecypco8 u 6MOPULHO20 Cbipbs U3
0mMX0008 8 NPOMbIULEHHOM npouszsodcmeey. Yme. Ilpasumenvcmeom P® 17 nosbps
2022 2. Ne 13493n-1111, oanee ompacnesas npoecpamma) B 2021 1. xonuyecTBo 00paz3o-
BaBIINXCS JOMCHHBIX IIUTAKOB COCTABHJIO 8,2 MIH T, IIUTAKOB IIBETHOH METAJUTypIruu —
5,8 MIIH T, cTaneruiaBuiabHBIX — 9,2 MitH T. YacTh U3 HUX OblIa yTHIN3HPOBaHa B paMKax
COOCTBEHHOTO MPOU3BOACTBEHHOTO pPeruKiInATa [6, 9, 10].

Ananmm3 anpuopHoit napopmarmu [7, 11-15] u cobcTBeHHBIE TPOBOANMEIE HCCIIE-
moBanwus [10, 16, 17] moka3ammy, 94To 1eaecoo0pa3HoCTh U 3PPEKTUBHOCTH U3BICUCHHS
CKparia ¥ KOpOJIbKOB MeTajlla U3 IIJIaKOB YEPHOW METAJUTYprUi MArHUTHOM cenapaiyen
OyAyT HETIOCPEICTBEHHO 3aBUCETh OT CII0C00a UX pa3pyIIeHUs, CEIeKTHBHOCTH H TOJI-
HOTBI PaCKpPBITHSI JKEIIe30COAePKAIINX MarHATHBIX (a3 B MPOIECCE PYAOIOATOTOBKH.
I'panynomeTpudeckuii cocTaB U pacipe/eieHne 3epeH IEHHOT0 KOMIIOHEHTA TI0 KPYTI-
HOCTH SIBIIIETCSI BAKHON XapaKTEPUCTHKOH APOOICHOTO TUCTIEPCHOTO MaTepralia v BO
MHOTOM OITpe/IeNIsieT IoKa3aTeNn onepaiuii odoramenus. [Ipy uccnenoBaHuu u pacyie-
Tax MPOIECCOB JE3UHTETPAINH, MTBIICYJIABINBAHUS U CENapalliy 3a4acTyro HeoOX0IH-
MO aHAJIUTHYECKOE OMUCAHUE pacTpelesieH sl YacTUI] TI0 pa3MepaM. MareMmarnieckoe
OIMCaHKe Tpollecca Je3UHTErpaluy Marepuana Takke MO3BOJIUT MPOTHO3UPOBATH U
MPOCUYUTHIBATE OTKJIIOHEHHUE IPAaHYIOMETPHUIECKOTO COCTAaBa PU H3MEHEHNUH PEXKUMHBIX
napameTpoB paboThl IPOOMIIOK elIe Ha CTaIuK pa3pabOTKU TEXHOJIOTUIECKON CXEMBI.
JIJis 3TOTO Yallle BCEro MCIOJB3YIOTCS (YHKIMHU pacnpencicHus Poznna—Pammiepa,
[InurTa, HOpMaNBHBIN orapuMuueckuii 3akoH u ap. [18-20].

J11 aHaNUTHYIECKOTO OMHMCAHMS paclpeleleHns pa3Mepa JacTHUI] MPOIYKTOB JIPO-
OyeHusT PPaKITMOHUPOBAHHOTO METAJLTYPTHIECKOTO MIJJaka OBLIO MCITOJIE30BaHO YPaB-
HeHne Posumra—Pammitepa. [1pu mpoBeeHNN HCTIBITAHNH OBIIO YITEHO, UYTO BRIOpaHHAS
(YHKIHS OTHOCHUTCA K MHQUHUTHBIM H OIIPEeNsIeT CBOM 3HAYCHUS Ha MHTEpBAJe H3-
MEHEHHsI pa3Mepa YacTHIl OT Hyls 10 OeckoHeuHoCcTH. OHAKO B JAHHOM HCCIIE0Ba-
HUU OONBIIUI WHTEPEC MPECTABISET ONpeIeTICHHE CONEPKaHUI B IPOOICHOM IIIITaKe
YaCTHUII pa3Mepa, COOTBETCTBYIOIIETr0 KPYITHOCTH 3epeH IIEHHOTo KoMmoHeHTa. [Ipu aTom
MOJTyYeHHBIE PACIPE/ICIICHUS UCTIONB3YIOTCS ISl CPAaBHEHUS 3HAUEHUH pa3IYHBIX pe-
KHUMOB IpOOJIEHUsI, a He ISl OnpeaesieHHs a0COMIOTHBIX 3HAYCHHH.

Oran MoAroTOBKA TEXHOTCHHOTO MUHEPAIBHOTO CHIPhs K O0OTAIlEHUI0 BaKEH KaK
C TOYKHU 3peHHs 00ECICUCHHs] PAlMOHATIBHOIO TPaHYyJIOMETPUUECKOIO COCTaBa Mare-
pHuana, Tak ¥ ¢ TOYKH 3PEHUS CHIKCHHUSI MAaTepPHaIbHBIX U DHEPreTHUECKUX 3aTpaT Ha
Je3UHTETPalni0. MalnHbl, JUIS KOTOPBIX XapaKTepHbl HAMMEHbBIINE yACIbHBIE dHEP-
TeTUYECKUE 3aTPaThl, UMEIOT CJICAYIONINE OTIMYUTENbHBIC MPU3HAKH: MaTepHal Io-
Clle aKTa paspyleHHss HEMEJICHHO YIAISETCsl U3 UX paboueil 30HBI; OCYIIECTBIISIET-
cs1 o0beMHOE (MHOTOOCHOE) Harpy)KeHHE KycKa MarepHayia B IMpoIecce IPOOICHHS.
LenTpobexHo-yaapHabie TpoOUITKH, 00Ia1as BCEMH TIEPEUNCICHHBIMA IPEUMYIIECTBA-
MH, 00eCrednBaloT NojydeHne OoJjiee PaBHOMEPHOTO T'PaHyJIOMETPUYECKOTO COCTa-
Ba MPOAYKTOB APOOIIEHUS W BO3MOXXHOCTH €r0 OIEPAaTHBHOTO PETryIUPOBAHUS IyTEM
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W3MEHEHUSI CKOPOCTH BPAIICHHs] YCKOPUTEIIS, YTO MO3BOJISIET BCTPAUBATh X B TEXHOJIO-
TUYECKHE CXEMBI TIepepabOTKU CIOKHOCTPYKTYPHOTO TEXHOTCHHOTO CHIphs [16, 21, 22].
XapakTepHbIM I LEHTPOOEKHON APOOMIIKU SBISETCS MHOTOKPAaTHOE IPEBBIIICHHUE
KHHETUYIECKOW SHeprueil Kycka BEeJIMYUHBI SHEPTUH, PU3NMUECKH TOCTAaTOUYHON IS €To
paspymieHus. h(HeKTHBHOCTh paObOTHI MMOJOOHBIX YCTPOHCTB 00ECTIEYMBACTCS BBICO-
KO WHTEHCHBHOCTBIO CTOJKHOBEHMH MHOXECTBA YaCTHL, W3HAYAIBHO 00JaJaroIuX
M30BITOYHON SHEprueil, a Auamna3oH YHEPrUil YacTHLl ONpeAeIIeTCs] TpaHyJIoMeTpHye-
CKHM COCTaBOM MarepHajia 1 Maccoil ()parMeHTOB, CXOISIIMX C Pa3TOHHOTO poTopa [23].
B pabote [24] npobnenue B HEHTPOOEKHO-YAAPHBIX IPOOUIIKAX, HAPSIY C IpOOIeHH-
€M B KOHYCHBIX MHEPIHOHHBIX, BAOPOMHEPLUOHHBIX M MPECC-BAIKOBBIX IPOOUIIKAX,
OTHECEHO K CIEUUANBHBIX CEJEKTHBHBIM METOAaM JE3UHTErPaliU CIOKHBIX TOHKO-
JVCTIEPCHBIX YIIOPHBIX PYI.

Heanr ucciaenoBanus. Ha oCHOBaHWMM H3IOKEHHOTO OIpeAeicHa LENb PadoTEhI,
3aKITIOYAlOIasicsd B ONTUMH3ALMK TTapaMeTpoB Tporiecca ApoOeHNsT METaJLTypruueCcKIX
IIJJAKOB B LEHTPOOCIKHO-YIAPHON IPOOMIIKE JIsi TOCTHIKEHUSI MAaKCHMAJIBHOTO pac-
KPBITHS KOPOJIBKOB METaJlIa B MpOIlecce PYIOIOJATrOTOBKH, CHIDKEHHS SHEPro3arpar u
HOBBIIICHNS KaueCTBa BBIIYCKaeMOW NpOXyKIMU. B kauecTBe mapameTpoB Ipolecca
JEe3UHTErpallii [UIAKOB BBIOPAHBI KPYNMHOCTh MCXOJHOTO Marepuana, MophoMeTpu-
YECKHE XapaKTePUCTUKU LIEHHOTO KOMIIOHEHTA M BEJIMYMHA MPHIAracMoil Harpysku.
Pemenne nocraBieHHON 3a]a4y MO3BOJIMT BBISIBUTE CKPBITHIE PE3€PBbI, COBEPIICHCTBO-
BaTh M Pa3BUBATh CYLIECTBYIOLINE TEXHOJIOTUH IIEPEPAOOTKH TEXHOTECHHOTO ChIPHSI.

O0beKT M MeTOIMKA Mcc/eloBaHus. B kadecTBe 0OBEKTa HCCIEHOBaHMS LIS
NPOBEICHUSI MCHBITaHWI Obl1a oTOOpaHa mpoda TEKyIIero KOHBEPTOPHOIO IIJIaKa
OAO «MMK» ¢pakunun 0-70 mm. XuMHUYecKHH COCTaB HMCXOAHOTO KOHBEpTEp-
Horo niaka, %: Feo6ul - 22,4; Si0, — 12,4; CaO - 394; ALO, - 4,2; SO, — 0,3;
MgO - 14,6; Cr,0, - 0,3; TiO, - 0,5; MnO - 2,6, P,O, - 0,5, V,0, - 0,3.

Tabuauna 1. ®a30Bblii cocTaB NPOObl KOHBEPTOPHOI0 NLIAKA
Table 1. Chemical composition of converter slag

Munepan Xumuueckas popmyna Coneprxanue, %
Jlapaut 2Ca0 - SiO2 23,7
bpaynmuiieput 4Ca0 - AL20;3 - Fe203 14,2
OrKeJIe3HEHHBIH epUKIIa3 MgO 14,9
Depput KanbLus 2Ca0 - Fe20s3 8,7
TpexkaapIUEBBIi CHITUKAT 3CaO0 - SiO2 12,5
MaiieHut 12Ca0 - 7A1203 3,4
Marae3noBIOCTUT Mg, Fe)O 3,0
UsBecTh CaO 3,5
TBepablii pacTBOp OKCHUAOB RO-daza 12,7

XuMudeckuit coctaB 0TOOpaHHOM MPOOBI MaTepuaa sIBISIETCS TUITUYHBIM IS [1a-
KOB KOHBepTOpHOTO Tipou3BoacTBa. CootHomenne CaQ/Si02 = 3,2. da3oBbIil cocTa
IJIaKa TpEAICTaBIICH B Ta0m. 1.

CornacHo MpOBEJACHHBIM UCCICIOBAHUSAM, OCHOBHOU (pa30ii KOHBEPTOPHOTO IILIa-
Ka SIBIAETCS NBYXKaJbIIMEBBIN CHIIMKAT, CONEpPXKAHUE KOTOporo cocraBuio 23,7 %.
Conepxanue (GeppUTHON U amoMOpEppUTHON (a3, MPeACTABISIONIMX COO0H TBEp-
JIbIi pacTBOp OpayHMUJULICPUTA M JABYKAJIbLHUEBOrO (eppura, TakkKe HaXOIUTCS
B mpenenax 23 %.

81



OBOrALLEHUME N Taprasu M. C. u dp. / Uzeecmus ¢y306. I oprwiil ocypran. Ne 6, 2023. C. 79-90

Jia omeHKu BIUSHUS KPYMHOCTH Marepuala, MolaBaeMoro Ha JpoOJieHHe B IIeH-
TPOOCIKHO-YIAPHYIO TPOOUIIKY, NCXOMHBIN IIJIaK MPEABApUTEIHHO OBLT pa3apobiIcH B
mexoBoit npobuike ST-1 (OO0 «UHpem») 1 paccesH Ha KIIACChl KPYIMHOCTH: Tipoda 1 —
¢paks 0-5 M (Berxox 27,9 %); ipoba 2 — dpaxmmst 5—-10 mm (Beixox 16,9 %); mpoba 3 —
¢pakuus 1020 mm (Beixox 46,8 %). B mpouecce ¢paxumonnpoBanus aApoOIEeHOTO
HuIaKa Takke ObuI0 BbiAeeHO 8,4 % ¢pakuun xpynHocTeio +20 MMm. Pentrenodaszo-

BBII aHaJIN3 MTOKa3aJl, YTO JAHHBIN MaTepH-
aJl COCTOMT U3 keste3a Oornee yem Ha 80 %.

Tabauna 2. 'eomeTpuyecKue XapaKTepUCTHKH o
MeTAJIHIEeCKHUX JacTui B HEMAarnuTHBIX Ma’rHHTHBH/I aHajiu1s Hp06 H_U-IaKa,
MPOYKTAX NLIAKOB BBIJIEJIEHHBIX C TOMOIIBIO PyYHOTO HUO-
Table 2. Geometric characteristics of metal 6uesoro marauta (90 mTi), nokasan Ha-
particles in non-magnetic slag products ’ .
JYUE BO BCEX TPeX MPOoOax MarHUTHOH

Pa3zmMepsl MeTanmueckux Q)paKL[I/II/I. B Hpo6e 1 BBIXOJ MarHUTHOM
Dpaxipa 1acTHll, MM (paxiuu cocrasuia 18,7 %; B nmpode 2 —

mjiaKa, MM o % o
oT 10 14,6 %, MakcumabHbIN Beixon 21,3 % — B

mpobe 3.

0-5 0,169 0,543 C moMOImbBI0 COBPEMEHHOTO MHHE-
5-10 0,395 0,801 paJIoro-aHaJIUTHYECKOrO KOMILJIeKca
1020 0.175 1,200 «Munepan C7» yCTaHOBIIEHO, YTO B He-

MarHUTHBIX MIPOAYKTaX CEMapaliy BCexX
Tpex mpod IUIaKka IPUCYTCTBYIOT Hepac-
KPBITBIE YaCTUIIBI MeTal1a. AHaIN3 MOPHOMETPHUECKOTO COCTABA METAIUIMIECKHX Ya-
CTHII TIOKa3aJI, 4TO OHU UMeroT pasmep ot 0,2 1o 1,2 mm (Tabm. 2).

Ha puc. 1 B xauecTBe npuMepa MoKa3aHbl FTEOMETPUUIECKUE TaApaMETPhl METaINIe-
CKUX YacTHL B HEMarHuTHOH ¢pakunu nuiaka 10-20 mm.

CrnenoBarenbHoO, 3P PEKTUBHOCTH
U3BJICUEHUS] MeTaljla B MarHUTHBIN
MPOAYKT TMpH MarHuTHOM cemapanuu
noiaka OyleT HanpsMyl 3aBUCETh OT
KOJIMYeCTBa 00pasyromerocs mpu Apo-
omenun kimacca kpymaocta 0,2—1,2 M.
JUid  peanmuzanuM  TakKOro PacKpBITH
TEXHUYECKUMH CpEACTBaMH Oe3 Imepe-
U3MENBICHUS] HEOOXOAMMO aJanTHPO-
BaTh MapaMeTpbl paboThl APOOUIKH ISt
MOIYYEHHs] TPaHYIOMETPUYECKOTO CO-
cTaBa IpoOJIEHOr0 Marepuana ¢ MaKCH-
MaJIbHBIM BBIXOJIOM TpebyeMoro kiacca
KPYITHOCTH.

Pucynok 1. Mukpodotorpaduss HeMarHUTHOM Pemienue manHO#M 3a7a4d BO3MOXKHO
¢pakunn mmaka 10-20 MM: cBeTible 3epHAa — OCYILECTBHTb OCPEICTBOM pa3pator-

METaJIl; TEMHbIE — CHIINKATbI K KOl
Figure 1. Micrograph of non-magnetic fraction of 1 MarteMaTH4eCkOM MOACIH, ONHCHIBA-

10-20 mm slag: light grains — metal; dark IOLICH HpoIEecc ApoGIeHust 1u1aka py
grains — silicates CBOOOIHO-YIapHOM pa3pyuieHud. Takas

MO/ICJIb MO3BOJIUT MPOU3BOAUTH PACUET

IPaHyJIOMETPHUYECKOTO COCTaBa NMPOAYKTa APOOJCHHS B 3aBUCHMOCTH OT HauajIbHOMN
KPYTHOCTH W3MENBYaeMOro MaTeprajia W BEeTHYMHBI IpHUjlaraeéMoi Harpy3KH, a clie-
JIOBATEILHO, aMallTUPOBATh PabOTy MPOOHIKK IS MONYYCHHS TPeOyeMoro 3epHOBO-
ro cocraBa nuiaka. Momenb HASHTH(PHUIUPOBAHA IO SKCIEPUMEHTAIBHBIM JTaHHBIM,

I I 2060 MKM
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MOJTyYEHHBIM IIPH APOOIIEHUH MPO0 IITaka B MPOMBIIIJICHHON HEHTPOOeKHO-yIapHOI
npobmike tumopasmepa A11-0,36 ¢ MeTamndeckoil 0TOOIHOM MOBEPXHOCTHIO U MaK-
CUMaJIbHOW KPYIMHOCTHIO TuTanus 20 MM. B eHTpo0eKHO-yIapHOH TpOOHITKE BEITHIH-
Ha TIpuiIaraeMoi Harpy3Ku (CHia yaapa Kycka Marepraiia 00 OTOOHHYIO TOBEPXHOCTB)
oTpenensieTcs CKOPOCThIO BBIIETA YaCTHIl MaTepuaa ¢ yCKOPUTENs U, CIe0BaTeIbHO,
CKOpPOCTBIO BpallleHus yckopurens [16, 21]. HemarHuTHbie IPOAYKTHI TPEX MOATOTOB-
JICHHBIX P00 MIIaKa pa3IUIHON KpymHOCTH apoowmuck B J11-0,36 mpu ckopoctu Bpa-
menus yckopurens 30, 50, 70 u 90 m/c. B npoGneHoM 1uiake onpeaessics rpaHyjioMe-
TPHUUECKHUH COCTAB M COAEPKaHNE MAarHUTHOTO MPOTYKTa.

8
26T .
Rm 4 -
2 -
0
30 50 70 90 30 50 70 90
CKOpOCTh BpaleHus poTopa, m/c CKOpOCTh BpalleHHs pOTOpa, M/c
—l—x, MM @—n
6 :
2,0 1,1 Pucynok 2.  3aBHCHMOCTH  KPYMHOCTH
IpoONeHoro  1ulaka W OJHOPOJHOCTH
15 1.0 3epPHOBOTO COCTaBa OT JIMHCHHOW CKOPOCTH
= ’ ’ <  BpAlCHUS YCKOPHUTEILL, JUIs IUIaKa (paKiuu:
1.0 10} 0.9 a—10-20 mm, 6 — 5-10 MM, 6 — 05 Mm
C ’ Figure 2. Dependences of the crushed slag size
0.5 . 0.8 and the uniformity on the grain composition on
? 30 50 70 90 ’ the linear speed of accelerator rotation: a — 10—

20 mm slag fraction, 6 — 5-10 mm slag
CKopocTh BpallieHs poTopa, M/c fraction, ¢ — 0—5 mm slag fraction
3epHOBOI cOCTaB MPOLYKTOB APOOJICHNUS HIIaKa B IEHTPOOEKHO-YAAPHOI APOOHIIKE
MOKET OBITh allMpPOKCHUMHUPOBaH ypaBHeHHEM PoznHa—Pammiepa, IUpOKo MCIOIb3ye-
MBIM JUTSL OOJIBIIMHCTBA TOMMANCHepcHBIX cucteM: R = 100exp(—(bx)"), tae R — cym-
MapHBIH BBIXOJl KJlacca KpyIHee X, %; X — AUaMeTp YacTHIl, MM; b — TIOCTOSTHHBIH KO-
2 GUIKEHT, 3aBUCSIIUI OT MaTepuana; # — NoKa3aTelb CTEIIeHHU, XapaKTePU3yOIIUi
paccesiHIe 4acTHII IO pazMepaM (OIHOPOJHOCTh 36PHOBOTO COCTABA).

[punsB, cormacHo npeiokenHomy bennerom [24], uto b = 1/x” ypaBHEeHHE NIPUMET
BuL: R = 100exp(—(x/x )"), rie x, — pa3Mep 4acTULIbl, XapaKTEPU3YET JACHCTBUTEIBHYIO
KpynHOCTh Matepuana. Otcrona sicen gpusnueckuit cmpich x,. [Ipu x = x R cTranoBuTCS
paseH 36,8 %, T. €. x, XapakTe€pU3yeT JCUCTBUTEILHYIO KPYIHOCTh Marepualia M
ABJISIETCS] pa3MepoM, KpyITHee KOTOpOro okasbiBaercsi 0osee 36,8 % marepuana.

[TapameTp x , XapakTepU3yIOIMI KPYITHOCTb JPOOIEHOr0 MaTepraa, Onpeaessics
[0 XapaKTepHUCTUKaM 3E€PHOBOrO cOCTaBa APOOJICHOTO IUIaKa KaK pa3Mep 3epHa,
NpU KOTOPOM HHTETpajibHas KpuBasi MpuHUMaeT 3Hadenue 63,2 % (100 — 36,8 %).

Jns ompeneneHust mapaMeTpa n, XapaKTepU3YIOLIeTo OJHOPOAHOCTH 3E€pPHOBO-
ro cOoCTaBa, HEOOXOIMMO TPOU3BECTH CIEAYIONINe Mpeodpa3zoBaHus. JBaxkasl Jiora-
pudmupys ypaBaenue 100/R, moxyunm Beipaxkenue 1g(1g(100/R)). B koopaunarax
1glg(100/R) — lgx 3epHOBO# cOCTaB APOOICHOTO IIIJIaka 0TOOPA3UTCS KaK NpsMast THHUS
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C YIJIOM HaKJIOHA (.. 3HaYeHHeE ITapaMeTpa OAHOPOIHOCTH 36PHOBOTO COCTaBa /1 OTIpeie-
JSUIOCH KaK TAHT€HC yIVIa HaKJIOHA tgol IPSIMOM 3epHOBOTO COCTaBa JPOOJICHOTO [TaKa
B JIOTapU(YMIYECKUX KOOPIMHATAX.

W3BecTHO, 4TO 3(PEeKTHBHOCTE MATHUTHOM Cerapanuy Iulaka HaupsMylo 3aBUCHT
OT IapaMeTpOB 36pPHOBOTO COCTaBa MarepHaia mocie apooneHus. C omxHON CTOPOHHI,
4yeM OoJiee OTHOPOIHBIM MITH MOHOIUCIIEPCHBIM Oy/IeT MaTrepuall, TeM 0osee KOHTPAcT-
HBIMH CBOWCTBaMH Oy/IyT 001a1aTh OTHOpa3MepHbIE YaCTHIIBI H, CIIEIOBATENIBHO, Ooliee
3¢ peKkTuBHO OyneT MPOUCXOAUTh UX MarHuTHas cenapanus. C Ipyroil CTOpoHBI, YeM
OmmKe KpymHOCTh JpoOJIeHOTO MaTepuaia K pasMepy YacTHIl LIEHHOTO KOMITOHEHTa,
TeM OOJbIlIe BEPOSTHOCTH PACKPBITHS 3€peH LEHHOTO KOMIOHEHTa M WX Iepexona
B MarHUTHYIO ()PaKUHUIO TIPH CeNapariH.

Tabauua 3. JlaHHbIe 1151 pacyeTa napamMeTpoB ApodJeHust miaka B JILL
Table 3. Data for slag crushing parameters calculation in centrifugal impact crusher JI11

CI;OC[:( %E)T;Tzﬁ ifuhi/HCHﬂ VpaeHenue GyHKImH n = [(d;) VpaBHeHue QYHKIHH Xe = |(dy)
30 n=10,9342 +0,0612d — 0,00424> xe =0,9627d — 0,02034d> - 0,28
50 n=0,8072 +0,0536d — 0,00354> xe=0,8501d — 0,03544> — 0,584
70 n=0,8086 +0,01684 — 0,00124> xe = 0,7093d — 0,03094> — 0,98
90 n=0,8364 + 0,0013d — 0,0004d> xe=0,3387d — 0,01394> — 0,16

PesyabTathl u o0cyxnenue. [lo pesyiasratam npoGnenus nmpob nuraka Tpex ¢pak-
WA TpU Pa3IUYHON CKOPOCTH BPAIICHUS yCKOPUTENS, MOCTPOCHUS XapaKTEPUCTHK
IpoOJIeHBIX MPOAYKTOB (CyMMAapHBIX IO MUHYCY M MOCIIE MX ABOHHOTO JorapudMupo-
BaHust) ObUIM ONPEIENEHBI APAMETPBI 36PHOBOTO cocTasa x, U n. [locTpoenst rpadu-
KH 3aBUCUMOCTH, WIITIOCTPUPYIOLIE BIUSHUE JTHHEHHOW CKOPOCTH BpPAaIeHHS pOTOpa
IpOOHIIKY, KOTOpas ONpeAessieT KWHETHUECKYIO SJHEPTHIO yAapa, Ha apaMeTphl TpaHy-
JIOMETPUIECKOTO cocTaBa (puc. 2).

[Ipu npoGnenun nwiaka ¢paxmuu 10-20 MM (puc. 2, a) Ha pa3TUIHON CKOPOCTH
BPAICHHS YCKOPUTEIIS MAPAMETP X, U3MEHAETCA B IIMPOKOM Jmanazone (ot 1,8 1o
9,6 MM). ViKe TIpM CKOPOCTHM BpamieHus yckoputens 50 M/C BeIMYMHA TApaMeTpa X,
CTaHOBUTCS MEHBIIE 5 MM W TPOIOJDKAET CHHXKATHCS C YBEIUYEHHEM CKOPOCTH.
[Ipu 5TOM pe3ynabrarbl CBUAETEILCTBYIOT O PABHOMEPHOW OZHOPOAHOCTH 3€PHOBOTO
cocTaBa JApoOJICHOTO IMIIaKa MPH CKOPOCTH yckoputens Beime 50 m/c. Ilpu npobnernn
mutaka ¢ppakuuu 5—10 MM HaOIFOIAETCS aHATOTHYHAS CHTYalMs: apaMeTp X, 3aKOHO-
MEpHO yMEHbIIaeTcs 0T 5,8 10 1,6 MM IpH yBETNYEHNN CKOPOCTH BPALLIEHHS] y CKOPUTEIIS.
OnmHOPOMHOCTH APOOJIEHOTO MUIAKA TPU YBEJIWYEHUH CKOPOCTU YCKOPHTEIS CBBIIIE
50 m/c camxaercs Ha 15-20 %.

[Ipu ppobnennu camoii Menkoi ¢paknuu nwtaka 0—5 MM MOITy4YeHHBIE 3aBHCUMO-
CTH pa3Mepa 4acTHI] JpOOJIEHOTO MPOMyKTa M OJHOPOAHOCTH 3€PHOBOTO COCTaBa OT
BEJIMYMHBI [IPUJIATaeMO HArpy3Kd MMEIOT aHaJIOTHYHBIN XapakTep. DTO MOXET CBH-
JIETENbCTBOBATh O TOM, UTO MpeJesl KpYITHOCTH MaTepHala, Ipu KOTOPOM paspylleHHe
CBOOOIHBIM yHapOM CTAaHOBHTCS HEI(P(PEKTHBHBIM M3-3a MaJIO MacChl YaCcTHIIBI, H,
ClIeI0BaTeNbHO, HU3KOM KHHETHUECKON SHEPTUH yapa, He OblI JOCTUTHYT P Apo0Ie-
HuM 1wtaka. CienoBareinbHo, ToApadiuBaHie METAIUTYPIrHYECKOTO MUTAKa JaKe TaKoH
MenKoit ¢pakiun kak 0—5 MM B IEHTPOOEKHO-yAAPHOU IPOOTITKE C LEIhI0 BCKPBITHS
3epEH IIEHHOT'0 KOMIIOHEHTA SIBJISIETCS 1efieco00pa3HbIM B cXeMax 00OTaleHus TaHHO-
T'0 TCXHOI'CHHOT'O ChIPbA.

84



Garkavi M. S. etal. /Minerals and Mining Engineering. No. 6, 2023. Pp. 79-90 MINERAL PROCESSING

AHa/u3 NONYyYEHHBIX JAaHHBIX CBUAETEIBCTBYET O TOM, YTO HEOOXoAUMas U JO-
CTaTOYHAsl BEJIMYMHA IPUIIaraeéMod Harpy3KH IOCTUIAETCS MPH CKOPOCTU BpallCHUS
yckopurenst 50 m/c. Ilpu manbHelIneM yBEJIMYEHUM CKOPOCTH BpAILEHHUS YCKOPH-
TeJIs. BO3PACTAIOT SHEPreTHUECKUE 3aTpaTrhl, MIPH 3TOM KPYHMHOCTH APOOJIEHOTrO Miia-
Ka yMEHbLIaeTcs HEe3HAYMTEIbHO. AHalu3 3aBUCHUMOCTH IapaMeTpa # OT CKOPOCTH
BpAICHUS] YCKOPHUTEIISI IPU APOOJICHNH IIIaKa Pa3iUuHBIX (Ppakiuii MO3BOJISET clie-
JaTh BBIBOJI, YTO Y€M KPYIIHEE MCXOIHBIN MaTepua, TeM MEHee OJHOPOICH 3€PHOBOM
cocrtaB apobneHoro nutaka. Hanmbonee oqHOPOIHBINA 36pHOBOI COCTaB MUTAaKa MOTydeH
NpY CKOpOCTH BpaeHus yckopureist 30 u 50 m/c.

Hexogseri MaTepnan 0—10m
A
Hamsenosarte Matepnana: . xomBepropHet AL
KpyrmocTs HCXOOHOTO MATepHana, MM: -
CropoOCTE BpAINe A YCKOPHTEIA, M/C: -
PesyanTaThi pacuera
X (x/xe) (x/zen -4
0 0,000000 0,000000 100,000000
1 0,136668 0,106313 89914279
2 0273336 0232064 79289524
3 0410004 0366372 69324499
4 0546672 0506557 60256682
3 0683340 0651281 32137768 Seprioeot cocrar apobzma M
6 0.820008 0799728 44945141 |
7 0056676 0951344 38622164
§ 1093344 1105727 33007006 0 | %
9 1230012 1262572 28202551 80 | &
10 1366680 1421633 24131013 .. |
11 1,503348 1,582722 20541326
12 1,640016 1745670 17452810 60 *
13 1776684 1910342 14802976 350 LS
14 1913352 2076622 12535291 0 ‘-.\
15 2050021 2244409  10,399011 .
16 2186689 2413615 8940118 0 ~
7 2323357 2584162 7343931 20 -
18 2460025 2755980 6354673 1 "'*-.“_‘
19 2596693 2929007 5345008 e T u SNy
20 2733361 3,103188  4.490581

0 5 10 13 20 25 30

21 2870029 3278472 3768330

Pucynok 3. DkpanHas (popma pacuera mapamMeTpoB 3¢pHOBOro cocraBa J[I[ mpu CKOPOCTH BpalieHHs
yckoputens 30 m/c
Figure 3. Screen form for calculating the centrifugal impact crusher JII] grain composition parameters
under the accelerator rotation speed of 30 m/s
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Jlnist IpOTHO3UPOBAHUST M3MEHEHHUs JIMCIIEPCHOTO COCTaBa KOHBEPTOPHOTO IIJIaKa
MpU APOOICHUU B IEHTPOOESIKHO-yaapHo apoouike 1] B 3aBUCMOCTH OT €r0 UCXO/I-
HOW KPYIHOCTH M CKOPOCTH BpaIlleHHUs poTopa JAPOOWIIKH pa3paboTaHa AIIEKTPOHHAs
¢dopma B mporpamme Microsoft Excel. [yis1 anmpokcumanum rpaHyJIoOMeTpUIecKOro co-
CTaBa MCXOJHOTO IIJIaKa MCIOJIb30BaHa (YHKIMS pacnpenaenenus Pozuna—Pammitepa.
[TapameTphbl ypaBHEHHS X, U 71 PACCYUTHIBAIOTCA KaK 3Ha4YCHHE (DYHKIMH OT KPyHMHOCTH
MCXOMHBIX KYCKOB IlUIaKa d,, TIOCTYNAKMMUX Ha JPOOIEHHE, IPH 3aaHHOKH CKOPOCTH
BpaleHus yckopurens (tabm. 3).

Ha puc. 3 npuBenena skpanHas ¢popMa pe3yJbTaroB pacyera mapaMeTpoB 3epHO-
BOTO COCTaBa JIPOOJIEHOTO MPOAYKTa IIEHTPOOEKHO-YIapHON APOOMIIKH B IIPOrpaMMe
Microsoft Excel.

Pazpaborannas maremariueckas MOJIENb MO3BOJISIET IPOBOJUTH YHCICHHBIE DKCIIE-
PUMEHTHI IO JIPOOIEHUIO KOHBEPTOPHOTO MIJIaKa MPH BO3MOXXHOCTH H3MEHEHHUsT KPYTI-
HOCTH UCXOTHOTO KYCKa M PeXKUMHBIX ITapaMeTpoB padotel qpodwiku 11, B yactHOCTH,
€€ OCHOBHOT'O PETyJIHPyeMOro napaMeTpa — CKOPOCTH BpamieHus potopa. IloixydyeHHbIe
JaHHBIC TTO3BOJISIIOT ONEPATUBHO OIPEACIATh KOIMYEeCTBO Marepualla, COOTBETCTBYIO-
LIEr0 MO0 KPYMHOCTHU pa3Mepy METAUIMYECKUX BKIIOUYEHHUM B IUIAKAX, U TEM CaMbIM
KOCBEHHO TIPOTHO3UPOBATh 3()()EKTHBHOCTD MOCIEAYIONIeH MATHUTHON CerapaIiiH.

BoiBoabl. J[jsi TEXHOIOTHUYECKOTO COBEPIIICHCTBOBAHHS CXEM MepepabOTKH TAKOTo
CJIO)KHOCTPYKTYPHOTO TE€XHOTCHHOTO CHIPhSI KAK METaUTypriHUeCKHUe MUTAKH, MTOBBIIIe-
HUA BCKPBITHA HEHHOIO KOMIIOHCHTA B MPOLUECCC NEC3UHTETrpallui U OTITUMHU3allU SHEP-
TeTUYCCKUX 3aTPaT MPOBOAATCS MCCIIEOBAHHS M0 MATEMATHUECKOMY MOJICITUPOBAHHIO
mporiecca APOOJICHHUS CTANCIUTABUIBHOTO IIITAKa B IIEHTPOOSIKHO-YIAPHOU APOOHIIKE.

Ha ocHOBaHMM NPOBEICHHBIX HCCIIEIOBaHUIN APOONICHUs Y3KUX (ppakiuii miaka
B IEHTPOOSKHO-yaapHo# npodunke /1] mpu pa3nuyHON CKOPOCTH BpAIEHUS YCKO-
pUTENS W anmpOKCUMAIMH 3ePHOBOTO COCTaBa JPOOJEHBIX MPOJAYKTOB C MOMOIIBIO
KJIacCH4eckoro ypaBHeHus1 Po3una—Pammiiepa pazpaboTana MareMaruieckas MoJieib,
MO3BOJISAIONIAS TPOrHO3MPOBATh MPeoOpa3oBaHue rPaHyJIOMETPHUECKOTO COCTaBa apo-
0JICHOTO IPOAYKTA B APOOHIIKAX, PEATU3YIONINX YIAPHBIH CIOCO0 pa3pyLICHHUSI.

OmnpeneneHsl ypaBHEHHUsI, OMMCHIBAIOIINE ITAPAMETPhI 36PHOBOTO COCTaBa JApoodIie-
HOIO HPOJIYKTa KaK 3Ha4eHHe (QyHKIMH KPYIHOCTH KOHBEPTOPHOIO ILIaKa d,, MOCTY-
TMAIOIIETo Ha ApoOJeHre, TIPU 33JaHHON CKOPOCTH BPAIIEHUS] YCKOPHUTENS LIEHTPOOSKHO-
yIapHOU JPOOHIIKH.

Paspaborannas anexkTpoHHas (opMa pacyera mapameTpoB 3€pPHOBOTO COCTaBa APO-
0J1eHOrO MPOYKTa LIEHTPOOESKHO-YAAPHON APOOHIIKH [TO3BOJISIET IPOTHO3UPOBATH TPAHC-
(hopmaIuio 3epHOBOIO COCTaBa MPOAYKTA APOOJICHHUS IUIAKA MPH U3MCHEHUH TapameT-
POB UCXOAHOI0 MaT€purajia U pEKUMHBIX ITapaMETPOB I[pO6I/IJ'IKI/I 1 TEM CaMbIM KOCBC€HHO
MPOTHO3UPOBATh YPPEKTHBHOCTH MOCICAYIONIEH MATHUTHON ceNapaliy IIITakoB.
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Abstract
Research objective is to carry out mathematical modeling of the smelter slag crushing process
in its processing flow schemes to increase the efficiency of valuable component extraction and
optimize energy costs. The metal extraction efficiency in the process of slag magnetic separation
will depend on the amount of size classes formed during crushing, corresponding to the grain size
of the valuable component. To implement such crushing by technical means without re-grinding,
it is necessary to adapt the crusher operation parameters.
Methods of research included the determination of the chemical and phase composition of the
0-70 mm converter slag sample of PJSC Magnitogorsk Iron and Steel Works, fractionation into size
classes of 0-5 mm, 5—10, 10-20 mm, determination of the magnetic fraction content in them. Non-
magnetic particles of three size fractions were crushed in a [I]-0.36 centrifugal impact crusher
when the linear speed of accelerator rotation is varied from 30 to 90 m/s and crush granulometric
composition is determined.
Results and analysis. The grain composition of the slag crush was approximated by the classical
Rozin—Rammler equation. For this purpose, the parameter characterizing the size of the crushed
material, and the parameter characterizing the uniformity of the grain composition, were
determined. The equations are determined describing these parameters as the value of the converter
slag size function entering the crushing at a given speed of accelerator rotation.
Conclusions. The developed electronic form for calculating the parameters of the JI1]-0.36
crush grain composition makes it possible to predict the transformation of the slag crush grain
composition when the parameters of the stock material and the operating parameters of the crusher
change, and thereby indirectly predict the effectiveness of subsequent magnetic separation of slag.

Keywords: mathematical modeling; crushing, smelter slag; distribution functions, granulometric
composition; particle size; size fractions.
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