MODELING OF
STEELMAKING
PROCESSES

"‘ B

@l i

S i

Fast s iy
[iH i
fid P
i

Dipak Mazumdar
James W. Evans

(<}
=
=




Contents

DSy 21~ OO OO PO OO ES OISR Xiil
ATTROTS cetiivie ettt ee e e s e b st res e e oo c eoe e e e e e e e e bbb na b e b b e e s e Xvil
INOTTENCIALUTE L. oot eee e e er e a et it ettt b e er s s man e s b e r s ene s KX
Chapter 1 Steelmaking, Modeling, and Measurements .............occvvieiiriiciinnn 1
1.1 INErOQUCTION 11erevireeee e et sis st 1
1.2 Steelmaking: Past and Present .o 2
1.3 An Overview of Steelmaking ..o 5
{.3.1  Primary Steelmaking.......cccirvvmmmrcnmnioinins 7
1.3.2  Deoxidation and Secondary Steelmaking .................. 10
133 CASUIE oot e 15
1.4  Modeling in Steelmaking ... 18
1.4.1  Physical Modeling ........cccviveviiecvmimnininncniecnans 18
1.42  Mathematical Modeling.........coovmeeiioicnnienciiisiienns 19
1.4.3  Pilot-Scale Trials ... 20
1.5 MeEasurementS . . cerveeieerirrieeercensenieessessinessessessse s saeeresoes 21
1.6 Steelmaking and the Future ... 22
1.7 Concluding Remarks ........cocecommiiniiniciimees e 24
TESE QUESLIONS 1vvevvvirierarevneneerevmisssbesrsreesssasersssasmens bbbt een e 25
RETEIBIICES 1.vviveree e ee e s s s 28
Chapter 2 Knowledge-Based Foundation of Steelmaking. ... 29
2.0 INROUCTION ittt s 29
2.2 Metallurgical Thermodynamics ... 29
2.2.1  Chemical Equilibriumm.......ccovvvcririiiiinins 30
2.2.2  Activity and Equilibrium Constant ... 31
2.2.3  Standard Free Energy Change (AG*®) for Oxides........ 32
22.4  Activity-Composition Relationships..........ccoceevvinne 35
2.2.4.1 Concentrated Solutions .........coovcceeenins 35
2.24.2  Dilute SOIULIONS ....ccoooviiiiiiriiie e 36
2.2.5 Chemical Potential and Equilibrium.......c.cceorininins 38
2.3 Fluid DYRAmMiCs .vvcvviciviiniiien it 41
2.3.1 Fluid Flow Phenomena in Steelmaking ............ccoeees 41
2.3.2  Conservation of Momentum and the
Navier—Stokes EQUALONS ..o 43
2.3.3  Boundary Conditions ..., 46
2.3.4  Turbulent Flow and Reynolds (RANS) Equations.....46

2.3.5  Prediction of Turbulent Flow and
Turbulence Models ... e 53



Chapter 3

2351  Algebraic or Zero-Order Model ................. 54

2.3.5.2 One Equation Turbulence Model................ 55
2.353 Two Equation Turbulence Model................ 55
2354  Stress Transport Model.......cocoeivvniiienns 59
2.3.5.5 Large Eddy Simulation.............ccccccorveeeeenn 60
2.4 Heat TIANSTET cvveeeecoieeise e es e sttt s sass e e 62
2.41 Mechanism of Heat Transfer..................ccoooeivvecennn. 63
2410 ConduCtion.. oo cceooeriinniiiiisissiseiserinniesnes 63
2.4.1.2 Convective Heat Transfer............c.cccovveeeenne 63
2413 Radiation.......coiiriiiineccinnnere e eeens 67
2.5 Mags TransTer ....oovvivevree e cinr et eserae e sebsareeees 68
2.5.1 Mechanisms of Mass Transfer ..o 69
2.5.1.1 Molecular Diffusion ............ccocovvvvevereenns 69
2.5.1.2 Convective Mass Transfer.........cccoovvieens 70
2.6 Chemical KINEHES .viviiveercerirereeresimsirme e seevec e e e 76
2.6.1 Homogeneous and Heterogeneous Reactions ........... 76
267  Effect of TEMPEIAtUIE......coviiiimieiiciesieeneairesnarereeres 78
2.63 Heterogeneous Chemical Reaction
Coupled with Mass Transfer.........cccoovciiceniienns 78
2.7  Behavior of Gas Jets in Liquids...oovmieiniiicneiiin i e 85
2.7.1  Submerged Gas IJection ..o 86
272 Impinging Gas Jel .. 89
2.8 Concluding Remarks ... e e 91
Test Questions and Numerical Problems......c.occviiviniiinne, 91
RETETCICES ......oiviviviiiiseesivsiencrecminsamisesssssnnsis e et et e e e sennce 97
Elements of Physical Modeling ..o 99
31 IIErOQUCION «veeceeseeeeise et see e esie e er et et nmeeeseae 99
3.2 Principles of Physical Modeling. ..o 99
321  Geometrical SIMITALIY .o, 100
3.2.2  Mechanical SIMilarity . ...oocvviiiverrre e 101
323  Thermal SIMilarity....ccooooioicininii e 109
324 Chemical SIRHATIEY ..o 113
33  Dimensional Analysis......coom e 113
3.3.1 Raleigh’s Method of Indices............ccoomieviininnn, 114
3.3.2  Buckingham 7t Theorem. ... 114
3.4  Choice of Scale Factor and Working Fluid ... 116
3.5 Limitations of Water Modeling ........cooiiiiiiiinnnnnes 120
3.6 Scaling Up of Result and Full-Scale Prediction.................... 121
3.7  Bxperimental Techniques in Aqueous Modeling.................. 122
3.8, Some Mustrative EXxamples . ..o 128
3.8.1 Influence of Bottom Tuyere Design on Mixing
Efficiency in a BOF .o 128

3.82 Bath Homogenization in CAS Alloy
Addition Procedure .......ccoiiiiiiiinn s 129



Chapter 4

Chapter 5

3.8.3 Role of Flow Modifiers on Tundish

Hydrodynamic Performance .......ooocecvvvvcenneenne, 131
3.8.4  Vortex Formation and Slag Entrainment during
Emptying of Metallurgical Vessels ........cocooveeernenen, 132
39 Concluding Remarks ... 133
Test Questions and Numerical Problems.....ocoovieiiieieiiceeeenene 133
RETEIBIICES L.uviiviiriir e et e e et aran e rr e e 138
Elements of Mathematical Modeling ... 139
A1 INrodUCHION (i e 139
42  Mathematical Modeling in Steelmaking.......ccc.cccovvrnrinnen, 139
4.3  Mechanistic Modeling of Steelmaking Processes................. 141
4.3.1 Building Biocks and Governing Equations .............. 143
4.3,2  Boundary Types and Conditions ........cc.cocovovivereienne 144
433 Hardware ... 150
A3 4 SOFEWATE oo e 151
4.3.5 Cost Components and Modeling Strategy................ 154
4.4 Numerical SOILON. ....ocoiiiiiiier s 156
4.5  Uncerlainties in Mathematical Modeling............cc..ovviverenns 163
4.6 Commercial SOTtWare......ovvveimveii e 164
46,1 FIUENL. ettt ers et 165
4.6.2  COMSOL ..ot sre st n e e ieenreens 166
47  Concluding Remarks .......ccocvvmiiiiiiiccn e 168
Test Questions and Numerical Problems...ooovo oo vceiecece, 169
REFEIBNCES .u.ioiiiiiiiiic et b 172
Mathematical Modeling I: Fluid Flow .....oooviiiincii e 175
5.1  Intreduction............. e e e 175
5.2  Modeling of Laminar FIow ..o 175
5.2,1 Fluid Flow in Rotating Viscometer.........,...oveeeveeeeene 176
52.1.1 Problem Description .......cceeeeiiieiiiiierenas 177
5.2.1,2 Formulation: Governing Equations and
Boundary Conditlons.......cccervrirreenienene 179
5.2.1.3  Madel Prediction and Validation.............. 181
5.2.2  Thermal Natural Convection in Steelmaking
Ladle. oo e e 181
5.3  Modeling of Turbulent Flow ..o 187
531 Homogeneous Turbulent Flow in Slab Caster
MO ..ot 187
35.3.1.1  Problem Description.......cceervnveeiecesieenenn i87

5.3.1.2  Steady-State Formulation: Governing
Equations and Boundary Conditions........ 190

5.3.1.3  Transient Formulation.........ceeeeverivniirens, 192

5.3.1.4 Model Prediction and Validation.............. 195



Chapter 6

53.2 Two-Phase Flow in Gas-Agitated Vessel ............... 196

53.2.1 Quasi-Single-Phase Procedure ................. 197

3.3.2.2 Discrete-Phase Procedure.....oc.cooeennne.. 203

5.3.2.3 Eulerian Two-Phase Procedure ................ 213

5.3.2.4 Volume of Fluid Procedure..........ccoovee..... 217

5.3.2.5 Model Prediction and Validation.............. 220

5.4 Magnetohydrodynamics ... 223
5.4.1 Basic Principles and Governing Equations.............. 223

5.4.2 Model Prediction and Validation ......cccoevveeinnnee, 230

5.5  Concluding Remarks ..coooeecninriiniiieiive s 232
Test Questions and Numerical Problems....cooovveeicceviiiienicees s 232
RETETENECES ... vveeeeeees s vsraeeeeeee e st ee et e et e s e mr e e saste e ain e san 236

Mathematical Modeling II: Liquid-State

Processing Operations ... e 237
6.1 INtrodUCtiON (o 237
6.2 Moetion of Solid Addition in Steel Melt............cooccveiins 237
6.2.1 Modeling of Subsurface Trajectory........ccccocoveven . 237
6.3 Melting and Dissolution of Solid........ccoccoiiinicin 242
6.3.1  Modeling of Melting and Prediction
of Complete Melting Time ..o, 244
6.3.2  Asymptotic Solution and Lumped
Parameter Model ... ..o 248
6.3.3  Modeling of Wire Feeding Operation.........ccc.o.o.... 249
6.3.4 Modeling of Dissolution and Prediction of
Complete Dissolution Time. ..o, 254
6.4  Thermal Energy Transport and Temperatare Distribution ... 257

6.5

6.6

6.7

6.4.1 Modeling of Temperature Distribution
I SEEE]l MELL iiveeeciireieereeeriestt v s srnes e re e v ans 259
6.4.2 Modeling of Thermal Energy Transport and
Temperature Distribution in Gas—Liquid,

Two-Phase SYSIeM. ..ot 262
Transport and Removal of Inclusion ... 264
6.5.1  Population Balance Model ... 265
6.,5.2 Combined Fluid Flow and Population

Balance Model..ccoiiiciiiieecnrn e 270
Bubble Population Balance Model ... 271
6.6.1 Combined Fluid Flow and Population

Balance Model. ... 273
Mass Transfer and MiXing ....ooceeeiemimiviieeee oo eenvcrensiens 276
6.7.1 Modeling of Mixing and Estimation

Of MIXINE T et 277
6,72 Modeling of Residence Time Distribution............... 279

6,73 Modeling of Grade Transition Operation................. 281



Chapter 7

6.8  Mass Transfer with Chemical Reaction.........ccccoovvvveeeeennnnnn. 286

6.8.1 Modeling of Postcombustion..........cocvvvevnriiiiiiinnens 286
6.8.1,1 Governing Equations and Boundary

CondItIoNS .....evvveeeverenciiiie e 288

6.8.1.2  Model PrediCtion .........ocovecveevniiicrirneennns 289

6.9  Solidification and Continuous Casting ........ccoeeeeevnieveenioieenne 290

6.9.1 Effective Thermal Conductivity Model .................. 292

6.9.2  Conjugate Fluid Flow and Heat Transfer Model ...... 298
6.9.2.1 Governing Equaticns and Boundary

Conditions......oviiiimirenir it e 299

6.9.2.2 Model Prediction and Validation.............. 304

6.10  Concluding Remarks ... 305

Test Questions and Numerical Problems......c.cccciiinneniicciencnnnn, 306

RECIeINCES oottt sr e e e e e 310

Mathematical Modeling III: Solid-State

Processing Operations ..o e 313
Tl Introduction .o e 313
7.2 Modeling of Diffusive Heat Transfer Phenomena................. 314
7.2.1 Problem Description: Heating of a Steel Slab in a
Reheat Furnace.........oviniinn, 314
7.2.2  Model Formulation: Assumptions, Governing
Equations, and Boundary Conditions. ..., 315
7.23  Model Prediction and Validation .......cccccevvviriiinenn 318
7.2.4  Multiple Object Formulation........cccecveionnenneen. 320
7.3 Modeling of Simultaneous Diffusive Heat and
Mass Transfer Phenomena........ocooovieiiiinicniiciieecieeeees 321
7.3.1  Problem Description: Gas Carburization
OF SLEEL.1e e e 322
7.3.2  Model Formulation: Assumptions, Governing
Equations, and Boundary Conditions................e...... 322
7.33  Kinetic Considerations .........ovcviviniiincnnenonn 325
734 An Algorithm ..o 326
7.3.5 Model Prediction and Validation .......cceveevinnnnen, 326
7.4 Modeling of Mechanical Working ..o 328
7.4.1 Modeling of Deformation Phenomena...........ccoco.c.... 328
7.4.2  Modeling of Thermal Phenomena during
Mechanical Working .......cccccociviiniervecrenriisiireines 334
7.5  Modeling of Microstructural Phenomena ...........ccccoveniiann, 335
7.53.1 Macroscale Modeling......ocooivrvieeicieiiaiieee e 335
7.5.2  Mesoscale Modeling ..o, 338
7.6 Concluding Remarks ... 342
Test Questions and Numerical Problems.........o..ooive e, 343

RELBIBIICES coiviriiiiii it s r b 345



Chapter 8 Mathematical Modeling IV: Macroscopic Modeling

Chapter 9

of Ladie Metallurgy Steelmaking ..o, 347
B.1  INETOAUCHION oottt 347
8.2 Modeling Approach. .o 348
83  Macroscopic Models.......iimmm e 348
8.3.1  Plume VEIOCIY .oooveccvviereeiiee i veccnivceme e 353
8.3.2 Bulk Effective VISCOSIEY ..ot 359
8.3.3  Plume Dimension and Gas Voidage .....occooooriveerineene 361
834 MIXINg TN worvirirerireree vt esss s 364
835 Plume (or Slag) Eye AT€a..ccveiiiinnceniniieenees 368
8.3.6  Slag Entraifimenl. ..o coiicminenensieesesisseeneeas 371
8.3.7 Heat and Mass Transfer between
Solid and Liquid .cecvveeeevi e 374
8.4  Application of Macroscopic Models to
High Temperature Mels. ..o s 375
8.5 Concluding Remarks ... 380
Test Questions and Numerical Problems......cc e 380
RETBIENCES 1.vcvv ittt rie et sr ettt 384

Intelligent Modeling: Neural Network and

Genetic Algorithm in Steelmaking ..o 387
91 INrOUCHON oo e 387
9.2 Artificial Intelligence ... 388
9.3 Artificial Neural Network ... 389
9.3.1 Biological and Artificial Neural Network ................ 389
93,2  Essentials of Neural Modeling ..........cocvvverniiennnnins 391
9.33  Basic Unit, Neural Network,
and Network Training ... 393
934 (Classification of Neural Network........ocovivnnns, 396
9.3.5 Some Important Considerations in
Neural MOJeling ...ccovvecoirccirirmareesieerecrsiesescee s 397
9.3.5.1 Idemtification of Input Variables ............... 398
9.3.5.2 Normalization of Inputs Variables............ 398
9.3.5.3 Selection of Network Topology
AN SLTUCIUTES coovvirveicrie e 398
93,54 Selection of Initial Weights .........ccoeeeen. 399
9.3.5.5 Selection of Learning Algorithms.......... 399
9356 Computer Coding.......cooivevemeveeriornenns 399
9357 Training and Validation Datasets ............. 400
9.4  Optimization and Genetic AIgOCAM. ..o 400
041  OptimizatioN...oevceciiecrev e s 400
942  Genetic ATZOrIIL o.ocvecrecn e 403

9.42.1 Coding of the Problem: Representation
of the Problem Parameters..........c..coeeees 404



Chapter 10

9.4,2.2 Creation of an Initial Population of

Possible Solution......cooveeiiiicicnn 404
9.42.3 Selection of Suitable Set of Genetic
OPETALOLS cov s 404
9.42.4 TFitness Evaluation ..........ccccocovnneiiroinnnn, 405
9.5  Application of ANN and GA in Steelmaking ....ccoeevvvvviinnn 406
9.5.1  BOF Process Control.......cccocoovnieeiiieciiesnnne e, 407
9.5.2  Desulfurization of Hot Metal and Steel ................... 409
9.6 Integration of ANN, GA, and CFD: Application in
Modeling of Steelmaking Processes ......oovvvvereeeeeeiinnninnans 410
9.7  Concluding Remarks .....ccccveiunicviivmimrirnieciscrinicaieiesiacanes 413
Test Questions and Numerical Problems.......cooov v ieeeeeeveeeecen e 413
REFETENCES 1.ovviricii et et 416
Pracrice Sessions on Physical and Mathematical Modeling ............ 417
10,1 IntroduChion . .eevee v oot re e rrasn e e 417
10.2  Practice Session on Physical Modeling ...........cc.ocoovveeieenns 417
10.2.1 Physical Modeling of Argon Injection in a Ladle
and Flow Visualization ... 418
10.2.2 Mass Transfer between a Solid and a Liquid
in a Gas-Stirred Ladle ... 420
10.2.3 Mixing Time in a Gas-Stirred Ladle.......coooeeennnne 423
10.2.4 Residence Time Distributions (RTD) in a
Single-Sirand Slab Caster Tundish under
Steady-State Condition.........coccveeevernrnrrirnineenens 425
10.2.5 Vortex Formation and Slag Entrainment during
the Final Stage of a Sequence Casting ..o 428
10.3  Practice Session on Mathematical Modeling .....ovoveeciiverininnns 430
10.3.1 Laminar Flow in an Enclosed Cubic Cavity
with One Moving Wall..........coocioiiniinece 430
10.3.2 Laminar Flow in a Thermogravimetric Setup ......... 432
10.3.3 Flow and Temperature Distribution in an
Industrial Tundish under Steady Operating
Condition o 436
10.3.4  Steady, Turbulent Flow in a Water Model of a
Slab Caster Mold ..o, 438
10.3.5 Fluid Flow and Mixing in a Gas-Stirred Ladle........ 440
1.4 Concluding Remarks .....ccovcorvivriinvimimnannrrosssosissssresssnions 445
Test Questions and Numerical Problems....c....ocooov oo iiiiiiivireeieee. 445
RETETENCES ..coeviiieceie et et st 449



