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I AOOOAAO

Supersonic oxygen jet is usea both Basic Oxygen Furnace (BOF) and Electric Arc
Furnace (EAF) steelmakintp remove impurities from the liquid iron by oxidation
reactionsin EAF steelmakingthe oxyen jet is injected betwe&b t045 degresfrom

the vertical position whereas in BOF steelmaking the oxygen jet is injected through a
vertical lance from the top of the furnackhe understanding of the supersonic jet
behaviour jetliquid interactionand droplet generation rate from the liquid surface
inside the furnace isnportantin optimizing the steelmaking process.

In the present studyhe Computational Fluid Dynamics (CFD) technigaed physical
modelling was used tcstudy the supesonic jet behaviour jet-liquid interactions and
splashing phenomenanside the steelmaking furnacA CFD modelwas developed
first to investigate the effecf high ambient temperature on the supersonic jet because
in steelmakinghie ambient temperature betweerll700to 1800 K. The resultswhen
compared with availablexperimental datashowed that thé&Q - turbulence model

with compressibilityterms underpredict the potatial core lengthof the supersonic jet

at high ambient temperaturd temperature correcte® - turbulence model was
proposedin this studythat decreases the value ®f at higher temperature gradient
which in turn reduces the turbulent viscosity. As a result, the growth rate of turbulence
mixing region decreases at higr ambient tempeatures which increasdbe potential
core length of the jefurther. The results obtainetly using the modified turbulence
model were found to be in good agreement with the experimedatal The CFD
simulatin showed that the potentiadore length at steelmakingemperatureis

approximatel\2.5 times longer compared tizat at roomambienttemperature.

It was then followed by the CFD modelling of coherent supersonic jet wthere
supersonic jet is shrouded by a combustion flame wigistilts in loger potential core

length for the coherensupersonic jet compared with normal supersonic Jdte
combustion flame was created usi@gl,; and Q as fuel and oxidant respectivelyhe

CFD model showethatthe shrouding combustion flame redsi¢be turbulent shear stress
magnitude in the shear layer. As a result, the potential core length of the jet increases. The

potential core length of the coherent supersonic jet alesfound to depndon the gas
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used as the central supersonic Jgte nunerical results shoed that thepotential core
length of thecoherentsupersonic oxygen and nitrog@t is morethan faur times and
three times longergespectively, than that without flame shding, which werein good

agreemant with the experimental data

After modellingthe gas phase, another CRDodel was developed to simuldtee jet

liquid interaction. A new approach was proposed where ¢ammputational domains
were used to avoid the difficulties that arise from the simultaneous solution of
compressile supersonicgas phase and incompressible liquid phase. The effect of
shrouding gas flow rates on the axial jet velocity distribution, depth of penetration and
velocity distribution ofliquid phasewere investigatedn this case, only compressed air
was used to shroud the main supersonic jet instead of a combustion fahigher
shrouding gas flow rate was found to increase gbeential core lengthdepth of
penetration and liquid free surface velocity which in turn contegoun reducing the
mixing time. The CFD model successfully predicted the formation of surface waves
inside the cavity and consequent liquid fingers from the edge of the cavity which were

experimentally observelly the previous researchers.

An experimental study was carried outitwestigatethe effect of differenbperating
conditions(lance angles, lance heights and flow ratas)the wall splashing ratéir
was injected on water surface ilf-scale thin slice modelf the steelmaking furnace
where dynamic similarity was maained using dimensionless Modified Froude
number.The splashing rate was found acrease with the increase of lance angle from
the vertical and flow rate. The critical depth of penetrasisnvell as the impact velocity
for the onset of splashing wasufad to decreases with the increasdaote angle from
the vertical. The dimensionless Blowing numbeNg), which is a measure of droplets
generation ratewas found to increase with lance angle if the axial lance height is kept
constantlt wasconcludedhatthe Blowing number theory faii§the cavity operates in
penetrating modeT he cavity surface area was predicted to be the impstrtantfactor

in the generation of droplets at lower lance height but after a certai teight thget

momentunbecomes the dominant factor.

Finally, effort was made to quantify the droplet generation rate from CFD naodel

validate againsthe present experimental study was found that themodelling of



splashing rate using the Eulerian approach reqairesy fine mesho capture the fine
droplets which areomputationallyery intensive

The CFD models, developed in the present stuwdyy be usd to predict the jet
behaviourand impact on the liquid melt inside an industfiahace at different nozzle
inlet conditions. It can also predict the cavity dimensions and oscillations with
reasonable accuracyhus,the models can be used @®dictive tools in the industry.
The knowledge of impact velocity and cavity dimensigsmportant to model the
droplet genmtion rate from the cavityModelling of droplet generation is stil&
significant challenge for CFD but the results from this study indicated that Blowing
number theory cannot be uséal quantify splashing in thpenetrating mode and a

furthermodification is required by including the cavity dimensions as a parameter.

Vi



I AET T xI AACAIT AT O

PhD is an exciting journey but also becomes very challenging at times. | am grateful to
a number of people who in different ways, academically, professionalty an
psychologically, contributed to my journey. Without their kind contribigemd help, it
would have been ipossible on my part to complete this project successfully within
scheduled time.

First of all | gratefully acknowledge my supervisor Dr. Jamalé&das/ho arranged
everything for my scholarship and gave me the opportunity to work in this project. In
particular 1 appreciate his invaluable and enterprising guidance throughout the
execution of this project.

| would like to express my sincere gratitude my cosupervisor Professor Geoffrey
Brooks for his guidance and valuable suggestions during the progress of this work. |
consider myself fortunate that | have got the opportunity to work with my supervisors.
Both of them were always accessible and ngilito help their students with their
research. | have learned research culture and been well trained by my supervisors from

the beginning to the final level of my degree.

| am grateful to Dr. Gordon Irons for his excellent supervising during the expeailment

part of my project and providing me the opportunity to carry out my experimental study

at Steel Research Centre of McMaster University, Cadada.a ppr eci at e Owe
help for the preparation of the experimental set up andaiisgable advice to expée

the work as | was there for a short period of time.

| am also grateful toMr Andrea Fontana of OneSteel mill Laverton, Australia for his
valuable discussions and financial contributions especially for the experimental part of
the project.l also would like to thank other members of OneSteel mill for their

contributions with the industrial data used in this study.

Thanks to all my colleagues of the High Temperature Research Processing Group for
their useful advice, ideas and ongoing suppditese curnet and former group
members are Nesihan Dogan, Bernard Xu, Nazmul Huda, Winny Wulandari, Behrooz
Fateh, Reiza Mukhlis, Abdul Khaliq, Abdus Sattar and Saiful IsiBpecially, | would

vii



like to thank Neslihan, Nazmul and Winny for all those wonderful discossisharing

of knowledge and experiences during the course of my PhD.

| wish to thank all of my friends outside my Department for their support and
understanding over the stafour years. Thanks to Mr. and Mrs. Tardk, and Mrs.

Aziz for all thoselovely family moments who never let me feel that | am thousand
miles away from my homéany thanks to my long time housemate Anisuzzaman for

the delicious cooking and all the fun we had in the last four years.

Above all, this thesis is dedicated to my beéd Mum, Dad and my brothers, Kamrul
and Wasif. They have sacrificed many things for me to stand where | am standing now.
Their unconditional love and continual support are the keys to all my achievements till

now.

Finally, thanks to all of my friends, wh dondét know they hel ped
they did. | am sure | have forgotten someone. | assure you that this is a shortcoming on

my part and not on yours. | beg you to forgive me for my oversight.

viii



4A4AAT A T &2 AT1TO

N 1 3 I ¥ O IV
ACKNOWLEDGEMENTS. ...ttt r e e e e e e e e aan Vil
TABLE OF CONTENTS. ..o e e e e e e e e e eenas IX
LIST OF FIGURES. ... .ot e e e e e e e s eann e Xl
LIST OF TABLES ... ... e e e e e e naee e e ees XX
NOMENCLATURE. ... oo et e e e e e e e e anna e XXI
O 1 =t 1.
1. INTRODUCTION. . ..ottt e e e e e e e e ea e e e enens 1
0 N = 7= Td (o | {11 o O USRRRRRNP 2
1.2 Aim and Scope Of ThiS StUAY.........oooiciiiiiiiiiicere e e 5
1.3 TNESIS OVEIVIEW. ..ccieieiiieeeiiieee e simiite ettt e s rme b e e e enbr e e e s sanneeas 6
1.4  Publications From ThiS RSB .........cccoviiiiiiiiiiiiiiiee e 7
O S RN o ¥ 1 = S UPPPPPPPTTRR RSP 7
1.4.2 CONTEIENCES. . .uuii ettt e e et e e e e e e eenaans 7
CHAPTER 2. ittt r e e e e e et e e e e e e e e e e nnneeaba e e eeeeees 9..
2. LITERATURE REVIEW......uuiiiiiiiiiiiii ettt e e e e e e e 9..
2.1  Overview of Steelmaking ProCeSSES........ccccovviiiiiiiiiiiimiiieeeee e 10
2.1.1 The Oxygen Steelmaking ProCess..........cccceeeeiiiieeeiiiieeeiiiseeeeiineeeeea 10
2.1.2 Electric Arc Furnace Steelmaking ProCess.........ccccoeevieiiieeeiiiieeeeennnnn. 16
2.2  Theory of SUPErsoniC Gas JEL.........cccccuiiiiiiiiiecee e ame e 20
2.2.1 Coherent SUPErSONIC JEL.........iiiiiiiiiieeeiiieee e 27
2.3 Modelling of Impinging Gas Jets on Liquid Surfaces...............cceeeevveee 30
2.3.1 Experimental Modelling..........cooviiiiiiii e 31



2.3.2 Numerical APProBN.........uuuuiie e e e 48

2.4 ReSearch ODJECHVES.........ouii et 57
2.5  Brief Overview of Computational Fluid Dynamics Modelling.................... 58
2.5.1 Discretization Method............coouiiiiiiiiii e 60
(O o Y e = = P 62
3. NUMERICAL MODELLIN®F SUPERSONIC JET.........cccvciiiiiieeiereeeeeeenns 62
G 700 R 01 1 To [T 1 o S 64
3.2 Governing EQUALIONS.........ccoiiiiiiiiie et 64
3.3 Turbulence MOAelliNgG.........ccoiiiiiiiiiiiiiiie e 67
3.3.1 Direct Numerical Sitation..........coovvviuiiiiiieii e e 68
3.3.2 Large Eddy Simulation (LES)........ccoooiiiiiiiiiaieeeiiii e 68
3.3.3 ReynoldsAveraged NavieBtokes (RANS) Model...........cccoovveiiiiiiiineenee. 68
3.3.4 Turbulence Model Used in The Present Study.............cccccvvviveennnnnnn. 70
3.4  Modelling Of SUPErsoniC Free Jet.......cccoiiiiiiiiiiiiieeee e 75
3.4.1 Computational DOMAIN...........ccuuiieieeiie e e e e een e e e enaanas 76
3.4.2 Boundary CoNditiONS.........uuiiiiiiiiiieiiiiieee e ee e e e e e e e e e e e e ananas 76
3.4.3 Discretization SChemeEs..........coouiiiiiiiii s 77
3.4.4 Computational ProCedULE...........ccceviiuiiieiieieeeeici e e e e 78
3.4.5 ResSUlts ANd DiSCUSSIQNS.......ciieiiiiiiiiiiiiieeeiiiin e e eeeeeiir e ren e 80
3.4.6 CONCIUSIONS....ccititiiiiiee ettt e et e et e e et e e e e e e eeeba e e e e 97
3.5 Modelling Of Supersonic Coherent Jet.........ccccvveeeeeeeieiice e 99
3.5.1 Combustion ModelliNg..........cceuuuiiiiiiiie e 99
3.5.2 Radiation Modellig...........oeeiiiiiii e 102
3.5.3 Computational DOMAIN..............oiieiiiiiieee e e e e 102
3.5.4 Boundary ConditiONS..........oeeeiiiiiiieiiiiieee e e e e e e e e e e aane 103
3.5.5 Computational Procagte...............ccoouuiiiiiiiiieeiii e, 105
3.5.6 Results and DISCUSSIONS.......coiiieiiiiiiiiiiiiaeeiiiin et eeei s 107
3.5.7 CONCIUSIONS....cciiiiiiiieie ettt e e et e e e e e e enaa s 123
(O Y e = o PP 125
4. MODELLING OF TOP JETLIQUID INTERACTION......cccvviiiiiiiii e, 125
ot R [ Vi (o To ¥ od (o] o TSP PPPPTTRRRPN 126



4.2  Computational MOdel...........cooiiiiiiiie e 126

4.2.1 ASSUMPLIONS....ceiiiiiiii ettt ettt e e et e e e e ee e s 126
4.2.2 Free Surface Modelling............ovieiiiiiiiiiiee e 127
4.2.3 Governing Equations of VOF Model...........cccoooviiiiiiiiie i 129
4.2.4 Turbulent Flow Modelling..............ooiiiiiiiiiiiee e 133
4.2.5 Computational DOMEIN.........ccuuuuruieeeerii e e e e eeeees 134
4.2.6 Boundary CONItIONS.........cooeeiiiiiiiiiiieeeiie e ern e 136
4.2.7 Computational ProCeaULE.............uiii it 138
4.3  ReSUltsS and DISCUSSIONS.........uuuuiiiiireeeeeeiiiesescieieieeeeeeaeessesssssemsssseeeeeeees 139
4.3.1 Shrouding Gas JBL.......cccoiiiiiiiiiiie et 139
4.3.2 Gas Jet PeNetration.........cccuuiiiiiiiiii e een e 142
4.3.3 Grid SENSIIVILY TES.....ceeiiiiiiiiiii ettt 144
4.3.4 Droplets Generation StUAY..........ccuueeruruimiieeeeei et eneas 145
4.3.5 Limitation of Blowing NumbeNg) Theory...........cccovvvviiiiiiiieeeiiee, 148
4.3.6 Fluid Flow in Liquid Bath............coooiiiiiiiiiieii e 152
4.3.7 Effectof Liquid DeNSITY.......ccuiiiiiiiiiieeeeei et 154
N O] o Tod [ (0] o O PREERR 155
CHAPTER B ettt e e e e e e e s 156
5. EXPERIMENT ON INCLIED JETTING AND SPLASNG.............cceevvvnnnnnn 156
o0 A 1 o1 (o o [F{ox 1o o F PP PRRPPPPRRN 157
5.2  Experimental Apparatus and S@ID..........cceeeeeeiiiiiiiiiiiiimieeeee e e e e 157
5.3  Experimental ProCeAUIE..........ccuiiiieiiiiiieieieee e vemre e e 161
5.4  Results and DISCUSSIONS.........cuiiiiiiiiiieiiiimireeeessiieee e e ee e simeneeeeesenees 163
5.4.1 Effect of Lance GaFlIow RAteS...........viiiiiiiiiiiiiiiie e 163
5.4.2 Effectof Lance ANgle.........ccoooiiiiiiiiiieeeii e 166
5.4.3 Effectof Lance Height.............cooomiiiiiiiee e, 168
5.4.4 Cavity OSCIllatiONS.......ccuuiieiiiii e 169
5.4.5 Splashing Distribution on The Wall..............cooiiiiiiiee i 172
5.4.6 Dimensionless Relationship of Depth of Penetratian......................... 174
5.4.7 Critical Depth of Penetration...............ccoooeeiiiiieeeiii e, 176
5.4.8 EffectOf Lance Angle on Blowing NUMDbEr...........cccoiiiiiiiiiceiiiiieeee, 180
5.4.9 Modelling of FulScale Furnace...........cccoooovviii e, 184
5.5  CONCIUSIONS ...ttt e e e e e e e e e e e e e e 186

Xi



CHAPTER Q..o ettt e ettt e e e nn e e e 188

6. MODELLING OF INCLINB JEFLIQUID INTERACTION......ccooeeeverrrnnnnns 188
G0 A [ 01 o o 11 o 1o o RSO 189
6.2  GOoVverning EQUALIONS ........ccooiiiiiiieiiiii it 189
6.3  Computational DOM@IN.........ccooiiiiiiieiiiiiine e 189
6.4  Boundary CONAItIONS........cuiiiiiiiieieiiiiiiine et e e eeeeee e 191
6.5 Computational ProCeAUIE............cooiiiiiiiie e 192
6.6  ReSUItS and DISCUSHNS.......uuutiiiieeeeriiiiiieeiimieeerereeeeeessssnsnnseeeerameeeaeeeeesans 192

6.6.1 Gas Jet PeNetration...........cceeuuuiieiiiiiieeeie e e e e eee e e e eaannas 192

6.6.2 Grid SENSILIVILY TOSL....uuiiiiiiiiiiiiiie e e 195

6.6.3 Cavity Shape and OsCillation................cooeeviviiieeiiiieeeir e 196

6.6.4 Predictionof £ Value With Lance Angles..........ccoouviiiiiiiiiiiiiiiiiiieeinns 198

6.6.5 Modelling of Wall Splashing Rate..............ccoeviiiiieniiiiiii e 200
6.7  CONCIUSIONS......uiiiiiiiiiiiii ettt e e e e e e e enas 201
CHAPTER 7.t e e ettt e e e e e e e e eeeeeaba s 203
7. CONCLUSIONS AND REGMENDATIONS FOR FUTHE STUDY........... 203
7.1 CONCIUSIONS.....ctiiiieiiiiiiie ettt mr et e e e e e e s st e e e e e s smas 204
7.2  Contribution to New KNnowledge...........ccoocuviiiiiiiiiimiie e 207
7.3 Recommendations for Further Study..............coooeiiiiiiieiieeee e 208
REFERENCES..... .ottt e 210
APPENDIX A ittt ettt aea e e et e e e e e ar e b 218
F o A1 DG = T PRSP 221
F o =1 G PP 225

Xii



, EOO0 1T £ &ECOOA
Figure 11 The world annual steel productions from 1970 to 2010.[1].................. 2
Figure 21 Methods of introducing oxygen into steelmaking converter (a) Top blown (b)
Bottom blowing (¢) Combined bIowing [2].........ccoeuiiiiiiiiiii e 11
Figure 22 Schematics of operational steps in BOF steelmaking process.[2].....13

Figure 23 Change in melt composition during the blow [3]...........cccccoiiiiiiiiinnns 14

Figure 24 Production of steel through different steelmaking processes. (Courtesy of

GrafTech and ONESTEEL)........oooiiii e 16
Figure 25 Schematic of an electric arc furnace[1Q]...........ccovevvviiiiiineerieiiiinneeee. 17
Figure 26 Effect of slag foaming on arc radiation [2]-.............ccccoeeiiiiiiiiniiiinnnen. 20

Figure 27 Schematic of a Laval Nozzle with Pressure and Mach number profil&21].
Figure 28 Regions of a supersonic jet exiting from a Laval nozzle.................... 25

Figure 29 Schematics of a (a) conventional and (b) coherent supersonic jet.[237

Figure 210 (a) Crosssectioral and (b) front view of a coherent nozzle [25]......... 28
Figure 211 Cavity shape for (a) Top and (b) inclined jetting[37].........cccceeveunn.... 30
Figure 212 Schematic diagram of top jet impingement on a liquid surface........ 32

Figure 213 Schematic diagram of inclined gas jet impinging on a liquid surface36
Figure 214 Splashing of liquid due to (a) inclined jetting and (b) top jetting [37]39
Figure 215 Mechanism of harmonic wave propagation (a) shows formation of the wave
and (b) shows the movement of the wave [B]...........cccooiiiiiien e, 40
Figure 216 Perspex tray for measuring radial distribution of liquid splashed just above
the bath surface [S1]... ..o e 42
Figure 217 Influence ofet momentum on radial distribution of droplets [51]....... 43

Figure 218 Variation of droplet generation rate with lance heights.[58].............. 43



Figure 219 Comparison of the results from two modelling experiments [6]....... 45
Figure 220 Schematic of unstable interface between two moving fluid layer.[50}5

Figure 221 Effect of Blowing number on the generation rate of metal droplets. [4T.

Figure 222 Schematics of indentation profile and force balance.[G3]................ 49
Figure 223 The computed tbulent kinetic energy profile(cits?) [65]. ................... 51
Figure 224 Surface profile variations with time [75]..........ccccooviiiiiiiiiiiiiii. 53

Figure 225 Variation in mean depth of penetration with changing lance heights and

FIOW FAEES [75]- et e e e e e e eaees 53
Figure 226 Variation of depth of penetration with flow rates[53]...........cccc......... 55
Figure 227 Variation of depth of penetration with lance angles[53]................... 55
Figure 31 Typicd point velocity measurement in turbulent flow [84].................. 67
Figure 32 Computational domain with boundary conditions.............cccccceeveeeeeee. 76

Figure 33 Axial velocity distribution of supersonic oxygen jet at 772K ambient
temperature for coarse, medium, fine and verydne level..................ccccooeevnnnenn. 80
Figure 34 Velocity distribution on centre axis wit - turbulence model including
compressibility COrreCtion [fl............oeeieiii e e e e e e 81
Figure 35 Velocity distribution on centre axis with temperature corrected -
turbulence model of Abdelamidet al[88].........cccuviiiiiiiiiiiiii e 82

Figure 36 Velocity distribution on centre axis with the proposed modified- model.

Figure 37 Two dimensional velocity distribution at different ambient temperatugss.
Figure 38 Dynamic pressure distribution on the centre axis of the jet with the proposed
1070 o =] PRSPPI 84
Figure 39 Radial distribution of supersonic jet at different ambient temperatures at

00 QU ettt eead 86

Xiv



Figure 310 Radial distribution of supersonic jet at different ambient temperatures at

Figure 312 Spreading rate of supersojgtat different ambient temperatures.......88
Figure 313 Temperature distribution on centre axis with the proposed madel..89

Figure 314 Values of coefficienCu at 285K ambient temperature using present model.

Figure 316 Values of coefficienCu at 1002K ambient temperature using present
0700 = PP PRSPPI 91
Figure 317 Values of coefficienCu at 1800K ambient temperature using present
MOEL. ... et 91

Figure 318 Values of coefficienCu at 285 K ambient temperature using Heinz model

Figure 322 Coherent length of supersonic jet at different ambient temperature®5
Figure 323 Variation of Blowing number with nozzle bath distance at different ambient

L0 00] 01T = LU= PP 97



Figure 324 Computational domain with boundary conditions.......................... 103
Figure 325 Predicted axial velocity distributions at the jet centreline of shrouded
oxygen jet using coarse, medium and fine grid levels...........ccccooveviiieeneeinnnnnn. 107
Figure 326 Axial velocity distributions at the jet centreline of supersonic oxygen jet
with and without shrouding flame............oooii i 108
Figure 327 Predicted density distribution in case of shrouded oxygen jet........ 109
Figure 328 Axial velocity distributions at the jet centreline of supersonic nitrogen jet
with and without shrouding flame............cooiiii i 112

Figure 329 Half jet width of the supersonic oxygen and nitrogen jets with and without

Figure 330 Predicted axial static temperature distributions at the jet centreline of

shrouded oxygen and NItrOGEN JBL.........oooiieuiiiiii e 114
Figure 331 Shape of the combustion flame for shrouded oxygen jet............... 115
Figure 332 Shape of the combustion flame for shrouded nitrogen.jet.............. 115
Figure 333 CFD plot of vorticity contour for conventional oxygen.jet............... 117
Figure 334 CFD plot of veticity contour for shrouded oxygen jet...................... 118

Figure 335 Radial distribution of vorticity magnitude at different axial locatioms f
both conventional and shrouded oxygen.jet..........ccooiviiiiiiieeercii e 118
Figure 336 CFD plot of turbulent shear stress for conventional oxygen jet......119
Figure 337 CFD plot of turbulent shear stress for shrouded oxygen.jet........... 119
Figure 338 Predicted axial mass fraction distributions at the jet centreline of
conventional and shrouded OXYgeN Jet. . .....cccuiiiiiiii i e, 120
Figure 339 Predicted radial distributions of the £fass fractions at different axial

locations for shrouded OXYgen Jel.........ccooiii i e 121

XVi



Figure 340 Predicted radial distributions of the £€@ass fractions at different axial

locations for shrouded NItrogen Jet. ... 122
Figure 341 CFD plot of the C@mass fractions for shrouded oxygen.jet........... 122
Figure 41 Computational domain with boundary conditions..............cccccceeeene.. 135

Figure 42 Axial velocity distributions of supersonic jet at two different shrouding gas
L0 ATV = (=1 140

Figure 43 Axial dynamic pressureigtribution of supersonic jets at two different

Shrouding gas flOW FalES.........i i 141
Figure 44 Calculated depth of penetration for diffat grid levels........................ 144
Figure 45 Mechanism of droplets generation...............cccccvveiiieiieeiieiiiiine e 147

Figure 46 CFD prediction of the velocity distribution resulting from top jetting.149
Figure 47 Variation of— value with lance heights...........ccccvvviiiiccn 149
Figure 48 Variation of droplet generation rate with lance heights.................... 151
Figure 49(a) Volume fraction and (b) velocity vectors aié t=3.9s for higher
Shrouding flOW CASE.......cciviii i e e e e e 153
Figure 410(a) Volume fraction and (b) velocity vectors at time t=3.9s for lower
SHOUAING FIOW CASE.......uiiiii i e e e e 153
Figure 411 Variation of depth of penetration with liquid density....................... 154

Figure 51 The two dimensional thin slice model for the experimental study.....158

Figure 52 Grid on the furnace wall to measure the depth of the cauvity............. 159
Figure 53 Schematic of experimental S@..............ccccoeeeviiiiiiieeiiie e, 160
Figure 54 Splash collector used in the study............coooovviiiiieiiiici e, 160

Figure 55 Depth of penetration vs flow rate at 35 and 45 degree lance angles and

0.105m lance height. Data points are an average of 30 penetration degsilrements,

Xvii



the error bars are the standard deviation for the 30 measurements and were found to be
approximately 10 % of the average penetration depth............cccoooovviieiiiinnnnnn. 164

Figure 56 Splashing rate vs flow rate at (a) 65 mm (b) 105 mm and (c) 165 mm lance
heights. Data points are an average of 6 splashing rate measurements; the error bars are
the standard deviation for the 6 measurements and wene to be approximately 9 %

of the average splashing rate............cooooiiiiiiiii e 165

Figure 57 Cavity formed at 65mm lance height, 0.71Nm3/min flove rand at a lance

angle of (a) 35 degree and (b) 45 degree.......coovveuieiiiiiieeeeeee e 167

Figure 58 Splashing vs lance angle at 0.71%min flow rate. Data points are an
average of 6 splashing rate measurements; the error bars are the standard deviation for

the 6 measurements and were found to be approximately 9 % of the average splashing

Figure 59 Splashing rates as a function of lance heights..............c....cooeeeiis 169
Figure 510 Wave progression in angled jetting from CFD and experimental stlidy.

Figure 511 Splash distribution on the wall at (a) 65mm and (b) 165mm lance heights.

...................................................................................................................... 173
Figure 512 Sclematic of inclined Jetting..........cccoviiiiiiii i, 174
Figure 513 Dimensionless jet momentum vs cavity depth............c.c..ccoeiieens 176

Figure 514 Variation of critical depth of penetration with angle of inclinatian...177
Figure 515 Variation of- with l[ance angle...............cc.coviiiiiicei i, 179
Figure 516 Variation @ Blowing number with lance angle................................ 182

Figure 517 Wall splashing rate at different blowing number at 65 mm and lance height.



Figure 61 Computational domain with boundary conditions..............ccccccceeene.. 190
Figure 62 Variation of depth of penetration with flow rates at (a) 35 degree and (b) 45
degree [ance angle...........oooo e 193
Figure 63 Variation of diameter of depression with flow rates at (a) 35 degree and (b)
N0 [=To £ PP PPPPTPRTTRPRUPPPPTIN 195
Figure 64 Calculated depth of penetration at different grid levels.................... 196

Figure 65 Wave progression in angled jetting from CFD and experiatestudy

(CRAPEET 5]t 197
Figure 66 Predicted velocity distribution of inclined jetting...............ccccccceeeennn. 199
Figure 67 Variation of— value with lance angle..............ooooviiiiiiinii, 200

XiX



CEOO | &£ 4AAIT A

Table 21 BOF Steelmaking event times [2)-.........ooooviiiiiiiiiiieei e 12
Table 22 Tapto-tap cycle of EAF steelmaking process [2]-........ccoooevviviiiiiiennen. 18
Table 31 Different types of turbulence model [84]............coviiiiiiiiiiiiiii 69
Table 32 Coefficients and constants of equation (3.16)-..........cccccceivveeiveevennnnn 73
Table 33 Boundary conditions for the modelling of free supersonic.jet.............. 77
Table 34 Underrelaxation faCtors............cooevvviiiiieiieeeiiiiiie e eeeeeeeeiineee e 9
Table 35 Boundary conditions for coherent oxygen jet simulation................... 104
Table 36 Boundary conditions for coherent nitrogen jet simulation.................. 105
Table 37 List of user defined subroutinesedsin the simulation.......................... 106
Table 41 Boundary conditions for modelling of top impinging jet..................... 138
Table 42 Physical properties of the fluids...........ccooeviiiiiicn e, 138
Table 43 Underrelaxation factors for gas impingement study......................... 139
Table 44 Average penetration depth for different shrouding flow rates............ 142

Table 45 CFD prediction of the turbulent free j€¥{and critical gas velocity { Pat

different lance NeightS.........ccooii i e 150
Table 46 Cavity dimensions at different lance heights............c....ciieeeiinnnnnnn. 152
Table 51 Dimensional analysis of the oxygen lance[83]..........ccccoeevviiiieeeennnnn.. 157
Table 52 Operating conditions selected for the present study......................... 162
Table 53 Critical impact velocities at different lance argle............c.....cooonn..eee. 181
Table 54 Dimensional analysis of the fedtale furnace..............cccoooooiiiieeennnnl. 184

Table 61 Lance height, lance angle and the nozzle exit velocity in the present
] 1010 ] =1 4o o PRSP 191

Table 62 Physical properties of fluids at 303K temperature..............ccoecevvuneens 192

XX



N

61 €100l Qoo "Qd &Qix

(@}

=

[ N QNOMI ¢ 6 ea i

YR QO MEB@ ¢ £ i 6 QO | IIQQ
0 € 0 QBOa Qd Qi

0€adae oa @ Qi

0'QQQ6 @ 08 V'QAHANND R ii
Q@A G i QR® IOURWO® Q¢ ¢
YN Q0 QWG i R ¢ &I TTQQ

"OET BQ

G G © 0 0 B © &

wé a6 & IIdRa uho Do T

d aoi Qo

O D€ QUUADEBDB O Qi

"Q Ol ML QO GRAEEADBD APIO QE €
Qo GEDANG

N O 0 MDNOODNE RLEA OO NE QQi 6i0d AU G & Q¢ Q
006

'O YE OGREE & Mo & &I TQQ

0 "YRI d®@& ¢ QOa@av @

d 001 OO & QEF@E OaQ

0 "OQ@E "EMHE O GIED & MO
0 "OQ@We 'O £qQn 6 MO

0 0D€£€aQeoda

D 0O o6daani

0 "OI OESODEE 6 a 0Qi

XXi



0 "Yoi OO0 DEHDHRA ©Qi

G G i éiho@

Cw
Cw
o~
Q~
@)
ga:
g
84
&
-
€
9

Cw
C
o™~
Q
Q
(u]
e
]
cC-
o)
(W]
)
€
©

01 Qi i 4 oK

C

Ca

Owt OGN & AN G

YOI @O6mIQD DD @O QI

Ca

QOO QP QE Q01 @O Q€ ¢
Q1 QOKIIEIN Q& Qo1 o Qf ¢
WE & QO N dREiXE | QR

Y& QU QROWENE | ORI

_<" _<" ) L -

Oi £ N"A@OQI b AT

QQi 0 BE HQOVRN Qod QE ¢

i @ & THOQ @

Y 0 QOED O oI

Y OYRT QO Ee7@

YO YOI Q0@ ® d 0Ql
YOUYQARN QI (o6l Q
YOOYQE R QI TEE O d DBOWO
Y OH A4 OQenan Qi o

Y OOUYE OGN QI Do 61 Q

O "Oa 0 OO OWEOGQEEE DA QR 1 WO 61 Q
O 0 "Q4in

YOo0Qaé @o o

Y O0¢ aQumMed ¢ @R o

Y OUYO 1 @6 QE@mOHEDG ¢ Ao w

XXii



Y Ol QOEIEGAD d RV @6 ©
6 YOI O0W@E D@0 ©
® QQi 0 REAVI Qod Q¢ ¢

O 0RID Oneé WENEQARQ

Greek letters
~ &l 0'dONQO ®

WE A OQAA DO QE ¢

QQ¢ i QI

"0O00E i Qi

" QN 0W0I 0FD

"0 00 o0 | 0D

" 0Q¢ | QOO E O 00D b HOWINH

" 0Q¢ i EQOMmO £ d'Qn & HOIM

, 101 QG0 e

. YO QOB & 0 GoBEcEEi OCaXE

SV OIRNAT: Ao o [y @ iNeYo ¢

YOOl OOt ®ED Ao

0 Y6 0 @ 6QWEE @t @b QG

- 001 @O0 QWE Wi Gadds Y

@ 0'QQ00 G 0O WG|

Qi G ®ii @j a

— O Q@D a Qi CHBEREQT Q'Q
YR QO R@UB 'HE o 0@ 6 DODITH |
YR QO R@UB 0 ¢ a)'0n 6 ROV
1T 01 €¢000VRD G

XXili



XXV



#EADOAO p

1. Introduction



1.1 Background

Steel is used in almost every area of modern age such as in construction of roads,
buildings, infrastructures, railways, vehicleships,machineries andools Because of

the wide range of applications aratitical role played by steel in infrastructural and
overall economic development, the steel industry is often considered to be an indicator
of economic progresdrigure 1-1 shows that annual steel production in the world
increasedsteadily andinearly from the year 1970 to 2000. After that there was a sharp
increase in the annual steel production natech waslargely due to the economic
growth inChina.
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Figurel-1 The world annual steel productions from 1970 to 20

Though steel had been produced byiougs methods before nineteenth centutiie
modern era of steelmakingegan with the introduction oféddsemer process in 1858

which removes impurities from the molten iron by oxidation with air blown through the
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molten iron[2]. At present, steel is producé@m two different routes: &sic oxygen

furnace (BOF)steelmaking and electric arc furnaCEAF) steelmaking The first
comnercial operation ofBOF steelmakingw a s in the wearly 195
Donawit43]. This manner of steelmaking &lso known as LinzDonawitz or LD
processnamed after the placel thisprocessiron ores aremelted in the blast furnace

to produce liquid pig irorand then poured into the steelmaking converter. After that
pure xygen is blown through the molten irdvath instead of airas in Bessemer
process, in order to reduce the carlbontent and other impuriti¢3].

Over the past @ years thaise of the EARoutefor the production of sl has grown
considerably In this processscrap material areused toproduce steelvhich is a key
element in achieving the goals of sustainable developpdgri¥iainly electrical energy

along with some chemical energyused to melt the scrap matesiahd then oxygen jet

is used to purify the molten metal and produce high quality $tegéveloped countries

like the United States, Europe and Jgpghe amount of obsolete scrap in relationship to
the amount oéteel required increaseducing the price of scrap relative to that of hot
metal produced from ore and coal. This economic opportunity arising from low cost
scrap and the lower capital cost of an EAF compared to integrated steel production
(BOF) lead to the growth of the mimnill or scrap based EAF produdéey.

Both in BOF and EAFRteelmaking oxygen is injected under supersonic conditions into
the furnace in order to reduce the level of carbon in the metal bathoamxidize
impurities like phosphorus,lgia and other elements to slfg}. Supersonic gas jets are
used to produce higher depth of penetratinrthe liquid metal surface and obtéietter
gas-liquid mixing inside the furnace which may result in higher reaction rdtes
addition, supersonic gas jetgenerate metal droplets upon impingen@amntthe liquid
bath whichhave both positive and negative effectstiim metal processing operations.
The available interfacial area of the generated droplets is very large which in turn
enhance the rates of heat tf@nsand chemical reactions. the velocity of the
supersonic gas jés veryhigh, thegenerated metal droplets splashes avatercooled
parels, slag/steel buildp on the lancewhich is detrimental to waterooled panels
refractoriesand lance tip$5] and results in the loss of bulk metatience, knowledge of
supersonic jebehaviourand the jedfiquid interactions are required for th@timizaton

of the process anahake it moreefficient.



The environment inside the furnace is very harsh makirdjfficult to make direct
observations andmeasurementsAs a result, a number of coldnodelling and
mathematicamodellingstudieshave been carried out in last 50 ye@rsinderstand th
complex fluid flow phenomenon inside the steelmaking furnddeost all of them
used incompressible air jet and water to understand the fluidb@haviourinside the
furnace. But thdehaviourof the supersonic jet at stemking temperature different

from the incompressible air jet 0bld modellingstudies Knowledge of jet velocity and
oxygen mass fracties at the liquid surface important for predicting the cavity depth
and chemical reactions at the impingement point for both the BOF and EAF

steelmaking processeSome numerical studies of the jet at steelmaking temperature are

available in the literature but those were not validated against the experimental data.

Hence, a properly validated numericabael is required to prediget propertiesat
steelmakingconditiors.

I n t he | cdheent duPsdricesvasintroducedin EAF steelmakingprocess
replacing the conventional supersonic jet. Coherenisjgormed by shrouding the
central supersonic jet with a combustion flamieich is crated by fuel andxidant

Because of the flame envelope, the entrainment of the surrounding gas into the

supersonic jet is reduced, leading to a higher potential core length of the supersonic jet.

The longer potential core length makes it possible to lindta nozzle far from the
liquid surface and increase the nozzle tip life.is also claimed that coherent jet
produce less splashing on the furnace wadimpared with conventional supersonis,jet
Although the steelmaking industries have been usingdherentjes i nce | at e
limited resarchhave been performed understand the physic$ supersonic coherent
jet characteristics and how it can contribute to minimize th# sgdashingwhich is

very importantin orderfor further improvement athis technology.

In an attempt to quantify the rate of droplet generaftiom the jetliquid interactions
couple of dimensionless numbé¢6s 7] have been proposed by the previous reseasch
Among those, the Blowing numbed theory is superior in physical sense because it
estimates how many times the KehHtelmholtz interface instability criterion has been
exceededAccording to this theory,hie higher the Blowing number, the moretlie
droplet generation rateHowever, he available literature shows that the droplet

generation ratealso increases at highdance inclination angles[8]. The existing

4
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Blowing number theory doe®nhinclude the effect of lance inclination angle. Moreover,

at very low lance height the Blowing number on the liquid surface is higher because of
higher jet impingement velocity which in turn preditigher droplet generation rate.

But it was reported6, 9] thatdroplet genertgon rate decreases at very low lance height.
Hence, a proper modification of Blowing number theorgan contributeto more

accurategoredicion ofthe dropletgeneration ratat those conditions.

1.2 Aim and Scope of This Sudy

The aim of this research 18 contribute to he understanding of th&upersonic gas jet
behaviour jet liquid interaction and droplet generatiosing the computational fluid
dynamics (CFDand physicamodelling In order to achieve this, the following actions
areundertaken step by step:

1 A CFD investigation of theffect ofhigherambient temperatures @upersonic
jet characteristics

1 A CFD investigation othe effect of shroudingombustionflame on coherent
supersonic jetharacteristics

1 A CFD investigation othe shroudedet-liquid interactionin case otop jetting
(BOF).

1 An experimental and subguent CFD investigation of jitjuid interactions and

splashing in case drficlined jetting.

All CFD models have beerdeveloped using comnaal CFD softwareAVL FIRE
v2008 and AVL FIRE v2009The limitations of he CFD model in predictinget
properties jet-liquid interactionsand droplet generation ratre discussed and the
necessarynodificationsare proposed Severalassumptions will be made for the CFD
modelling and the validity of these assumptiois argued in terms of available

experimental data.



The scope of this research is limited to the experimental daiéalale. All the CFD
modelsarevalidated against the available experitatidata and theafforts have been
made to predict the flowehaviourat steelmaking temperature wherever possible.

1.3 Thesis Overview

A literature reviewon BOF and EAF steelmaking hdmen presentedn Chapter 2 to
give a general backgrourabout the processt is thenfollowed by the theory of the
supersonic gas jet and the structure of coherent supersonicagty, Lthe chapter
explores available current literature otie experimental and numericadodelling of
supersonic jet, liquidlow, liquid surface deformatioard droplet generatigrresulting

from the jet impingement.

Chapter 3stars with the description of the governing equations regglifor solving the
supersoniagas jetswithout shroudingflow at higher ambient temperaturéhen the
turbulencemodelling of the jet at higher ambient temperature has bessusked It is

then followed by the detailed description of boundary conditions, computational
procedure and finally the results and discussions. Insdw®nd half of Chapter 3,
modelling of the coherent supersonic jet has bebscussedThe descriptionncludes
modification of energy equation for coherent jet, details on combustodelling
procedure, necessary boundary conditions, computational procedure and finally the

results and discussien

Chapter 4consists of the CFD simulatiosf shroudedsupersoniget impingement on a
liquid surface The effect of shrouding gas flow rab@ the depth of penetration has
been investigated and validated against theerimental data. e dropet generabn
mechanism has beeimvestigated in detail and compared qualitatively with the

established theory.

Chapter 5 describagbe experimentahvestigation of droplet generation rate at different
operating conditions (lance height, lance angle and flow rafée) critical penetration
depth for the onset of splasigi at different lance angle hdmen investigated A

modification of the Blowing number theory by incorporating the lance inclination angle



has been proposeth Chapter 6the numericaiodellingof inclined jettingon liquid
surface igresented

Finally, the conclusions drawn from the present stugyare presented inChapter 7
which is therfollowed by ®me suggestns for the future study on this project.
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2. Literature Review



2.1 Overview of Steelmaking Processes

The entire process of steelmaking can be divided into two sequential stepatyprim
steelmaking in the furnacesnd secondary steelmaking in a lad8. In primary
steelmaking, liquid iron that comes from the blast furnace is purified by blowing
oxygen into the converter. Thiocess iknown asOxygen $eelmakng. In another
approach, the recycled iron and steel scraps are melted eisicigic arcs inside the
furnace and then purified by blowing oxygen which is known as Electric Arc Furnace
(EAF) steelmaking procesf3]. Both the BOF and AF steelmaking process are
described in brief in théollowing sections.

2.1.1 The Oxygen Steelmaking Process

In oxygen steelmaking procegsgh purityoxygen is used to refinecharge of molten

iron and ambient scrap into steel of desired carbon content and temperature by oxidizing
the dissolved impurities like carbon, silicon, manganese, phosphorus and g@lphur
The molten iron comes from the blast furnace where iron ore, coke and lime are used as
raw materials. The mtan iron usually contains-4.5wt% carbon and thereviously
mentioned impuritiesvhich makethe metal too brittle for most engineering applications
[10]. The mainfunctionsof the oxygersteelmakingprocessareto reduce the carbon to

less thar0.1%, to reduce or control the sulphur and phosphorus, and firagilymize

the temperature of the liquiteel sathat any further treatments prior to casting can be
performed with minimal reheaity or cooling of the stedl?, 10]. The exahermic
oxidation reactions that occur duringygen steelmakingenerate a lot of heat energy
which is removed by the addition of scrap matergald iron ores of calculated amount

to obtain the desired final temperat{it€)].

2.1.1.1 Types of Oxygen Steelmaking Process

There are basically three variatioof oxygen steelmaking process depending on the

methodof introducing oxygen gas into the liquid b#j:

10



1 Top blowing process
1 Bottom blowing process

1 Combined blowing process

The most commoand widely usedatonfiguration is the top blown convertehich is

also known as basic oxygen furnace (B@Fcess. Irthis process, oxygen is blown via

a watercooled lanceinserted from the topf the vesselas shown irFigure2-1(a). The

Oxygen[] Lance

BOF/BOP
Top-blown

(a) (b)

Oxygen [|Lance Oxygen||Lance

Hydrocarbon E
[
Oxyggn -

Top lance plus
cooled bottom
tuyeres

N>
Ar
Top lance plus

permeable
elements

Hydrocarbon

L e
OBM/Q-BOP Oxygen
Bottom-blown

Oxygen ||[Lance

H

N, or Ar

Top lance plus
uncooled
bottom

Combination blowing

()

Figure2-1 Methods of introducing oxygen into steelmaking converter (a) Top blown (b)

Bottom blowing (c) Combined blowinig].

blowing end of the lances fitted with de Laval

supersonic velocityThe use of supersonic oxygen jet to refine hot metal was first

introduced at Linz and Donawitz of Austria in

nozzle in order to deliver oxygen at

1949. That is why this process is also

known as LD process, namadter the two placef3]. In the bottormblown converters

oxygen is introducedhrough the bottom of the vessel with the helptwferes.The
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bottomblowing process is also called the OBM;B®P process depending upon the
type of tuyere design. Each tuyerensists of two concentric pipes with the oxygen
passinghrough thecentrepipe and a coolant hydrocarbon passing thrahghannulus
between the pipes as shown Rigure 2-1(b). Usually, natural gas or oik used as
coolant whichchemically decomposes when introduced at high temperajeresated
by oxidation reactions and hence, protects the tuyerigdip overheating2]. One of
their advantages is a very efficient metkgstirring throughout the

oxygenblow [10]. In thecombinedblowing process, gases are blown both fromtte
lanceand bottomtuyeres. Combined blowing process can be of different typek as
K-BOP, LD-OTB, LD-STB, LBE etc. depending upon the amount of gas injected from
the top and bottom and alsmthe type of tuyere and the gas injecf8H Figure2-1(c)
showsthree different types of bottom blowing roeerters:top lance with permeable
elements, top lance with cooled bottom tuyeres apdance with uncooled bottom.

2.1.1.2 Sequenceof Operations Of BOF Steelmaking

In BOF steelmaking, steel is made in discrete batches called heats. Time required to
produce a typical 250 ton heat varies in the range @3Mhinuted2]. The major event

times in eah heat is summarized belowTlable2-1:

Table2-1 BOF Steelmaking evenintes[2].

Events Minutes
Charging scrap and hot metal 5-10
Refining-blowing oxygen 14-23
Samplingchemical testing 4-15
Tapping 4-8
Pouring slag ofat furnace 3-9

12



Thesequence of operations for BOF steelmaking is show#gure 2-2:

Charging
hot metal

&
Oxygen lance 4
(water cooled) Q/y

Heat s{eld
[ = | i E
Main blow Sampling
Slag
Steel g?"/_

Tapping Slag off

Figure2-2 Schematics of operational stepn BOF steelmaking proceld.

At first the furnace is tilted by about 3@’ anglefrom the vertical position and the
scrap is charged into the vessel with the help of a charging bucket. Scrap basically
consists ofrecycled iron orsteel. Hot metal is then powr®n the scrag3]. In some

cases hot metakidesulphuized in separate vessel before charging into the BOF
steelmakingconverter Because the oxidizing condition inside the furnace is not suitable
for sulphurremoval. Thesulphurlevel in desulphuized hot metal can be as low as
0.002vmt% [2]. The pouring operation, whiclgeneates considerable duystis
accomplished under an enclosed hood equipped with an evacuation system and a
baghous¢?2].

After charging of scrap arlabt metal, the vessel is then tilted back to its normal upright
position andwater cooledoxygenlanceis gradually lowered up ta specified distance
from the liquid metal. Blowing is started simultaneously while lowering the If8jce
The oxygenis blown at supersonic velocities and thlew rate ranges from 560 to
1000Nm*/min [2]. Impurities such as carbon, silicon, manganesesitorus, sulplr,

dissolved in the hot metadre removed by oxidatiofhe energy required to raisiee

13



scrap and hot metabmperature from 1250450C to steelmaking temperatures

about 16001680C is provided byexothermic oxidation reactiori8]. The major oxide

forming reactions aras follows[10]:

2[P] + 52(0y)g = (P:0s)
[Fe] +1/2(Gy)g= (FeO)
[Mn] + 1/2(0z)g = (MnO)
[Si] + (02)g = (SI0)

[C] + %5(0)g= (CO),

2[Fe] + 3/2(Q)q = (Fe03)

2-1

2-2

2-3

2-4

2-5

2-6

A typical change in melt compositionudng the blow isshown inFigure 2-3. The

silicon dissolvedn the metal is almost completely oxidized in the first &inutes of
the blow. In contrast to silicon, theansfer ofsulphut phosphorus, manganese and

carbon takes place over the entire period of Hi8\w

5 .
Wit%
P S
—C
~ AF = ~ 04,004
3 .
E
T 3 {03,003
1]
»
c
? 2 - 02,002
£ § —
O 4L ~ 01,001
0 | I == ——:—_.
14 112 34 End

Figure2-3 Change in mélcomposition during the bloya].
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Soon after the oxygen is turned on, flux additions are also stahtedhxygen
steelmakingnormally CaO(from burnt lime) and Mgdfrom dolomitic lime) are used
as flux The CaO is used to dissolve the metal oxides £SMNO, FeO, FgOs) and
form a basic liquid slag that is alile removesulphurand phosphorus from the metal.
The dolomiteis used to saturatihe slag with MgOand reduce the dissolution of the
dolomitefurnace refratories In some case fluorspar is used to reduce slag vis¢@kity

The position of the lance is important for proper functioning of the process. If the lance

is too high, the slag will be over stirred and eugidized with higher FeO percentages.

This will cause Igher than normal yield losses and lower tap alloy efficiencies due to
oxidation losses. Further, the rate of carbon removal is reduced and becomes erratic.
When the lance is too low, carbon removal increases somewhat, slag formation, slag
reactivity, andFeO are reduced arglilphurand phosphorus removal problems often
occur. If the lance is very low, then spitting oétal droplets or sparking occwhich

cause severe and dangerous metallic deposits, called skulls, on the lance and the lower
waste gas hab Obviously, there ian optimumlance heightvhich varies from shop to

shopdepending on the process conditipgs

At the end 6 the blow the lance is raised aruketfurnace is then rotated towards the
charging side nearly 8o do chemical analysis and temperature measurement. Based
on the chemical laboratory resulésgdecision is taken whether the heat is readgpor
requires corrective actiomf a corrective action is required, the furnace is set upright.
Oxygen is reblowninto the furnacewith or without coolants or fluxes, to arrive at the
desired (aim) chemistry and temperat[ The typical end point coposition of steel

is 0.040.06wt% carbon, 0.2wt% manganese, Q2 phosphorus and 0.015wt%
sulphur The manganesesulphur and phosphorus ootents are function of input
composition of scrap and hot metfd]. Once he heat meets the temperature and
chemistry requirements, the furnace is rotated towards the taphole side aefintu:
steel is tapped into a ladl®&lear the end of tapping a vortex may develop near the
draining taphole and entrain some of the slag th&ladle. Furnace slag contains high
FeO, which reduces delphuization in the ladle. Also, the,®s present in BOF slag is

a source of phosphorus carried into the ladle. So slag carryover from the BOF into the
ladle must be minimizef2]. After tapping the slag is either takeout by tilting the

converter oisplashed on the wallf the furnace to coat the lining and thereby extend its
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life. This slag splashing (coating) maintenancetygically performedby blowing

nitrogen through the oxygen lance for two to three miniges

2.1.2 Electric Arc Furnace Steelmaking Process

In EAF steelmakinghigh powered electric ais used to melt theolid scrap materials
inside the furnacenstead of blast furnac® melt iron oreas in oxygen steelmaking
process. Althoughthe latter onestill dominates te world production of steekthe EAF

route accounts for a larger and larger portion every geahownn Figure2-4. This is

1,600 35%

1400 - 0%

1,200
25%

1,000 +
20%

800 -+

% EAF

15%

600 -

Million tonnes

10%
400

200 %

0%

D AN A L] ) B AR -] ] A %) el S
BSOS E SISO ES SN S SO SOU SR SIS S0
W Crude Steel Production W EAF Steel Production — 0 EAF Steel

Figure2-4 Production of steel through different steelmakimgcesseqCourtesy of
GrafTechand OneStegl

due to the advances EAF technology which has reduced the tap to tap time and
electrcal energy consumption. In 20@D03 appoximately onethird of the annual
worldwide steel production was made via the EAF rcand then it dropped down
recently due to the economic recessidhe production capacity of an EAF usually

varies between 50 and 150 tons at different plgk@sbut it can be made of almost any
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size from 1 ton to 400 tons whereas an oxygen steelmaking converter less than 30 tons
are not economicdB]. Normally, recycled steel scrap is used as raw materials saving
the consumption of virgin raw materials and energy, which is beslefrom both
economic aneénvironmental point of view. On an average, 40MWh electrical energy is

required to melt 100 tons of recycled steel s¢&p

Figure2-5 showsa schematic oéledric arc furnace. An electric arc furnace consists of
a furnace shell with a roof on top. The furnace shell is lined with ceramic bricks
(usually carbon bonded magnesia bricks) insulating the furnace from treedigei. On

the upper side of the wadindon the inside of the roof, water cooled elements are used
instead of ceramic insulano Because of the positions of these water cooled panels,
there isno direct contact with the liquid stgél0].

Furnace roof

Furnace shell Slag

. «— Oxygen Jet
Slag door ;ef" 3 Molten steel

Eccentric bottom
tapping (EBT)

Rocker tilt

Tilt cylinder

Teeming ladle

Figure2-5 Schematic of an electric arc furnté.

The EAF operating cycle is known as thg-to-tap cycle which is madep of the
following operations: furnace chging, melting, refining, delagging, tapping and
furnace turnaround. Modern operations aim for attejap cycle of less than 60

minutes. A typical 60 min tap to tap cycle is showi able2-2:
17



Table2-2 Tapto-tap cycleof EAF steelmaking proce$g].

Steps Time

first charge 3 minutes
first meltdown 20 minutes
second charge 3 minutes
second meltdown 14 minutes
Refining 10 minutes
Tapping 3 minutes
Turnaround 7 minutes
Total 60 minutes

At the beginning of the cycle, the furnace roof and the electrodes are raised and are
swung out to the side of the furnadehenthe furnace is charged with recycled steel
scrap by using scrap bucket. The scraps are layered in the bucket according to size and
density in order to ensure rapid formation of a liquid pool in the hearth. Other
considerations include minimization of scrapz&@ns which can break electrodes and
ensuring that large heavy pieces of scrap do not lie directlyom bf burner ports
which mayresult in blowback of the flame onto the wateooled paneld§2]. The
charge can include lime and carbon or these can be injected intoriheefduring the

heat. After charginghe roof and the electrodes are swung back into place over furnace.
The roof isthen closed andhe electrodesire lowered towardthe scrap.Then the
electrical pover is switched on and electrical energyransformed into heat as arcing
takes place between thecefrodes and the solid scraghis is the commencement of
melting period.At the start of melting the arc is erratic and unstable. Wide swings in
current are observed accompanied by rapid moveofahie electrodes. As the furnace
atmosphere heats ughe arcing tends to stabilizenCe the molten pool is formed, the

arc becomes quite stable and the average power input increases
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In modern electricarc furnacechemical energy islso supplied to tke furnace for
melting operation along with the electrical eye but the later one ishe major
contributor. Approximately 60% of the total energyput in EAF is supplied by
electricity[2]. Chemical energis suppled viaoxy-fuel burrers which burn natural gas
using oxygenOnce a molten pool is formed the power is switched off, the furnace roof
iIs opened again, and second bucket of scrap is charged. Then the electrical switch is
turned on again and melting of scrap starts. When all the scraps are, rheldg
continues for eme time to superheat the molten steel to the target tapping temperature
[10]. Then supersonimxygen jet is lanced directly into the Hatwhich is the
commencement akfining period Unlike BOF, in EAF oxygen is injected at a certain
angle from the verticahroughthe sidewall fixed injectors because in EAF electrodes
are inserted from the top of the furnadéost impurities such agluminium silicon,
mangaese, phosphorusulphurand carbon are removed by oxidation reactions which
are described in previous sectiofhe metallic oxides which are formed during the
oxidationreactiors transfer tahe slag above the liquid steét the end of refining
period, bath temperatures measred and a bath sampletakenfor chemical analysis

If the correct composition is reached, thenace is tilted ande-slagging operations are
carried out to removthe slag through the slag dd@]. Then the furnace is tiltedn the

other side of the slag daotaphole isopenedand molten steel is poured into a ladle

where the secondary steelmaking operations are carrig@]out

2.1.2.1 Foamy Slag Practice

The development of foamy slag practice is one of the key technologies that has
advanced EAF steelmakingVhen the charge is completely melted, thenace
sidewalls can be exposed to high radiation from Arfoamy slag is created to cover

the arc, protect the sidewall from radiatiand transfer energy to theath asshown
schematicallyin Figure 2-6. Oxygen is injected with coal to foam up the slag by
producing CO gas in the sldg]. In some caseonly carbon is injected and carbon

reacts with FeO in the slag to produce CO. as reactions of CO formation are:
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[C] +[O] = (CO) 2-7

(FeO) + [C] = (COy + [Fe] 2-8

Some of the benefits attributed to foamy slag are decreased heat losses to the sidewalls,
improved heat transfer from the arcs to the stiea allows for higher rate of power

input, reduced power and voltage fluctuations, reduced electrical and audibée n
increased arc length (up to 100%) without increasing heat loss and reduced electrode
and refractory consumptidg].

Ir"‘—'-- T e -_'_1."-- [ ot i ! e
e i

g e

Conventional Foaming slag

Figure2-6 Effect of slag foaming on arc radiati¢2|.

2.2 Theory of Supersonic Gas Jet

A gas jet is astream offluid forcefully shooting forth from anozzle into an open
environment. Depending on the velocity of the fluid stream, a gas jet can be ditaed in

three different categories:

Subsonic flowThe velocity of the fluid stream is lower than the speed of sautitht

particular condition

Sonic flow: The velocity of the fluid stream is equal to the speed of somrtthat

particular condition
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Supersonic flowThe velocity of the fluid stream is higher than the speed of sound

that particular condition

As mentioned earlielsupersonic gas jets are useddaxarburize and purifthe liquid
iron during refining period in steelmaking proceg® Laval nozzles are used to
accelerate gas jets to supersonic velocifids The de Laval ozzle is a convergent
divergent nozzle and was named after the inventor Gustaf de [Fagaie 2-7 shows
theschematic of a de Laval nozzle.

A properly designed Laval Nozzle accelerates the gas jet to the desired supersonic
velocity for steelmaking by converting theaalable pressure energy of the gas into
kinetic energy[3] as shown irFigure2-7. The mass flow rate through the nozzle can be

written as,

G "0YwEEeEi Oweo 2-9

where” is the density’' QKX of gas 6 is thecrosssectional area of the nozzad™Y

is the velocity & j i of the gas. It is assumed that the density, pressure and velocity of
the gas inside the nozzle changes onlshadirectionof the flow (.e. onedimensional
flow). The mass flow rate of the gas is constant at gaafit along the flow insidéhe
nozzle Differentiatingequation(2.9) and dividing the resultant by the mass flow rate
we obtain[11],

_ _ _ 2-10

Due to the high speed of the gas and short length of the nozzle, the frictional losses are
assumed small, the flow iassumedadiabatic and the entropy of the gas remains

constan{11]].
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Figure2-7 Schematiof a Laval Nozzle with Pressure and Mach number pidafile

22



Assuming the change in potential energy negligible, the

becomes,

Q — GEEiOMmEo

WhereQis the static enthalpyi "Q "Qper unit massf the fluid.

Differentiating the equatio(2.11)

QQ YQY T

From thermodynami¢&1],

YOI M —

x) — [entropy is constanf2i

Substituting equatior2(14) into (2.12),

— YQYn

energy balance relation

2-11

2-12

2-13

2-14

2-15

In an adiabatic process, the speed of the sounteaxpressed g41],

23



0w — 2-16

Combining equation&.10), (2.15) and @.16) gives,

— —— 2-17

The ratio of the gas velocity to the speed of the sound at any p&mivwsas the Mach

number
bo - 2-18

Substitutingequation (2.18jnto equation(2.17)

— — 06 p 2-19

Fromequation(2.19) it can be concluded that:

1 At subsonidlow (0 & p , a decrease in area will lead to an increase in
velocity.

1 At supersonidlow (0 @ p , an increase in area will lead to an increase
in velocity.

At sonic flow(d & p h'Q&O0, the rate of change of area at the throat is

zero where sonic velocityan be obtained

Hence, n orderto accelerate the fluid to supersonic velocities, flngd must pass
through converging section of the nozzle until the flow becomes sonic at a certain
minimum area (throat area) and then through the diverging portion of the nozzle. The
result is a convergindiverging nozzle as shown kigure2-7. The Laval nozzle should

be designed and operated in such a way that the static pressure at the exit of the nozzle
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IS equal to the ambient pressure. Otherwise shock wenldse generated at the exit of
the nozzlg11] to equalize the pressuamd part of theet kineic energy is losin this
processwvhich in turn resultsn lower impactpressure on the liquid surfaddowever,
in steelmaking the exit pressure shoaldvays be slightly greater than the ambient
pressureso that thedustladen gases from the ambient not sucked isidethe nozzle

which maycause wearingf thenozzlesurfaceor blocking ofthe nozzlenole[3].

When a supersonic jet exits from a Laval nozzle, it interacts with the surrowsiding
air to produce a region of turbulent mixing as showfigure 2-8. This process results
in anincrease in jet diametenddecrease in jet velocity with increasing distance from

nozzle exit.

Turbulent mixing layer

'f)’/
» Y

Potential core region — Fully developed flow

Transition region

Figure2-8 Regions of a supersonic jet exiting from a Laval nazzle

A supersonic jet issuing fromlaaval nozzle can be divided intihreedifferent regions
[12]:

1) Potential core regiofin this region he axial velocity of the gas is constaand is
egual to the nozzle exit velocityrhe kength of the potential core region is proportional
to the upstream pressure and ambient temperadtbeskength of the coherent region is

also known as potential flow core length or coherent length.
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2) Trangtion region This region starts when the turbulent mixingdayeaches the axis
of the flowand thergradually emerges to the fully developed regime.

3) Fully developed flowin this region, the flow becomes fully turbulent. The jet begins
to spread at gher rate compared to the potential core region.

In numericalmodelling of the supersonic jet, thieey challengeis the modelling of
turbulence. From the experimental study, it was observed that when the velocity of the
jet is very high, the mixing of the jet with its surroundings is suppressed and the growth
rate of the turbulent mixing region is reduddd]. It became known in late seventies
that the standar® - model[14] gives a poor prediction of thexial velocity profiles

of ahigh speed turbulent axisymmetric j§1$]. This occurs because the stand&d -

model lacks the ability to reproducthe observed reduction in growthteaof the
turbulent mixing regiorat higher speedPope[15] reported that the standaf@ -
turbulence model overestimates the spreading rate of the turbulent round jet by about
40%.However, some modifications of tf@ - model have been proposgtb, 17] in

last twodecades iorderto take into accourthe effect ocompressibility byreducing

the growth rate of turbulent mixing regid®arkaret al.[16] suggestedhe addition of an

extra dissipation term, known as compressible dissipation, with the solenoidal
dissipation in turbulentiketic energy equatiort was shown that their proposed model
can predict the dramatically reduced growth rate of compressible mixingragese of

high speed jetHeinze[17] proposeda modification oftheturbulent production term in

Q - equation. In this model, the turbulent production level decreases with increasing
compressibility of the jet which in turn suppress the growth rate of mixing [&ijiese
modifications made it possible to obtain the velocityrdistion of the supersonic free

jet at roomambient temperature accurately.

The ambient environment, whereeahigh speed jet discharges, also kagificant
effect on the turbulent mixing layer of the jetom theoretical analysis, Chatterjde]
reported thaat higher ambientemperaturethe entrainment of the surrounding ambient
fluid into the jet is lover which in turn reduces thgrowth rate of turbulent mixing layer
as well aget spreading rateAs a result, the potentiabre lengthof the jet increases at
higher ambient temperaturesllemandet al[12] reported from their numerical study
that at 2000K ambient temperature, the potentmak clength of the supersonic jet
becomes approximately 3 times than that at room ambient temperiiwreerical
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simulations carried out by Tago and HiguEh®] and Katanodat al[20] also showed

an increase in potential core length of the jet at higher ambient temperatures.
Sambasivam and Dur§21] showed from their numerical study that spreading rate of
the jet is higher in denser mediuwhich results in smaller potential core region
However, none of these above mentionednarical simulationg12, 19-21] were
validated against experimental dafa the authors knowledge, on§umi et al[22]
experimentally studied thbehaviourof the supersonic oxygen jet at three different
ambient temperaturéZB5K, 772K and 1002K The velocity attenuation of the jet was
restrained and the potential core length was exteatibiher ambient temperatures.

2.2.1 Coherent Supersonic Jet

From the preceding section it is known that when a supersonic ghscjearges from a
nozzle it entrainsfluids from surrounding environmemthich results irdecaying of the

jet axial velocity Hence, during oxygen blowing, the higher the distance between liquid
surface and the nozzle exihe greaterthe entrainment of surrounding fluid which in

turn decreases the impact velocity as well @gstld of penetration on the liquid surface

As a result, the mixing of gas and liquid inside the furnace decreases which also reduces

the reaction rates because of smalllggsd interfacial area. Hence, it is desirable to

=
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< Core 1y - Supersonic Length _|_Sub-sonic
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Figure2-9 Schematics of a (a) conventional and (b) coherent supersofdjjet
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locate the nozzle close tbe liquid metal surface. But the disadvantage of this is the
sticking of slag/metal droplets on the lance tip which results in poor tip Tie.
overcome this problem, coherent jet (also known as shroudeddhtjolegy has been
introduced to the Electric Arc Furnace (EAF) steelmaking industry t he | at e
Coherent gas jets are produced by shroudingctrerentional supersonic jet with a
flame envelope as shown kigure 2-9 [23-25]. Theflame envelope is created using a
fuel and oxidant. Generally GHand Q are used asfuel and oxidant respectively
Figure2-10 showsthe crosssectional and front views ofshrouded jet nozzIg5|:

1

Shrouding
Oxygen

Fuel

Supersonicjet

(a) (b)

Figure2-10 (a) Crosssectional and (b) front view of a coherent noZ2lg.

In a shroudednozzle, the central converghtliverging nozzle is surrounded by small
holes arranged in two concentric rings as showifrigure 2-10. Supersonicmxygen

flows through the centradlonvergingdiverging nozzlethe inner ring of holes supplies
CH, and the outer ring of holes supplies shroudsudpsonic oxygelfi25]. Because of

the flameenvelope the entrainment of the surrounding gas into the supersonic jet is
reduced, leading to a higher potential &¢dength of thesupersonic je{25, 26]. The
longer potential core length tiie coherent supersonic jet makes it possible to install the
nozzle far from theliquid surface. Rcently, Mahoney [27] showed form their
experimentthat the potential core length of the coherent jet increases with increasing

fuel (CH,) flow rate up to a certailimit. It was concluded thahe potential core length

28



of the coherent jet becomes insensitive to fuel flow tathe fuel flow rate exceeds

10% of the supersonic jet flow rate. The reactive ambient was also found to increase the
potential core length of the jdR7]. The ®herent jet is claimed to produce less
splashing than the conventional supersonid28}, although no experimental study is
available in the literature regarding the splashing phenomenon in case of coherent jets.
Meidani et al[29] carried outthe onlyexperimental study of shrouded supersonic jet
impinging on liquid surface but only measured the effect of shrouding gas on the depth
of penetration in case of top jetting. The effect of shrouding gas on the splashing rate
was not reportedMoreover, intheir study compressedir was useds shroudingyas in

place of combustion flame

In modern EAB ,2he shrouding oxygen and fuel are used as burner dimngelting

period and thus increasiee efficiency of the proce$80]. Some numerical studi¢80-

34] of supersonic jets with shrouding flame are available in the literahowing the

axial velocity and Mach number distribution of coherent ligdrris and Holme$30]
performed numerical simulation of a commercial coherent supersonic lance system
known as KT injector[30]. Their numerical results showed that the shrouded
combustion flame, created by natural gas and oxygen, extends the potential core region
to 50 nozzle exit diameters far from the lance exit @léinwas also reported that the
coherent length can be increased by minimizing the turbulence inside tGaneiusso

et al[31] reported from their numerical simulation that the commercial coherent injector
developed by MORE can maintain supersonic velocity up to 2 meters from the nozzle
exit plane. In their study, natal gas was not used for shrouding the jet. The CO
generated inside the furnace during postbustion was claimed to act as a shiogid
flame for the main supersonic jeLv et al[34] carried out couple of numerical
simulations of the dmerent supersonic jet by changitige relative position of the
shrouding oxygen and fuel gas injector holdswas concluded that the change in
relative position of the holes has no evident effect on the potential core length of the

supersonic jet excepthen the nozzles were worn after multiple use.

Most of thenumerical studief30, 31, 34 werenot validated against experimentidta
The numerical simulation of coherent jet, carried outlégnget al[32] was found to
underpredicthe potential core length @kntral supersonic oxygen jet when compared

with the experimental study of Andersenal[25]. They attributed two dimensionality
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of the numerical simulation for the undergieion of the coherent lengthiu et al[33]
performed both the experimental and numerical study to investigate thédloaviour

of the coherent jet. They proposed a modification for the model coristanp& wand

6  p& Yof the standardQ - turbulence model. The numerical results with the
modified turbulence modeWwere found to predict the experimental results more
accurately.

2.3 Modelling of Impinging Gas Jets on Liquid Surfaces

When a gas jet impinges on a liquid surfaceraétatesa depresion on the surface. The
depression is formeid order to balance the momentum of the gas jet with the buoyancy
and surface tension force of the liquid5]. Molloy [36] classified the depression
pattern resulting fromtop jetting , into threedifferent modes Dimpling, Splashingand
Penetrating The schemati of the cavity shapeat these three different modase
illustrated inFigure2-11(a):
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Figure2-11 Cavity shape for (aJop and(b) inclined jetting37].
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Dimpling: In this mode the jeitmpactvelocity of the gas jet on the liquid surfaelow
which forms a slight stace depressionkor top air jet/ water system, thempact
velocity is less than 1B/s[36].

Splashing With increased jet velocity armmV/ reduced nozzle height, a shallow
depression formsn the liquid surfaceLiquid dropletsgeneratedrom the edge of the
depression andirect outwardsFor top air jet/ water system, the impaeatlocities are
in the range o15m/s75m/s[36].

Penetration With further increased velocity oeduced nozzle height, much deeper
penetration of the surface takes place accompanied by reduction in the ahount
outwardly directed splash.

In case of inclined jetting, these three cavity modes were also observed in some later
studies[37, 38]. Figure 2-11(b) shows the schematics of the cavity sksa@e three
different modesin case of inclined jettingBut thecritical impact velocity on the liquid
surface in case of inclined jettirgipouldbe lower than that of top jetting. This ivbe

investigated in the present thesis

After the introduction oSupersoni@xygen lancing onto the molten iron as a method of
steelrefining processa number of experimental investigation andmericalmodelling

were carried outby the researchers tonprove theunderstanmhg of the gas jet
impinging phenomena as well as to optimize both the BOF and EAF steelmaking
processin terms ofgasliquid mixing, reaction kineticsaand droplet generation rates
Optimization of the process is very important to improve the quality of steel as well as
to reduce the operational cosn the following section, the previous studies on gas jet

impinging phenomenomre reviewed

2.3.1 Experimental Modelling

2.3.1.1 Depth of Penetration Studies

A number ofexperimentaktudieshavebeenperformed inthe past on gas jet impinging

phenomenonAlmost all of them used water to simulate the liquid steel because of its
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availability and easy to handlé& schematic diagram of gas jet impinging on a liqui

surface is shown iRigure2-12:

Figure2-12 Schematic diagram of top jehpingenent on a liquid surface

Banks and ChandrasekhdBb] presented a detailed theoretical and experimental study
of axisymmetric air jets impingingn water. Based on force balance between dynamic
pressure and buoyancy at the impact point, they proposed a dimensionless relationship

between the depth of penetratiand momentum of the gas jet:

— — - p - 2-20

Whered -” "Y'Q is the jet momentumy is the gas velocitya 7i at lance exit,

‘Q is the lance exit diameteé , 1) is the depth of penetrationn , "Qis the distance

& between lance exit and liquid surfaceldQ  x®&ois ajet constant. This equation
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predicted their experimental data fairly well. Several experimental stigflet?] also
supporedthis relationship.

Turkdogan[43] also obtained an equation for depth of penetration from another
independent theoretical analysis which was found to agree well with his experimental
data. He observed in his study that although the depth of penetration decreases with
increasing density of liquid, the diameter of depression remains unaffected.

Cheslaket al[40] used fastsetting cement to determine the shape of the cavity and
according to them paraboloisl a good apximation to the cavity shap&n equation

for calculating thevidth of the cavity wagproposed from the experimeror a constant
lance height, diameter of the cavity was found to be insensitive to jet momentum which
wasin consent with the previous investigatiBb]. They also found that for a constant
momentum flow rate of the jet, diameter of the cavity increases and depth of the cavity
decreases the lance height is increased. Experimentalisicdtarried out by Koria and
Lange[44] andHwanget al[41] alsoshowedsimilar trend. Eletribet al[45] reported
thatthe equaion proposed byanks and Chandrasekhd@b], and Cheslalet al[40],
overpredicts the cavity width and dep#specially at high Reynolds numbéecause

the theory does not properly account for the effects of the ligasmbsity and surface

tension.

Koria and Langg44] constructed a nomografa special graphjo determine the depth

and diameter of depression from available top blowing parameter (lance height, oxygen
supply pressure, diameter of nozzle and inclination angle of noZhley.used molten

iron asliquid with different cabon composition and showetat the carbon content

does not affect the deptind diameter fodepression. This was in agreement vitie
previous studied46, 47] where it was reported that the penetration depth is not

influenced by the chemicaéactions athe jet impingement region.

Flinn et al[48] used four different methods to determine the depth oftpstiun of
high speed jet into the molten bath at #issthermal condition. They proposed an

empirical relation fopredicting the penetration depth:

h pd—= pd 2-21

33



Whered is the dymmic pressure (psiaRis the lance heightr) andQ is the nozzle
throat diameter (in)When 0 T, equation(2.21) fails to predicti 1 Chatterjee
[49] developed an equation to preditie averagedepth of depression produced by
supersonic jet impinging on a liquateel

-p — —— 2-22

Where” and” are the density’ QK1 of gas jet and ambientraosphereM is the

momentum of U the gas jet anK is a flow parameter which depends on the Mach
number and the diameter of nozzle. The depth of penetration values calculated by
equation 2.22 was found to be consistently lower than the values obtained by equation
(2.21). Chatterjed49] attributed this discrepancy to the appreciable vertical oscillations
of the cavity. Al®, because of the experimental set up used bydtiah[48], equation

(2.2)) calculates the maximum depth of peagtm while equation?.22 takes account

the average penetration depthrom equation (2.22), Chatterjp#9] also reportedhat

the depth of depressidncreass with the increase of ambient temperatateconstant
blowing conditions This occursdue to the increase of potentiabre lengthof the

supersonic jeat higher anbient temperatureshich are described in sectid2

Qian et al42] measuredhe depth of depression in case of both single anddyered
liquids for different lance height and flow rat&n equation for predicting depth of

depression for two stratified liquid was proposesihg energy balance

— — - p - 2-23

Where
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Where 0 is the heightd of the bottom liquid layer, andr are the specific
weight QTh i  of the top and bottom liquid respectiveBut this equationwas
found to over predict thexperimental data particularly at low lanoeights.In case of

two liquids study, they used water/corn oil and w&endsene to simulate metal/slag.
The primary reason for using two different liquids to simulate slag was to investigate
the effect of slg viscasity on the shape of the cavitly was found that at higher slag
viscosity, the oil/water interface is pulled up due to the shear driven flow. Also the
entrainment of water droplets or air bubbles in the oil is lower at high oil viscosity
Turkdogan [43] observed that if the density difference between the two liquid is very
high the emulsification of the two liquids does not take place.

Li and Harris[50] used water/cyclohexane to simulate metal/slag in their study and
proposed a equation for predicting depth of penetration of a gas jet on two stratified

liquids by doing the pressure balance
_ — — —— p - 2-24

This equationwas found to represertlosely the experimental data when density
differene between two liquids is smaWWhen0 equals zero, equation (2.24) becomes
the weltknownequation (2.20) which waggposed for predicting depth of penetration

in case of single fluid.

Meidaniet al[29] used a shraled supersonic jet (also known as coherent jet) in their
experimental study to investigate the effect of shrouding gas flow rate on the depth of
penetration.Only compressed air was used for shrouding the central supersonic jet
instead of combustion flamé. was concluded that depth of penetration increases with

increasing shrouding gas flow rates.
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Nordquistet al[39] summarizedsome ofthe previous studie35, 42, 44, 46, 51] on
penetration depth calculation and found that ghevious correlations overpredicts the
depth of penetration for smaller nozzle diame{éss than 2.0mm). A new correlation
was proposetlased on macroscopic energy balance which was found to agree well with
the experimental data for smaller nozzle dians{ér8mm) as well as large nozzle

diametes (more than 2.0mm).

Figure2-13 Schematidiagram of inclined gas jet impinging on a liquid surface.

None of the above mentioned study investigated the effect of lance angle on depth of
depression of liquid surface. Although Koria and Lafd4] includedthe effect of
inclined jetting,the angleof inclination was limited to €10° from the verticalin their
experiment Thisrange ofangle of inclination is used in the muttozzle lance of BOF
steelmakingin orderto avoid coalescences betwettie jets. In Electric Arc Rurnace

(EAF) steelmakingsupersonic oxygen jet is normally injected through the side wall at a
certain angle from the verticéfigure2-13 shows a schematic afclined jettingon the

surface of a liquid bath.

36



Collins and Lubanskgd52] conducted a number of experiments, long before the
introduction of inclined oxygen jet in EAF steelmaking, in order to investigate the effect
of jet momentum, lance angle and distance between lance exliqamd bath on the
depth of penetration. In their study, water and air were used as a liquid and gas
respectively. Using dimensional analysis and experimental resaftsempirical

equation was praysed:

— — — P pPW— 2-25

Where—is the lanceinclination angle with théiorizontal surfaceOther parameters of
equation(2.295 havebeen shown irFigure 2-13. This equation fits experimentdhta
well for lance angles over 25From the experimental results it was found that for a
constant momentum of the jet, depth of depression decreases if thefingleaton
from the vertical is increased. Some later investigatj@8s47, 53, 54] also repaoted
this phenomenonThis happens due to the decrease in vertical momentum of the jet
with increasing lance angleloldenand Hogg 54] showed that as the inclination angle
of the jet from thevertical (iquid surfac@ becomessteeper, cavity depthn is
increasedand cavity length(b) is decreased, with a relatively little change in the width
(cavity widthperpendicular to thgt). Lingen[47] found that the volume of the cavity
with inclined jetting near the bath surface is proportionaldt® {*2. as shown in
Figure2-13in contrast to Coihs and Lubansk§2] who reported thathe volume of

depressiotis proportional b 1) .

McGee and Irong53] studied inclined oxygen lancing in an electric arc furnace by
using a onghird scale, thin slice model d o f a s tedrid Arc Hurnace. Distilled
water and silicon oil were used to simulate s@®d slag. Depth of penetration was
found to decrease with increasing danheight from the bath surface and with the
increase of lance angle from the verticehe foamy slag condition was created by
injecting gasthrough very small holes (1 mnfjom the &de wall It was found that
depth of penetration is higher for foaming bath condition tteat in the still bath

condition. This is due to the lower density of the foamed watetdar to maintain the
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dynamic similarity between the full scale furnace #mn slice modelmodified Froude

numbersimilarity was used:

o — 2-26

Where” and” are the densityQTh of gas and liquid respectivelyY is the
velocity & of jet at nozzle exitQis the characteristic dimensian . If Qis smallerin
the one third scale thin slice model, the supersonic flow bessuiEsorc in order to

maintain the similamodified Froude number.

In a recent study, Solorzatimpez et al[55] measured the liquid velocity using PIV
(particle image velocitimetry) at different lance angles. They found that the horizontal
component of the liquid velocity amneases with increasing lance angle from the vertical

which means that the recirculation of liquid is stronger in case of highly inclined jetting.

2.3.1.2 Droplets Generation

When the high speed gas jetpingeson the liquid bath surface, liquid droplets are
generated and ejected out of the cavity which is known as splashing. Droplet generation
has both beneficial and detrimental effect. The droplets increase the surface area which
in turn increases the decarlaation rate. On the other hand, dauses wearing of
refractories and lance tigkulling on the converter mouth which results in reduced
diameter of the furnace and henceakes it difficult to charge raw materialSome

model studie®f splashing werelone by the researchers itovestigate the mechanism

of droplets formation as well asiteria for the onset of splashing

Urquhart and Davenpofftc6] studied droplet generation study in a 1/50 scale BOF
where oil and NaHC®solution was used to simulated to simulate slag and steel. Air
was injected fronthe top and the jet velocitwas determinedising the modified

Froude numbefequation 2.26). It wapointed out that droplet is generated principally

due to the vertical oscillation a@he cavity during gas jetting. They also observed that
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the horizontal displacement of the cavity results in droplet ejection but this was less
frequent andnorerandom.

Holden and Hogg54] reported that for a given set of physical conditidaace height,

lance flow rates, lance anglesurface wavesf definite amplitude and frequency are
generated within the cavity. They also found that as the flow rate is increased, the
frequency of the waves alsoincreased until they tend to break. ggrom physical
modelling Peaslee and Robertsg88] showedthat as the velocity of the gas jet is
increased, metal fingers are formed at the edge of the cavity. These metal fingers have
no structural stability ahareeventuallytorn from the cavity to produce metal droplets
[38]. Three sources of metal drop formatiere identified in their study[38] which

are 1) tearing of thelrops from theedgeof the cavity or from the metal fingers, 2)
tearing of small drops from 4flight drops and 3) recirculation of broken fingers or
drops back into the jet mainstream. Schematic of splashing due to top and inclined
jetting is showrin Figure2-14 below:

(a) (b)

Figure2-14 Splashing of liquid due to (a) inclingetting and (b) top jetting37].

In their other studyPeaslee and RobertsfB] reportedthat whema gas jet impinges on
a liquid surfacethe liquid displaced by the jet and the shearing force of the leaving gas
jet generateswaves inside the funace. Figure 2-15(a) shows the formation and

movement ofvaves during inclined jetting:
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Figure2-15 Mechanism of harmonic wave propagation (a) shows formation of the wave

and (b) shows the movement of the wihie

During blowing, the primary wave increases in height, and both the cavity and primary
wave move horizontally away from the jet. Thauid displaced by the growth of the
cavity and the shear stress from high velocity jet generates the fpndedh increases

the height of the wave. After 0.2 seconds, the original cavity moves horizontally

away from the jet and a new cavity gmimary wave stds forming as shown ikigure
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2-15(b). When the gas jet no longer blows in the original cavity, the forces forming the
original cavity and wave are m®ved resulting in an upward movement of original
cavity and downward motion of primary wave. The major force trying to restore the
wave and cavity to a smooth surfacehe gravity (F,). This complete the one cycle of
oscillation of the cavity. The cayitoscillation frequency ranged from8Hz in their
study[5]. Koria and lange[44] reportedthat the cavity oscillateat a frequency of 10

12 Hz. The magnitude of cavity depth as well as cavity diamessfoundto varyby
20-25% and 10-15% of mean valuse respectively McGee and Irons[53] observed
cavity oscillation frequenes in the rangeof 6-8Hz in their watermodelling studyon
inclined jetting. Peaslee and Robert$868] showed that oscationfrequencydoes not
vary greatlywith the lance angle but only with the lance Rights The frequency of
oscillation was found to decrease with an increase in lance helgeset al[37]
reportedfrom their experimental studyat the frequency of oscillation is independent
of lanceangle as long as there is no mode change afdfity and the lance height and
flow rates are constant. It was also reported that frequency of oscillation decreases with
increasing lance height which is in agreement with the prewegpsrimental stud§38]

oninclined jetting

Banks and @Gandrasekhar&35 observedthat for top jetting splashing commences
when depth of the cavity in water surface reca critical value of 0.014nThis is
known as critical depth of depression. Some later investigatitsog[8, 40, 43, 51]

reported the similar criterion for the onset of splashing.

Chatterjee and BradshaMl] carried out numerousonttemperatureexperiments to
investigate the effect of liquid properties, gas properties and lance height on the critical
depth of depression. From their studies it was found thatarifiepth of depression is
independent of gas properties, slightly influenced by the lance height but solely
dependent on liquid properties. With thiel of dimensional analysignh equatiorwas

proposedo calculatethe critical depth of depression tdiuid with differentproperties:

— ™ opéE @~ p@O 2-27
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They alsomeasured the volume of liquid splashed dutmgblowing by collecting the
liquid droplets in a perspex tray. The tnags divided into five compartmenits order
to investigatehe radial distribution of splaslgras shown ifrigure2-16.
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Figure2-16 Perspex tray for measuring radial distribution of liquid dpdaksjust above
the bath surfacgbl].

Figure 2-17 shows that splashing intensity is highest in the immediate region
surrounding the cavity and decreases with increasing radial distance from the
impingement pointlt was also reported from their cotdodelling study thatsplashing
rate increases with decreasingnce height. Experiments performed Byrner and

Jahanshalib7] also showed this phenonan

Standishand He[58] measured the volume of splashing by measuring the total amount
of splash ejected out of thvessel during jettingTheir study showethat splashing rate
is not a monotonous function of lance height. The splashing rate increases with
lowering the lance height up tertainpoint and after thasplashingatedecreases with
decreasing lance heighs shown irFigure2-18. This occurglue to the transition from

splashing mode to penetrating mode as described by M§H6ly They [58] also
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observed that the proportion of large droplets increases with increagpingasoflow
rate. At a constant top gas flow rate, splashrmage was found to increase witottom
gas flow ratg57, 5§].

Figure2-17 Influence of jet momentum aradial distribution of dropletgs]].

Figure2-18 Variation of droplet generation rate with lance heigbg.
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