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Ypanbckuii dpenepanbublii ynuBepcuTeT nMeHu nepsoro [pe3uaenta Poccun b.H. Eabuuna
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Armomauuﬂ. PaCCMOTpeHa HHXCHEPHAast MaTeMaTH4eCKast MOJICJIb pa3BUTHUS (bI/I3I/IKO—XI/IMI/I‘IeCKI/IX HpCBpaHleHI/Iﬁ B 00bEME OKaThbIlla, COCTOALICTO U3 I'pa-

HYJI XKEJIE3HOH Py/ibl, N3BECTHSIKA M KOKca (yrIepozacoaepxaniero Tomsa). [Tokazano, yto aieKBaTHbIE SKCIIEPUMEHTAILHBIM JaHHBIM SIBISIOTCS
MaTeMaTHYeCKUEe MOJISIIH, HCTIONIb3YIOIHE TPEXCTYCHUATYIO CXeMy BOoccTaHOBIeHH . CTporoe MareMariieckoe ONMUCcaHue polecca BOCCTAaHOB-
JIGHMS 110 9TOM cxeme TpeOyeT COBMECTHOrO PeLIeHHMS 3a/1a4 KMHETHKH T10CIIeI0BATENIbHO-APAILISNbHBIX Peakiuil U An(dy31un MHOTOKOMITIOHEHT-
HOTO rasa B ropax Kycka py/bl. Takoii moaxo He MOXKeT ObITh MCIIOJIB30BAaH B MATEMATHUECKOM MOJICIH Mpoliecca 00KUra pyaoyrojibHbIX OKaThI-
IeH BCJIEACTBUE CBOCH CIIOKHOCTH. DTa CIOXKHOCTH ele Oosiee BO3pacTaeT Mpu yuyeTe XapakTepHOH 0COOEHHOCTH Ta30BOr0 M TEMIEPaTypHOTO
PEeKUMOB OOKHTOBOIM MAIINUHBI, TPOU3BOASIICH O(IIOCOBAHHBIC PYIOYTOJIbHBIC OKATHILIN: M3MEHEHHE COCTaBa ras3a 10 X0y Marepuaia (mepexon
OT OKHCIUTEIBHON arMocdephl K BOCCTAHOBUTENIBHOM MIIM HEHTPasibHO#). J{ist peiieHust 3aqaun BOCCTAaHOBJICHHS PY/AHOI IPpaHyJibl Ba)KHO 3HATH
KpUBbIE paclpe/ieIeHus KOHIEHTPALMii BOCCTAHOBUTEIICH U ra3000pa3HbIX MPOIYKTOB PEaKLHH 110 paauycy. B cuity CloKHOCTH ypaBHEHHUI Tu)-
(hy3uu, mporpesa rpaHyJI 1 XUMUYECKON KHHETHKHU UCIIONIB3YETCsl MPUOIMKEHHbIH MeToA petieHus 3anaun Credana, pazsutsiii J1.C. Jleliben3onom,
CYLIHOCTh KOTOPOTO COCTOMT B MPE/NONIOKEHHH, YTO B KXK/Iblii MOMEHT BPEMEHH JUIsl 33J[aHHOI KOHLIEHTPAIMH KOMIIOHEHTA ra3a B Makponopax
OKarhIlla B 00beMe IpaHyJIbl YCIIeBAeT YCTAHOBUTHCS KBa3UCTALMOHAPHOE paciipeenenue. Bee peakuny BOCCTaHOBICHHUS OKCH/IOB POTEKAIOT HE
Ha MIOBEPXHOCTH MHKPOIIOP COOTBETCTBYIOLIETO CIIOS IPAHYJIBI, @ HA Pa3ICNsIOUINX ATH CIIOH (POHTAJIBHBIX TIOBEPXHOCTSX, IPHIEM BOCCTAHOBIIC-
HHE LIEHTPAJIbHOTO 00beMa NepBOHAYAIBHOTO MAarHETUTA HE MOJy4YaeT Pa3BUTHS J0 TEX IO, MOKa COCEHSsI FeMaTUTOBAasi 00JIacTh HE BOCCTaHO-
surcs j10 Fe,0,. TIpu Takux ycioBUsX Best CIIOKHOCTb YPOLICHHONH MaTeMaTHYECKOH MOJICIIH KOMIIEHCHPYETCS Ha/UIEKALMM BHIOOPOM allrOpHTMA
YUCIIEHHOTO PEIIEHHSI CUCTEMBbI ypaBHEHHH. [10CKOIBKY psijl yIpOIIEHHI HE COOTBETCTBYET PEabHOCTH (HApUMeEp, CIION METAJTHYECKOro JKee3a
HE MPOITYCKAET ra3-BOCCTAHOBHUTEIb), IPHXOIUTCS HCIIONB30BaTh A(Y(PEKTUBHBIC KOIPDHUIMEHTDI, 3HAYCHHE KOTOPIX YCTAHABIMBACTCS B IPOLIECCE

aJanTaluy MOJICIH.
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3agava MpOeKTUPOBAHMS OOKUTOBBIX MAIITH W OITHMH-
3aIlUM UX TEIUIOBOI pabOoThI HE MOXKET ObITH A(P(HEKTUBHO
peleHa 10 TexX mop, MoKa B MaTeMaTHIECKOH MOJIEITH TIPO-
recca He OyJlyT OTHOCHUTEIBHO TOYHO ONPEAeIsThCSI MHTEH-
CHBHOCTH TPOTCKAHUS OTHEIBHBIX XUMHUYECKUX PEaKIIHil.
YuuteiBas cuenanHbie B pabote [1] 3ameyanus o0 oOmieit
CIIO)KHOCTH KOMILJICKCHOM MAaTeMaTH4eCKOW MOJAEIH IIPO-
necca OOXKHTa PYyAOYTOJbHBIX OKaThIllel, omucanue (u-
3UKO-XHMUYECKUX aCIIEKTOB IIPOIlecca JKearebHo odop-
MJIATH B BHJE OTHOCHTEIHHO IMPOCTBIX MaTeMaTHYCCKUX
YpaBHEHHH, OTPaKAIOUIMX TEM HE MEHEe MPaBIJILHO OC-
HOBHBIE (XapaKTEePHbIC) CTOPOHBI TOTO WJIA HHOTO SIBJICHHS.

HaunGonpmuii HHTEpEC U, B TO Ke caMOe BpeMs, CaMble
Oouble 3aTpyAHEHUS BBI3bIBAET OMKICAHKE MIPOLEecca BOC-
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CTAHOBJICHUSI OKCHIOB JKeJie3a PYIHBIX TPaHyl OKAaThIIIA.
Kaxk noka3seiBaeT 0030p nureparypsl [2 — 14], anekBaTHbIMU
IKCTIEPUMEHTAIBEHBIM JaHHBIM SIBILTIOTCS MAaTEMaTHICCKIE
MOJIEJIH, UCTIONB3YIOIINE TPEXCTYIIEHYaTyI0 CXeMy BOCCTa-
HoBJIeHUI. CTporoe MaTeMaTHUECcKoe OMHCAaHHE TIpoIecca
BOCCTAHOBJICHHS 110 TAKOH cXeMe TpeOyeT COBMECTHOTO pe-
IICHUS 3a7a9 KHHETHKH IOCIEeA0BATEIFHO-TIApaLIeTBHBIX
peakiid ¥ qud(Py3uH MHOTOKOMIIOHEHTHOTO ra3a B MO-
pax Kycka pyabl (okarbima). Hanbonee mociemoBareinbHO
TaKoOW METOJl aHaJIn3a 3aKOHOMEPHOCTEH BOCCTAHOBIICHUS
poBeJieH B padore [8], oHAKO OH HE MOXKET OBITh HCITOJTh-
30BaH B MaTeMaTH4ECKOW MOJIEIH Ipolecca 00KHra pyao-
YTOJNBHBIX OKATHIICH BCICICTBHAE CBOCH CIIOKHOCTH, M €T0
HEOoOXOIMMO YIPOCTHTH JIO pa3yMHOTI'0 TIpe/era.
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Puc. 1. Cxemarndeckoe CTpoeHHE PyAHOH IpaHyJIbl:
& — TONIIMHA CII0S TPAHUIIBI; HHICKCAMH KK, «M», «T», «B», «P»
0003Ha4€Hbl COOTBETCTBEHHO KOPKA, MArHETUT, TeMaTHT, BIOCTHUT, py/aa

Fig. 1. Schematic structure of the ore pellet:
& - thickness of boundary layer; «x», «m», «r», «B», «p» indices denote
crust, magnetite, hematite, wustite, ore correspondingly

B o6miem cniyuae npu 00)KUre MarHeTUTOBBIX OKaThIIIEH
CXEeMaTHYCCKOE CTPOCHUE PYOHOM TpaHynsl OymeT WMeTh
BMJI, TIpeJICTaBIeHHbINH Ha puc. 1. B mpouecce okucnenus
TpaHyJIbl B 30HE MOAOTPEBA U HAYAIIFHOM y4acTKe 30HBI 00-
JKUTra Ha ee (TpaHyJbl) TOBEPXHOCTU 00paszyeTcsi reMaTuTo-
Basi KOpKa, TOJIIIMHA KOTOPOH OTIpENesieTcsi ConepKaHueM
KHCJIOPOZA B Ta3e M CKOPOCTBIO HarpeBa Marepuana. [Ipu
mepexone B 30HY BOCCTAHOBJICHUS ITONYYalOT DPa3BUTHE
peaKknuu BOCCTAHOBIICHUS; B 00BbEME IPaHyINIbl 00pasyroT-
Cs1 KOJIbIIA JKeJe3a U ero OKCHIOB. MO)KHO BBIICIHTH ISTH
CJI0€B PA3JIMYHBIX COCTOSHUN PyAHOH COCTaBIIIOLIEH OKa-
THIIIA, KaK 9TO ITOKa3aHO Ha puc. 1.

Jlia perieHus 3a7aud BOCCTAHOBIIGHUSI PYAHON rpa-
HYJIBl Ba)KHO 3HATh KPHBBIE pAaCIpeneieHHs KOHIICHT-
panuii BocCTaHOBHUTENEH M Ta3000pa3HBIX MPOIYKTOB
peakunu mo paguycy. Kak yxe oTMedanoch BBIMIE, IS
3TOr0 HEOOXOAMMO pellaTh BHYTPEHHIOI 3aAady He-
CTalMOHAPHON NU(PPY3UH MHOTOKOMIIOHEHTHOTO T'a3a B
nopax rpaHyisl. B nensx ynpolueHus MaTeMaTH4eCKOH
MOJIETH 00KUTOBOM MaIIMHBI HCITONB3YEeM, OTHAKO, APY-
TOi MOAXOMA, @ UMEHHO MPUOJINKEHHBIN METOJ] PeIICHUs
3amaun Credana, passuteiit JI.C. Jleiibensonom [15].
[Ipennonoxum, 94To B KaXblil MOMEHT BpEMEHU ISl 3a-
AaHHOW KOHIIEHTPAaIlMH KOMIIOHEHTA Ta3a B MaKpOImopax
OKaThIIa B 00BEME TPaHyNbl YCIEBAEeT yCTAHOBUTHCSA
KBa3WUCTAI[MOHAPHOE pacrpeneieHue. Bece peakuun Boc-
CTAHOBJICHUSI OKCHUJIOB KeJie3a MPOTEKAI0T HE Ha TIOBEPX-
HOCTH MHKPOTIOP COOTBETCTBYIOIIETO CJOSI TPaHYINHI, a
Ha Pa3JesIOMMX 3TH CIOM (POHTANBHBIX IMOBEPXHO-
CTSIX, IPUYEM BOCCTAHOBJICHHE IICHTPaJbHOTO 0O0BeMa
MepBOHAYAILHOTO MarHeTuTa (cioii 1) He monyvaeT pas-
BHUTHE JI0 TE€X IIOpP, IOKA COCEIHsSI TeMaTuToBas 00IacTb
(cnoit 2) ne Boccranosurcs 1o Fe,O,. [Ipu Takux nomy-
meHnsx n3MeHenne koumnentpanuu CO mo paaunycy pyn-
HOM rpaHyibl OyAeT OMHUCHIBATHCS CICAYIOLIEH cucTeMon
YpaBHEHHUIA:
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3nech C, M CCO2 — KOHIIEHTpAIHsl COOTBETCTBYIOIIETO Ta-
30B0oro kommnonenta (CO mwm CO,); k,, — sbdexruBHbIE
KOHCTAHTBI CKOPOCTH PEaKIi BOCCTAHOBICHHS OKCHIIOB
xenesza CO na I-if cTynenn BoccTaHoBieHus; K, | — UX KOH-
CTaHThI paBHOBECHUST; D, - — 3 hexTuBHbIE KOIDPUIMEHTDI
muddy3un okcuIa yriepoaa B k-OM CII0e PyIHOM TPaHyIIbI;
B,co — Kodddument maccoobmena no CO Ha HO(])BCpXHOC—
TH PYJHOW IpaHyIbl, e KoHIeHTpanus paBHa Cqq; O(x) —
cuMBoi Kponekepa, npuuem

Onpug, <&

3(& ~&.)=

P M
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Takas ke cucTeMa ypaBHCHHH MOKET OBITH 3amicaHa
Juis rokcupa yriuepona. [Ipu stom Bee adpdexTuBHbIE KO-
¢ punnentsr Auhy3uu caeayeT 3aMeHUTh Ha ch02 " U3-
MEHHTb 3HAKH MMPaBbIX YacTed ypaBHenuit (1) u (2) Ha mpo-
THUBOTIOJIOKHEIE.

s Bcex 3HaueHUH ép, 32 UCKIIOYEHUEM &p =&, u
ép = &, mpaBas yacThb ypaBHenus (1) pasna nyimo. [Tostomy
B IIpefiesax KaXKAoro Ciosl pyJHOH IpaHyibl KpUBas n3Me-
HEHUsI KOHIICHTpAIUK OyJIeT MPENCTaBIATh cO00H OTpe30K
THIIEPOOIBI
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MoxHO ToKa3arh, 4T0 KpuBas koHueHTpauuu CO He-
MIPephIBHA, B TO BpeMs KaK €€ MPOM3BOAHAs Ha (ppOHTAIB-
HBIX IOBEPXHOCTSX IpeTepIeBaeT pas3pbiB, MPUUEM IPHU
nepexosie yepe3 TpaHHIly §p=§M CKauOK KOHIICHTPALUU

cocraBuser ky,| Ceo — Ceo, , a TIpH TIepexofie de-
22 Je =,
CCO
pe3s§ =& —Hak,;| Coo —— .OTMedeHHOE BhIIIIE
23 Je =g,

CIIPaBEUTMBO TAKXKE JJISI KPHBOM M3MCHEHHS KOHIICHTpa-
UH JUOKCHa yriiepona. Takum o6pa3om, ¢ yIeTOM YeThI-
pex rpaHUYHBIX ycloBHi Trma (2), (3) moixyyaeM cuctemy
Y3 BOCBMH YPaBHEHUI IS OTBICKaHUs BOCHBMH HEU3BECT-
HBIX, Ompenessomux npodunu konnentpauun CO (4,,
A4,,)u CO, (B, B,,). llpouenypa pemenuns 3Toi CHCTEMBI
TPUBHAIIbHA, & CAMH PELICHHS 3/IeCh HE TIPUBOJISTCS BBUILY
UX TPOMO3JKOCTH. B KoMIakTHOH opme 3arucu OHU HMe-
FOT BH]

e A, — ONpe/IeNUTENb YIIOMSAHYTOU BBIIIE CUCTEMBI; A,
ee anredpanuecKue JOMONIHEHHUS.
Koapduumenter 4,, u B|, Boipaxarorcs 4epes 4,, B, n
konuenrpauu CO u CO, B MaKponopax OKarhbIlIa.
AHaNIOTMYHbIC BBIPAKCHUSI MOTYT OBITH 3alMCaHbI IS
Cllyuasi BOCCTAaHOBJICHHSI OKCUI0B JKeJIe3a BOJOPOJIOM.
[lepexonss OT MOJIBHBIX KOHIEHTpaUHUHd KOMIIOHEHTOB
rasa K uX 0ObEeMHBIM JIOJISIM

_ PH2H2

pCOCO , CH
MH2

Ceo = M 5
co
Y T.JI. ¥ HCTIOJIb3Ysl OCHOBHBIC MTOJIOKCHUSI KHHETHUKH MTOCIIe-
JIOBaTeIbHO-TIApAIUICIBHBIX peakiuit [2, 3,7, 8, 12 — 14],
MOJIyYUM CJICAYIONINE BBIPAKCHHUSI, ONMPEACIAIONINE 3aK0-
HOMEPHOCTH U3MEHEHUS TPaHUI] pas/iesia 30H PyJHOH Irpa-
HYJIBI 1 MOIITHOCTEH MCTOYHUKOB (CTOKOB) TETIOTHI:
— IUTS TEMaTUTOBO# 30HBI (30HA 2)
P8, 2 = —%[SOpH Py, B j =
ot fa P A A,
—3(800 +5,7143v, , ) kr Fe,0,/c; (6)
2 R 1,2 237G,

T
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B »TuX BBIpaX]KEHUAX g§e203 — MaccoBas J0JI reMaruTa
IIPU €T0 PaBHOMEPHOM PACHPENCIICHUH 10 BCEMy 00beMy
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p, M p,, — TUIOTHOCTH PYAbl M OKAThIIA; ( , — yACIHbHBIC
Temosble d(PexThl peakiuii Boccranosnenus H, u CO
Ha OTJEJIbHBIX CTYIEHAX, & CKOPOCTH BOCCTAHOBJIEHHS V), ,
OIPENEISIOTCA YPABHEHUAMU
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BBIPAKCHHUE /U U, ; OTIMYACTCA OT yPAaBHCHUs (13) numb
TEM, 4TO B HEM BMECTO kz’2 u Kz’2 CTOST KO HUITUCHTHI k2,3
"8 K, +1

B BBlIIEIpUBENICHHBIX YpaBHEHUAX ky, =k, ———.

Lk
[Tpu BEIUKCIIEHUSIX KOHCTAHTHI PABHOBECHS TIPUHUMAIICH
M0 JaHHBIM paboThl [2], a 3PEKTUBHBIC KOHCTAHTHI CKO-
pocTeil peakiuii k|, 4 — T10 OKCIIEPUMEHTAJILHBIM JIAHHBIM, &
TaKXe JIaHHBIM, IPUBEJEHHBIM B pabdotax [3, 5, 7, 13, 14].
Tennoseie 5 dexThl peakimii (, pacCINTHIBAINCH 11O BbI-
paXeHUsIM, TOCTPOCHHBIX Ha OCHOBE TaONMI, NPUBEACH-
HBIX B YKa3aHHBIX UCTOYHHMKAX, C UCTIOJIh30BAHUEM METOJIa
HAaUMEHbBIIUX KBaJPaToB.

Cucrema ypaBHEHUH JUIsT 00ObEMHBIX JIOJICH KOMIIOHEH-
TOB Ta3a OMpeJeNseTCs TUIIOM Ta30Boi arMochepsl. Eciu
ol obpabarbiBaetcs npopykramu nosHoro (CO,, H,O,
N,) wm gyactuunoro (CO, CO,, H,, H,0, N,) cxuranus
TOIUTHBA, TO OHA BKJIIOYAET CEMb YPaBHCHHH, TaK Kak, IO-
MHMO TIEPEUUCIICHHBIX KOMIIOHEHTOB I'a3a, HEM3BECTHBIMHU
SABJISOTCS TAKIKE CKOPOCTH (PUIIBTPALIMHI D, ¥ MACCOBAs CKO-
pocts G . Ilpu Hanmuunu B atmochepe cBOOOAHOTO KUCIIO-
poza 100aBIIETCs ele OIHO BhIpaxeHue. Tur arMochepbl
M3MEHSET TAKXKEe UTOTOBYIO CHUCTEMY TU(PepeHITMaTbHBIX
YpaBHEHH, OMUCHIBAOIIUX (DU3UKO-XUMHYECKUE aCTICKThI
nporecca oOKUTa PyIOyroibHBIX OKathimeil. [lompoOHO
9TH BOTIPOCHI 3/IeCh HE PACCMATPHBAIOTCSI, IOCKOJIBKY OHH
OTHOCHUTEJIbHO JIETKO YYUTHIBAIOTCS B pamMKaX, W3JI0KEH-
HBIX B pabote [1], a Takke B HACTOSAIIEM HUCCIICIOBAHUH.

WznoxeHHas METOMKA B COBOKYITHOCTH C MOJIENbIO [ 1]
IIMPOKO HCIIONB3YeT AamanTallii0 pacyeTHBIX 3HAYCHHH
K OKCTICpUMEHTAIIbHBIM JIaHHBIM, TIO9TOMY HEKOTOPBIE KO-
s duimentsr D,,, UCTIONb3yeMbIE B MOJEHU, MOXHO Ha-
3BaTh Kod(pduuueHramu auddys3un nump yciaoBHo. Tem
HE MEHee, TPH HCIOJIb30BaHUU IPPEKTHUBHBIX CXEM YHC-
JIEHHOTO pelieHus ypaBHenui [16 — 20] noxyyaemsbie pu
MOZETUPOBAHUU PE3YIbTaThl M PEKOMEHIAUH BECbMA XO-
POILIO COOTBETCTBYIOT MPOMBILUIEHHBIM JaHHBIM. L1 mit-
JIOCTPALIUH 3TOTO MOJIOKEHHS Ha pHUC. 2 MOKa3aHa 3aBHCHU-
MOCTB YIENIBHOTO pacxoia Tornmea V. , M3/T, OT yHenbHO’
[POU3BOIUTENILHOCTH MAIIKHBI g, T/(4'M?), ISl IBYX BbI-
cort cnosi: 350 mm — kpuBast 1 u 450 Mm — kpuBast 2.

Bu1600b1. PaccMoTpeHBl BOIIPOCH yueTa (U3UKO-XH-
MHUYECKUX aCIEKTOB Mpolecca 0OKUTa METAJTN30BaHHBIX
oKarblleil Ha koHBelepHol mawuHe. [lokasaHo, 4To B co-
BOKYITHOCTH C paHee pa3paboTaHHOW MareMaTu4ecKkoil Mo-
JIENBIO TIpoliecca 00XKHUra PyJ0yroNbHBIX OKAThIIMIEH TaKoh
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Fig. 2. Dependence of specific fuel consumption on specific
productivity of firing machine
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MODELING OF METALIZED PELLETS FIRING WITH THE ACCOUNT OF
PHYSICO-CHEMICAL TRANSFORMATIONS IN THEM

V.S. Shvydkii, Yu.G. Yaroshenko, N.A. Spirin, V.V. Lavrov

Ural Federal University named after the first President of Russia
B.N. Yeltsin, Ekaterinburg, Russia

Abstract. The engineering mathematical model of development of physi-

cal and chemical transformations is considered in the volume of
pellet, consisting of granules of iron-stone, limestone and coke (car-
bon-containing fuel). It is shown that according to the experimental
information there are mathematical models, using the three-stage chart
of renewal. Strict mathematical description of process of renewal on
this chart requires the joint decision of kinetics tasks of successive-
parallel reactions and diffusion of multicomponent gas in the pores of
ore piece. Such approach cannot be used in the mathematical model of
process of metallised pellets burning because of its complication. This
complication increases at the account of characteristic feature of the
gas and temperature mode of burning machine, producing metallised
pellets: change of gas composition during material movement (transi-
tion from an oxidizing atmosphere to restoration or neutral). For the
decision of the task of ore granule renewal it is important to know
the distribution curves of the concentrations of reducing agents and
gaseous reaction products along the radius. Because of complication
of the equalizations of diffusion, heating of granules and chemical
kinetics, the close method of decision of Stefan problem, developed
by L.S. Leybenzon, is used, essence of which is in supposition, quasi
stationary distribution has time in the volume of granule to be set. All
oxide reduction reactions occur not on the surface of the micropores of
the corresponding granule layer, but on the frontal surfaces separating
these layers and the restoration of the central volume of the original
magnetite does not develop until the neighboring hematite region is re-
covered to Fe,0,. At such conditions all complication of the simplified
mathematical model is compensated by the proper choice of algorithm
of numeral decision of the equalizations system. As a row of simplifi-
cations doesn’t correspond to reality (for example, the layer of metallic
iron is not skipped by a gas-reducer), it is necessary to use effective
coefficients, the value of which is set during the model adaptation.

Keywords: physico-chemical transformations, pellet, granule, layers of ore

granule, quasi stationary state, Stephen’s task, surface of pores, fron-
tal surface.
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