Contents

Preface
Lo INErOQUCTION ...ttt sttt

1.1 Ingot and Continuous Casting of Steel .........ccceverieieniiininineninieeeen

1.2 The Role of Tundish in the Continuous Casting Process ..........c.cccceoeneeee.

1.3 The Need for Clean Steel.....

1.4 Concluding Remarks...........cccocivirininieiiiiiiininencceeecseeeececee e
RETEICIICES ...ttt
2. Non-Metallic INCIUSIONS ....c.veuveiiriiriinirieieieieceeeee e

2.1  Introduction.........c.ccccocemeninieincincnenencnne

2.2 Origin of Oxide Inclusions

2.2.1  EX0ZeNnous iNCIUSIONS........coueeeuieuietiriinieieieceieete e
2.2.1.1 Definition of macro inclusions............cccceceverveeeennenne.
2.2.1.2  Origins of exogenous macro inclusions .............c.......
2.2.1.3  Constitution of exogenous inclusions ............ccccecuevueee

2.2.2  Indigenous iNCIUSIONS........ccuereeuieuiriiriinieieeeeieete e
2.2.2.1 Thermodynamics of deoxidation reaction
2.2.2.2  Sequence of oxide inclusion formation..............c........
2.2.2.3  Primary, secondary, and tertiary inclusions.................
2.2.2.4 Oxygen content of deoxidized steel ..........c.ccoeeeenenee.
2.2.2.5 The deoxidation ProCess.........cocerveerreereeruerrerveneerueneeens

2.3 Sizes and Shapes of Inclusions....................

2.3.1 Size distribution of inclusions

2.3.2  The shape of INCIUSIONS.....cc.erveieieiriirieieieeeee e
2.3.2.1 Relative deformability of inclusions during

hot TOLING....eviiiiciieicieeeccce e
2.3.2.2  Classification of inclusions by shape after
deformation of steel MatrixX ........cocoeeevreirerenereenrerennns

2.4 Influence of Inclusions on Steel Properties.........ccocevivvvererierieneeeenienenn

2.5 Measures to Reduce INCIUSIONS ........cccevvereieriinieiinieieeeeeieeecee e

X1



vi Tundish Technology for Clean Steel Production

2.5.1 Maximizing inclusion removal in ladle refining.............ccueu.ee.. 47
2.5.2  Minimizing pickup of macro inclusions...........cccceeveererieneecencnnn. 53
2.5.3 Removal of macro inclusions during melt transport in tundish.... 54
2.5.3.1 The dominant mechanism of inclusion removal .......... 54
2.5.3.2  Characteristics and modeling of the formation and
removal of AlyO3 CIUSEErS.........covveveeiieeieeeeeeeeeeeee 55
2.5.3.3 Influence of flow and temperature of melt on the

removal of alumina Clusters ...........c.ccccvveneneeecincnenee 62
2.5.4 Tundish design and inclusion removal.........c.ccccceverieneneenennenne. 67
2.5.4.1 Design criteria for inclusion removal 67

2.5.4.2 Effect of dimensions and profile of the tundish on
INClusion removal.........cccocvvirinicieiininieneceeececene 70
2.5.5 Remarks on modeling .........ccceverienenieiinieieneeeseeeeeee e 73
RELOICIICES ...ttt 76
3. Review of Fluid Flow and Turbulence...........ccoecueverieniinienenieiceeeie e 79
3.1 INErOAUCHION. ....etieiieiieierieeert ettt ettt 79
3.2 Fluid FIow ReZIMES ...ccueiiieiiiiiiiiiiieee s 79
3.3 Newton’s Law 0f VISCOSILY ...c.eecveriirieriieierienieieseeiesieeienieseeensesanesaeseeens 80
3.3.1 VISCOSILY tuvevieneiiieniesiieiesteete st eiteste et e stesite bt eaeeteseeesesaeensesseensensean 82
3.4 Dimensionality Of FIOW .......ccccocoiiiiiiiiniiiiiiiieetceeeeeesee e 83
3.5 Modes of Momentum Transport...........cccceeeeeuereennene .. 84
3.5.1  Viscous or diffusive momentum transport.............cceevverervervennenn 84
3.52  Convective momentum transport ............coceeveveeeererenrereereerenens 85
3.6 Equations of Continuity and MoOtion.........ccceeeeverienieneeiienenieneeieneneene 86
3.7 StOKES” LAW w.eeiiiiiiieieeeee ettt 87
3.8 Turbulent Flow......cccccoverinienennne. . 88
3.8.1 The eddy SiZe SPECIIUML.......ccverveureuiriiriiniiieeeieceeneeeeeeee e 90
3.8.2  Prandtl’s mixing length and effective viscoSity .......ccccceveerueruennen. 92
3.8.3  Turbulent Shear Stress .........cccooeeeeerirereneeeeee e 92
3.9 Turbulent Equations of Continuity and Motion ............cecceveevvenieecienenennns 94
3.10 Heat and Mass Transfer ..........ccceverieriirienienieieseeeestee et 94
3.11 Turbulence MoOdEls .......c..oooueriiriiniiiieiiieieeeeeeee e 95
3.12 Concluding Remarks..........cccooeiiriiiieiieiiieinieeeeee e 97
References and Further Reading ...........ccovvveieiiieiiniiiiiieeiee et 97
4. Fluid Flow CharacteriZation...........ccouereeruerienienienieniieiesieeie st 99
4.1 INrOAUCHION . ..c.eiuieiiiieieiee e et 99
4.2  Stimulus-Response Techniques 99
4.2.1 Step input and F-curve 101

4.2.2  Pulse input and C-CUIVE ......ccceevuerierierieienieeieneeenie et 101



Contents vii

4.3  Characterization of FIow Systems..........cccceoverieniniinieniniienieeieneseeieen 102
431 PHUGTIOW et 103
432  Well-mixed fIoW ....ccooiviriieiiiieeee e 105
4.4 Characterization of Actual SYStemS ........ccevuerveriirierienieierieeiene e 107
4.4.1 Longitudinal dispersion model..........c.ccoeerierenienininnieneniennene 108
4.4.1.1 Step input and F-curve ..........cocoeveneninenencecee 110
4.4.1.2 Pulse input and C-CUIVe .......cceeeeverurecierierreriereieneens 111
4.4.1.3  Closed VESSel ....cc.coueuieeririniinieiciecncneeeeeeceee e 112
4.4.1.4  Open VESSEl...cc.eevuerieriiniieiiniieieseeee e 113
4.4.1.5 Dispersion model for a small extent of dispersion
(for a closed SYSteM) ......cceveervieieniereeeieeeeie e 114
4.4.1.6 Mean and variance of the residence time
QISTIDULION ..ot 114
442  Tanks-in-series Model..........cccooiriririniniiieieeceee e 117
4.4.3 Combined or mixed models..... . 118
4.4.3.1  ACLIVE T@ZION...ccutireieieriieieeieeiesieete et eie et eee e e 119
4.4.3.2  Dead reION.....coceeriiieiiniieieieeiesieeeese et 120
4433 Application of a combined model to melt flow
I tUNAISh. . 123
4.4.3.4 An example of tundish melt flow characterization....... 125
4.5 Concluding Remarks.........ccceveriiiiiiiiiiniiieneeeeeeeee e 127
References 127
5. Modeling of Melt FIOW ....c..cc.cciiiiimininiiiiiiiiineneeceee et 129
5.1 INErOAUCHION....cotiieieiiitieiesi ettt st 129
5.2 Physical MOENG .....cc.eoveuiiuiriiiiieieeecee s 130
5.2.1  States of similarity ..........cccecvennenne . 131
5.2.1.1  Geometric SIMIlArity ........ccccoveveriecreieniininenieeeinenens 131
5.2.1.2  Kinematic sSimilarity........ccecevereerieneeneneniienieneenee 131
5.2.1.3  Dynamic Similarity.........cccceeeeerereniereneneneneeeceenns 132
5.2.1.4 Thermal Similarity........ccccceeeverieiierienienenieieseereeenes 134
522 SImilarity Criteria.......ccccovirirrerieirinininieieeeieeeeneeeeeeeee e 134
5.2.3  Isothermal SYStem .......ccccecueririeniirieniinieeeieeeeee e 136
5.2.4  Non-isothermal SYStem .......cccevveieiririrenieieieeeeseeeeeeee s 142
5.2.5 Inclusion removal modeling...........ccoeceevveruievienenrieniieienieeeesieenn 146
5.2.5.1 Inclusion flotation ........c.ccccecevevenieieicnenenienieieinennene 146
5.2.6  Water modeling procedure............cccoeeerieneeienennienieienenieneen 152
5.2.7  Effect of tracer density on melt flow characterization................. 155
5.3  Mathematical Modeling .........c.ccceevvervecienienens . 159
5.3.1  Turbulent flow field and heat transfer 159

5.3.2 Boundary conditions and assUmMpPtioNnS..........cceceeeervereerrereenuennnn 160



viii

Tundish Technology for Clean Steel Production

5.3.3  Numerical solution procedure.............cecevueeienerienenienenienennen 160

5.3.4  Tracer diSPerSION. .....ccoeiiuiruerieieietietertenee ettt 161

5.3.5  INCluSioN tranSPOTTt .......c.eecverieeierieeienieeeesteeeiesieseeseeeeeseseeeneeneeas 162

5.3.6  Commercial Software Codes .........c.cecevvirinenieininienineiciecnenens 162

54 CaS STUAICS ...eeuveeieiieiieie ettt sttt st 163
541 Case StUAY # Lo 163

542 Case STUAY # 2.ueeciieieieiieiereeiete ettt nnean 164

543 Case StUAY # 3 .eieiieieieeeeeee e 168

5.5 Concluding Remarks...........cccerieiierinieninienieieieeeeneee et 172
References 172
6. Tundish OPeration............coeeueieiiirinentieieteceesese ettt 173
6.1 INErOAUCHION.....ctiiieiieiieiet ettt 173
6.2 Reoxidation During Ladle to Tundish Melt Transfer..........c.cccccceovrenncnne. 174
6.3 Slag Entrainment and Sensing Technologies .. 176
6.4 The Effect of Tundish SiZe .........cccovieiiiiiriieniiieeeeeeeee e 181
6.5 The Effect of Flow Control DeVICes ........cccevuerierierienienienienieeiesieeiesiene 188
6.5.1 Large tundish without flow modifiers..........ccccocevverinenenninennns 195

6.6 Gas Injection in TUNAiShes..........cccerieriiririienieieeeeeeee e 195
6.7 Role of Tundish FIUX .......ccoeviiiiiiiiieiiiceeeeeeeeee e 201
6.7.1  BasiCity OF S1ag ..c.evoeeriiriiiiriieieeee e 205

6.7.2  Alumina dissolution rate .. 208

6.7.3  S1ag VISCOSILY t.vveuveeieeieriieiesiieiesieeiestestesteesaeseesseensesseesessaensenseas 209

6.7.4  Slag COMPOSITION. ....cc.eoviruiiiieiieiiriintentctetetee e 211

6.7.5 Metallic Al in tundish fluXes........ccccoverrieririieninieninererieeeen 211

6.7.6  Tundish operation without tundish fluxes..........cccecervererennrcnncns 212

6.8 Calcium Addition..........cceceverenenenenieincnereeene . 212
6.9 Sequential Casting of Different Grades 217
6.9.1 Use of grade separators and strand links...........ccccceceevenenienenen. 217

6.9.2  Casting of different grades using the same tundish...................... 221

6.10 Tundish Refractory ........ccoccvevuieieiieiieieceeieseeese ettt 223
6.11 Recycling of @ Hot Tundish ..........cocceeviivieiiiniiiiinececececee e 224
6.11.1 Slag crystallization and build-up.........cccceeeevieneriieniniencnieenen. 227
6.11.2 Temperature drop of tundish...........cooceviieiiiiiiiiiiiies 228
6.11.3 Number of heats and refractory Cost.........cceeveeverercieneeceerienenennn. 229

6.12 Starting and Ending a S€qUENCE........c..ccoeovrerininierieiicienineeeeeene e 229
6.12.1 Starting @ SEQUEIICE .....cc.eeverueeierieeienieetenteeitente ettt eneenteseeeeesieas 229
6.12.2 Ending @ SEQUENCE .....coveiueieienieiieiiaierieieieceie ettt saens 232

6.13 Tundish to Mold Melt Delivery and Nozzle Clogging............ . 235
6.13.1 Melt delivery system from the tundish to the mold ..................... 235

6.13.2 Clogging of the tundish nozzle, slide plate hole, and the SEN .... 237



Contents ix

6.14 Concluding Remarks...........ccoeeiiieniniininienenieeeeeeee e 241
RELOICIICES ...ttt 242
7. Melt Temperature CONIOL........cceiieriirierierieieeeete sttt ens 247

7.1 INErOAUCHION....cotieieiieiieieri ettt st 247

7.2 Melt Temperature Variation...........ccceeeeeeeeereinenenieieceesesese e 247

7.3  Temperature Measurement DEVICeS........cuevueruieiereriienieeienieneenieseenieneeens 252

7.4 The Need for Superheat Control ...........ccceevuereevieneniieneniee e 255

7.5 External Heating (Plasma SyStems) .........cecevueeiereniieneniieneneenienceeniene 259

7.5.1 DC arc plasma system..........
7.5.2  Mobile plasma arc system
7.5.2.1  Stable and mobile arc........c..coceeevveciiicniinineneiinens 265
7.5.2.2 Mobile plasma arc generation ............ceeeeeereereeeruennenne 265
7.5.3  AC arc plasma SYSteM........coceeveruerienierieniieieneneeee e 268
7.5.3.1  Arc characteristics... 270
7.5.3.2  Effect of gas composition and flow rate..............c.c..... 270
7.5.3.3  Cold- and hot-run trialS.........cccceceeviereeneniniieneneee 272
7.5.3.4 Heating efficiency and temperature control.................. 273
7.6 External Heating (Induction SyStems) ........cccceecvereeruenieesieniereenresnesieneeens 275
7.6.1 Heating efficiency and temperature control..........c..cccceveeeeeenennns 276

7.7 EXternal COOING ....cc.oouiiiiiiiiiiniieiesieeieieet ettt 278

7.8 Concluding Remarks.... .. 280
RELEICIICES ...ttt et 280
8. Recent, Emerging, and Novel Technologies ...........ccccevevieneneriieniniienenieee 283

8.1 INtrOQUCHION. ...c.tititiieieiieieee et 283

8.2 Advances of the H-Shaped Tundish............... .. 285

8.3 The Centrifugal Flow Tundish (CF Tundish).........ccccccceceninincinnnincne. 287

8.4 Argon Bubbling in a Tundish.........cccceceniiiiininiininiieeeeee 292

8.5 Electromagnetic Control of Melt FIOW ........c.ccoceieiiiiniiiiniieeece 294

8.6 Tundish HEAters .........coerueiiiiiiiriirieieccee e 299

8.7 Hot Cycling with a Single Tundish Reheated Under Inert Atmosphere.... 304

8.8 Improved Argon Shrouding of the Melt Stream from the
Ladle to the Tundish ........cccooiiiiiinineeee e 307
8.9  Concluding Remarks..........c.cceeieieiieiienieienieeiee et 309
RELEICIICES ...ttt sttt 311

Subject Index 313





