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Annomayus. B yepHOU 1 [BETHOM MeTaJUTypriy pa3paboTaH psiji TEXHOJIOTHI, B OCHOBE KOTOPBIX JIeXkaT 6apOoTaxHbIe mporecchl. [Jist mporHo3upoBaHus

apaMeTpoB IUIaBKHU, BKITIOYAIONIEH BOCCTAaHOBIEHHE METAIIOB M3 OKCHIHOIO pacIulaBa ra30M-BOCCTAHOBUTENEM B 6apOOTHPYEMOM CIIO€ B IPO-
MBILIIEHHBIX arperarax, NpeaiokeHa MeTOUKa TePMOJMHAMUYECKOTO MOACIMPOBAHNS, B OCHOBE KOTOPOH JIGXKUT pacueT PaBHOBECHS B CUCTEME
OKCHJIHBII pacILIaB — MeTallI — ra3. OpUrHHAIBHOCTE METOJUKH COCTOUT B TOM, YTO PABHOBECHE OIPEIEIAIOT UL KaX/JOH eAMHUYHOM OPIH ra3a,
BBOJIMMOI B pabouee Teno, NPU COAEPKaHUAX OKCHI0B BOCCTAHABINBAEMbIX METAJUIOB B KAXKI0M IOCIEIYIOIEM PACU€THOM LIMKJIE, PABHBIX PABHO-
BECHBIM B Npeiblyiem. Jiis ananusa B3sra okcuHas cucrema 1,8 % NiO — 17,4 % FeO — 13,5 % Ca0 —1,9 % MgO - 58,0 % SiO, - 7,4 % Al,0,,
MO0 COZEPHKAHUIO KOMIIOHEHTOB 0/1M3Kas K COCTaBy OKMCIeHHOH HukeneBoi pynwl. Coornomenne H,O/H, B razoBoii cMecu BapbUpOBaj B Ipe-
nenax 0 — 1,0. B 3aBUCHMOCTH OT KOJIMYECTBA M COCTaBa rasa, BBEJEHHOIO B pabouee Tello, OLEHUBAIN COAEPIKaHHE OKCUIOB HUKENS U JKelesa
B pacruiase (1823 K), onpenensiin KoMMYECTBO U COCTaB obpasyroiierocs Merauia (GpeppoHuKkens), a Takxke nokasarenu (KpaTHOCTh IIIaKa, cTe-
HIEHU BOCCTAHOBIICHUS METAIUIOB), Ba)KHBIE IIPU PEaIN3alUH IIPOLECCa B IIPOMBIILUICHHBIX YCIOBHAX. YBEIHMYCHHE PAcXola BOAOPOJa MOHOTOHHO
CHUIKAET COAEPIKaHNE OKCH/IA HUKEJIS B PacIUIaBe, B TO BpeMs Kak COZepyKaHue OKCHJIA XKelle3a epBOHAYAIbHO BO3PACTACT, @ 3aTeM — CHI)KAETCS.
Ipu BBenenuu H, B komruectse okono 50 M¥/T paciuiaa cojepiKaHue OKCHJIA HUKEIS B HeM cHmkaercst 10 0,017 %, a oxcuna xenesa g0 16,7 %.
OOpasyromuiics heppoHuKens conepkut 61 Yo HUKeNs, KPaTHOCTH LjIaka cocTapiseT 42 exunuubl. anbueiiiee ysenuuenue pacxona H, sener x
TPE/INOYTUTENLHOMY BOCCTAHOBJICHHUIO xkene3a. [Tosbimenue cootHomenus H,O/H, yXyauiaer nokasaresiy BOCCTAHOBJICHUs METAIIOB U3 Pacruia-
BA: YMEHbIIAETCS CTENICHb BOCCTAHOBIICHHSI HUKEJIS U JKeJe3a, yBeJIMYMBACTCs COAEPKAaHUe HUKEIS B CIUIABE ¥ KPATHOCTS 1utaka. OJJHAKO Aae IpH
coornomennn H,/H,O pasuom 1,0, uto coorercTyeT conepkanuto 50,0 % H,O B cmecu ra3os, nponecc BOCCTAHOBIEHHS He Npekpamaercs. Jis
CpaBHEHHMS B paboTe MPUBEICHBI JAHHbIE 10 H3MEHEHHUIO COACPIKAHUS OKCHIOB HUKEIIS M JKele3a IPU BOCCTAHOBJICHUH METAJIOB M3 aHATIOTHYHBIX
pacryiaBoB MOHOOKCH/I0M yriieposia. [Tpu crenenn BoccTaHOBNEHUs HUKeNs 98 Y% mokasareny GM3KM B Cllyyae ucnonb3osanus kak H,, tak u CO.
Onnako s UX TOCTHXKEHHS Bofloposia Tpebyetcs B 2,5 pasa, a cmecy, B kotopoit H,O/H, = 0,11 (90 % H, ), — B 1,36 pa3 MeHbl1Ie, 4eM MOHOOKCH A
yrepozna.

Knrouesvle cnosa: METOAUKA, TEPMOAUHAMUYCCKOC MOACIUPOBAHUEC, KHUHCTHUKA, BOCCTAHOBUTEJIbHBIN ras, 6ap60Ta>1<, MHOTOKOMITOHEHTHBIN OKCHTHBIH

paciuias, BOAOPO/L.
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B uepHO#t ¥ IBeTHOW METAJIITypPryuy pa3paboTaH psijI TeX-
HOJIOTHIA, B OCHOBE KOTOPBIX JIe)KaT 0apOOTaKHBIE MPOoIec-
cel, Poment, Bantokoa, Hismelt, Ausmelt, Isasmelt [1 — 7]
u ux mMomgupuxanuu [8 — 14]. OTaMUUS MOCIEAHUX TeX-
HOJIOTHI 3aKJIIOYAIOTCSl B TOM, YTO MPOLECCHI IJIaBIEHUS
[IMXTHl U BOCCTAHOBJICHUS METAJUIOB M3 OKCHJIHOTO pac-
IJ1aBa pa3leseHbl BO BpEeMEHH U IIPOCTPAHCTBE.

*PaboTa BBINOJIHEHA B PAMKAX FOCYIapCTBEHHOIO 3a/1a-
aus UMET YpO PAH no teme Ne 0396-2015-0082.
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s mporHo3upoBaHUs MapaMeTpoB IUIABKH, BKIIIO-
Yaronieil BOCCTaHOBJICHHE METaJNIOB U3 OKCHIHOTO pac-
IUTaBa Ta30M-BOCCTAHOBHUTEIEM B 0apOOTHPYEeMOM cioe
B MPOMBINIIEHHBIX arperarax, paHee MpeioKeHa MeTo-
JIUKa TEOPETUUYECKUX PACUETOB C MPUMEHEHUEM METO0B
TepMoauHaMudeckoro monenuposanus (TIAM) [15]. Me-
tonosioruto TJIM HCHONB3YIOT ISl peLIeHUs] pa3InyHbIX
TEOpPETUUECKUX U MPUKIANHBIX 3a7a4 [16], B yacTHOCTH,
COBEpIIEHCTBOBaHUS TexHonoru# [17 — 20] B MmeTammyp-
TUH.
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B paborax [21 — 23] yka3zaHHast MeTOIMKa ObLia IpUMe-
HEHa IS OLCHKH BIMSHUS TEMIIepPaTyphl HA BOCCTAHOBIIE-
HHUE HUKEJs, Kele3a BOAOPOIOM U3 OKCHIHBIX PACILUIaBOB
cucrem B,0,—-Ca0-NiO, B,0,-Ca0-FeO, B,0,-CaO—
—FeO—NiO. B pa6ote [24] npuBeAcHBI pe3yibTaThl MO-
NEMTUPOBAaHMS TIPOIECCa COBMECTHOTO BOCCTaHOBJICHHSI
HUKEJIS U JKelle3a B CHcTeMe, OJIM3KOI 10 COCTaBy K MarHe-
3UaJIbHBIM HUKENEBBIM pyaaMm, cMechio CO—CO,.

B nacTosteii pabote mpuBeeHB! pe3yabTaThl TEPMOIH-
HaMHYECKOTO MOJEIMPOBAHUS TIPOIecca BOCCTAHOBICHHUS
HUKEJIS U JKeJle3a U3 CHIIMKaTHOTO PacIulaBa ¢ MCIOIb30Ba-
nuem cmecer H,—H, 0.

TepMomuHaMHUYECKOE  MOJAENUPOBAHHUE  IIPOBEACHO
B YCJIOBUSIX, aHAJIOTHYHBIX MPEACTABICHHBIM B padoTe [24]:
temneparypa 1823 K, naenenue 0,1 MIla, cooTHomeHHs
HZO/H2 B npenenax ot 0 mo 1,0 (B mpuBeAEeHHBIX JaHHBIX
Y Ha PUCYHKaX HOMepa KPHUBBIX coBmaaarT). COCTaB ra3oB
TIPUBEICH HIDKE:

O6pazer;  Comeprxanme, % (06beM.)

rasa H, H,0O H,O/H,
1 100 0 0
2 90 10 0,11
3 80 20 0,25
4 70 30 0,43
5 60 40 0,67
6 50 50 1,00

KonmuecTBo raza B eIMHUYHOM IHKIIE PACUCTOB MpPHU-
HATO paBHBIM 1 MOJIb, & KOMIIOHEHTOB MCXOJHOTO OKCH/I-
Horo pacmiasa: 1 moss NiO, 10 mons FeO, 40 mons SiO,,
3 moms Al,O,, 10 moms CaO, 2 mons MgO.

TepMoaMHAMUYECKHE PACYCTHI [MO3BOJMIM BBISIBUTH
CIIEYIOIIUE 3aBUCUMOCTH:

— cozepxanus okennoB Hukens (Cy,,) n xenesa (Cp,)
B CHJIMKAaTHOM pacijaBe OT oOmero pacxoma rasza (M,
MOJIb), OMPEIENIAEMOr0 KaK MPOM3BEACHUE KOJIMYECTBA
rasa B ¢IMHMYHON NOPLUY (71, , MOJIb) HA KOJIMIECTBO pac-
YeTHBIX HUKIOB (k);

— KOJIMYECTBA HUKETIA (1, MOJIb) U JKenesa (ng,, MOJIb),
BOCCTAHOBJICHHBIX OJTHOM IOpIMEH Ta3a, OT HOMepa pac-
YETHOTO IuKIa (Z);

— CTENEHM BOCCTAHOBJICHUS HUKENsA (Qy;) W Kenesa
(Qg,) KaK OTHOIIEHHS KOJNMYECTB DIEMEHTOB B METaJLIH-
YECKOM COCTOSIHUM K UX OO0IEMY KOJIMYECTBY B CHCTEME

nMe

P = 100 % | ot obuiero pacxofa rasa;

Mpte + Pareo

— KpaTHOCTHU IIJIaKa — OTHOIIEHHWE MacChl OKCHJIHOTO
pacmuiasa (m, ) Kk Macce MeTajuia (m,,,) OT 00LIEero pacxoza
rasa;

— conepkanus Hukens B crase (Cy;, % (1o macce)) or
o01miero pacxojia rasa;

— conepxanus H, B enunmanoi nopuuu (%, 00beM.) oT
HOMEpa pacyeTHOro UK.

AHanm3 TOMyYeHHBIX JaHHBIX TOKa3BbIBACT, YTO B XOZE
BOCCTAHOBJICHUS COJCpKaHWE OKCHJA HHUKeJNs B pacruia-

BC€ MOHOTOHHO YMEHBbIIACTCs, 4 CTCIICHb BOCCTAHOBJICHUS
YBEIMYUBACTCS HE3aBUCHMO OT IO BOAOPOA B UCXOTHOM
rasze. [Ipu paBHBIX pacxojax rasza 4yeM MCHBIIE B HEM CO-
JepKaHue BOIOPO/a, TeM Bhlie 3HaueHne Cy,, B pacruiaBe
W HIDKE CTeNeHb BoccTaHoBieHus (puc. 1). Eciau Bomopoaa
B raze 6osee 90 %, TO OKCHMI HHMKEIS BOCCTAHABIMBAETCS
NPAKTUYECKH MOIHOCTBIO (P, — 99 %), a npu conepxanuu
Bonopona 50 % — creneHb BOCCTAHOBIICHUS HE TMPEBHIIIACT
28 %. B mocnennem ciydae coiepkaHHe OKCHAA HHUKETS
B pactuiaBe Oomm3ko k 1,3 %.

ConeprkaHue oKkcHa eje3a B paciuiaBe epBoHavYab-
HO BO3pacTaeT, MPOXOIUT Yepe3 MaKCUMyM, a 3aTeéM CHH-
xKaercd (puc. 2).

D10 00BsACHSIETCS OOMNbIIEH CKOPOCTHIO W TIOJIHOTOM
BOCCTAHOBJICHHSI HUKEIIS 10 CPABHEHHIO C XKEJIE30M I10 pe-
AKITIH:

MeO + H, = Me + H,0. (1)

PaBHOBECHBIN COCTaB OKCHIHOTO pacIliaBa, ra3a U Me-
Tajla OMpPEAENseTCS KOHCTAHTAMU PaBHOBECHUSl pPEaKIUU
(K ). Iockonbky K .. >> K ., TO, HSCMOTPs Ha OoJIbIIce

p pNi pFe
COJIep)KaHWE B HCXOJIHOM CHJIMKarTHOM pacIllaBe OKCHJa

kene3a FeO B cpaBHeHHH C cOEep)KaHUEM OKCHJIA HUKEIIS
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Puc. 1. 3meHenue comepkaHmst OKCH/Ia HUKETIsI B paciijiaBe (@) u cTerne-
HU €r0 BOCCTaHOBJICHHUS (0) OT o01ero pacxoza rasa (3nadenus s CO
MIPUBE/ICHBI M0 IaHHBIM paboTs [24])

Fig. 1. Change of nickel oxide content in the melt (a) and its reduction
degree (6) with increase of total gas consumption (values for CO —
according to the data [14])
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M., monv

Puc. 2. I3mMeHeHue comepKaHUst OKCU/IA JKeJle3a (a) U CTETIEHH eTo
BOCCTaHOBJICHUs (0) OT 001Iero pacxosa rasa

Fig. 2. Change of iron oxide content in the melt () and its reduction
degree (6) with increase of total gas consumption

NiO, Konu4ecTBO HUKENA (7, ), , BOCCTAHOBJIEHHOIO B HEP-
BOM IIMKJIE €AMHUYHOIN MOpIMel ra3a, Ha MOPSIOK BHIIIE
OTHX 3HAYEeHWH is Kenesa (ng,),. B pesynbrare conep-
JKaHWE OKCHJIa HUKENS B PACIUIaBe YMEHBIIIAETCs, & OKCH-
Ja ’Keje3a — He3HaYUTEIbHO Bo3pacTaeT. B manmpHeimem
C POCTOM pacxoja ra3a 3Ha4Y€HHs 71, MOHOTOHHO yMEHb-
IIAOTCS, & 71, IPOXOMAT Yepe3 MakcumyM. COOTBETCTBEH-
HO, 3HaueHus C,, MEHAIOTCSA MOHOTOHHO, a C, , — POXO-
JAT 4yepe3 MaKCUMYM.

CHz’ % 00.
90

80
70
60

50

40 1 L
0 10 20 z

Puc. 3. Usmenenue conepxanus H, B eIMHAYIHON NOPIMK Ta3a B 3aBH-
CHMOCTH OT HOMEpa PacueTHOTO UK

Fig. 3. Change of H, content in a single gas portion with increase of the
cycle number
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OO1Iee KOIMYECTBO METalljla, BOCCTAHOBJICHHOTO CIH-
HUYHOHM NOpUHEN ra3a, B IEPBOM LUKIIE UIMEET MaKCUMallb-
HOE 3Ha4YeHHe, a M0 MEPe Pa3BUTHUS MPOlecca — yMEHbIIa-
ercs. [loaToMy TiepBOHAYalbHO B OTXOMASIIEM rase JOJs
BOZOpOJA H2 MUHHMaJIbHa, B JAJIbHENUIIIEM — YBETTUUMBACT-
¢ ¥ pubmxkaetcs k npezaeny (puc. 3).

Conepxanne HUKeNs B 0OpasyroleMcst MeTaude-
CKOM CIJJaBE MOHOTOHHO YMEHBIIAETCS 10 Mepe pocta M
(puc. 4). D10 CBA3aHO ¢ MEPBOHAYAILHBIM Pa3BUTHEM MPO-
1ecca BOCCTAHOBIICHHS HUKENS W MPEBaJIMPOBAHUEM 3Ha-
YeHUH ny; HaI ng . OmHaKo MOCIE CHUKEHUSA CNiO U TIpaK-
THYECKHU TIOJIHOTO Mepexo/ia HUKEJIS B METaJll, POIeCChI
BOCCTAHOBJICHUS jKeje3a MPOJOIDKAIOTCS, YTO BIMACT Ha
Bemuunnbl Cp . B puBeeHHBIX pacueTax mpy 3HAYCHAH
Oy;» OmmskoM K 99 %, Benmuuna @y He npesbimaet 6,0 %
(puc. 1, 2).

[To mepe ymenbienus Cy,, 107151 BOAOPO/IA, PACXOIye-
MOTO Ha B3aMMOJICHCTBHE C OKCHJIOM JKeJe3a, YBeIHurBa-
ercs. [Ipu 3TOM KpaTHOCTP IIIJJaKa COCTaBJseT He MEHee
60 equnanir (puc. 4). DTO O3HAYaET, YTO JIOJNA MeTaluia
B CHCTEME M0 3aBEPIICHUI0 BOCCTAHOBJICHHS HE IMPEBBI-
maet 2 %. JIume mocie moaHoro BOCCTAaHOBICHUST HUKEIIS
pa3BUBAETCsI BOCCTAHOBJICHHUE JKelle3a, YTO COMPOBOXKAAET-
Csl YBEJIMUEHHUEM €TO0 JIOJH B CIUIABE.

Bapeuposanue coornomenns H,O/H, B ucxonnoii cme-
CH BJIMSCT Ha CONCP)KAHUE OKCHJIA HUKENS B CHIIMKATHOM
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Puc. 4. I3menenue comepkaHust HUKENS B CIUIaBe (a) U KpaTHOCTH
nuaka (6) ot odmiero pacxosa rasa

Fig. 4. Change of nickel content in the alloy () and of relation between
slag and metal (6) with increase of total gas consumption
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paciiaBe Jaxe Mpu paBHBIX KOJIMYECTBAX BBEACHHOIO B CU-
cTeMy rasa. Tak, comep)kaHre HUKENS B CIUIaBe, KpaTHOCTh
IJIaKa YBEMYMBAIOTCSA, @ 1ot H, B oTxonsiem rase, cre-
TICHW BOCCTAHOBIICHMS JKeJle3a M HUKETSI, KOINIeCTBa HU-
KeJsl U jKene3a, BOCCTAHOBIICHHBIX OJHOW Mopluel rasa,
ymensmaiores. [o mepe yBenmuaenus oomiero pacxoma rasa
BEJIMYMHBI YKA3aHHBIX NIAPaMETPOB MPUOIMKAIOTCS K TIpe-
JICTBHBIM 3HAYCHUSIM, COOTBETCTBYIOIIHNM PAaBHOBECHIO
C UCXOJIHOHM CMECKIO.

[TapaMeTpbl cCHCTEMBI, COOTBETCTBYIOLINE ITOCICIHE-
My LMKy PacyeToB (Z ) NMPU Pasivu4HbIX 3HAYEHHAX
OIIN H2O B UCXOQHOM ra3oBOM CMECH, NMPEINCTABIECHBI B
Tabule.

Ha puc. 1, 2 u B npuBeAeHHBIX TaHHBIX [UIS CPABHEHUS
MOKa3aHO W3MEHEHHE IapaMeTPOB BOCCTAHOBJICHUS Me-
TaJJIOB M3 aHAJOTUYHBIX PACTIABOB MOHOOKCHIIOM YTJIEpO-
na [24]. [lapameTpsl mpoliecca BOCCTAHOBJICHHUS TIPUBEIC-
HBI HIDKE:

[Tapamerp 3HaueHne mapaMerpa

a3 CcO H, H,

C., % (obbem.) 100 100 90
Oy % 97,80 98,09 98,10

V, M3/T 102 41 75
Cyio» % (mo macce) 0,050 0,035 0,035
Creo» %0 (mo macce) 17,06 16,9 17,00
C., % 96,30 87,05 87,12
C., % 3,70 12,95 12,88

Kparnocts mmaka 41 42 47
Cy» % 70,3 65,0 68,3

Ppes %0 4.4 5.6 4.8

IMapameTpsl, COOTBETCTBYIOLINE 3aBePLIAIOLIEMY HUKJY Ppac4yeTos (Z

IIpu cremeHu BOCCTaHOBICHHMSA HHUKENs OKoilo 98 %
OCTaJbHBIC TIOKA3aTEeNN TaK Ke OHM3KH, OTHAKO LTI UX J0-
CTIDKEHUsI BoJlopofia TpeOyetcs B 2,5 pasa, a cMecH, B KO-
topoit H,O/H, = 0,11 (H, - 90 %), B 1,36 pa3 meHbLIE, 4eM
okcuaa yriepona CO.

Bui6oowt. Tlokazarenn BOCCTaHOBICHUSI HUKEIS H JKe-
Jie3a U3 CHJIMKaTHOTO paciulaBa ONpPEAENSIOTCS KaK coep-
JKAaHUEM OKCHIOB METAJUIOB B PAaCIUIaBe, TaK M COCTABOM
ra3a-BoccTaHoBHUTENS. [Ipy MCTIONB30BaHMH YHUCTOTO BOMIO-
pola HUKeJb BoccTaHaBnMBaeTcs npakTuyecku Ha 100 %,
a CTEIeHb BOCCTAHOBIICHUS JKEJIe3a MOXKHO PEryJIHpOBaTh
MyTeM BapbUpPOBaHMs OOIIero pacxonma raza. HeGosbioe
(mo 10 %) xonmuectso H,O B ra3oBoii cMecu Mano Bius-
eT Ha ITOKa3aTeJN BOCCTAaHOBIICHHS HHKENS M KeJe3a U3
okcuaHOro pacmiaBa. OfHAKO JalbHEWIIee YMEHBIICHHE
JONH BOOOPOIA B Tra3e BEAET K JAerpamalliid BOCCTAHOBH-
TENBHBIX MPOIECCOB. BoccTaHOBIEGHUE HUKENS U XKeje3a
BOZIOpOIoM 3 dekTuBHEE, YeM okcHoM yriiepoaa CO.
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nax ) TIPH pasauunbIx gousx H,O

B MCXO0JHOM razopoii cmecu (1823 K)

Parameters corresponding to the final calculation cycle (Z , ) for various proportion of H,O
in the initial gas mixture (1823 K)

IMapameTp 3HayeHne apaMeTpa
H,O/H, 0,11 0,25 0,43 0,67 1,00
H,0, % 0 10 20 30 40 50
- 17 21 21 11 10
V, M3/T 48 115 205 205 75 68
M_, monp 7 17 21 21 11 10
Cyio» 7o (10 Macce) 0,0170 0,0013 0,0180 0,4400 0,8170 1,3200
Creo» Y0 (0 Macce) 16,72 16,84 17,29 17,4 17,44 17,43
H,, % 88,3 88,4 80,0 70,0 59,0 49,3
H,0%, % 11,70 11,6 20,00 30,00 41,00 50,70
Kparnocts mnaxa 42,00 44,00 59,65 75,90 110,00 225,00
Cyi» %o 61,08 64,0, 78,26 83,59 87,12 89,55
Oy Y0 99,10 99,30 90,15 76,02 55,38 28,23
Qpe» Y0 6,65 5,88 2,64 1,57 0,86 0,35
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THERMODYNAMIC MODELING OF NICKEL AND IRON REDUCTION
FROM MULTICOMPONENT SILICATE MELT IN BUBBLING PROCESS.
REPORT 2. REDUCING AGENT - A MIXTURE OF H, - H,0
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Abstract. A number of technologies in ferrous and non-ferrous metallurgy
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are based on bubbling processes. For prediction of melting parameters
including the reduction of metals from oxide melt by a reducing gas
in a bubbling layer in industrial aggregates, a thermodynamic model-
ing technique is proposed based on calculation of the equilibrium in
oxide-melt-metal-gas system. Originality of the technique is that equi-
librium is determined for each unit dose of gas introduced into the
working body, with the contents of oxides of metals being reduced in
each subsequent design cycle equal to the equilibrium in the previous
one. For the analysis NiO (1.8 %) — FeO (17.4 %) — CaO (13.5 %) —

—MgO (1.9 %) — Si0, (58.0 %) — AlL,O, (7.4 %) oxide system was
taken, closely corresponding to composition of oxidized nickel ore.
The ratio of H,O/H, in gas mixture varies between 0 and 1.0. (1823 K),
amount and composition of formed metal (ferronickel), as well as the
indices (the ratio of slag and metal, the degree of reduction of metals)
are important in implementation of the process under commodity con-
ditions. The increase in hydrogen consumption monotonously reduces
the content of nickel oxide in the melt, while the content of iron oxide
initially increases, and then decreases. When H, is introduced in an
amount of about 50 m? per ton of the melt, the content of nickel oxide
in it is reduced to 0.017 %, and of iron oxide to 16.7 %. Resulting fer-
ronickel contains 61 % Ni, ratio of slag and metal — 42 units. Further
increase in H, consumption leads to preferential iron reduction. An in-
crease in H,O/H, ratio worsens the results of reduction of metals from
the melt: decrease in degree of reduction of nickel and iron, increase
in nickel content in the alloy, and the ratio of slag and metal. However,
even with a H,/H,0 ratio of 1.0, which corresponds to 50 % of H,O
in the gas mixture, reduction process does not stop. For comparison,
the work presents data on change in content of nickel and iron oxides,
when metals are restored from similar melts with carbon monoxide.
At a nickel recovery rate of 98 %, indicators are close in case of using
both H, and CO. However, to achieve them, it is required 2.5 times
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less hydrogen, and 1.36 times less mixture in which H,O/H, = 0.11
(H, — 90 %) than carbon monoxide.

Keywords: technique, thermodynamic modeling, kinetics, reducing gases,

bubbling processing, multicomponent oxide melts, hydrogen.

DOI: 10.17073/0368-0797-2018-10-794-799

10.

11.

12.

13.

14.

15.

REFERENCES

Romenets V.A., Valavin V.S., Usachev A.B. Protsess Romelt
[Romelt Process]. Romenets V.A. ed. Moscow: Ruda i metally,
2005, 399 p. (In Russ.).

Vanyukov A.V., Bystrov V.P., Vaskevich A.D. Plavka v zhidkoi
vanne [Melting in a liquid bath]. Vanyukov A.V. ed. Moscow:
Metallurgiya, 1986, 259 p. (In Russ.).

Mechev V.V,, Bystrov V.P., Tarasov A.V. etc. Avtogennye protsessy
v tsvetnoi metallurgii [Autogenous processes in non-ferrous metal-
lurgy]. Moscow: Metallurgiya, 1991, 413 p. (In Russ.).

Mark E. Schlesinger, Matthew J. King, Kathryn C. Sole, William G.
Davenport. Extractive Metallurgy of Copper. Elsevier, 2011, 481 p.
Vignes A. Extractive Metallurgy 3: Processing Operations and
Routes ISTE Ltd. John Wiley & Sons, Inc., 2011, 352 p.

Bakker M.L., Nikolic S., Mackey P.J. ISASMELTTM TSL — Appli-
cations for nickel. Mineral Eng. (4n International Journal Devoted
to Innovation and Developments in Mineral Processing and Extrac-
tive Metallurgy). 2011, vol. 24, no. 7, pp. 610-619.

Bakker M.L., Nikolic S., Burrows A.S. ISACONVERT TM - con-
tinuous converting of nickel/PGM mattes. Alvear G.R.F.J.S. Afi: Inst.
Mining and Met. 2011, vol. 111, no. 10, pp. 285-294.

Kovgan P.A., Volkov V.A., Kozyrev V.V. etc. Environmentally
friendly technology of non-coke melting of oxidized nickel ores.
Tsvetnaya metallurgiya. 1994, no. 11-12, pp. 16-17. (In Russ.).
Lazarev V1., Lazarev V.I., Spesivtsev A.V., Bystrov V.P. Develop-
ment of Vanyukov smelting with depletion of slag. Tsvetnye metally.
2000, no. 6, pp. 33-36. (In Russ.).

Kovgan P.A., Abuov M.G., Edil’baev A.I. Perspective technologies
of processing of poor oxidized nickel ores. Tsvetnye metally. 2008,
no. 2, pp. 43-45. (In Russ.).

Tsymbulov L.B., Knyazev M.V., Tsemekhman L.Sh., Kudaba-
ev E.A., Golovlev Yu.l. Analysis of various variants of the techno-
logical scheme of processing of oxidized nickel ore into ferronickel
with the use of two-zone Vanyukov furnace. Tsvetnye metally. 2010,
no. 10, pp. 15-21. (In Russ.).

Bystrov V.P., Fedorov A.N., Shchelkunov V.V,, Bystrov S.V. Use of
Vanyukov process for the processing of oxidized nickel ores. Tsvet-
nye metally. 2011, no. 8-9, pp. 155-158. (In Russ.).

Romenets V.A., Valavin V.S., Pokhvisnev Yu.V. Technological as-
sessment of the Romelt process in the classic and two-zone variants.
Metallurgist. 2014, vol. 58, no. 1-2, pp. 20-27.

Dosmukhamedov N.K., Zholdasbai E.E., Nurlan G.B., Seitku-
lova Zh.B. Study of the behavior of non-ferrous metals, iron and
arsenic in reducing depletion of copper-rich slag. Mezhdunarodnyi
zhurnal prikladnykh i fundamental 'nykh issledovanii. 2016, no. 1
(p- 4), pp. 486—491. (In Russ.).

Vusikhis A.S., Dmitriev A.N. Investigation of the processes of re-
duction of metal oxides from the melt by reducing gas in the bubbled

16.

17.

18.

19.

20.

21.

22.

23.

24.

layer. Vestnik UGTU-UPI. 2004, no. 15 (45), Part 1, pp. 93-95. (In
Russ.).

Moiseev G.K., Vyatkin G.P. Termodinamicheskoe modelirovanie v
neorganicheskikh sistemakh: Uchebnoe posobie [Thermodynamic
modeling in inorganic systems]. Chelyabinsk: YuUrGU, 1999,
256 p. (In Russ.).

Sohn H.Y. Process modeling in non-ferrous metallurgy. In: Treatise
on Process Metallurgy: Industrial Processes. Ed. by S. Seethara-
man. Chapter 2.4. Oxford: Elsevier Ltd., 2014, pp. 701-838.
Pickles C.A., Harris C.T., Peacey J., Forster J. Thermodynamic
analysis of the Fe-Ni-Co-Mg-Si-O-H-S-C-Cl system for selective
sulphidation of a nickeliferous limonitic laterite ore. Miner. Eng.
An International Journal Devoted to Innovation and Developments
in Mineral Processing and Extractive Metallurgy. 2013, vol. 54,
pp. 52-62.

Komkov A.A., Ladygo E.A., Bystrov V.P. Thermodynamic analysis
of reducing depletion of slags rich in copper and nickel. /zvestiya
Vysshikh Uchebnykh Zavedenij. Tsvetnaya Metallurgiya. 2002,
no. 4, pp. 7-14. (In Russ.).

Pickles C.A. Thermodynamic analysis of the selective carbothermic
reduction of electric arc furnace dust. Journal of Hazardous Mate-
rials. 2008, vol. 150, pp. 265-278.

Vusikhis.A.S., Kudinov D.Z., Leont’ev L.I. Modeling of the kine-
tics of reduction of nickel from multicomponent oxide melt with
hydrogen in barotrauma layer. Journal of physical chemistry. 2008,
vol. 82, no. 11, pp. 2035-2038.

Dmitriev A.N., Vusikhis A.S., Sitnikov V.A., etc.Thermodynamic
modeling of iron oxide reduction by hydrogen from the B,O,-
CaO-FeO melt in bubbled layer. Israel Journal of Chemistry. 2007,
vol. 47, no. 3-4, pp. 299—302.

Vusikhis A.S., Kudinov D.Z., Leont’ev L.I. Modeling of kinetics of
joint reduction of iron and nickel from multicomponent oxide melt
by hydrogen in the bubbled layer. Journal of physical chemistry.
2008, vol. 82, no. 11, pp. 2030-2034.

Vusikhis A.S., Leont’ev L.I., Kudinov D.Z., Selivanov E.N. Thermo-
dynamic modeling of nickel and iron reduction from multicomponent
silicate melt in bubbling process. Report 1. Reducing agent — a mix-
ture of CO — CO,. Izvestiya VUZov. Chernaya metallurgiya = Izves-
tiva. Ferrous Metallurgy.2018, vol. 61, no. 9, pp. 731-736. (In Russ.).

Acknowledgements. The work was performed within the framework of the

state task of the IMET UrB RAS on the topic no. 0396-2015-0082.

Information about the authors:

A.S. Vusikhis, Cand. Sci. (Eng.), Senior Researcher
(vas58@mail.ru)

L.1. Leont’ev, Dr. Sci. (Eng.), Professor, Academician, Adviser of the
Russian Academy of Sciences, Chief Researcher
(leo@imet.mplik.ru)

D.Z. Kudinov, Cand. Sci. (Eng.), Senior Researcher
(d.kudinov@mail.ru)

E.N. Selivanov, Dr. Sci. (Eng.), Head of the Laboratory of Pyrometal-
lurgy of Nonferrous Metals (pcmlab@mail.ru)

Received July 11,2017

799


mailto:leo@imet.mplik.ru
mailto:d.kudinov@mail.ru
mailto:pcmlab@mail.ru

