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ABSTRACT

Topgasrecyclingoxygenblastfurnace(TGRＧOBF)processisapromisingironmakingprocess．The
biggestchallengeoftheTGRＧOBFinoperationisthedramaticdecreaseoftopgasvolume(perton
hotmetal), whichonceledtohangingＧupandshutdownsinpracticeoftheToulachermet．Inorderto
avoidthisweakness,thestrategyofmediumoxygenblastfurnacewaspresented．Themaneuverable
zoneoftheTGRＧOBFwasdeterminedbythetopgasvolume, whichshouldnotbefarfromthedata
ofthetraditionalblastfurnace．Thedeviationof±１２􀆰５％ wasused,andthenthemaneuverableblast
oxygencontentisfrom０􀆰３０to０􀆰４７accordingtothecalculation．Theflametemperatureandthetop
gasvolumehavenomuchdifferencecomparedtothoseofthetraditionalblastfurnace．Theminimum
carbonconsumptionof３５７kgpertonhotmetalinthemaneuverablezoneoccursattheoxygenconＧ
tentof０􀆰３０(fuelsavingof１４％)．Intheunsteadyevolution,theN２accumulationcouldapproach
nearlyzeroaftertherecyclingreached６times．Thusfar,someTGRＧOBFindustrialtrialshavebeen
carriedoutindifferentcountries,butthemethodofmediumoxygenenrichedTGRＧOBFhasnotbeen
implemented,becausetheaccumulationofN２wasworriedabout．Thepresentedstrategyofmedium
oxygenenriched TGRＧOBFisapplicableandthestrategy withgoodoperationalperformanceis
stronglysuggestedasaforerunnerofthefulloxygenblastfurnace．

SymbolList

　cP —Heatcapacity,kJ/kg;
　er—Error;
　K—Cokerate,kg/t;
　m—Massofmaterialpertonhotmetal,kg;
　N—VolumeofN２, m３;
　Q—Inputoroutputiteminthermalbalancecalculation;
　rd—Directreductiondegree;
　ri—Indirectreductiondegree;
　Ra—Distributionratioofrecyclinggas;
　t—Temperature,°C;
　V—Volumeofgasproducedforeverytonhotmetal, m３;
　x—Volumefractionofgas;
　η—UtilizationratioofCOorH２inblastfurnace;
　ω—Weightfractionofsolidmaterial;
　ϕ—Volumefractionofgaseousmaterial;
　Subscript
　accu—Accumulationofquantities;
　b—Blast;
　bosh—Boshgas;
　de—StatusoftopgasflowsafterCO２stripping;

　de_CO２—CO２strippedfromvacuumpressureswing
absorption;

　de_H２O—H２Oremovedfromtopgas;
　de_N２—N２intopgasflowsafterCO２stripping;
　ex—Exportedtopgas;
　fb—TopgasflowsafterCO２strippingandpartlyusedasfuel

toheatbothblastandhearthrecyclinggas;
　fg—FuelgasexportedafterCO２stripping;
　fh—TopgasflowsafterCO２strippingandpartlyusedasfuel

toheathearthrecyclinggas;
　ft—Flametemperature;
　he—Hearth;
　H２O_b—H２Oinblast;
　hm—Hotmetal;
　in—Input;
　in_i—Inputitemi;
　O２_b—O２inblast;
　out—Output;
　out_i—Outputitemi;
　sh—Shaft;
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　sh_O２—Industrialoxygenusedincombustionprocesswith
shaftrecyclinggas;

　top—Topgas;
　top_sh—Partialtopgasflowingtowardscombustorinshaft．

１．Introduction
　Theoxygenblastfurnaceironmakingprocessuses
highlyoxygenＧenriched blastinstead ofairblast
comparedtothetraditionalblastfurnace,andinsome
specialcases,itmayrefertofulloxygenblastfurＧ
nace(OBF)ornitrogenfreeblastfurnace(NFＧBF)．
ItisoftencombinedwithtopgasrecyclingtechnoloＧ
gyandcalledtopgasrecyclingoxygenblastfurnace
(TGRＧOBF)．Characterizedbyhighproductivity,
highPCR (pulverizedcoalrate),lowfuelrate,and
lowCO２emission,theTGRＧOBFprocessisconsidＧ
eredtobeoneofthepromisingironmakingprocesＧ
ses[１Ｇ１０] ．
　TheexactprocesswaspresentedbyWenzeletal．
inan Americanpatent[１] ; thereafter, fundamental
studiessuchasstaticbalancemodelsandmathematＧ
icalmodelswereperformedbydifferentresearchＧ
ers[２Ｇ１０] ．Wangetal􀆰[３] simulatedtheblastfurnace
operationwithcokeovengasinjectionincombinaＧ
tionwithtopgasrecycling,andoxygenenrichments
oftheircaseswere３􀆰０％,１９􀆰２％,and７１􀆰１％,reＧ
spectively．Jinetal􀆰[４]investigatedtheenergyconＧ
sumptionandcarbonemissionforthe TGRＧOBF
process(with１００％ oxygenenriched) bymodeling
thestack,thebosh,thecombustionzone,andthe
gasrecyclingsystem．Helleetal􀆰[９] carriedoutthe
simulationandoptimizationofrecyclingCO２stripＧ
pingtopgasintheblastfurnaceundermassiveoxyＧ
genenrichment, anditsimpactontheproduction
economyandemissionsofthesteelplant,andoxyＧ
genenrichmentsoftheircaseswere８０％and１００％．
Zhangetal􀆰[１０]calculatedoptimumprocessparameＧ
tersofnitrogenfreeblastfurnaces (１００％ oxygen
enriched) by using a mathematical model, and
foundthattheemissionsofCO２ wouldbereduced
by４５􀆰９１％and４９􀆰０２％forasinglerowoftuyeres
andtworowsoftuyeresintheNFＧBFs,respectiveＧ
ly．Untilnow,theinvestigatedTGRＧOBFprocesses
areallenrichedwithfulloxygenblastorhighlyoxyＧ
genＧenrichedblast, butastrategy of TGRＧOBF
withmediumoxygenenrichment(４０％－６０％) has
notenteredresearchers′view．
　Meanwhile,industrialtrialshavebeensuccessfully
implementedindifferentcountriestoreducecarbon
consumptionand CO２ emissions[１１Ｇ１５] ．Inthelate
１９８０s,aseriesofindustrialexperimentsofTGRＧ
OBFwerelaunchedonblastfurnaceNo􀆰２ (１０３３m３)
ofRPAToulachermetintheSovietUnionandabout
２５０ktofhotmetalwasproduced[１３] ．Almostinthe
sameperiod,atrialofTGRＧOBFof８m３ wasconＧ
ductedbyNKKinJapan[１２] ．Inthetestplant,acoal
rateof４０７kg/t,acokerateof２５８kg/tandaproＧ

ductivityof７􀆰３５t/(d􀅰m－３) wereachieved．InorＧ
dertoreduceCO２ emissions, agroupofULCOS
(ultralowCO２steelmaking)programswerepresenＧ
tedby４８Europeancompaniesandorganizations,
andamongthem,theTGRＧOBFprocessisoneof
themostimportantprograms[１６] ．In２００７, apilot
testoftheTGRＧOBFprocesswascarriedoutonthe
EBF (experimentalblastfurnace) ofLuleå[１４] ．The
CO２savingsintheexperimentalblastfurnacewas
upto１２７０kg/twhichrepresents７６％ofthereferＧ
encewithoutanysafetyissuesrecorded．In２００９,
theCentralIronandSteelResearchInstituteofChiＧ
nasuccessfullycarriedoutanindustrialtrialinan
oxygenblastfurnacewithinjectionofcokeovengas
inYingSteel, Yingkou, China[１７] ．InApril２０１３,
theCOURSE５０ (CO２ ultimatereductioninsteelＧ
makingprocessbyinnovativetechnologyforCool
Earth５０)carriedoutCOG (cokeovengas)andreＧ
formedCOG (RCOG)injectionoperationtrialsat
LKAB′sEBFinLuleå, anditwasconcludedthat
therolesofcokeandcoalwerepartiallysubstituted
byCOGorRCOGandthetotalinputofcarbondeＧ
creased[１５] ．However,theproductionstatusofblast
furnaceusuallydeterioratesinpracticeafteradopＧ
tingfulloxygenblast．AspointedoutintheRPA
Toulachermet,thehearthdrainageabilitywoulddeＧ
teriorateifthefurnaceranforalongperiodwith
low consumption and outflow rates of oxygen
blast[１３] ．Asablastfurnace modelwassimulated
andexperimentallyconducted,theflowrateofgas
dramaticallyinfluencedthesolidflowpatternina
blastfurnace[１８,１９] ．Thus,theshortageofboshgas
ortopgascomparedtothatinanormalblastfurＧ
naceledtohangingＧupandshutdownsoftheblast
furnace[１３] ．Evenrecyclingandinjectingwithtopgas
intuyeres,theTGRＧOBFisstillinsufficientinthe
volumeofboshgasandtopgas[２Ｇ１５] ．
　Inthispaperastrategyofmedium oxygenenＧ
richedblastfurnacewithtopgasrecyclingwasproＧ
posedtosolvetheproblemoftheshortageofthe
boshgasvolumeandtopgasvolume,andtomake
theTGRＧOBFprocess morepracticable．FurtherＧ
more,ahighflametemperaturewouldresultina
highcontentofSiinpigiron, whichwouldinfluＧ
encethesteelmakingprocess[２０] ; thus, controlof
theflametemperatureshouldbeconsidered．SimulＧ
taneously,theunsteadyaccumulationofN２inthe
processshouldalsobetakenintoaccount[１４] ．

２．MathematicalModel

２􀆰１．Description

　ThedescriptionoftheinvestigatedTGRＧOBFprocess
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