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ABSTRACT 

Cleanness and unlformlty ln steel propertles are Important for hlgh 

quality steel. Physlcal and/or mathematlcal models can be used m order to 

achleve optimum conditions for the clean steel dunng steelmakmg processes. 

ln the present study, Important metallurglcal transport phenomena 10 

steelmaklng ladies and tundlshes have been investigated using both 

mathematlCal and physlCal (water) models. 

Through appropnate solutions of the Navier-Stokes equations, the 

Intermlxmg of fluld withln gas-stlrred ladies can be modelled qUlte 

satlsfar..tonly. It IS shown that off-centered bubblmQ glves the most consistent 

results ln terms of mtntmtstng mtxtng ttmes, Stnce angular veloctty components 

mtermtx flUld across the wtdth of a ladle Compansons between mathemattcal 

and expenmental data are presented 

Fluld flow, heat transfer and IncluSion flotation have been 

modelled mathematlCally for testtng the behavlour of several tundlsh deSigns. 

Computations are presented to tllustrate the Importance of thermal natural 

convection currents m mlxlng the upper and lower layers of steel Partlcle 

removal rates are also expenmentally studted wtth the atd of the novel E.S.Z. 

(ElectrlC Sensmg Zone) system, and compared wlth computatlonal results. 
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RÉSUMÉ 

La proprete et l'uniformite sont des propnetes Import~ntes pour les 

aCiers de haute quallte Des modeles physiques et/ou mathematlques peuvent 

ètre utilises afin d'atteindre les conditions optimales pour obtenir des l'aciers 

propre lors de traitements Siderurgiques Dans l'ouvrage present, des 

phenomenes de transferts metallurglques Importants ont ete etudies pour des 

creusets et des separateurs Siderurgiques, a l'aide de modeles mathematlques 

et phySiques (d'eau) 

A l'dlde de solutions appropnees des equatlons de Navler·Stokes, le 

melange de rlulds dan< des reClplents brasses par Injection de gaz peuvent 

ètre assez bien modellse Il a ~te demontre que l'Injection decentree de gaz 

mene aux resultats les plus conSistant pour minimiser les temps de melange, 

pUlsqe la composante angulaire de la vitesse melange le fluide 

t.ransversalement dans le creuset Des comparaisons entre les cionnees 

mathematlques et ex perl mentales sont presentees 

l'ecoulement de .. flUides, le transfert de chaleur et l'entralnement 

des mrJuslons ont ete etudie a l'aide de modeles mathematlques afin de tester 

le comportment de plUSieurs deSigns de separa~eurs L'Importance des 

courants de convection naturelle thermique sur le melange des couches 

superieure et Inferieure d'aCier liqUide est illustre par la presentation de 

resultats provenant des calculs De plus, les taux d'ellmlnatlon des partICules 

sont etudies experlmentalement, a l'dlde d'une nouvelle technique E S Z 

(Elec:tnc St!nsmg Zone), et compares aux resultats provenan t des modeles 

mathematlques 



----'------------------------------------------------------------------

o 
III 

ACKNOWlEOGEMEf4TS 

The author WOu Id !lke ta thank hls thesis supervlsor, Prof R 1 L 

Guthne, for hls conSlsten t and enllghtenmg gUidance dunng the doctoral 

course ,H McGdl UnIversity' Special thanks go to Mr Frank Sebo, a magic 

technlcldn, who helped thE: duthor ln prepanng and carnng out expenmental 

part of thls research progrilm 

The author also acknowledges the help of Mrs L Dumltru of Stelco 

Ine ln WOrl< on the full scale water model tundlsh housed ln thelr Industnal 

research laboratones The 'lUpport of Cray Research Inc m provldlng access ta 

thelr 15, XMP and YMP 'lupercomputers IS also gratefully acknowledged 

PartlCularly. the author appreCiates the efforts 0 f Dr H Grelss and Dr K 

M,sergade ln maklng a Jldeo film vl~uallSlng flow fields. temperature 

dlstnbutlons and inclUSion movements wlthln tundlshes He also expresses 

gratltlJde to Dr C J Dobson for prov,dlng useful plant data of tundlsh 

operations ln BHP Ine . Australla 

The author 15 deeply Indebted ta ~orean Mlnlstry 0 f Education for 

thetr scholarshlp for hls Pt': D program Fmally, the author acknClwledges that 

the love of hls fam"y encouraglng hlm Incessantly made tne complet/on of h/s 

thesl,) pOSSI ble 



( 

a 
A 
Ap 
Ab 
b 
C 
C* 
C1, C2, Cil 
Cp 

d 
0 

E 
f 
F 
G 
g 
Gr 
hw 
H 
K 
k 
L 
Le 
n" 
Nin 
Nout 
P 
p 
0 
Oer 
qw" 
R 

r 
rav,p 
Rp 
Re 

~~ 
S 
T 
t 
Ta 
Tw 

( 
LlT 
U 
u+ 

NOMENCLATURE 

coeffKlents ln discretlzatlQn equatlons. 
total ~urface area of reactor. 
surface area of plug flow reactor. 
surface area of well-mixed reactor 
constant 
mass fraction of mcluslonsHracer. 
stagnent boundary layer number denslty of inclusions. 
emplilcai turbulent constants (see Table 2-1). 

IV 

mass fraction of inclusions at the node Immediately next to 
the metal surface. 
inclus!on/particle dlameter. 
diffusion conductance ln Part II. 
orifice dlameter of probe ln Part IV. 
integratlon constant. 
frequency of bubble formation 
mass flow rate. 
generatlon term of turbulence klnetlC energy. 
gravit y accelatlon constant. 
Grashoff number. 
heat transfer coefficient on the slde-wall. 
helght of vessel (Iadle or tundish). 
an empinal cor,stant for determinlng mean plume veloCitv. 
turbulent klnetlC energy 
charactenstlC length. 
distance between Inlet and outlet nozzles. 
partlcle absorption flux density into overlaylng slag. 
number denslty of inclusions at the Inlet nozzle. 
number denslty of partlcles at the outlet nozzle. 
Peclet number 
pressure 
volumetrlc flow rate of gas/liquld fluid. 
critlCal flow rate. 
speCifie heat loss from tundlsh side-waiis. 
ladle radius ln Part ill. 
resldual ratio of (inclUSion) particles ln Part IV. 
radiai coordlnate. 
average plume radiUS. 
radiUS of partlcle 
Reynolds number 
residual source of cp. 
resistance change 
source term 
temperature. 
tlme 
amblent temperature. 
tundlsh side wall temperature. 
charactenstlC temperature difference 
tlme averaged aXial component of veloClty. 
dlmenslonless veloClty. 
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me;;!n plume velocity. 
Stokes rising velocity of particles/lncluslons. 
friction velocity. 
time averaged radiai component of velocity. 
bubble volume. 
volume fraction of dead volume zone. 
volume fraction of dispersed plug flow zone. 
volume fraction of backmix flow zone. 
volume fraction of plug flow zone. 
tuTIe averaged clrcumferentlal component of velocity. 
distance fram the sO!ld wall. 
local Reynolds number (dimensionless distance). 
axial coordinate. 

Greek characters 

Cl 

P 

re 
K 

Il 
Ileff 
Ilt 
e 
p 
ap 
PG 
PL 
ps 
Pp 
o 

Ok 
Ot 
Tm 
Tw 

volume fraction of gas ln the gas/llqUid plume 
volumetrie expansion co~fflclent. 
diSSipation rate of turbulent klnetic energy. 
emlsslvlty of tundlsh sidewalls. 
vanables. 
specflc gravit y of alloys ln Part I. 
plug flow volume fractIon ln Part IV. 
effective dlffuslvity 
von Karman constant. 
lamlnar VISCOSlty. 
effective turbulent viscoslty. 
turbulent viscosity 
circumferentlal coordlnate. 
denslty of flUld (water/molten steel). 
denslty dlfference between fluid and partlcle. 
denslty of gas. 
denslty of liquid. 
denslty of slag. 
denslty of partlcle 
lamlnar SchmldtlPrandtl number ln Part m 
Stephan-Boltzman constant in Part IV. 
Prandtl Number for k 
turbulent SchmidtlPrandtl number. 
95% mlxlng tlme. 
wall shear stress. 
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Chapter 1 

Introduction 

Cleanness and unlformlty in steel properties have become an 

increasingly important Issue with the marked mcrease m demand for hlgh 

quahty steel. For producmg hlgher quality steel, secondary processlng IS 

commonly carried out m order ta remove harmful residual elements (I.e. ~, e, 
0, N, H, etc.) to parts per mil Iton levels. For instance, arctlc 011 ng platforms 

reqUire that the ductile/bnttle transformatIon temperature be lowered as far 

as possible, and certamly to -20 oc. The special propertles sought can be 

approached by reducmg the concentration of residual elements wlthln the 

steel bath, prlor to teemmg into the continuous castmg machine. This reduces 

the number of inclusions, whlle the remainder must be converted into 

harmless refractory type spherolds prlor to hot rollmg, 50 that they do not 

subsequently form elongated strmgers For plate, pipe, rail steels, and other 

thick sections, dlssolv~d hydrogen retamed wlthm the matnx can precipltate 

at discontmUitles wlthm the steel (e.g. mcluslons), and lead to hydrogen 

induced crackmg (HIC) 

Since the early 1970's, there have been numerous studles on ladle 

metallurgy as a secondary refmmg process for steelmakmg operatlons.Typlcal 

ladle metallurgy procedures used m order to donate supenor propertles to 

the final steel product are shown ln Figure 1-1 There, the particular process 
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routes currently in operation at Sumltomo Metals, in Japan, are shown (1), 

Thus hot metal is first dephosphon5ed wlth soda ash in a torpedo car/ladle, 

and is then decarbunsed ln a comblnation blown converter employlng top 

and bottom blowlng of oxygen After tappmg the steel, any OXldislng 

converter slag, whlch carnes over to the ladle, IS removed. Second stage 

refmmg 15 then conducted using an RH vacuum degassing unit 10 order to 

remove dissolved hydrogen nltrogen, oxygen and carbon. 

A ladle furnace IS fitted wlth an arc heating unit to provlde steel 

reheatlng capabllity together wlth alloy/slag injection procedures for 

desulphunsmg. The use of vacuum (-1 Torr) ln the RH degasser allows mltlal 

level5 of hydrogen of 4-5 ppm (say), to be lowered to 2ppm, nltrogen from 40 

to 32 (say), and oxygen from about 300 ppm to perhaps 10 ppm (total 

oxygen), over a flfteen mmute processmg penod. The oxygen IS removed 

through the nucleatlon of dissolved carbon and oxygen to torm carbon 

monoxlde, the reactlon proceedmg at the mterfaces of ascendlng bubbles of 

argon mJected lOto the 'up-Ieg' of the RH degasser, and the steel/vacuum 

intertaces of the bath surface and splashmg droplets. Initiai carbon levels of 

200-300 ppm, can typlcally be reduced to 'ultra low levels' of 20 ppm, for 

'interstltlal free' steels, by degasslng This cursory glance at primary and 

secondary ladle metallurgy operations IIlustrates a wealth of procedures and 

phenomena to whlch mathematlcal and/or physlcal modellmg can be applled. 

For alloy additions and/or deoxldatlon, alumlnum and/or 

ferroalloys ln lump form are generally added pnor to, or dunng furnace 

tapping operations lOto ladle. Thus gas bubbling, through a lance set deep 

withm the hqUld steel or through a porous plug bubbler set 10 the bottom of 
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Figure 1-1 An Example of current processes for maklng clean steels 

(Sumltomo Metals Industry, Kaslma Works). 
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the ladle, has now become standard practlce ln most steel shops Over the 

correct range of flows, thls practlce can ehmmate ~hemlcal and therm~1 

gradients wlthm the steel by thoroughly mlxing the vessel's contents, whlle 

minlmlsmg slag entramment and heat loss. The procedure (an also nnse the 

liquid steel of condensed oXlde Inclusions, whlch nucleate followlng 

alummum or ferroalloy additions to the steel. However, m thls processmg, 

reoxldatlon due to variable 51ag carryover, and air entrainment can play havoc 

with alloy recovenes and ln turn mduce unacceptable vanabliity mto the fmal 

product chemlstry Hence, less crude alloy addition procedures are 

subsequently made at alloy trtmming stations (e.g. wlre feedtng, submerged 

powder tnJectlon, CAS proce5s, etc.) ln order to achleve doser control of the 

final product chemlstry 

Followmg lad le processmg operations, th~, liquid steel 15 then cast 

tnto mgots, slabs, blooms, or billet5. The continuous castmg process shown ln 

Figure 1-2 can produce slabs, blooms, or billets directly from molten steel. Its 

great advantage over an tngot pounng operation IS on melt-shop ylelds, 

energy costs, Improvements m steel quallty, etc Dunng the era of the 1980's, 

the ratio of steel produŒd via the contmuous casting process versus total steel 

production has increased slgniflCantly tn most major steel product countnes, 

except for Eastern Europe It has been reported that the oercentage of crude 

steel produced by conttnuous casting m 1987, reached 93.3 % ln Japan, 81 1 % 

ln Western Europe, 588 % ln USA, 49 % ln Canada, 58 ~ 01; ~n South 

Amenca, and 86.4 % ln ASlan develc,plng country (R. of Korea and Taiwan) (2), 

However, Eastern Europe 15 reported to have a mean conttnuously cast steel 

ratio of 16.7 % and U 5 S.R 14.9 % 



6 

( 

Figure 1-2 An Illustration of a contmuous slab (aster. 
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Direct rolling of slabs represents a further hurdle m the quest for 

continuous steelmakmg Energy savmgs associated wlth direct rolling ar~ 

significant and in the order of 0.5 GJ/tonne. These represent a 3.6% decrease 

from current best steel work practlces of 13 8 GJ/tonne (from pellets to hot 

band) and bnng steelmakers one step closer towards the minimum 

thermodynamlc value of about 6.5 GJ/tonne for the production of steel from 

iron ore. These savings are brought about by the ehmlnatlon of inspection 

procedures on cold slabs and subsequent slab reheating.For these benefits to 

be realised, the quallty of steel entermg hot milis must be assured ln terms of 

chemistry, temperature and other physlcal charactenstics, such as integ rit y 

(freedom from cracks, center-hne poroslty, scale, etc.) and metal cleanness 

(minimum levels of ~xogeneous Inclusions). 

ln recent years, the tundlsh, whlch IS an the intermedlate vessel 

between the ladle and the mould of a contmuous casting machine, has been 

recognized as an Important metaliurglCal processlng reactor for clean steel. 

Therefore, several operatlC:mal techniques for tundlsh processmg operations 

have been developed for the Improvement of steel quallty For Instance, 

submerged mlet nozzles shrouded by an Inert gas are generally used ln arder 

to avold air and slag entralnm~nt Into liqUid steel. Flow modification devices, 

such as weirs, dams, baffles, perforated dams, etc., can be employed for 

improvlng flow patterns so as to ehmmate a greater portion of mcluslons 

from the melt. Currently, ceramlc filters are bemg tested for steel casting. 

They are cammanly used for casting molten alummum. 

This section has provlded a general revlew of subJect matter 

relevant ta ladle and tundlsh metallurgy ln chapter 2, ladle metallurgy IS 

reviewed in terms of furnace tappmg, gas stlrnng, alloy addition, and ladle 
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teeming operations. Chapter 3 provides a descriptiC\n of tundish metallurgy. 

There, the origin of nonmetallic inclusions, fine particle flotation, and current 

physical and mathematical models are briefly introduced. Finally, the last 

chapter describes the objectives and scope of the present study. 
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Chapter 2 

Ladle Metallurgy 

2.1 Furnace Tapping 

Ladle processmg operations begin with tapplng steel from an 

electric, or basic oxygen, steelmaklng furnace (B.O.F.), into the type of 

steelworks ladle shown in Figure 1-3. During the course of this tapping, alloy 

additions m lump form can be fed through chutes set above the filling lad le, 

so that they fall mto the churning bath of molten steel. The additions melt 

and/or dissolve mto the steel bath, so that the bath chemlstry can hopefully be 

adjusted to that speCifled for the grade of steel bemg produced. 

2.1.1 Turbulent flow m a filling ladle 

Salcudean and Guthrie (3,4) were the first to predlct flow patterns 

and velocity m an Ideahzed fi!ling ladle, where the Jet of Ilquid steel was 

assumed to enter vertlcally mto the center of a cyhndncalladle. There, usmg 

the k-c turbulent model, the hlghest values of turbulent Viscosities were to be 

found at the juncture of the penetrating jet and the reCirculating bulk of 

steel, turbulent viscosltles sorne 103-104 tlmes lammar values being predlcted. 

These predictions wlth respect to turbulent kmetic energy levels were later 

confirmed experimentally by Sahai and Guthne (5). 
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Figure '-3 SchematlC of tapping a furnace into a steelworks teeming ladle, 

showi ng alloy additions and slag carryover. 
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Figure 1-4 shows the veloClty fields predicted by Sahai and Guthrie 

for a 250 tonne steel ladle filled to a height of 2.75 m with an incoming Je! 

veloclty at entry of 8.4 mis (5). It is clear that the recirculating flow will have a 

marked influence on the traJectory of alloy additions made to the melt during 

primary conditioning procedures. 

2.1.2 Alloy trajectories in a fillmg ladle 

An important aspect of gettmg ferro-alloys and aluminum to melt 

in molten steel ln a reliable manner, IS to try and ensure that they melt and 

disperse subsurface, out of harms way of any oxidising slags, or interactions 

with air. Guthrie et al. (6) demonstrated that gravltational, buoyancy, drag, 

and 'added mass' forces were needed for adequate representatlon of 

subsurface traJectones for large partlcles dropped vertlcally mto stagnant 

liquid. Based on these Simplifications, M. Tanaka (7) predieted the traJectories 

of entrained large partlcles. 

Figure 1-SA shows computJtlons and expeilmental data usmg a 

smaller scale water model simulation, wherem the correct denslty ratio 

between addition and Ilquld was mamtamed. Thus, wooden spheres with a 

specifie gravit y of 04 (roughly correspond mg to spheres of aluminum, y = 
2.3/7.0 = 0.33, and ferrosJllcon, y = 40/7.0 = 0.57), are predlcted to resurface 

almost Immedlately aher projection mto any part of such reClrculatmg flows. 

On the other hand, heavler partlcles, (y = 0.8), (roughly correspond mg to the 

apparent densltes of ferro-manganese, slilco-maganese, etc., additions), have 

a chance of being drawn downwards mto the reelrculcJting flow, provlded 

they are projected mto the bath, reasonably close to the plungmg Jet. Figure 

'-5B shows predictions for a ladle of 4 meters diameter, at a fillmg helght of 
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Figure 1-58 Predlcted mean trajectones of 67 mm lumps (spheres) of alloy 

additions (y = a 4 and 0.8). 
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1.5 metres. It is worth noting that these predictions do not allow for air 

becomlng entrained as the plunglng jet enters the Ilquid bulk. 

It is equally Important to note that while predicted trajectones of 

alloy additions ln such flow fields would be relatively similar,that once any 

entrained objects lost the 'protection' of their surrounding shells of steel, 

dispersion of their contents would be critically dependent on turbulent 

diffusion phenomena. 

2.1.3 Slag carryover and air entrainment 

While these simulations pOint to the deficiences of current alloy 

addition makmg procedures, the most critlcal problem in practlce, is the 

variable amount of slag carryover from the furnace into the ladle, and air 

entrainment from the filling stream. 

Towards the end of tappmg operations, sorne steelmaklng slag 

Iying on top of the raw steel wlthm the furnace is almost Inevitably carned 

over into the ladle, due to overflowmg the furnace IIp or vortexing As this 

slag is oxidismg, any steel deoxldatlon procedures will be affected by its 

presence. Slag carryover can also be a potentlal source cf exogeneous 

inclUSion material. Cramb and Byrne (8) argued that very small slag droplets 

might remam in suspension withln liquid steel, bemg finally entrained mto 

the product. Their work was based on EPMA (electron probe mlcroanalysis) 

results of slab samples whlch were presented for a combmed ladle and 

tundish slag tracer expenment. S.Tanaka (9) has demonstrated that rising gas 

can dlsrupt a slag layer, and entrain slag droplets mto the liquid steel during 

combined blowing BOF steelmakmg process. This fine dispersion of slag 
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droplets in liquid steel within the furnace, can also be a source of slag 

carryover during metal tapping operations. 

Most converter shops are now practlsmg slag separation in one 

way or another. Typical methods are 1) to use refractory balls whose specific 

gravit y has been adJusted to be between the slag and the molten steel, 2) to 

apply high pressure air Jets sldeways ta the tappmg hole so as to blow the slag 

away, and 3) to physlcally monitor the onset of slag vortexing m order to stop 

tapping when this occurs. Through these practices, the carryover of furnace 

slag into the ladle, whlch used to amount ta more than 100 mm in thickness, 

can tYPlcally be decreased to less than 30 mm (10). 

Air entratnment caused by the steel stream plungmg lOto the filling 

ladle is also of Interest dunng tapping operations. Brower et al. (11) proposed 

a qualitative mechamsm for air entrainment by hlghly turbulent jet. They 

argued that It IS the wavy shape of the penetratmg stream that causes air to 

be entrained, resulttng in a cloud of bubbles being drawn IOta the bath. 

Simllarly, as the distance of the nozzle from the bath surface mcreases, such 

an irregular turbulent Jet begins to dlsintegrate lOto droplets at its fnnge. 

These droplets can then tend to form cavities as they enter the bath which 

subsequently collapse lOto entramed bubbles. 

Several equatlons descnbing the volumetric ratio of entratned gas 

to liquid, QgIQ" have been proposed by different researchers who used a 

variety of experimental conditions (12-14). M.Tanaka (7) demonstrated wlth a 

physical water/alr model that the volume flow rate of air entrained was of 

approxlmately same order as the melt tapplng rate, for conventlonal furnace 

tapping operations. 
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2.2 Gas Stirring 

Once teeming ladies have been filled wlth molten steel, the neit 

step is to stir the vessel's contents for chemical and thermal homogeneity. The 

main point in gas stirring operations is to identify procedures and equipment 

for achieving minimum mlxlng tlmes, and maximum recoveries of alloy 

additions at optimum gas flow rates. In order to reasonably predlct these 

phenomena, deta!led information on flow patterns, fluid velocities, and 

turbulent propertles is needed: these have been the subject of study via 

ongoing mathematic?1 and physical models overthe last decade. 

2.2.1 Gas dispersions in IIguid metal 

(a) bubble formation 

The normal injection of gas into liquid metals is accompanied by 

the formation of very large bubales. It is important to note that these bubbles 

are inevitably of the "sphencal cap" variety oWlng to the high surface tension 

of liqUid metals and the non-wettlng characteflstlcs of refractories. 

The behaviour ot'bubble formation can generally be classlfied IOta 

three regimes of gas flow rates (15), At low gas flow rates, bubbles wlth a 

constant volume form penodically (s,ingle bubble regime). Irons and Guthrie 

(16) suggested the consecutive steps taklng place for the isothermal formation 

of bubbles at nozzles ln the single bubble reglme. Thus, for an upwdrd-facing 

nozzle, the bubble initlally forms on the inner diameter of the nozzle, 

increasing in size towards a hemisphere. Owing to non-wetttng and inertial 

phenomena, the bubble then tends to spread across the substrate, moving 

away from the IOner diameter of the no~zle. Should the bubble reach the 
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outside diameter, it can continue to grow by changing the observed contact 

angle in accordan\:e with the Gibb's Inequallty. It does not spread down th~ 

nOllle since the considerable buyancy forces would oppose such movement. 

When the buoyancy of the bubble IS balanced by the surface tension forces 

holding it to the outer, rather than mner, diameter of a nOllle, the bubble IS 

released. The bubble formation/release mechanisms for an downward-fadng 

or sideways-polntmg nozzle are modifled versions of this growth sequence. 

At higher flowrates (e.g. 0.1 to 10 liters per second), mertial factors 

begin ta outweigh surface tension factors, and a constant frequency reglme 15 

entered. In thi5 regime, the frequency of bubble formation remams constant 

at about 10 per second, the volumes of the bubble forming and releasing 

becoming larger and larger, and the distance between the succeslvely formlng 

bubbles becomes shorter with increase m gas flow rate (17). Due to the suctlon 

effect of the prevlous bubble, the following bubble forms more quickly. They 

can then coalesce while nSlng up. The bubble volume m a constant frequency 

regime can simply calculated from 

v =Qlr~OlQ 
b (1-1) 

However, these large bubbles or gas envelopes forming at nozzles, orifices, or 

porous plugs tend to exhibit hydrodynamlc Instability. Thus, they must 

consequently shatter a shorter way above the nozzle mto an array of sma"er 

bubbles. 

Wlth a further Increase of the gas flow rate, the bubbles coalesce 

directly at the nozzle Flnally, a contlnuous gas jet forms at the nozzle 

(contmuous jet reglme). Smce gas flow rates for gas stlrnng m ladle proc,:::!ng 
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operations remain within a constant frequency regime, the jet will be out of 

consideration for ladle metallurgy. 

(b) plume 

The characteristics of the gas/liquid mixture region, or plume, 

during gas bubbling in ladies plays a key role in the generation of 

recirculating flows for the mixing of chemical and physical components. 

Figure 1-6 provides a schematic of the gas/liquid mixture (18). As a driving 

force of recirculation in bath, two-types of force can be taken into account, 

the kinetic force and the buoyancy force. However, it has been recogllized 

that the kinetic energy of the incommg gas into stirred ladle is quickly 

dissipated in the vicinity of the tuyere opening, and does not significantly 

affect the remainder of the bath (19,20). The buoyancy force, thus, is the 

essential driving force forthe motion of gas/liquid mixture system. 

The general progress of forming the plume and consequently 

generating recirculating flows in the ladle can be suggested as follows: As the 

gas envelopes or large bubbles are discharged from the orifice, or the porous 

plug, into the surrounding heavier riquid, they expand quickly due ta the 

sudden pressure drop and temperature change within a very short time 

(0.1-0.3 second) (19). However, these large bubbles rising are hydrodyn3Mically 

unstable due to a continuous drop in pressure within surroundirlg liquid. 

Combined with the fast, turbulent, movement of bubbles, large gas envelopes 

saon shatter into different sizes of smaller bubbles. Since each bubble entrains 

adjacent liquid during rising-up, gas/liquid mixture regime tends to expand 

with vertical distance above the orifice, forming a cone-shaped two-phase 

region. Each bubble exerts a drag force on liquid proportional to its 'Juoyancy. 
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The liquid around the bubbles inside the plume is, therefore, accelerated and 

generally moves upward with them. At the surface of the liquid, the ga~ 

bubbles disengage from the two-phase flow region. the liquid moves 

outwards from the plume. Thus the motion is transfered to the liquid bulk by 

both convective force and turbulent fluctuations. This progress of energy 

exchange between the IOJected gas and the IIqUld results 10 mixing of the 

liquid in bath. 

Recently, several plume models, whlch evaluate plume velocities 

and/or gas voidge in plume, have been proposed (18, 19, 21, 23). Sahai and 

Guthrie (21) have shown that the mean rising velocity within a gaslliquid 

plume approximates the expression (SI unit) : 

where Q IS the flow of gas at mean ladle height and temperature (m3/s). H is 

the depth of liqUid steel (m), and Ris the mean radius of the ladle (m). 

2.2.2 Flow fields in stlrred ladies 

Szekely, Wang and Kiser (24) were the first to attempt 

hydrodynamlc modellmg of an argon stlrred ladle. Through solution of 

Navier-Stokes equatlon (stream function/voltlcity method) and k-W .. two 

equatlon model of turbulence. they predicted flow fields and turbulence 

energy fields in water model of the system. However, as a deflClt of this work, 

boundary veloclty values were expertmentally obtarned by hot wire 

anemometry measurements. Szekely, Lehner, and Chang (25) employed the 
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same shear stress Model for an argon stirred ladle, but boundary velocity 

values and shear stress adjacent to the cylindrical core of gas wel'e estlmate~ 

from a plume rise relationship. Nonetheiess, their results were proven 

un rea li st ic because of the crude representation of the plume. 

More recently, Debroy and Majumdar (23) and ,at the same tlme, 

Grevet, Szekely, and EI-Kaddah (26) proposed more developed computational 

schemes wherein the gaslhquid mixture contained withm the plume reglon 

was represented by a fluid of the variable denslty. They solved the turbulent 

Navier-Stokes equation, in conJunctlon with the k-c two equation model of 

turbulence, with consideration for the buoyancy force of lighter fluid (plume) 

in the u-momentum equatlon. They found that theoretically determined and 

experimentally measured velocity profiles were in good agreement. 

Concurrently, Sahal and Guthrie (21,22) developed a mathematlCal 

model for gas stirred ladies through the solution of turbulent Navier-Stokes 

equatlon and k-c turbulence model.Their numerical procedure was based on 

the SIMPLE procedure of Patankar and Spaldmg (27). The gas/liqUld, tWQ

phase, region was treated by the GALA (Gas And lIquid Analyser) method of 

Spaldmg (28). The veloclty boundary condition at the aXIs of symmetry and gas 

vOldge in the plume zone were calculated from their plume mode!. Thel r 

approach is simple and correctly emphaslzes the Importance of buoyancy, 

versus shear, forces ln gas driven reclrculatmg flows. It has been conflrmed 

through many expenments to be an effective way of treating such problems. 

Nonetheless, the approach reqUires that the plume dimensions and gas 

voidage be specified "a pnon". 

Figure 1-7 Illustrates the computed flow fields generated ma 250 
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tonne ladle with 5 degree inclination of sidewalls from the vertical, when a 

gas flow of 0.25 Nm3/min IS inJected axially through a porous plug (5). Plum~ 

velocities were predicted to be in the range of , .0-1.5 rn/sec, and steel flow 

down the sidewalls to be -0.2 m/sec. 

2.2.3 Mixing behaviour in stirred ladies 

The purpose of agitation in gas stirred ladies is to promote the 

dispersion of ladle additions and to attain unlform properties (e.g. 

temperature) wlthin the bath. Agitation can also be used to promote the 

coalescence and flotation of inclusion partlcles. Hence, mlxlng mechanlsms of 

physical and/or chemical elements in reclrcu!atlng flow vessels IS an important 

issue for ladle metallurgy practices. 

Mazumdar (29) demonstrated that mlxing ln agas stlrred ladle can 

be expected to bp. controlled by a comblnation of eddy diffusion and bulk 

convection, both mechanlsms contributlng ln roughly equal proportions. Joo 

and Guthrie (30) further IIlustrated that the mixlng would occur ln different 

ways, depending on a plug's locations, the number of plugs, and the tracer 

addition pOint. For Instance, wh en the tr3cer is added at a sidewaii of 

axisymmetrlcally stmed ladle (center bubbllng), mlxlng appears to occur 

largely by eddy diffusion, rather than by the bulk circulation of liqUid. This is 

caused by the fact that center gas bubbling has no angular momentum 

associated with It. By contrast, for the off-center gas bubbling or multi-plug 

gas bubbling, momentums ln the three-polar directions become comparable 

so Ü.dt mlxlng occurs more rapidly versus center bubbling, and the 

contributions of bulk circulation and eddy diffUSion should be welghted 

about equally. 
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ln order to represent quantitatively the state of .agitation in the 

chemical and metallurgical processing vessels, the concept of a mixing tim~ 

has been introduced. The mixmg time is defined as the tlme which elapsed 

between the addition of a tracer to the bath and the moment when its 

concentration reaches the fmal, homogenised, concentration over the bath. 

However, ln measunng and/or computing mixing tlmes, it IS Important that 

there be a clear definltlon of what is meant by mlxing tlme. It has been 

suggested (29) that the 95 % mixmg time be used as a sUitable standard, and 

that it be defined as that tlme at whlCh ail the local concentrations of tracer 

addition have reached 95 % of the bulk well-mixed value. 

Mixing times tend to decrease exponentially with an increase in gas 

flow rate. Thus, Nakamsh, Fuji, and Szekely (32) plotted mlxmg time data 

against the global rates of speCIfie energy diSSipation (or mput stlrring energy) 

for an argon stirred ladle, an induction stirred ASEA-SKF system and a water 

modelladle, then suggesting a relationship given by (Sl Unit) : 

1; = ke- n 
m m (1-3) 

where k and n were glven to be 800 and 0,4, repectlvely, in thelr work. Then, 

followed by many theoretical and physical studies on mixing behaviour in 

stirred ladies, It has been proven that the value of n in Equation (1-3) is 0.33 

without consideration of upper slag layer (29,33,34), and -0.4 wlth liqUld-phase 

slag layer (19,32,35,36). But, the constant k varies depending on vessel shape 

and size, gas bubbling location, the number of porous plugs, etc .. 

, 



o 

-

25 

Màzumdar and Guthrie (37) provided that the 95% mixing-in time 

for a neutrôlly buoyant addition (or tracer) added to the surfaclng plume o! 

liquid ln an axisymmetncally stirred ladle, could be approxlmated by the 

empirical expression (SI unlts). 

(1 -4) 

where 6 is the fractional depth of lance submergence (6 = 1 for bottom porous 

plugs ). 

Mixing behavlours including mixing times can be studled by 

numerically solving the turbulent mass transport equation with incorporation 

of fluid flow fields calculated a prion. (This will be covered ln Part III of this 

thesis). 

2.2.4 Effects of a slag layer 

The pouring of liquid steel from a ~urnace into a ladle, or vlce

versa, generally leads to uncontrolled amounts of slag carryover. Belng 

lighter, this slag separates to form an upper phase of van able thickness and 

viscosity. While its insulating properties are generally beneficial for 

maintalnlng steel temperatures, ItS chemlCal characteristlCs are often 

detrimental. For instance, steel deoxldation efficiencies can be slgnlficantly 

lowered through chemical reduction of the iron oxide component of any 

carryover slag. This mass transfer reaction with residual dissolved silicon 

and/or aluminum deoxidant wlthm the steel can be exacerbated when 

disturbances of the slag layer dunng gas bubbling are suffiCient to cause slag 
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entrainment. Nonetheless, stirring procedures for eliminating thermal 

stratification, inclusion removal and uniform mixing in alloy additions have 

now become standard practice for ail concast operations (the Strong Stir 

Station). 

With the presence of a liquid phase slag layer on the steel melt, 

mixing during gas sirring operations is known to be significantly delayed. 

Mazumdar, Nakajima and Guthrie (38) have illustrated that the overlying 

liquid phase slag dissipates a part of the input energy, which in turn, causes 

the speed of metal recirculation and levels of turbulence to be significantly 

decreased, thereby delaying mixing. Their experimental work showed that it 

is the deformation of the overlaying liquid phase slag, into the lower melt 

bath around the perimeter of the surfacing plume, that is primarily 

responsible for the energy deficit in the recirculating 'liquid. 

The behaviour of the gas/liquid mixture plume often causes 

slag/metal interfacial turbulence, resulting in the acceleration of mass transfer 

between slag and metal and/or the entrainmentldispersion of slag droplets 

into the melt (9, 38). In addition, it has been reported that the desulfurization 

rate of steel by a synthetic slag in a plant scale ladle showed a sudden increase 

at a critical flow rate (39,40). 

Figure 1-8 provides a typical example of an abrupt increase in mass 

transfer rates (41). It was obtained from a 0.14 sf:ale water model of a 200 

tonne steelmaking lad le, where the liquid phêlse slag was simulated by 

paraffin oil, and ~-naphthole (ClOH80) was used as the transfered tracer. At 

low gas flow rate, the mass transfer rate increased slowly with the increase of 

gas flow rate. At a critical flow rate, Ocr (6.5 liters/min in Fiyure 1-8), the 
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change rate of mass transfer coefficient versus gas flow rate abruptly 

increased, the slope being a strong function of flow rate. It was observed thaj 

this phenomenon is caused by the brelk-up of liquid the slag layer in the 

plume region, and the attendant entrainment of slag droplets into the metal 

bath. 

Usmg dimensional analysis and a physical model experiment, an 

empirical expression for predicting the critical gas flow rate through a plug 

that causes liquid slag start to be entrained into an underlying steel bath has 

been formulated. It is given by (C.G.S. unIt) : 

(1-5) 

where Ocr (cm3/s) represents the crttical flow rate, H (cm) the helght of lad le, cr 

(dyne/cm) the interfacial surface tenSion, tlp (gr/cm3) the density difference 

between slag and metal, and Ps the slag density. 

2.3 Alloy Additions 

Following tapptng, mixing and rinsing procedures, many plants 

transfer the ladle to an alloy additIon trtmming station. There, speCIal alloy 

additions, wire feeding of aluminum or cored wires containing calcium siliCide 

or rare earths, and powder injectIon of calcIum silicide or calcium oxide can be 

used for precise trimming of alloying elements or inclusIon modification, in 

arder to meet the steel's specifications. 
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2.3.1 Alloy melting/dlssolution 

Guthrie (42) proposed four main possible route of melting when ci 

cold addition is placed or Immersed in a bath of molten steel, depending on 

the precise heat and mass transfer conditions irivolved. Thp.y are, in schematlC 

form, illustrated in Figure '-9. The first three refer to additions having melting 

point~ lower than the steel bath (e.g. alumtnum, ferro-silicon, ferro

manganese, silico-manganese, etc.), the fourth refers to additions having 

melting ranges higher than the bath (e.g. ferro-molybdenlJm, ferro-tungsten, 

ferro-niobium, ferro-vanadium, etc.). Immed;ately following ImmerSion, ln ail 

cases, a soltd steel shell freezes around the obJect due to the cold surface 

temperature and interfacial thermal reslstance at the solid addition (43,44), 

If the meltlng range of the addition IS then below the bath's 

freezing pOint, it is qUite Ilkely for internai melting to begin and in many cases 

to be completed before the encloslng shell melts back (Path 1). Provlded that 

the alloy's solubility IImlt IS not exceeded, thls molten core will dissolve very 

rapldly Into the steel bath The second path (Path 2) shows the case of an 

addition which, after freezmg the customary chili layer around It, is reexposed 

to the bath before complete internai melttng has occured. Conditions 

favoring such behavlour Include hlgh superheat temperatures (e.g. 50- 100 oC), 

large diameters, and alloy with low thermal conductlvltles « -0.0 1 cals 1 

cm·oC·sec). Path 3 shows a second smaller shell of steel whlCh has formed 

around the rematnmg unmelted portion of the addition after disperSion of 

the outer alloy Ilquld has occured. ThiS takes place If the amount of heat bemg 

convected into the first shell surface IS below the heat demand from the 

colder Interior. Flnally, the last path (Path 4) refers ta those additions havmg 

meltlng ranges above that of the steel bath. Once more, a steel shell will flrst 
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Figure 1-9 Four kinetic paths for alloy additions melting and/or dissolvlOg in 

molten steel. 
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form, only to melt back as the addition approaches the steel bath 
-

temperature. Thereafter, the rate of dissolution will be physical or chemlCal 

mass transfer limited and heat transfer beeomes of seeondary importance. 

Theref~re, meltmg kinetics of alloy additions and dissolution time 

tend to depend largely on the given conditions of specifie alloy-bath system, 

su ch as addition properties, superheat, size and shape of additions, mtenslty 

of bath agitation, and so on. While it is useful to be able to predict the 

accu rate melting time, the task is complex on account of the numerous factors 

involved (i.e. determination of meltlng route, multl-phase heat 

convection/conduction, moving boundary problems, precise thermal data, 

etc.). 

Guthrie went on ta suggest a simple way ta evaluate approxlmate 

melting time, for Class 1 ferroalloys. Thus, supposing that the melting time 15 

. equal to the total heat requirement of the addition devided by the rate at 

which heat is being supplied from the bath, i.e. 

Ml P V 
a a 

t =:---
melt W A 

q a 

(1-6) 

where Pa, Va, and Aa i\re the density, the volume, and the surface area of 

addition, repectively. b..H represents the total heat required for meltmg alloy 

addition, and q" the heat flux flowing through tha steel shell/alloy addition. 

2.3.2 Motion of alloy additions 

Before alloy additIOns disperse into the steel within the ladle they 

remain as discrete obJects, and are therefore subJect to Newton's laws of 
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motion. For additions such as aluminum and ferro-manganese, a chilled layer 

of steel forms over a molten core of alloy. Figure 1-10 schematically" 

..iemonstrates the forces actmg on a spencal object, there, both the abject and 

fluid being supposed to be ln motion. FG and FB represent the gravitational 

force and the buoyant force respectively, and as such are parallel to gravity. 

The Stokes drag force, Fo, IS nken to be parallel ta the relative velocity of the 

partlcle in the fluid. The" added miiss" force, FA, which onginates from the 

acceleration of the surroundmg fluia by the partlcle, IS taken ta be parallel to 

the acceleration vector of the abject. 

Thus, ignoring changes m mass for such additions, an appropriate 

force bdlance on a partlcle withln the fluid is (6): 

where, 

dU ( 4 3 P 4 '1 
- R p -- == - li g p - p) 
3P dt 3P P 

C dU 
_ .l!. R 2 U 1 U 1- C ~ R3 -..l! 

2 l' P rrA 3 P P dt 

dx 
U :;:-

P dt 

(1-7) 

(1-8) 

ln Equation 1-8, Up IS the instantaneous veloClty vector of the 

particle whlle Ur, IS the relatIve veloClty between the partlcle and the bulk 

flUid. It is through the drag term (1 e, Fo a: Url) that the liquid's motIon wlthin 

the vessel exerts an Influence on the trajectory of submerged partlCles. 

Consequently, the distribution of flow parameters wlthln the vessel must tlrst 

be speciflp.d, before subsurface traJectones can be predicted via Equations 1-7 
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F;qure 1-10 The forces acting on a sphencal partlcle ln a movmg bath. 
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and '-8. 

2.3.3 Alloy trrmmlng stations 

Figure ,-" provides schematlC illustrations of several alloy 

trimmsng statio.ls for the Improvement of alloylng effiCiency (10). Thus, 

Muzumdar and Guthrre (45) have analysed the motion of the melt and alloy 

additions for the C.A.S. (Composition Adjustment by Sealed argon bubbhng) 

process developed by Nippon Steel Corporation (46), through the use of 

physical and mathematlcal models 

Figure 1-12A shows computed flow fields, following somewhat ad

hoc adjustments to two of the k-e: model's coefficients (Le. Cl = '.58, C2 = 1.75, 

instead of standard values). These solutions correctly modelled the strong 

recirculatory flow beneath the cyl,"drical baffle, and the much slower 

anticlockwlse vortex in the main bulk of the ladle. Subsequently, Schwarz et 

al. (47) found that correct flolNs could be obtatned UStng standard turbulent 

constants provided a two-phase flow simulation techique was employed. 

They also showed that the 'Interphase slip' between the gas and IIquld phases 

wlthin the plume greatly affects computations of flow patterns. 

Figure '-128 predlCts the trajectory of ferro-alloy additions and 

aluminum after oelng proJected ,"to steel wlthin the central baffled reglon of 

a 150 ton ladle As seen, the Iight additions (AI and Fe-SI) will remaln wlthin 

thls reglon, whlle the more dense additions (y> 1) will smk ta the bottom of 

the lad le, and then only gradually dl~perse. Consequently, additions such as 

ferro-niobium, which dissolves comparatlvely slowly compared to the release 

times of Class , (Iow melting pOint) additions (48,49) need to be finely crushed 
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Figure 1·13 Thermal simulatIon of a 0.95 cm alurnnum wire fed at 5.1 mIs 

into a steel bath wlth a superheat of 30 oc. (A) % aluminum 

molten vs. depth of wlre in bath. (B) Steel shell thickness vs. 

depth of wlre ln bath. 
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(d<2 cm) if they are to dissolve completely within a reasonable length of 

time. 

A way of ensuring subsurface melting is the wlre feeding 

technique. In such cases, the relative motion IS provlded by the rapid entry of 

wire into argon stirred ladies. Figure 1-13A and B provlde some predictlons(50) 

for an industrial process ln whlch 0.95 cm dlameter alummum wlre 15 fed at 5.1 

m/sec. As seen, a ladle depth of 1.4 m would almost match predicted shell 

melt-back times. Here, the heat transfer coefficient wa~ computed as 4.4 (cals 

1 cm2.oC·s) on the basis of forced convection heat transfer corelations. It 

have been observed that the mixing tlme IS fastest when wire feedmg takes 

place near the bottom of the ladle and wlthin the plume dunng off-center 

bubbling rather than center bubbhng (50. 

2.4 Ladle Teeming 

After mixmg, and/or alloy addition trimmmg, the ladle moves to 

the ingot or tundish for continuous casting operations, and molten steel IS 

drained through the ladle's outlet nozzle. An interesting (though d,stressmg) 

metallurgical phenomenon during ladle teeming is slag carryover dunng the 

last stages of ladle drainlng. 

Recently, a few reports have appeared (52-56) on thls matter. 

AndrzeJewsk et al (53) have observed that slag carryover durmg ladle teemlng 

can take place by the" vortex smk" and/or" drain sink" mechanisms. The 

vortex smk can be generated by resldual angular momentum within the fluid 

bulk. Conservation of angular momentum then reqUires a hlgh veloCity of 

revolution of metal above a centrally placed outlet. This leads to the 
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formation of a hollow core, with slag being carried through the core. Such 

vortices can be suppressed using tactics su ch as filter brakes, gas injection, o! 

simply eccentric positioning of the outlet (53-55). 

Andrzejewski et al. go on to show that the drain sink flow 

mechanlsm during the last stages of ladle emptying is the more important 

cause of slag carryover. This drain sink phenomenon is characterized by a 

precursmg hydraulic jump above the outlet, followed by the development of 

a hollow core at sorne critlcal flow velocity in the outlet nozzle. As wlth the 

vortex sink, there IS a great amount of slag dramage through the core of the 

drain sink. Furthermore, any slag carryover resultmg from drain smk flow is a 

more or less sudden, and perhaps, inevitable event. 
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Chapter 3 

Tundish Metallurgy 

3.1 Non-metallic Inclusions in Steel 

Steel products inevltably contain various types of nonmetallic 

inclusions in the form of oXldes, sulphicles, nitrides, etc .. These inclusions 

sometlmes give detnmental effects on stl~el quality, if they are not properly 

controlled. In the steelmaking process, the non-metalilc inclusions are 

naturally categonzed by two groups, those of indlgeneous, and those of 

exogeneous, ongin. The mdlgeneous mclusions are formed as a product of 

reactions taking place ln the molten or solidifylng steel bath, whereas the 

exogeneous inclUSions result from mechanical Incorporation of slags, 

refractories or other matenals wlth which the molten steel cornes in contact. 

The possible origins of nonmetalllC inclusions for contlnuously 

casting machine are IIlustrated schematically in Figure 1-14 (1). Thus, 

indigeneous inclUSions are prmcipally composed of oXldes and sulphldes, and 

the reactlons formmg them may occur by alloy and/or powder additions to the 

steel for deoxidatlon, desulfurization, inclusion shape control purposes. 

Alternatlvely, changes ln solubility during the coollOg and freezlOg of the 

steel may be responslble for their formation. 
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Exogeneous inclusions are usually composed of oxides, and are a 

result of alloying additions and exogeneous materials such as slagsJ 

refractories and fluxes. Their characteristic features include a generally larger 

size inclusions of sporadic occurence, together with irregular shapes and 

complex structure (57). These exogeneous inclusions are often extremely 

harmful ta a steel's propertles, and m .... st therefore be avoided or eliminated 

from steel processing proceJures. 

3.2 Inclusion Flotation in Liquid Steel 

ln tundish metallurgy, inclusion particle behaviour is of great 

interest for the study of Inclusion separation from the steel. Non-metallic 

inclusions in steel are usually lighter than liquid steel. Therefore, If a lighter 

particle, at rest, begins ta rase up under the action of buoyancy, its veloclty IS 

increased initially over a period of tlme. The particle is subjected to the 

resistance of the fluld medium through which it ascends. This resistance 

increases with partlcle velocity until the accelerating and resisting forces are 

equal. From this pOint on, the solid partlcle continues to rase at a constant 

maximum rising veloClty, Us. 

For the Stokes law range (Re<2), the terminal rising velocity of a 

monoslze spherical particle, Us, can be written 

(p_p )gd2 

P u = _--:--
Il 18~ 
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where p and Pp is the density of the fluid and of the particle, respectively. gis 

the acceleration due to gravit y, dthe particle diameter, and II the viscosity of_ 

the fluid. 

Within the intermediate range of Reynolds number (2<Re<500), 

the empirical relationship for a particle's rising velocity becomes (58) 

U ==0.78 020" 043 
s P . """il . 

(p _ P )0.715 JM3 
p (' -1 0) 

and, similarly, for particles within the range of Newton's law (Re >500) 

{ 
(p - p )d} 

u
b 

==5.46 pP 0.5 (1-11) 

Though inclusion particles larger than 200 llm in diameter can 

sometimes be observed in a steel product, most inclusion particles are 

distributed wlthin less than -150 llm in diameter (59), Considering thls fact, the 

maximum particle slze for which velocity follows Stokes law can be 

established by substituttng llRe/dp for the rising veloClty in Equation (1-9), and 

setting Re equal to 2, i.e. 

2 

d =1.56{ J.1 }lfJ 
mœ (p_ p )p 

P 

(1-12) 

Taking p = 7000 Kg/m3, Pp = 3000 Kg/m3, and II = 0.0068 Kg/m s, the maximum 

particle slze is estimated to be 1S511m. Hence, it IS reasonable to assume that 

inclusions typlcally encountered in moltt:n steel should follow Stokes law. 
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3.3 Physical modelling for tundish metallurgy 

3.3.1 Inlet nOllle shroudlng 

When the steel stream flowing from the ladle into the tundish is 

exposed to atmosphere, the molten steel can be reoxidized by air 

entrainment. Consequt?ntly, argon gas sealing, and/or submerged nOlzles are 

currently used in order prevent reoxidatlon during metal transfer operations 

to the tundish. 

Figure '-15 compares total oxygen contents for argon shrouded 

and non-shrouded stre'ams (60L As seen, the total oxygen content was 

significantly decreased wh en the stream was shrouded by a sealing gas. 

Submerged nOlzles between ladies and tundishes are also very useful for 

avoiding the entrainment of slag droplets into the liquid steel: these are 

assoclated wlth open pounng of steel stream which plunge through an upper 

slag layer (fj 1). 

3.3.2 Flow modification - Improvement in inclusion separation 

Many studles have been carried out for Improvrng ire '"Iusion 

separations from tundlsh melts by using flow modification devices (62-67). 

Kemeney et al. (62) were early pioneers to Investigate flow patterns in 

tundishes. For thelr studies, they injected a dye tracer (KMn04) Into the ladle 

teemmg stream, and measur(~d minimum retention times for several dlfferent 

configurations of flow contn:>1 devices (i.e. weirs and/or dams). They found 

that retention tlme profiles clJuld be used to interpret f:ows in .. tundish in 

terms of a mixed flow model. They were able to suggest the fractions of 

backmlxed flow, plug flow, and dead volume within the tundish. According ta 
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these authors, the weir and dam arrangements greatly improved the tundish 

flow patterns (Le. plug flow volume fraction increased). Further, minimum 

retention time were also markedly increased, thereby enhancing the 

separation of nonmetallic inclusions from liquid steel. Figure ,~, 6 shows some 

schematic flow patterns in a tundish with, and without, flow control devices 

observed bythem. 

D. Harris and J. Young, on the basis of industrial plant experiments, 

were the first to confirm (63) the benifit of the weir and dam arrangement for 

inclusion separation. However, they found that the refractory property of the 

flow control device used also significantly affected the results of inclusion 

separation. 

The depth of steel in a tundish as weil as its casting rate are also 

considered to be major factors determining inclusion separation behaviour. 

As the bath depth IS increased, the number of inclusions into the mou Id 

decreases (9, 60). Similarly, inclusion separation is significantly improved with 

decreasing steel casting flow rate (1,9), 

3.3.3 Tank reactor model 

S.Tanaka (9) has presented data and argued that the inclusion 

residual ratio, which defines inclusions still present in the effluent stream 

expressed as a fraction of those entering, is seen to correlate with rising 

velocity of inclusion particles following an equation of the form : 

N 
R = N

out = exp (- k us) 
ln 

(' -'3) 
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(a) no flow control 

(b) s~ngle wei 

(c) weir/dam arrangement 

Figure 1·16 A schematic of flow patterns observed in a tundlsh wlth (a) no 

flow control (b) single welr (c) welr and dam arrangement. 
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where k is a constant, and Us is Stokt::.i rising velocity of a particle expressed in 

Equation (1-9). If the flow within tundish i5 assumed ta be pure plug flow, th~ 

constant, k, becomes 

t A 
k-..!!.- -1!. 

H Q 
(1-14) 

where tn is the nominal mean residence time, and Q is the input stream flow 

rate. H and Ap represent the height and the surface area of the reactor, i.e. 

tundish. However, he found that this simple plug flow model tended to 

underestimate the inclUSion residual ratio (Le. inclusion entrainment rate). 

Nakajima (1) has also developed a hybrid model, which allows for 

sorne plug flow, backmix flow reactors, and sorne dead volume. Figure 1-17 

provides a schematic of the hybnd model for a single port tundish. According 

to this hybrid model, the resultant inclusion residual ratio is given by 

(1-15) R = 
N 

out 
-= 
N 

ln 

where Ab and Adp represent the surface areas for the backmix flow 

components of the reactor and the plug flow dipersed plug flow part, 

respectively. 

This expression IS useful for crude estimates of Inclusion 

entrainment for single, or aXlsymmetnc twin ported tundish, but the volume 

fraction of each reactor has to be determmed a prion. Consequently 1 the 

method IS semi-empirical Further, the concept oftank reactor models must be 
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restriced to simple systems, being inappropriate for complex geometry or 

multiported tundlshes. 

3.3.4 Tundish temperature 

ln tundish processing operations, there is generally a significant 

drop in steel temperature between mlet and outlet nozzles (68L Tundlsh 

temperature has been shown to be an important factor in determining 

solidification conditions in the mould. It also has an effect on slab surface 

quality. McPherson (64) has suggested that tundish temperatures should 

remain wlthin the range of 1550 oC to 1560 oC for achieving good surface 

quality of slabs. 

Figure 1-18 demonstrates how significantly tundish temperatures 

can influence steel quality (69). As seen, while the amount of inclusions 

entrained into the effluent stream to the caster is decreased with Increasing 

tundish temperature, (or superheat), the extent of central segregation ln slabs 

is also increased with such temperature increases. Improvements ln Inclusion 

separation at higher steel superheat temperatures are a reflectlon of 

decreases in the molecular viscoslty of steel with temperature. ThiS decrease 

enhances the Stokes rislng velocitles of particles in molten steel withln the 

tundish bath, thereby accelerating inclUSion float-out from the melt. By 

contrast, hlgher mould superheat lead to a columnar, rather than eqUlaxed, 

microstructure, and provldes solutes (e.g. ~,Ç, etc.) has more tlme to segregate 

to the liquid phase dUring solidification procedures ln the mould. Thv,;, It has 

been suggested that for typical operatang conditions on slab and billet casters, 

the optimal temperature of steel in the tundish is 1555 oC ta 1560 oC, in order 
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to balance the conflicting advantages of optimising inclusion separation and 

central segregation. 

3.3.5 NOllle clogging 

NOlzle clogglng can occur as a result of non-wetting solid 

inclusions accumulating on the inslde walls of a nOlzle outlet from a tundish. 

Clearly, partial or complete blocking will cause s~rious operation difficulties 

during casting operations. Further, the build-up of inclusion agglomerates in 

the ports of the tundis~-to-mould shrouds represents a potential source of 

large exogeneous inclusions. This accretion problem IS especlally serious when 

the alumina composition of shroud nozzle becomes high (~ -75 %) (61 , 70). 

Byrne and Cramb (61) have suggested a mechanism of port clogging 

in submerged shrouds based on VISU al observation and EPMA studies. Thus, 

when liquid steel is cast through the tundish-to-mould shroud nozlle, they 

propose that a thin solidifled metal shell coats the inner surface of the colder 

nOllle. For the submerged shroud surface which is immersed in the steel of 

the mould, a thin coating of mould slag can OCClJr, as a result of slag creep 

over the shroud surface. Solid nonmetallic inclusions can then attach to the 

shroud surface and start to dissolve m the slag layers, causing an increase in 

the thickness of the clogging deposits. In clean steel, where there are lower 

levels of alumma inclUSions, the layer will assimilate any contactmg alumina 

partie/es causing the matrix to become more VISCOUS and thlcker. This 

thickenlng film of VISCOUS slag slowly clog the ports as it bullds up. When the 

steel contains man y more alumina ln Inclusions, the coatrng layer helps 

initiate the attachment of the bUlld-up to the shroud, 50 that an alumrna-type 

build-up will begin to grow. This nOlzle cloggrng can be diminlshed by gentle 
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gas bubbling through insert "ozzle (70) or through the use of tundish stopper 

rod (63). 

3.4 Mathematical Modelling for Tundish Metallurgy 

A mathematical model can be a very useful tool for the study of 

fluid flow characteristics in tundishes and for thelr optimal design. Thus, 

detailed Information on velocity fields and turbulence parameters allows one 

to predict, in a quantitative sense, inclusion dispersion and separation 

characteristics as weil as temperature fields, dunng tundish processing 

operations. Mathematical modelling of tundish metallurgy involves solution 

of a complex three-dimensional turbulent form of the Navier-Stokes 

equations. 

EI-Kaddah and Szekely (71) reported a mathematical model 

describing three-dimensional tundish flUld flow uSlng the commercial 

PHOENICS code. They also predicted tracer dispersion curves at the outlet 

nozzle of the tundish, and showed that they were ln very good agreement 

with measurements by Kemeney et al. (62). Concurrently, Lai et al. (72) 

calcu!ated tundish flow fields numerically via the three-dimensional turbulent 

Navier-Stokes equatlons, mcorporating the k-c turbulence mode!. There, 

predlcted flow fields were compared wlth expenmental measurements 

obtained via Laser-Doppler anemometry and flow vIsualizatlon techniques. 

Y. He and Sahai (73) performed computations of flUld flows in 

tundishes under the condition of sloping sidewalls, comparing the effects of 

these with vertical walls ln terms of flow patterns and retention tl me 
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distribution curves. They concluded that the inclination of tundish sidewalls 

has a significant effect on the fluid flow, and hence on the residence time 

distribution in tundishes. Tacke and Ludwig (74) solved a transport equation 

for monosized particles, taking into account their specifie buoyancy, 

convection, and turbulent dispers.ion, again using the PHOENICS code. 

However, their computations for particle separation contradict those from 

physical modelling. 

More recently, Joo and Guthrie (75, 76) recognised the fundamental 

importance of natural convection on flows and inclusion behaviour in 

tundishes, due to slight temperature variations within tundish baths. In their 

work, the entrainment rates of inclusion particles were first computed via a 

three-dimensional mass transport equation, incoporating the turbulent 

Navier-Stokes equations for fluids under isothermal conditions for comparison 

with full scale water model data. The experimental measurements in the full

scale water model tundish which palralleled these computations, used an on

line particle measurement technique. They were able to report that 

predictionsagreed weil with their measurements. Their mathematical analysis 

was then extended to the description of such transient, 3D, flow systems, and 

associated heat and mass transfer phenomena of industrial tundish processing 

operations. They demonstrated the importance of thermal natural convection 

phenomena in tundishes and the role of flow modification devices with 

providing quantitative information on flows, temperatures, and inclusion 

concentrations by mathematical modelling. (This will be described in Part IV 

in this thesis). 
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Chapter 3 

Scope of Present Study 

Before the mid 1970's, a metallurgist's need for understanding 

fluid flows in actual steelmaking reactors were often met by performing 

water model experiments. However, these experiments, while provlding 

useful qualitative descriptions of flows, had two major limItations: first, they 

were often expensive and time consuming, and second, It was impossible to 

achieve ail the physical conditions providing in a real metallurglcal process. 

ln the absence of direct measurements and expenments on full 

scale operations, a more recent recourse is to calculate flow fields and 

turbulence levels ln such processes, by solving a set of partial differential 

equatlons governmg the transport of momentum, mass, energy, and other 

properties of the flow. Moreover, since a major feature of Industnal 

steelmaking process vessels (e.g. ladies and tundishes) IS their three

dimenslonal character (e.g , off-center bubbling and multl-plug gas bubbllng 

in ladle process operatIons, and complex flUld flow 1 inclusion movements ln 

tundish operations, etc.), a relevant three-dimenslonal turbulent flow model 

is needed if su ch metallurgical transport phenomena are to be properly 

studied. 

ln the present investigation, a general purpose computer code, 
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which can solve three-dimensional turbulent flow, heat and mass transfer 

phenomena in metallurgical processing vessels, has been developed for both 

rectangular and cylindrical polar coordinate systems. 

The objectives of the present research were to investigate and to 

analyse important metallurgical transport phenomena in steelmaking ladIes 

and tundishes. These includes sUlch items as mixing behaviour during gas 

bubbling in ladIes, the dispersion 1 separation behaviour of nonmetallic 

inclusions in tundishes and associa1ted tempera .ure variations. These heat and 

mass transfer phenomena are directly and strongly influenced by particular 

flows, su ch as those generated by gas bubbling in ladIes or those wh en a ladle 

teeming stream enters a tundish. The present work emphasizes the role of 

mathematical models for predicting and visualizing the complex metallurgical 

phenomena involved. SimultaneoUlsly, physical experiments in parallel with 

the mathematical model were carri4~d out, so that the results of one could be 

compared. 

This thesis consists of fouI' different parts. The first part introduced 

general aspects of ladle and tundish metallurgy, and then reviewed recent 

important research works concerned with ladle and tundish processing 

operations. Part fi describes the nlJlmerical methods of solution used for 

coding of the computer program. Part m describes the modelling of mixing in 

steelmaking ladies. There, mixing phE!Oomena are studied particularly for off

center and multi-plug gas bubbling. The last part of this work is devoted to 

the illustration of fluid flows, temperature distributions, and particle/inclusion 

float-outs. Consequently, this part emphasizes the importance of thermal 

natural convection on flows and inclusion separation in industrial tundishes, 

which can not properly be modelled by using physical water models. 
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Chapter 1 

Introduction 

The flow of liqUid metal in steelmaking operations (e.g. furnace 

tapping, gas stirring, flows in tundish and mould, etc.) is charactenstically 

turbulent such that veloClties, temperatures, and pressures are subJect to 

fluctuations. These are bath spatially and time dependant. For turbulent 

flows, the conservation of momentum, energy, and mass transport can be 

expressed through partial differential equations, in terms of time-averaged 

mean values of propertles. 

Numencal methods of solution are then used extenslvely in 

practical applications to determine flow veloclty fields, temperature 

distributions and mass transfer ln the systems havmg compllcated geometnes, 

boundary conditions, etc. A commonly used numencal scheme IS the flnlte

dlfference method. In thls approach, the partial dlfferentlal equatlons for 

momentum, energy, and mass conservations are approxlmated by a set of 

algebraic equatlons ln a number of fimte volume elements placed wlthin the 

reglon of interest. 

Thus, ln the present study, a general purpcse computer code, 

METFLO, capable of predlCting three-dllTlenslonal turbulent flows ln systems 

of rectangular and cyltndncal geometry, was wntten by the au thor using the 
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finite difference method. The first step for this was to establish the 

appropriate partial dlfferentlal equatlons for continulty, momentumJ 

turbulent parameters, and those for energy and mass conservation. The 

second step is the transformation Into a set of algebraic equatlons, or 

discretization, of the dlfferentlal equations. The final step IS to design a 

specifie solution procedure for the discretizatlon (or fmite-difference) 

equatlons constructed 

This part IS comprised of four chapters. Chapter 2 provides the 

fundamental mathematical formulae governing continuity, momentum, 

energy, ehemical speCles and fine partlcles conservation. It also explaJns the 

concept of wall functlon method for treatlng the flow propertles (e.g. shear 

stress, turbulent kinetic energy and energy diSSipation rate) in the near wall 

region. Chapter 3 descnbes how to dlscretize the non-linear differentlal 

equatlons for computations by using the finite dlfference method, and then 

introduces the solution strategy and boundary conditions. In chapter 4, the 

structure of the computer code and computatlonal procedures are bnefly 

overviewed. ~n order to verify METFLO, some case studles were carned out, 

and these are descnbed 



( 

( 

68 

Chapter 2 

Theory 

2.1 Fluid Flow 

ln turbulent flow, the mot~on of fluid elements are Irregular, time

dependent, and accompanied by fluctuations in veloClty. In order to solve thls 

complex turbulent flow, the equations of continuity and motion are averaged 

over a short time interval to get the tlme-smoothed equatlons. These equtions 

descnbe the time-smoothed velocity and pressure distributions. Figure 2-1 

illustrates the concept of the in'itantaneous velocity, vz, the velocity 

fluctuation, vz', and tlme-averaged velocity, Vz. The only dlfflculty IS that the 

time-smoothed equatlon of motion contams turbulent momentum fluxes. 

whlch IS usually referred to as the Reynolds stresses (-pu,' u/). 

For the use of the tlme-smoothed equations to obtam velocity 

profiles, some expressions for the Heynolds stress terms have to be Inserted. In 

the present study, Boussmesq's eddy vlscoslty modeHl) was imposed on the 

tlme-smoothed momentum equations. This approach wntes 

au élu 
1 , (1 J 

- pu u = Il - + -- ) 
1 J tax dt 

(2-1 ) 

J 1 
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Figure 2-' Oscilatlon of veloclty component about a mean value. 
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by analogy with Newton's law of viscosity. Pt represents a turbulent 

coefficient of viscosity or eddy VÎSCOSlty, and usually depends strongly on th~ 

local position of flUld. 

Thus, the dlfferential equations for steady state, turbulent flow can 

be written in three-dlmenslonal, incompressible, and ensemble-averaged 

form for both rectangular and cyhndncal coordinates as follows. There, À is set 

to unit y for cylidrical polar coordmates. For rectangular coordinates, À is set to 

zero and ris replaced by unit y, de by dx, and dr by dy. It is appropriate to note 

that u is velocity in the aXial direction, v ln the radial direction, and w in the 

angular direction for cylindncal polar coordinates, respectively. 

Continuity Equation 

a ( ) à ( ) 1 a ( )' pu - pu + - pu + - - pw + A - :: 0 
az éJr rêIJ r 

(2-2) 

Momentum Conservation Equation 

AXial direction: 

~ (puu) + : ~(rpuu) + : ~(pwu) _ ~ (li au) 
az r àr r iJO àz err az 

l a ( au ) 1 cl ( 1 au) aP 
- ~ éJr r 114r ar - ~ iJO lie rr ~ iJO = - àz + Su 

(2-3) 

where 

S = ~ ( du ) + : ~ ( au ) + : !. ( ~ ) 
u az llerr àz r éJr f1!err éJz r aa llerr àz - pg (2-4) 
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o The turbulent effective viscosity, Ileff' is defined as 

(2-5) 

Radial direction: 

a ( ) 1 d ( )' 1 a ( ) au ( au ) - puu + - - rpuu + - - pwu - - li -
clz r éJr ' r as àz t!(f az 

1 a ( au ) 1 a ('tIeff av) ap 
- ~ ar 'llt!lf ar -; ê6 -;- ~ ::::; - -; + Su (2-6) 

where 

S =- ll·- +-- 'l1 - +-- 'll - -a ( au) 1 éJ ( au) 1 à [ a (W) 1 
u éJz t!IÎ rJr r ar eff éJr r as eff éJr r 

[
PW

2 
211eff ( aw)] tA ---- ut-

r r 2 ae 
(2-7) 

Angular direction: 

a( ) léJ( ) la( ) à( àW) - puw t - - rpuw + - - pww - - li -az r dr r ae dz eff az 

(2-8) 

where 

S = - - - t - - II - - hW + - - - - + A2u a (ll eff éJu ) 1 a 1 ( éJu ) lIa III eff ( aw ) 1 
w az r as r àr eff ae r ae r aB 

t Ai ll 
eff (éJW t ~ au _ ~ ) _ puw 1 
r àr r cJ8 r r 

(2-9) 
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2.2 Turbulence Model 

-Unlike lammar Vi5coslty, the turbulent eddy viscosity is not a 

property of the flUld. Its value will vary from pomt to point in the flow, being 

largely determined by structure of the turbulence at the pomt in question. 

There are several tasks of expressmg the turbulent viscosity in terms of known 

or calculable quantlties(2-7) 

ln the present study, the k·e model of turbulence proposed by 

Jones and Launder(7), was used to determme the value of the local turbulent 

viscosity. In thls model, the govermng transport equations for turbulence 

kinetic energy, k, and It5 dissipation rate, c, can be represented by : 

Equation of Turbulent Kinetic Energy 

where 

a 1 cJ 1 cJ a (Ill ah ) 
- (pukl + - - trpuk) + - - (pwk) - - -
az rar ras az,okaz 

1 a ( III ah) 1 a (Ilt ak ) 
- - - - r - - - - - - -.a + pC c = 0 

r àr ok ar r as Ok rao D 

1 
( au \ 2 ( au )2 (aw v )21 G == 211 - J + - + - +.\-

1 az êJr rae r. 

1 (
au au )2 ( aw au)2 (av aw _ \ _w )21 +)J -+- + -+- + -+- 1\ 

t éJr éJz az rao ril:) ar r 

(2-10) 

(2-11 ) 
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Equation of Energy Dissipation Rate 

à 1 à 1 a a (Ilt ac ) 
- (pU1:) + - - (r pue) + - - (pwc) - - -az r dr r as az a éJz 

& 

The turbulent eddy viscosity, Pt, is given by 

(2-12) 

(2-13) 

The five values of constants, set according to the recommendation 

of Launder and Spalding(8), are given in Table 2-1. 

Tabl(~ 2-1 Recommended values of constants 

for k-e two-equation model of turbulence 

Cl C2 Cil Ok 0e: 

1.44 1.92 0.09 1.0 1.3 
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2.3 Dispersion of Alloy Additions/Tracer 

ln the pesence of a steady st.~te flow field, to which a tracer is 

added at time zero, the appropnate statements for conservation of mass, in 

terms of cylindrical polar coordinates, as it spreads through the system is : 

~ (pc) + ~ (puC _ r ac ) 
iJt dz e,C éJz 

1 a [ ( de) 1 1 éJ ( 1 dC) + - - r puC -1' - + - - pwC - r - - = 0 
r ëJr e,C ëJr r as e,C r da 

(2-14) 

where the effective exchange coefficient, r e,C, is defined by 

Il }lt 
r = -+-

e,C 0 0 
I,e 

(2-15) 

where a and at,C represents the laminar and turbulent Schmidt number, 

respectively, and Ot,C is assumed to have a value of uOIty. 

2.4 Dispersion of Fine Particles 

Stokes law provldes that the terminai rising veloclty, Us, of a 

sphencal partlcle ln steel IS related to Slze, buoyancy and steel VISCOSlty 

according to 

u = 
~ 

(2-16) 



~, 
J 
:' 

75 

where l1p is the density differenee between the fluid and the particle, 9 is the 

aeceleration due to gravit y, d is the partlcle diameter and Il is the vlscosity oi 

the fluid. 

The mathematical model for predieting inclusion population 

distributions employed a standard mass conservation equation describing 

spatial distributions ln terms of the mass fraction of fine particles wlthin a 

fluid control volume. Thus, ln the presence of a steady flow field, the mass 

fraction of particles of a specifie size can be expressed aecording to a species 

conservation equation for cartesian coordinates: 

~(pc)+~lp(u-u)c-r àCj 
dt àx, s e,C êb: 

éJ ( aC a ( dC") + - pue - r c -) + - pwC - r c - = 0 ay e, cJy az e, dz 1 

(2-17) 

Since the flotatlon of micron size fine particles m metallurglcal 

processing vessels would seem to be subject to Stokes law, their dispersion 

within such a system can be described via a three-dimenslonal convectlon

diffusion type mass transport equatlon. The solution of such equatlons 

requires that the distnbutlOn of flow variables (u, V, and w) and turbulence 

variables be known a prion. The posslbllity of Inclusions directly affecting the 

flow withm the tundlsh 15 discounted. 

2.5 Energy Conservation Equation 
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Under steady flow conditions, the general energy conservation 

equation for incompressible, non-viscous liquld flow can be expressed as : 

a ( aT ) 1 a 1 ( aT 1 - puT - l'. - + - - r puT - r -) 
é.lz e,r àz r ilr e,T iJr 

1 à ( 1 aT) + - - pwT - r - - = 0 r as e,T r aa (2-18) 

The effective diffuslvity concept was used to represent the 

combined effect of molecular and turbulent thermal diffusion The exchange 

coefficient, r e,r, is given by 

11 Ilt 
r = - +-

e,T a 0 
t,T 

(2-15) 

where a and Ot,T represents the laminar and turbulent Prandtl number, 

respectively, and 0t,T is assumed to have a value of unit y 

2.6 Wall Function Method 

For the turbulence model, it is assumed that the charactenstlC 

Reynolds number for a given flow IS suffiCiently large (e g. 2 1 x 103 for the flow 

in circular tube) to ensure turbulent, ratherthan lammar condItIons. However, 

in the immedlate nelghborhood of the wall, the fluctuations ln the parallel 

direction to the wall are greater than those ln vertICal direction to the wall, 

and ail fluctuations approaching zero at the wallitseif. 
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ln order to treat the flow near the wall boundary, generally, a one

dimenslonal Couette flow analysis IS made close to walls(9, 1 0). The layer i~ 

assumed to be one of constant shear stress and constant heat flux. These 

conditions are true only for an impermeable wall with zerC? or negliglble 

streamwise pressure gradient. The momentum equation is, then, reduced to a 

partlcularly simple non-dlmensional form. 

The reglon close to the wallis one where the local Renolds number 

changes conslderably. Hence, the approach adopted IS dependent upon the 

value of local Reynolds number, y+, based on the distance, y, from the wall 

and the friction veloClty, u"'. These are respectlvely defined as(10) : 

+ = pUly/~ (2-20) y 

where 

u =VtïP 
l W (2-21 ) 

Although the change of fluctuations (or intenslty of turbulence) 

Increases continuously with distance from wall, it has become customary to 

think of three arbitrary zones based on the local Reynolds number : the 

viscous sublayer (O<y + < 5), in which Newton's law of viscosity is used to 

describe the flow ; The buffer layer, or trans/ent, zone (S<y+ <30), ln which 

both lamlnar and turbulent effects are Important; and the tnertial sublayer, 

or turbulent layer (y + >30), in whlch the flow seems to be completely 

turbulent, but belng still close to the wall, suggests that the shear stresses are 

approximately the same as those for wall shear stress. 
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To study velocity distributions in turbulent flow, the followlng 

dimensionless velocity, u ~ , was also mtroduced. 

(2-22) 

Therefore, in the viscous sublayer, the shear stress, "tw, is taken in the form 

"tw = 11 au/ay. The Integration of this expression for constant "tw with u = 0 for 

y = 0 leads to the following result 

(2-23) 

ln the turbulent sublayer, the laminar shear stress 15 neghglble in 

comparison to the turbulent shear stress. By utllizing the mlxlng length 

concept(2) and assuming that the mlxing length varies Ilnearly with the 

distance from the wall in the form, 1 = Ky, It can be shown that veloCity 

distribution in the turbulent layer has a logarithmlc profile of the form 

+ 1 + 
u = - {nlEy ) 

K • (2-24) 

where K is the von Karman constant, with a value of 0.4187. E IS an integration 

constant depending on the magnitude of the vanatlon of shear stress across 

the layer and on the roughness of the wall. The value of E is glven by 9793 for 

Impermeable smooth walls wlth a constant shear stress(SL Figure 2-2(10) shows 

a correlation of the veloCity dlstnbutlon law with Nlkuradse's(11) measured 

data for turbulent flow Inslde smooth pipes. 
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Figure 2-2 Logarithmlc velocity distribution law and Nikuradse's(l1) 

experimental data for turbulent flow Inside smooth pipe. 
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ln many engineering calculations, the buffer zone IS dlsposed of by 

definlng an algebraically averaged pOint y + = 11.63, below whlch the flow 1,$ 

assumed to be purely viscous (i.e. VISCOUS sublayer) and above whlch it be 

purely turbulent (i.e. turbulent layer) 

Hence, the analysis shows that the local Reynolds number near the 

wall, y + , can be given by 

P c U4k lfl 
+ y 1.1 

Y = 
(2-25) 

Wh en y+ is less than 11.63, it is assumed that the flow can be described by 

Newton's viscosity law, and hence the shear stress becomes 

au 
1. =Il-
w ay 

ln the turbulent layer (i.e. y + > 11.63), the shear stress is wntten by 

pKC U4k lflu 1; = ___ 1.1 __ 

W ln{Ey +) 

(2-26) 

(2-27) 

The incorporation of the wall boundary condition for the turbulen i. 

kinetic energy, k, reqUires special attention. The usual k-balance 15 used but, 

since the turbulence energy goes to zero at a wall, there IS no flux contnbuted 

from the wail. The generation term G (Equation 2-11) ln the k-equatlon 

reduces to a slmplified form as fo!lows, 
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and 

au au 
) 1 2 

Jl(-+-)::::(.-
t dt ax w y 

1 J 

u -
(2-28) 

(2-29) 

Unlike the turbulence kinetic energy, k, which falls to zero ôt wall, 

the energy dissipatIon rate, e, reaches its highest value at the wall. This makes 

an e-balance for a cell extending up ta a wall very diff/Cult smce one cannat 

know how ta modify It ln such cases. For thls reason, a flxed value for c IS 

adopted irrespectlve of y + The energy dissipatIon rate ln the wall boundanes 

can generally be expressed as(16) 

(2-30) 
Ky 

The value represented ln this equation is fixed at every node next to the wall. 
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Chapter 3 

Numerical Treatment 

3.1 General Differentiai Equation 

The differential eq uatlons of Interest to th IS study are the 

el;uations of contlnUlty, momentum, kmetlc energy of turbulence and It5 rate 

of dissipation, together wlth equatlons for the conservation of mass and 

energy transport. These differentlal equatlons have been described ln Chapter 

2 and can be cast ln the generalized form : 

(2-31) 

where $ denotes the dependent variable (e.g. u, v, w, k, c, T, etc.), r IS the 

diffusion coefficient, and S is the source term. The four terms ln the general 

dlfferentlal equatlon are the unsteady translent or tlme dependent term, the 

convective term, the dlffuslve term, and the source term For steady flows, the 

first term (I.e. unsteady term) can be set equal to zero. 

Wh en the source 5 depends on $, It can, if necessary, be 

decomposed lOto a linear form, accordmg to : 
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{2-32} 

Physlcal reality reqUires that the values of certain dependent vanables always 

remaln positive. These are the kmet/C energy of turbulence, ItS rate of 

dissipation, the mass fractions of chemlCal speC/es, liqUid metal temperatures, 

and so on If the source of such 1/ always-posltive" vanables IS not properly 

handled, they may, ln actual com\.J'.Jtatlons. acquire erroneous negatlve values 

wrecklng further calculatlons and Iterations. Hence, a stnct reqUirement 

ensunng no negatlve values of always-pClsltlve variables IS that Sc must always 

be positive and Sp always negatlve. 

3.2 Grid and Control Volumes 

A numerical solutIon ta a differential equation consists of a set of 

numbers from whlCh the dependent variable, <}>, can be constructed. In other 

words, a numencal method treats the value of the dependent variable at a 

finite number of locations. that IS, qnd pOints, as ItS basic unknowns ln the 

calculatlon domam, and sJlves for thls dependent vanable as a function of 

space and tlme {for translent flows}. 

Thus. the flrst step ln denvmg the finlte difference equatlons IS ta 

establlsh a sU/table gnd and cholCe of storage locations for variables. A typical 

two-dimensional gr/d and control volume IS shown ln Figure 2-3. The scalar 

control volume is shawn by the dashed Ilnes, while the velocity control 

volumes are represented by dotted Ilnes. While the scalar variables (P, C, k, c, 

T, etc.) are located at the intersection of gnd nodes, the veloClty components 
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Figure 2-3 Control volume for the two-dimenslonal situation 
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are located at the boundanes of the scalar cells (control volumes). 

Such a displaced or "staggerred" gnd for the veloCity components 

was first proposed by Harlow and Welch(17) ln their MAC method. As seen ln 

Figure 2-?, an Immediate consequence of the staggered gnd IS that the mass 

flow rates across the scalar control volume faces can be calculated wlthout any 

interpolation for the' relevant veioClty component. Simtlarly, for the veloclty 

control volume, thE pressure dlfference between two adjacent scalM grla 

points now becomes the natural dnvmg force for the veloClty component, thls 

again requinng no Interpolation for the pressure at the face of the velor.lty 

control volume. These procedures lead to improved stability ln numencal 

integration procedure(12L 

The three-dlmensional control volumes for the scalar variables ln 

the present work are "Iustrated ln Figure 2-4 (a) and (b), for rectangular and 

cylindncal polar coordinates systems, respectlvely It IS appropnate to note 

that the control volume faces were placed midway between gnd pOints ln a 

Type A gnd arrangement. 

3.3 Discretization Equation 

ln order to solve a differentlal equation using a computer, 

equlvalent algebralc equatlons known as d,scretlzation equatlons, whlCh 

Incorporate the unknown values of cp at r.hosen gnd pOints, have to be 

constructed. Such a dlscretlzatlon equatlon IS denved from the differentlal 

equatlon governlng cll, and thus expresses the same phys!cal information as 

the differential equatlon. In a glven d.scretlzat.on equat.on, only neighboring 
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(a) rectangular system 

• B 

(b) cylindrical system 

Figure 2-4 Three-dlmenslonal scalar control volume fer (a) rectapgular 

coordinates and (b) cyllndricill polar coordmates systems. 
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grid points partlclpate as a consequence of the plecewise nature of the 

profiles chosen As the number of grid pOints becomes very large, the solution 

of the dlscretlzatlon equatlons IS expected to approach the exact solution of 

the correspond lOg dlfferentlal equatlon. 

Two alternative versions of the dlscretizatlon method are generally 

used in typlCal computation al practlces by engmeers They are finlte

difference and flnlte-element methods ln the present study, the dlscretized 

equatlons were dertved using the Integral control volume approach (i.e. 

finite-dlfference method). In thls procedure, the calculatlon domam IS dlvided 

lOto a number of non-overlapping control volumes su ch that there IS one 

control volume surroundmg each gnd point. Integrattng a dlfferentlal 

equatlon over a control volume, and choosmg the approprtate Interpolation 

formulae (e 9 plec,~wlse Itnear profile or stepwlse profile), one can obtatn a 

discretlzed equatlon contalnlng the values of <t> for a group of gnd points. 

(More detalled information on these procedures is presented by Patankar, 

, 980 (12).) 

The dlscretizatlon equaticn obtained in thls manner expresses the 

principle of conservation for 1}> for a control volume of fmite proportions, just 

as its counterpart dlfferential equatiol"'J expresses thls principle for an 

infinitessimai control volume. Refuring to Figure 2-4, the ftnal dlscretlzation 

equatlon based on the general dlfferentlal equation Cdn be expressed as (12): 

(2-33) 

where 
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uE=D A<IP I)+max(-F ,0) e e e 

uN=D A<\P Il+max(-F ,0) 
n n " 

as=D A(IP IJ+ max(F ,0) 
S S b 

b==S V+a 0 .... 0 
C P 't'p 

(2-34) 

where V represents the metnc volume of a control volume. F mdlCates the 

mass flow rate, D the diffusion conductance, and PIS the local Peclet number 

They are defined as follows : 

[<' =(pu) A 
t ,t 

D =1' A l(ôx) (2-35) 
1 1 1 1 

P =F ID 
t 1 t 

The symbc! max(A,8) is defined to denote 'the greater of A and B' 

The functlon A(IPI) for vanous schemes IS IIsted ln Table 2-2. In the present 

study, the hybnd scheme was adopted based on economlC grounds, slnce It 

glves physlcally reallstlC and reasonable solutions even for somewhat coarse 

grids versus central dlfference and upwmd schemes. 
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Table 2-2. The function A(IPI) for different schemes 

Scheme 

Central dlfference 

Upwlnd 

Hybrid 

Power law 

3.4 Caltulation of the Flow Field 

Formula for A<!PI) 

1-0 SIPI 

max(O, 1-0 SIPI) 

max(O, (1-0 11p1)5) 

As described earlier, the momentum equations governing the 

velocity components are also particular cases of the general differential 

equatlons for <t> (e.g. <t> = u, r = Petf, etc. for the u-momentum equatlon). 

However, these equations need special procedures. The major dlfficulty arises 

from the fact that the momentum equations incorporate unspeCified pressure 

gradient terms (i.e. aPlaXI)' and no obvlous equatlons eXlst for obtainmg the 

pressure field. 

The pressure field, then, IS speclfied indirectly via the contlnuity 

equations. Unless the correct pressure field is employed, the resulting velocity 

field Will not satlsfy the contlnUity equation. As a consequence, special 

numencal procedures have been developed in whlch the contmuity and 

momentum equations are solved by coupling them via a pressure correction 

equatlon (13). Two of the 'sub-algonthms' for solving the flow field are SIMPLE 

(semi-impIlClt method for pressure Imked equatlons) al1d SIMPLER (semi

impllclt method for pressure linked equations-revised) (12). 
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The operations of SIMPLE algonthm, used ln thls work, are as 

follows; an initiai pressure field is first guessed and the implied flow field i~ 

then calculated from the dlscretized momentum equatlons. The dlscretlzed 

continuity equation IS then tested wlth the proposed veloclty field. If that 

flow field does not satlsfy the continuity, pressure corrections are calculated 

using a pressure correction equatlon. AdJustment are therefore maf'le for 

velocity and pressure fields throughout the flow domaln. The dlscretlzatlon 

equations for other variables (i.e. turbulence quantlt!es and temperature), if 

necessary, are then solved, since they influence the flow field through flUld 

properties, source term, etc. Employing the newly proposed pressure field, the 

momentum equatlon is re-solved. Again the resultlng flows are checked for 

local continuity, etc These procedures are successlvely repeated untll a 

converged solution IS obtalned. 

3.5 Solution Method 

ln constructlng the discretization equatlons, we need a partlCular 

method for thelr solution. It is useful to conslder the derivatlon of the 

equations and their solution procedure as two distinct operations, and there IS 

no need for the choice of one to influence the other. In a computer program, 

the two operations can be convenlently performed ln separate sections. 

Further, either section can, when desired, be modlfied independently 

One of the solution methods for the multl-dimenslonal 

discretization equations IS an Iterative method, the so-called 'line-by-Ilne' 

method. This is a comblnatlon of the TOMA (Tn-Dlagonal Matnx Aigonthm) 

for one-dlmenslonal Situations used ln conjunctlon wlth the Gauss-Seidel 
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method. In this procedure, one chooses a grid line (say, the y-direction), 

assume that the 4>'s along the neighboring lines (i.e. the x-and z-directlol] 

neighbors of the POints on the chosen line) are known from their guessed or 

latest values, and then solve for the 4>'s along the chosen line using the TOMA 

algorithm. One follows ~his procedure for ail lines of nodes in one coordinate 

direct'on and then repE'ats the procedure by successive sweeps, until one 

obtains converged solutions. Thus, in the present work, the set of discretized 

equatlons of those variables of mterest were solved uSlng the SIMPLE 

algonthm wlth thls line-by-Itne iterative procedure. 

ln the process of the iterative solutIon procedure, a criterion 

determintng 'convergence' is needed. Convergence is defined as the property 

of the iteration scheme to proceed from a set of mitlal values to an acceptlble 

solution of the dlscretlzed equations. In the present computatlonal work, the 

acceptlbiltty of the converged solution was measured by the "resldual 

sources", Rcp. ThIs is defmed as 

(2-36) 

Physically, the Rcp represents the net flux imbalances for the cells of <p. This Will 

approach zero as the prevailing <p field reaches convergence. Thus, when the 

sum of resldual sources reaches a very small reference value, Rct>.re{, It can be 

assumed that the dlscretlzatlon equations have been solved. In thls work, 

Rct>.re{, was set to 0.01 for veloClty field and 0.001 for mass concentration, 

SuffiClently small grid space and time mtervals (for transient cases) are also 

important factors for the accuracy of the solution. Thus, it is necessary to 

ensure that the solution IS mvariant to further reductlon m these mtervals. 
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Sometlmes, under-relaxation can be em~!oyed in arder to avoid 

divergence in the iteratlve solution of strongly nanlinear equatians. EquatioQ 

2-33 can be written as 

2 anb<t>nb + b 
4> =----P a 

P 

(2-37) 

or 

(2-38) 

where <Pp * is the value of <Pp fram the previous iteration. This change can be 

modified by the introduction of a relaxation factor, a, so tÎlbt 

(2-39) 

or 

(2-40) 

As seen ln Equation 2-40, under-relaxatlon can be performed by modifying a 

coefficient and the source term. In the present computatianal work, the 

under-relaxation factor, a, was set to 0.5 for velocltles, 0.7 for turbulence 

parameters and temperature, and 1.0 for pressure and mass fraction (I.e. no 

under-relaxation). 
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Chapter 4 

Overview of Computer Code (METFLO) 

4.1 Overall Structure 

Figure 2-5 provldes a schematic structure of the code, METFLO, 

developed for computatlonal predictions of three-dlmenslonal transport 

phenomena m rnetallurglcal vessels. It shows the vanous subroutmes, thelr 

functions and mterrelatlons The core of the program IS the mam subprogram, 

here called MAIN: ItS functlons are controlling the progress of the calculatlon, 

and producmg and savmg resultant variable fields (1 e. u, v, w, P, k, c, lleff) and 

other information at mtermedlate and final stages. 

Subroutme USER contams several entry routmes, whlch carry out 

the initiai specification of the grld, the control parameters, constants of the 

problems, flxed boundary values, and any other relevant initiai specifications 

required. 

Subroutine INIT calculates the grid coordinates, mter-node 

distances, cell dimensions, etc., and assigns the starting points of the 

calculatlon domam The Iteration procedures are performed and controlled by 

{TER. It also glves mtermedlate outputs of the number of Iteration, residual 

sources, and the value of variables at a speCIfie grid pomt bemg mOnltored so 

as to enable one to check the progress of Iterations and convergence. 
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MAIN 

USER 

INIT CALCU 

CALCV 

CALCW LlSOLV 

CALCP 

CALCT PROMOD 

CALCTE 

CALCED 

PROPS 

PLOT PRINT 

STOP 

Figure 2-5 Structure of the METFLO code. 
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Ali of the CALC4> subroutines have the same structure with 

exception of CALCP. Being entelred from ITE!; and also exited to ITER, each of 

these subroutines calculates tflf! coefficients over the entire field, and makes a 

cali to MOD4> in PROMOD in order to modify the sources and boundary 

coefficients for the partlcular problem. Ali the coefficients are then gathered, 

and the residual source is ci3lculated from the values of .p in the previous 

iteration. Finally, a cali IS made to LlSOLV for the application of the line-by

line procedure, before returnlng to ITER. Subroutine CALP has almost the 

same structure as the above, but, after LlSOLV is called, a correction for 

velocities and pressure IS cêlrried out, and the pressure corrections set to zero. 

Subroutlne PROPS evaluates fluid propertles (e.g. density, turbulent viscosity, 

thermal diffusivity, etc.) b,3sed on formulae provided. 

The line-by-line iteration is performed in subroutine LlSOLV. The 

subroutine PRINTperforrns the printing of the dependent variables, if desired, 

while PLOT performs plc)tting of the velocity profiles, and iso-value contours. 

Subroutine PROMOD c()nSlsts of several entries of MODcp. It plays the most 

important role as it IS the major area where the sources and boundary 

conditions can be modlfled to SUIt the Individual problem. 

IN/T, /TER, l.IS0LV, PRIN T, and the set of CALCcp subroutines are 

independent of problelm type. Modification for specifie case is required only in 

MA/N, USER, PROMOD, and sometimes PROPS and PLOT. 

If required, other subroutines can be created and easily linked into 

this program. For inst.ance, subroutine MIX/NG was created and incorporated 

for the study of mixing behavior within ladies during gas stirring operations, 

and /NCSEPwasdeveloped forthe study of inclusion separation in tundishes. 
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4.2 Computational Procedures 

Figure 2·6 shows a flow chart of the computatlonal procedures 

used in the present study. To begln, mformation such as the gnd Slze, vessel 

dimensions, flUld propertles, control p3rameters, type of coordinate system, 

etc., is mput through a data block. The gnd arrangement IS then set up wlth 

the grid size and the number of grids given. Some flxed boundary values are 

also imposed with respect to the problem < USER>. 

Using the Input data of vessel dimensions and gnd Slze, the cell 

dimensions for the variables are calculated and sorne parameters are 

determined by the type of coordmates. The vanable fields are then Inltlallzed 

<INIT>. At this stage. It IS ready to start Iteration procedure of vanables 

<ITER>. 

The calculatlon of variables proceeds as follows' first, the u

momentum equation is solved. Calculating cell areas and volumes, the 

coeffiCIents and source terms are set up for ail cells ln the domam Special 

boundary conditions are Imposed for the walls, symmetry planes, free surface 

and blocked reglon <MODPRO>. After performmg under-relaxatlon, the 

dlscretlzatlon equations at aIl u-cells are solved by means of TDM A 

<USOLV>. This procedure is carried out ln the subroutme CALCU. Other 

vanables (i.e. v, w, T, P' ,k, E:) are solved sucesslvely usmg the same procedures 

justdescnbed < CA LCV, CALCW, CALCT, CALCP, CALCTE, CALCED>. 

FIUld propertles are calculated and updated by new values of the 

dependent vanables < PROPS >. The steps from CALCU to PROPS are repeated 

untll a converged solution is obtamed. The results are saved on a dlsk, and, If 
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Figure 2-6 A flow chart of the computational procedures in METFLO code. 
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necessary, printed and plotted, following convergence or reaching a 

maximum number of iterations. 

Using the variable fields computed and/or saved, associated 

transport phenomena ln metallurglcal processlng vessels (e.g. mlxing 

procedures, and inclusion separation) can be solved < MIXING, INCSEP, >. 

When the criterion for steady state is satlsfled or the maximum translent time 

is reached, the results are also saved, printed and plotted. 

4.3 Code Verification 

ln :, .. der to verify the code, two case studies were carried out. One 

is to solve an axisymmetric gas stirring problem ln a steelmaking ladle (this is 

actually two-dlmensional problem) usmg the three-dimensional code. Figure 

2-7, hence, shows an Isometric surface flow fields when agas flow rate of 

30NI/min is centrally injected thi'ough a single porous plug into a one-third 

scale water model of 100 ton ladle. Axisymmetncal flow patterns to the 

vertical center axis can be seen from the figure. It was also observed that the 

values of the local flow velocities was exactly the same as those solved using 

two-dimensional code,(14) 

The other computation was carried out for a rectangular 1/6 scale 

water model tundish(15), measured 1.167m in length, 0.167m wide, and a 

filled height of 0.214m. The water flow rate was 19Iiters/min. Thus, Figure 2-8 

illustrates an Isometric vlew of flow vecto~ for a quadrant of the tundlsh. 

Comparisons between predictions and observations of the flow 

patterns in some selected planes of the central longitudinal plane (plane A), 
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Figure 2~7 ComputatIons illustrating flow patterns developed by 

submerged gas In)ec.tion through a smgle porous plug loc.ated at 

center of vesse!. (This figure shows the two-dimenslonal 
characteristlc of center gas bubbling.) 
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Figure 2-8 An Isometnc vlew of flow fields predlcted for a 1/6 scale water 

model of a tWIn slab casting tundlsh. (Only a quadrant of tundlsh 

was taken Into account for computation) 
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the inlet vertical plane (plane B), and the outlet vertical plane (plane Cl, are 

given an Figure 2-9. As seen, the predlcted flow patterns agreed weil wlth th~ 

observations. It IS appropnate to note that the mean speed of flows wlthm the 

tundish was predlcted to be 4.8 mm/s, whlle the measured mean flow speed 

was reported to be about 5 mm/s. 

These and other case studles show that the (ode, METFLO, is 

correctly programmed and that It provldes reasonable predictions for fluld 

flows in lad le and tundish steelmaking vessels. 

4.4 Summary and Concluding Remarks 

ln this part of the thesls, a computatlonal method for three

dimensional turbulent flows used an the prediction of transport phenomena 

in metallurgical vessels, has been bnefly descnbed. ThiS outllne IS 

schematically summanzed an Figure 2-10. 

Thus, the laws of flUld dynamlcs can be combaned and expressed 

Into differential equatlons, whlch can then be transformed mto fi n Ite 

difference forms for the calculatlon usmg a con .puter mach me. A solution 

algorithm IS necessary to achieve solutions for the fanlte dlfference equatlons. 

Since such an algonthm mvolves thousands of operations, It IS embodled ln a 

computer program an order to take advantage of the capabliity of the 

computer. Finally, the computer program can yleld solutions to the set of 

equations and can provlde predictions, that are consistent wlth physlcal 

reality provided the dlfferentlal equatlons, fmlte dlfference equatlons and 

computer code have been adequately e~tablished, and the problem IS weil set. 
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Figure 2-10 A computatlonal prediction procedure for simulatmg transport 

phenomena. 
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Using METFLO, the computer program developed in the present 

study, one can predict fluid flow, mixln9 behaviour, inclusion flotation or 

settling and their population distributions, energy transport and temperature 

distributions in metallurglcal processln9 vessels. Wlth the larger storage 

capacities of today's computers and their faster processmg times (e.g. Cray 

super-computers), many complex metallurgical problems expressed 10 three

dimensional differential equations are now amenable for study, at reasonable 

cost and time. 
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PART III 

MODELLING MIXING IN STEELMAKING LADLES 
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Chapter 1 

Introduction 

For higher quahty steelmakmg, gas bubbling in ladies is used to 

obtain chemical and thermal homogenization, as weil as to accelerate the 

absorption of harmful non-metallic Inclusions into an overlaymg slag. The 

main pomt m gas stirnng operations IS to Identlfy procedures and eqUipment 

needed for achieving mmlmum mixmg tlmes and maximum recovenes of alloy 

additions at optimum gas flow rate. In order to reasonably predlct these 

phenomena, detailed information on flow patterns, fluld veloCitles and 

turbulent properties IS needed. These have been the subJect of study via on

going physical and mathematlcal models over the last decade. 

Szekely et al (1) were the flrst to attempt modelling the 

hydrodynamic behaviour of liquid metal in an argon :;tirred ladle. Veloclty 

and turbulence energy fields were predicted through the solution of the 

turbulent Navier-Stokes equatlons m conJunctlon wlth the k-W two equatlon 

model of turbulence. However, +he boundary conditions (e.g. veloclty and 

shear stress), adopted for an "interface" between the bulk fluld and the 

plume, proved unreahstlc. Deb Rayet al.(2) and Grevet et al (3) recognlzed 

the role of buoyancy ln the gas/liquid mixture, and proposed that the 

gas/liquld mixtures could be represented by a pseudo-one-phase fluid of 
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variable density. Sahal and Guthrie(4,S) went on to develop mathematical and 

algebralc models to descrlbe the interaction of a plume wlth ItS surrounding. 

liquid, enabling plume dimensions, vOldage, and center li ne velocities to be 

speCified, and the whole flow field analyzed. Their results matched pilot scale 

water model results. 

These mathematlcal models were developed for axisymmetnc gas 

stirring. In such systems, flows can be described vIa the two-dimenslonal 

continulty and momentum equatlons, expressed ln cyllndncal polar 

coordinates. Whlle many flows within ladies can be Ideahzed by assumlng 

aXlsymmet:lc conditions, a major feature of Industnal operations IS thelr 

three-dimenslonal character (e.g. off-centered gas bubbling, multl-plug gas 

bubbling, off-centered alloy/tracer additions, the RH degasslng process, etc.). 

However, few studies on three-dlmenslonal turbulent flows in gas stlrred 

ladies have been reported to dateJ6-8) 

The concept of mlxing time, tm, has commonly been used to 

represent the state of agitatIon ln the chemlCal and metallurglCal processlng 

vessels. Slnce Nakanlshl et al.(g) first correlated mlxtng tlmes to stlrring energy 

input, man y emplncal relatlonshlps of the type "tm = kc- n, have been 

reported(9-14), assumlng that mlxing tlmes are independent of the 

expenmental condItions. However, in general, the values of k and n vanes 

wlth respect to the expenmental sItuations studled by Investlgators. The fact 

that there are vanous emplrlcal values for them reveals that the measured 

mlxang tlmes could be dependent on experimental conditions, such as vessel 

geometry, tracer injection point, monitoring poant, gas bubbling location, and 

the existence of a slag layer. 
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Mazumdar (14) observed that the measured mixing tlme depends 

on the points of tracer Injection and monitoring. He further demonstrated.. 

that mlxing in gas injection ladle metallurgy operations can be expected to be 

controlled by a comblnatlon of eddy diffusion and bulk convection, both 

mechanlsms contributing ln roughly equal proportions. Asal et al (10), Klm(13), 

and Dobson et a1.(21) reported that mixlng tlmes decreased as th\.. plug's 

location became more off-centred. On the other hand, Marujama et al.( 1 5) 

reported that rapid mixing was achieved wlth gas mjectlort at the mid-radius 

of the vessel, where both wall effects and relative stagnation zones could be 

minimized. 

The purpose ofthe present rp.search was to study realistic mdustrial 

situations in order to analyse mixing behavlour and mixing mechanlsms as a 

function of porous plug location, tracer injection pOint and ladle monltonng 

point. For this, mathematical and physlcal models were used. 
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Chapter 2 

Mathematical Model 

2.1 Governing Equations 

ln order to descrtbe fluid flow, turbulent propertles and 

alloy/tracer dispersion ln steelmaking ladies, the relevent partial differentlal 

equatlons requirmg (numencal) solution are the equations of contlnulty, 

momentum and mass conservation, expressed in cyhndrical polar coordmates. 

These are a!eady descnbed ln PART li (e.g. Equations 2-2 to 2-15), and need no 

repetition. Hence, ln the fo'Iowing sections, a plume model, boundary 

conditions and solution procedures used for the present study will be 

descnbed 

2.2 Treatment of Plume 

ln the numencal solution procedures for this study, gas injection 

was treated as a pseudo-one-phase flow phenomenon, in which the gas-liquid 

metal plume is characterJzed by a region of lower density steel. The gas 

voidage, (l, withm a rislng gas-liquid plume was accounted for by mtroducmg 

a buoyancy term, Plga, on the right slde of EquatIon 2-4 for Su, the 'source 
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term' for the u-momentum equation. The gas voidage, a, can be calculated by 

applying the princlple of volume contmuity as follows: 

.) 

a = QIII r W U 
av.p p 

(3-1) 

Sahai and Guthrie(4) have provlded a simple algebralc equatlon to 

calculate the plume rising velocity, Up, such that 

QU3L 1/4 

U =K--
P RlfJ 

(3-2) 

where the constant K IS estlmated as 4.17 m SI Unlts, . The denslty of the 

plume can then be obtained by 

p=apo + (l-a)PL (3-3) 

The approach is simple and correctly emphasizes the Importance of 

buoyancy, versus shear forces, in gas drlven recirculating flows. It has been 

confirmed thruugh many experiments to be an effective way of treatmg su ch 

problems(S,14). 

2.3 Boundary Conditions 

Impermeable and adiabatic conditions were assumed at ail 

boundaries. Ali variables {i.e. u, v, w, k, c} at solid walls were set to be zero. At 
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the node adjacent to solid boundaries, the wall shear stress and the energy 

dissipation rate were calculated using the wall function method described in_ 

Part n. The plume was assumed to be a vertical cylinder of lower denslty 

liqUld. At the free surface, the boundary was assumed to be fiat, and normal 

velocity components and normal gradients of ail variables were set equal to 

zero. 

2.4 Numerical Procedures 

A general purpose code for three-dimenslonal turbulent flow ln 

metallurgical processmg vessels, dubbed wlth the acrouymn, METFLO, was 

developed, as descnbed in Part II. In this modelling program, discretisatlon 

equatlons denved from Equations 2-2 through 2-19 were solved using an 

ImpliCit fimte difference procedure, referred to as the SIMPLE algorithm of 

Patankar and Spaldlng(181, for both rectangular and cyllndncal polar 

coordlnates. For analysls ofthe gas-Ilquid reglon, the GALA(19l, procedure was 

incorporated lOto the SIMPLE algonthm. In thlS, the physlCal propertles of 

flUld mixture 10 a cell ln the two-phase reglon were averaged Cln a volumetric 

basis. This reqUlred that the conventlonal mass contlnuity eq uatlon be 

replaced by a volume contmuity equatlon, such that the volume of flUlds 

entenng a volume element equalled the total volume of fluids leavmg. 

The numencal time step integration 10 the mass conservation 

equation (VIZ., Eq. 2-14) was appro>'lmated by a fully Implicit marchlng 

integration procedure, while for the representation of total flux (i.e., 

convection + diffusion), an hybrid differencing scheme was adopted. 
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Equation 2-14, though a IInear differential equatlon, was solved iteratlvely, 

using a line-by-Ime solution scheme. 

Followmg grid mdependence studies, the domam was dlvlded mto 

a uniform grid of 18 (axial) x 16 (radial) x 16 (angular) ln the three polar 

directions. The computations were performed on a personal computer 

eqUlpped wlth a DSI (DefmlCon System Inc) m:cro coprol..essor (68020 

coprocessor system) whlCh magnifies RAM size up te 8 megabytes and 

increased dock speeds to 20 megahertz. About 600- 1 000 Iterations were 

needed to reach converged values of the veloCity fields, the actual time bemg 

taken amaunting ta about 12-18 haurs. 
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Chapter 3 

Experiment 

3.1 Experimental Procedures 

Experimental work was carried out in a one-third scale water model 

of a 100 tonnes lacile planned for Stelco's McMaster Works. Part of thls model 

appears in Figure 3-1 The model had a bottom diameter of 0.864 m, a top 

diameter of 1.00 m, and a filled helght of 0.787 m This corresponded to actual 

(internai) dimensions of 2 60 m, 3.00 m, and 2.36 m respectlvely for the 

McMaster Works ladle 

Figure 3-2 provldes a schematlC dlagram of experrmental equlpment 

for the measurement of mlxrng tlmes Air was mjected into the water through 

porous plugs set in the bottom of the cylrndrical tank. In order to measure 

mixrng times for single porous plug bubbling, a tracer (20% Hel solution) 

would be InJected rnto the surface of the plume zone, and concentration 

changes at a pOint near the bottom wall and the plume, monltored versus 

tlme. The 95% bulk mlxlng tlme cntenon was then used as a sUltable standard 

mixing tlme. ThiS IS deflned as that tlme when ail the local concentrations of 

tracer addition have reached 95% of the bulk well-m~xed value. For double 

bubbler configurations, tracer was rnJected into the center, and mlxing tlmes 

were measured at a pOint near the bottom wall and the plume. 
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Figure 3-1 Photograph of experimental equipment 

for mixing time mesurements. 
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Figure 3-2 Schematlc dlagram of expenmental set-up for mlxing time 

measu rements. 
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Mixing times were measured five to six tlmes for a given set of 

experimental conditions, the mean value th en being reported as the_ 

measured mixing time. It is appropriate to note that individual mixmg times 

fell wlthin ± 10% of the mean values reported here. 

3.2 Experimental Results 

Figure 3-3 shows how mixinfl times decreased wlth gas flow rate. 

As seen, the mixing tlme decreases exponentially wlth increasmg gas flow 

rate. This work on a smgle porous plug gas bubbler confirms the relatlonshlp 

that mixmg times decrease according to the one-thlrd power of the gas flow 

rate. 

Figure 3-4 presents some of the data already shown in Figure 3-3, m 

terms of mlxing times versus radial placement of the plug, for vanous gas flow 

rates. As seen, mixing rates wlthin the bulk of the IIqUid are mcreased, and 

mixing tlmes shortened, as the plug IS moved away from the centre towards 

the half radius. Beyond a minimum mixmg time, reachea at ha If radius, plugs 

set closer to the ladle sldewalls tended ta glve sllghtly longer mlxmg tlmes for 

equal flows of gas. Consequently mid-radius bubblmg gave a reductlon of 15-

30 % in mlxing times over the range of gas flow rates studied. 

It is occaslonally necessary to bubble an mdustnalladle wlth two or 

more plugs, in order to achieve gentle but rapid mixmg, as weil as to promote 

slag/metal mtermlxing, and to avold explosive degassmg effects under 

vacuum. A specific example IS the tank degasser unit bemg operated by 

Dofasco (Hamilton, Canada) as an alternative to an RH degasser unit. 
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Figure 3-5 shows the effect of havil1g two bubblers. There, 

experimental mixing tlmes are plotted versus net flow of gas. As seen, for two_ 

bubblers placed at mid-radius, and diametncally opposite each other (8 = n), 

the mixing time for a nett flow of 40 liters/min. is about 28 seconds, versus 33 

seconds for a single bubbler. This represents a 15 to 20 % reduction in mixing 

times versus the optimum single bubbler configuration. Figure 3-6 confirms 

the fact that two bubblers, placed dlametrically opposit each other, will 

exhiblt minimum mixing times when operating at half radir. By moving both 

plugs out to 2/3 radii, mixing times are practlCally doubled at the hlgher flow 

rate (i.e. 40 liters/mm). 
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Figure 3-3 Variation ln 95% mixmg times wlth gas flow rate for plugs 

placed at: centre, one-third, half, and two-thlrds radius of ladle 

base. 
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various flow rates. 
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Figure 3-5 Variation ln 95% mixing times with gas flow rate for double plug 

arrangements, placed at ~rlid-radius. The effect of the angle, H, 

subtended between the tWc.l plugs IS "Iustrated. 
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Figure 3-6 Variation in 95% mixing times with symmetrical changes ln the 

radial positions oftwo opposing plugs (8 = 180°). 
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Chapter 4 

Computational Results and Discussions 

ln order to study mixing behaviour during su ch gas stirring 

operations in steelmaking ladies, computations were performed to predlct 

flow patterns, translent mixing procedures and the final mlxing tlme for a 

vertical, cylindricalladle of equivalent scale to that studied, usmg the METFLO 

code already described, in conJunction wlth gas-liquid mixture models 

developed prevlously by Sahai and Guthne(4), and Mazumdar and Guthne(20). 

4.1 Flow Patterns 

Figure 3-7 Illustrates some predicted three-dimensional surface 

flow fjelds when agas flow of 30 NI/min IS InJected through a single porous 

plug. In these rnodelling predictions, the position of the porous plug was 

changed trom the centre to 2/3 radIus ln order to mvestlgate the effect of 

plug location and tracer input location on mixing tlme. Figure 3-8 provldes 

detailed two-dimensional flow fields ln some selected vertical (a, b, and c) and 

horizontal (d, e, and f) planes for half radius placement of the plug. There, 

velocity vectors in vertical planes through the plume (a), at 45 degr'~es to the 

plume (b), and at right angles to the plume (c), have been provlded. Similarly, 
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Computations IIlustrating flow patterns developed by 

submerged gas injection through a smgle porous plug located at 

center, one thlrd, half, and two thirds radius, respectively. 
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Figure 3-8 Two-dimenslonal velocty vectcrs m sorne selected vertical and 

horizontal planes for half radius placement of a smgle plug . 
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hOrizontal components of the fluld flow across the surface (d), at mid-Ievel (e), 

and along the bottom of the ladle (f), are presented. The average. 

recirculatlng flow speed was predicted to be 0.1 mIs. 

The key features to note are the angular velocitie!\ which 

signrflcantly affect trerer dispersion rates (as dlscussed later). It can be seen 

that as the plug's position IS moved off center, the angular momentum of 

fluld motion increases remarkably. Predlcted mean speeds wlthin the ladle, 

versus change ln porous plug location are prese'1ted in Table 3-1. It can be 

seen that the mean angular veloclty Increases and that the mean aXial and 

radiai velocitles decrease, as the plug IS moved away from the centre. 

Flow patterns for tWIn plug Injection, diametncally placed one to 

the other, are provided ln Figure 3-9. There, diametrlCally opposed porous 

plugs were placed at 1/3, 1/2, and 2/3 radil, respectlvely. The two-dimenslonal 

plots ln some selected planes are Illustrated ln Figure 3-10 for dlametncally 

opposed plugs at ha If radiUS location. The mean reclrculatmg flow speed was 

Table 3-1 PredlCted mean speeds of axial, radiai and angular directions 

ln a 1/3 scale water model of a 100 tonne ladle for vaflous 

plug pOSitIons (Q = 30NI/min., unit = mIs) 

iUi iVi Iwl IUreel 

Centre o 1094 0.0464 0.0000 0.1391 

1/3R 0.0687 0.0346 0.0311 0.1008 

1/2 R 0.0658 0.0368 0.0421 0.1025 

2/3 R 00529 0.0355 0.0533 0.1028 .. 
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Figure 3-9 Isometric views of flow vectors predicted for double porous plug 

gas bubbling dlametncally opposed at one-thlrd, half, and two

thlrd radii, respectively. 
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and hOrizontal planes for dlametrica"y opposed porous plugs at 
half radii. 
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predicted to be 0.09 mis for such cases, this being 10 % less than that for single 

plug bubbling with the equlvalent gas flow rate. The meen speed ln aXial ([i),. 

radial (V), and angular (Vii) directions were predlcted to be 0.068 mis, 0 020 

mis, and 0.028 mis, respectively. It can agaln be seen that the angular 

momentum of flUld motion increases as the plug's position is moved off the 

center. 

4.2 _Mixing Procedures 

Using the numerical procedures already outlined, the comblned 

effects of tracer addition point and bubbler 10catÏ(m on mlxlng tlmes were 

studied mathematically. Figure 3-11 (a) shows the four dlHerent locations 

chosen for tracer Input wlth respect to the plume's eye, for single plug 

bubbling. Figure 3-11 (b) glves three different locations of tracer Input chosen 

fortwln plug bubbllng. 

Thus, Figure 3-12 provldes mlxlng tlmes predlcted for tracer Input to 

a 1/3 scale water model of a 100 tonne ladle wlth single plug bubbllng. The 

marked squares represent the expenmentally measured mlxlng tlmes for 

companson with mathematical predictions. As seen, when the tracer was 

added exactly mto the eye of the plume (Case A), center gas bubblmg proved 

to have the shortest bulk mlxlng tlme. ThiS was followed by Increases as the 

bubbler position approached the ladle sidewaii. However, Slnce the flow 

characteristlcs of real plumes in the gas stlrred ladies are turbulen t, unstable, 

and time-dependent, wlth vertical plume axes that tend to preceS5, th 15 

'theoretical' expenment proved to be dlfficult to reproduce ln practlce. 
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D B A c E F G 

(a) single porous plug (b) twin porous plugs 

Figure 3-11 Location or tracer additions wlth respect to center line of rising 

gas-liquid plume for (a) single porous plug bubbling and (b) twin 

porous plug bubbling .. 
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water model of a 100 tonne ladle for vanous plug positions and 

tracer addition points. (Square marks represent measured mlxmg 

times.) 
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It is more realistlc ta suppose that the tracer will inevitably be 

added slightly off-center ta a plume's eye (Case B). Predicted mixing tlmes for_ 

off-center-plu, li additions were therefore studled and these exhibit very 

different characteristlCs versus center-plume additions. In this case, the 95% 

bulk mixing times for center bubbling were greatly extended, and moreover 

an off-plume addition close ta a ladle sldewall (Cases C and 0) leads to much 

longer mlxlng times. For slde-wall additions, 95% mixing times for center 

bubbllng proved to be the longest, and decreased slgnificantly as the plug 

was moved towards the side-wall. Asal et a1.(10) and Dobson et aU21 ), using 

physical models, studied mixmg behaviour under the conditions of Case C. 

As dlscussed in previous research work(14), mixing of steel in ladies 

occurs by a combmation of both convective transport and turbulent eddy 

diffusion, both mechanisms contributing in roughly equal proportions. 

Figures 3-13A and 3-13E illustrate the transient mixing processes for centre 

bubbling computed for Case A and Case B tracer addition respectively . The 

shaded region represents the zone wherein 95% bulk mixing tlmes are 

reached. 510ce center gas stlrring has no angular momentum associated wlth 

it, angular mixing can only take place by eddy diffusion processes should the 

tracer not be added preClsely into the eye of the plume. As noted, the 

consequence of mlssmg the 'bull's eye' leads to tremendous increases in 

mixing tlmes. 

Per contra, as the plug is moved away from the centre towards the 

side-wall, solute transport by angular momentum increases, ylelding faster 

mlxlOg even though the tracer is mjected at the sidewaii. Figure 3-14A and B 

illustrate the translent mixmg processes for a plug placed at ha If radius, when 
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(d) time = 20 sec. (e) time = 25 sec. (f) tlme = 30 sec 

Figure 3-13A Illustration of translents ln Iso-concentratIons followmg 

center-plume additions of a tracer, dunng center gas 

bubbling. (Case A in Figure 3-11 (a» 
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~ JI r ________________ _ 
------------ ----

(b) time = 40 sec. 
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(e) time = 100 sec. 

(c) time = 60 sec 

-----------------

(f) tlme = 110 sec. 

Figure 3-138 Illustration of translents in Iso-concentrations followlng a 

tracer addition just off-center to the gas/ltquid plume, during 

center gas bubbling. (Case B ln Figure 3-11 (a)) 



-

136 

1 

~ 1 1 ~ 

. ------T---~ r------------ en __ 
1 - ï 

tracer addition '\ 
~ 1 0 0 

1 ~, Il! 1 l'! 1---------/ -~--- r--
1 l, 

L ~_~ _Q 
(a) time = 6 sec. (b) time = 12 sec. (c) time = 18 sec. 

1 1 

~~-------l 
, --

(d) time = 24 sec. (e) time = 30 sec. (f) time = 36 sec, 

Figure 3-14A Illustration of translents ln Iso-concentrations followlng 

center-plume additions of a tracer, for a off·center porous 

plug placed at half radiUS, (Case A ln Figure 3-11 (a)) 
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Figure 3-148 Illustration of transients ln iso-concentrations following a 

slde-wall tracer addition for half radius plug bubbling. (Case C 

in Figure 3-11 (a» 
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tracer was injected into the center-plume (Case A) and into liqiUld at the side

wall (Case C), repectively. As seen, for the center-plume addition, tracer is 

dispersed rapidly, reaching 95% bulk mixing at the left side and bottom of 

plume after 24 seconds, and then at the upper right slde-wall ta plume after 

30 seconds. The 95% bulk mixing time was predicted ta be 38 seconds for such 

a case. Dispersion aspects for the side-wall additions was seen ta be similar but 

ta take much longer time (55 seconds) for complete 95% bulk mixmg. 

ln summary, since center gas bubbling has no angular momentum, 

mixing is dominated by eddy diffusion, resulting in delayed mixing times for 

off-center-plume additions. As the plug is moved away from the center 

towards the side wall, momentums in the three polar directions become 

comparable. Owing to concurrent increases in angular momentum, mixing 

times become relatively msensitive to the tracer addition pomt. This can be 

interpreted for the mdustrial steelmaking ladle process such that off-center 

gas stirring is relatively insensitive to the location of thermal and chemlcal 

segregation in ladle. 

Figure 3-15A, B, and C illustrate tracer dispersion behaviour for 

twinly opposed porous plugs, at half radii for (1) a center-Iadle addition (Case 

E in Figure 3-11), (2) a plume addition (Case F), and (3) a side-wall addition 

(Case G). Mixing times were predicted to be 38 seconds for Case E, 58 seconds 

for Case F, and 70 seconds for Case G. It is interesting to note that for the 

center-Iadle addition, 95% bulk mixing levels are first reached in the two 

plume zones, expanding the mixing area ta each side-wall, while for Case F 

and Case G, it is first reached at the center of the vesse!. It can be seen from 

Figures 3-13, 3-14, and 3-15 that the last mixing point is dependent on the 

tracer injection point and plug locations. 
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Figure 3-15C Illustration of translents ln Iso-concentrations following a 

side-wall addition of a tracer, for double porous plug gas 

bubbling diametrlcally placed at half radii. (Case G ln Figure 
3-11 (b)) 
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4.3 Plume Distortion and Wall Effects 

The results of the computations Just descnbed provlde a convlncmg 

argument for mlxmg tlmes becomlng shorter as the plug is moved away from 

the ladle's center. However, smce sllppage and wall friction effects were not 

taken mto account m the present computatlonal model for plugs located near 

the side-wall, the experlmental observation that mlxmg at 2/3R was agam 

somewhat delayed could not be properly predlCted. 

Figure 3-16 tllustrates plctonally the characteristlcs of a single 

plume nSlng through water, for plugs set at the ladle's center, one thlrd, one 

hait and two thlrd's radll, respectlvely One should note that the flow field 

can distort the plume so as to not nse vertlcally, thls bemg a functlon of cross

flows wlthm the ladle 

For a plug located at two thlrds radius, ItS assoCiated plume IS 

distorted towards the sldewall, resultmg m contact of the plume wlth the 

sidewall This might cause a part of the buoyancy force of the bubbles to be 

lost by sltppage, together wlth an increase ln drag {oree (shear stress) up the 

side-wall Furthermore, the large shear stress on the wall will Increase the 

potential for hydrodynamlC eroslon of the ladle's refractortes. However, 

plume distortions were not observed wlth weak gas bubbllng (1 e < 10 

Iiters/mm tn thls water model system) 

An alternative, but more computatlonally demandmg procedure, 

by Boysan et al (8), can predict those conditions for whICh the plume IS 'bent' 

mwards, or outwards, as a result of interactions wlth the bulk flow fields. 

There, a flow field IS flrst deduced usmg the Eulertan scheme Successive 

bubbles are then mtroduced mto the system. usmg a Lagranglan framework 
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(a) center 

(b) 1/3 R 

Figure 3-16 Photographs of model ladle tllustrating the distortion of the 

plume during single plug bubblmg at (a) center and (b) 1/3 R. 
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(c) 1/2 R 

(d) 2/3 R 

Figure 3-16 Photographs of model ladle illustrating the distortion of the 

plume during single plug bubbling at (c) 1/2 Rand (b) 2/3 R. 
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(a) 1/3R 

(b) 1/2R 

(c) 2/3R 

Figure 3-17 Photographs of model ladle illustrating the distortion of the 

plume durlng double plug bubbling. 
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This allows spatial variations in plume vOldage to be computed as a function 

of bulk flow patterns. Through successive iteratlons between Eulerian and_ 

Lagrangian frames of reference therefore, plume geometnes can be deduced 

as part of the numencal solution procedures. 

Figure 3-17 shows plume interactions for two plug arrangements. 

As seen, wh en two plugs are closely placed, the plumes coalesce, dlminlshlng 

the effect of double gas bubbhng. Similarly, when two plugs are located near 

the side-walls, thls Will Increase wall shear stresses and the potentlal of 

hydrodynamic erosion of the refractones. 

It is therefore concluded that the placement of porous ptugs at ha If 

radius is an optimum location. There, the portion of momentum ln each 

direction is of the same order and wall effects are minimal. 

4.4 Industrial Applications 

Proper stlrnng of the IIqUid steel IS very important dunng 

steelmaking processes. For instance, there are metaliurglCal reactlons whlch 

require strong mlxing of metal and slag. Stlrring for decarbunzatlon, 

desulfurizatlon and dephosphonzatlon belong to this case. On the other 

hand, stlrrtng for deOxldatlon, alloy homogentzatlon, or InclUSion removal 

require gentle mixlng at the metal/slag interface and maintenance of an 

unbroken slag layer. 

For gas stlrnng ln the teemlng ladle, the need for gentle mlxlng can 

be intensified due ta Improper control of slag carryover The presence of a 

liquid slag layer on the metal surface can cause slgnificant delay ln mlxlng 
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times since the breakage and deformation of the slag layer consumes part of 

the stirring input energy. Moreover, strong turbulent flows at the slag/metal 

interface activates interfacial mass transfer and slag droplet entrainment., 

leading to steel reoxidation by entrained slag droplets, and oxygen and 

nitrogen pick-up from the free metal surface exposed at the atmosphere in 

the "plume's eye". 

The crltical flow rate for slag/metal mixing expressed by Equation 

'-5 could be used as a criterion for the determination of gentle stirring. The 

analysis indicates the flow rate should be quite low, typically 100-' SOliters/min 

for a 150 tonne ladle (22). The critical flow rate for slag/metal mixing is mainly 

related to slag layer break-up and slag droplet entrainment caused by strong 

up-rising momentum energy of the plume. Therefore, if high flow rates 

combined with gentle but fast mixmg is needed, multi-plug gas bubbling 

could be appropriate as a technical solution, since it would distribute input 

stirring energy over the bath with a low plume veloclty from each bubbler. 
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Chapter 5 

Conclusions 

Mixing phenomena in steelmaking ladies have been studied using 

mathematical and physical models (water modelling) for an one-third scale 

of a 100 ton ladle. It was concluded that : 

1. Flow patterns are strongly dependent on the number and positions of 

the bubblers. As the bubblers are moved off-center, angular momenta 

increase, reducing mixing times slgnificantly. 

2. Measured mixing times are sensitive to monitoring point, as weil as to 

bubbler location. 

3. When a porous plug bubbler is close to a ladle side-wall, flows will 

distort the plume towards that sidewall, increasmg drag force on the 

wall. This increases the mixing time needed for alloy homogenisation 

and increases the potential for hydrodynamic erosion of the ladle's 

refractories. 

4. For double porous plug bubbling, more gentle flow and equivalent 

mixing times versus single off-center bubbling were predicted using 

equal net flows of gas into the lad le. 
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5. A mid-radius placement of a porous plug represents an optimum 

location for single plug bubbling, while diametrically opposed, mid-. 

radius placement of bubblers is recommended for double plug bubbling. 

6. The last point within the bulk of the liquid to become mixed depends on 

the tracer addition pOint and plug arrangements. 

7. The pseudo-one-phase model used in the present study has limited 

application, since It cannot take into account plume distortion/ 

coalescence and wall slippage/friction effects. In order to account for 

such phenomena properly, a two-phase model would seem to be 

needed. 



-

150 

REFERENCES 

1) J. Szekely, H.J. Wang and K.M. Kiser, Met. Trans. B, Vol 7B, June 

1976, pp287-295. 

2) T. Deb Roy and A.K. Majumdar, J. of Metals, November 1981, pp42-

47. 

3) J.H. Grevet, J. Szekely and N. EI-Kaddah, Int. J. Heat Mass Transfer, 

Vol. 25, No. 4, 1982, pp487-497. 

4) Y. Sahai and R.I.L. Guthrie, Met. Trans. Vol. 13B, No. 2, 1982, pp 

193-202. 

5) Y. Sahal and R.I.L. Guthrie, Met. Trans. Vol. 13B, No. 2, 1982, pp. 

203-211. 

6) M. Salcudean, CH. Low, A. Hurda and R.LL. Guthrie, Chem. Eng. 

Comn., Vol. 21,1982, pp89-103. 

7) M. Salcudean, K.Y.M. Lai, R.LL. Guthne, Canadian J. of Chem. Eng , 

Vol. 63, February, 1985, pp 51-61. 

8) F. Boysan and S.T. Johansen, 'Mathematlcal Modellmg of Gas 

Stirred Reactor', Int'I Semmar on Refmmg and Alloymg of LlqUid 

Aluminium and Ferroalloys, Ed, T.A. Engh, S. Lyng, H.A. Oye, N.LT 

Trondheim, 1985, Aluminum-Verlag, Dusseldorf. 



( 

( 

9) 

151 

K. Nakanishi, T. Fujii and l Szekely, Ironmaking and Steelmaking, 

1975, No. 3, pp. 193-197. 

10) S. Asai, T. Okamoto, lC. He and 1. Muchi, Trans. ISU, Vol. 23, 1983, 

pp. 43-50. 

11) M. Sano and K. Mori, Trans. ISU, Vol. 23, 1983, pp169-175. 

12) O. Haida, T. Eml, S. Yamada and F. Sudo, Scan in je ct n, #20, MEFOS 

and Jernkontoret, June 1980, Lulea, Sweden. 

13) S. Kim, Ph.O. Thesis, Dept. of Metallurgical Engineering and 

Materials Science, Carnegie-Mellon University, USA, 1987. 

14) O. Mazumdar, Ph.D. Thesis, Department of Mining and 

Metallurgical Egmeering, McGili University, Montreal, Canada, 

1985. 

15) T. Marujama, N. Kamishlma and T. Mizushina, J. Chem. Eng. Japan, 

Vol. 17, No. 2, 1984, pp120-126. 

16) W.P. Jones and B.E. Launder, Int. J. Heat Mass Tranfer, Vo1.15, 1972, 

pp301-314. 

17) B.E. Launder and D.B. Spalding, Computer a Methods in Applied 

Mechanics and Engineering, Vol. 3, 1974, pp. 269 . 

18) S.V. Patankar and O.B. Spalding, International Journal of Heat and 

Mass Transfer, Vol. 15, 1972, pp. 1787. 



, ! 

... -

...... 

19) 

152 

O.B. Spalding, Heat Transfer in Turbulent Buoyant Convection, Eds. 

O.B. Spalding and N. Afgan, Hemisphere Publishing Corporation,_ 

New York, 1977, pp. 569. 

20) O. Mazumdar and R.I.L. Guthrie, Met. Trans. B., Vol. 16B, March 

1985, pp. 83-90. 

21) c.J. Oobson and M. Robertson, 'Model Studies of Gas Stlrred 

Ladies', Internai B.H.P. Report, C.R.L. Australia, September 1986. 

22) R.J. Fruehan, Int. Symp. on Ladle Steelmaking and Furnaces, CIM " 

Montreal, Cë nada, August. 1988, pp92-110 . 



( 

PART IV 

PREDICTION OF FLUID FLOW, INCLUSION SEPARA,TION 

AND HEATTRANSFER IN TUNDISH PROCESSING OPERATIONS 

( 
" 

l 



• 

-

154 

Chapter 1 

Introduction 

Tundlshes act as dlstnbutors of IIquld metal between the ladle and 

the molds of contlnuous casting machines. They can also act as removal tanks 

for non-metalllC inclUSions withln IiqUid steel. To study su ch matters, detalled 

veloclty and turbulence fields are requlred, these beln9 speclflc to a glven 

tundish design, metal flowrate, etc .. 

There have, ln recent years, been a number of studles on flUld flow 

and/or inclUSion separation behaviour for tundish arrangements, using 

physlcal (water) models(' -6) and/or mathematical models{7-' 2) 

Using a full scale water model tundlsh, Kemeney et al(1) carned out 

a Simple flUld dynamlc analysls of tundlsh flows wlth the alm of Improvlng 

steel cleanness by maxlm.:- ')g fluid retentlon tlmes They observed that the 

flow patterns were improved uSln9 combinatlons of dams and welrs and that 

the minimum retention tlme could be Increased. Tanaka(S) developed a probe 

based on a Coulter counter technique(13) to detect non-metalllC inclUSions ln 

aqueous system. NakaJlma(6) extended such a probe for both water and 

molten steel systems. Both author~ analysed the '\eparat1o n behavlour of 

inclusion particles ln terms of a 'tank reactor' model. 
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Lai et a1(8) carned out both computational and physical modelling 

of three-dlmenslonal flUld flow ln a symmetnc tWIn strand tundlsh, and. 

compared one to the other EI-Kaddah and Szekely(7) also numerlcally 

predicted three dlmenslonal tundish flUld flows and the retentlon tlme 

distribution (RTD) curves wlth and wlthout flow control devices (welr/dam 

arrangements), using the commercial PHOENICS code. Y. He and Sahaj(9) 

performed a computation of flUld flows ln tundishes under the condition of 

slopmg sidewalls, comparlng the effect of these wlth vertical walls ln terms of 

flow patterns and RTD curves. Tacke and Ludwlg( 11) solved a transport 

equation for partlcles, takmg into account their speciflc buoyancy, convection 

and turbulent dispersion, again usmg the PHOENICS code. There, partlcle 

concentration fields and the percentage of partlcles removed were calculated. 

However, none of the authors seem to have recogmsed the fundamental 

Importance of natural convection on flows and inclusion behaviour in 

tundlshes. Simllarly, the application of mathematical models to tundlsh design 

wlth respect to geometry of tundlsh, location of flow control devlces and thelr 

numbers, etc. has not yet been tackled. 

Most major steel companles study the change of fluid flow and 

inclusion partlcle behavlour with, or wlthout, flow control devlces usmg 

isothermal physlcal modelling ln large plexiglass water models. Flow 

visuallzatlon wlth dye, resldence tlme distribution studles and detectlon of 

mcluslon partlcles ln such physlcal models provlde useful information. 

Nevertheless, such full-scale physlcal modelling often reqUires expenslve 

eqUipment and slgnlflcant tlme and effort. 

On the other hand, computations of three-dimenslonal flUld flow 

are becomlng less expenslve and are wldely applicable to tundish 
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performance. These can provide detailed flow mformation, enablmg one to 

predict mcluslon flotatlon together wlth temperature distributions wlthm_ 

tundishes. The prediction of such phenomena ln a tundlsh vessel by 

mathematlCal modellmg IS useful for determmmg the best deSign of vessel 

wlth respect to Slze, shape and the placement of flow control devlCes {e.g 

welr/dam arrangements, baffles, etc.} for a given set of operatmg pdrameters 

(e.g. metal flow rate, mput temperature, etc.). However thelr valldlty have not 

yet been clearly demonstrated through physlcal models, nor from actual plant 

data. It is therefore necessary that such predictions contmue to be paralleled 

by proper experiments, and the results compared with each other. 

ln the present experimental work, partlcle removal rates could be 

studied thanks to the development of the ncvel E.S Z (Electnc Sensmg Zone) 

system(14L This was capable of detectmg inclusions on-Ime and m-sltu, and 

provided number denslties and size dlstnbutlons of inclUSions wlthm the flUld 

A full scale water model of a multl-purpose tundlsh (Le. single strand for slab 

casting and double strands for bloom castmg), at Stelco Research Centre, 

Burllngton, Ontano was therefore used to test expenmental data agamst 

computations. It will be descnbed ln Chapter 2 

ln order to predict mathematically Inclusion separation, two 

different approaches are possible, these bemg the descnptlon of the tundlsh 

in terms of reactor theory (I.e. tank reactor model), the other through a full 

computational descnptlon of flUld flow and mcluslon movement through 

numencal solutions of contmUlty, turbulent NaVier-Stokes equatlon and mass 

conservation equatlon for fme partlcles (i.e. dlfferentlal equatlon model). 

Tank reactor models will be discussed m Chapter3, the dlfferentlal equatlon 

model bemg fully descnbed m Chapter 4 and Chapter 5. 
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The purpose of the present study was to validate the mathematical 

and computational methodsdeveloped, and to concelve, design, and evaluate_ 

the effiCiency, of vanous configurations of flow control devices (I.e. welr/dam 

comblnatlons) so that steelmakmg tundlshes mlght be optimlzed ln terms of 

steel cleanness, temperature distribution and product uniformity. In order to 

perform such a study, Stelco's Hilton Work tundish, Canada (single or double 

port tundish), Dofasco's Hamilton Work tundish, Canada (axisymmetrîc twm 

strand tundish), and BHP's Port Kembla Work tundlsh No.l (trough-shaped 

twin port tundish) and No.2 (wedge-shaped single port tundlsh) in Australia 

were taken Into account for computations. Their configurations are 

schematlCally IIlustrated in Figure 4-1 A-D, while Table 4-1 provides the key 

dimensions and capaCitles oftundish vessels considered. 

Table 4-1 The physical characterîstics of tundishes 

Volume Weight Thruput Res. Time Uplug 
(ml' (tons) (tons/mm) (mm) (mm/s) 

Stelco 50 35 3 12.0 72 
(single slab) 

Stelco 5.0 35 2 17.5 58 
(double bloom) (1 0 each) 

Dofasco 10.3 72 9 8.0 11.2 
(tWIn slab) (45 each) 

B H.P. #1 6.0 42 3 140 8.1 
(tWIn slab) (1 5 each) 

B.H.P. #2 7.3 50 4 12.5 5.5 
(single slab) 
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Ladle stream 

(A) STELCO TUNDISH 

Ladle stream 
Tundish streams 

Tundish stream 

(8) DOFASCO TUNDISH 

Tundish stream 

Figure 4-1 Schematlcs of (A) Stelco's Hilton Work Tundish. (8) Dofasco's 

Hamilton \tVork tundish. 
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ladle stream 

(C) BHP NO. 1 TUNOISH 

Tundish stream 

Ladle stream 

(0) BHP NO 2 TUNOISH 

Tundish streams 

Figure 4-1 Schematlcs of (C) BHP's Port Kembla tundish No. 1 (0) BHP's Port 

Kembla tundlsh No 2. 
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Chapter 2 

Experiment 

2.1 Experimental Equipment 

2.1.1 Full-scale water model system 

The full-scale model tundlsh at Stelco's Hilton Works was 

constructed of transparent plexiglass, ItS walls bemg outwardly mcllned at an 

angle of la degrees to the vertical. Fliled to a helght of 1.1 m, the tundlsh 

measures 5 19 m ln length, a 68 m wlde at the bottom and 1 07 m at the free 

surface. A photograph of model tundlsh used IS shawn ln Figure 4-2 Then, 

Figure 4-3 IIlustrates the expenmental arrangement used for inclusion 

detection studies. It conslsted of the full-scale plexiglass tundlsh, a lad le, and 

slurry injection system supplylng partlcles (mcluslons) at a constant rate of 

feeding, together wlth the novel E S.Z system for thelr detectlon and 

counting, and a personal computer to record the data sets arqUired, and to 

provide partlcle frequency versus size distnbf.;~;')n curves. 

For simulattng actual tncluslons tn molten steel, hollow glass 

mlcrospheres, wlth an appropnate number denslty of 108 partlcles/m3, over 

the slze range 20-110 11 m, ",'~re fed contrnuously at a feedtng rate of a :; 
liters/min mto the tundlsh through the mlet shroud The speCIfie denslty of the 
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glass mlerospheres was 295 kg/m3. The important parameters and properties 

of thls full scale model tundlsh are summanzed ln Table 4-2. 

Table 4-2 Important parameters and properties of model and prototype. 

Madel Prototype 

Tundish Length 5.19m 5.19m 

Geometry Tundish Depth 1.10m 1.10m 

Bottom Wldth 0.G8m 0.G8m 

Surface Wldth 1.07m 1.07m 

lIqUid Water Steel 

FIUld Temperature 15°( 15800
( 

Propertles Denslty 1000 Kg/m3 7000 kg/m3 

Viseoslty 1.14xl0-3 kg/m 3 6. 7x 1 0-3 kg/m s 

Volumetne Flowrate G.9xl0-3 m3/s G.9xl0-3 m3/s 

Inclusions Glass microspheres AI203 and/or Si02 
Inclusion 

Size Range 20- 11Ollm -
Propertles 

Denslty 295 kg/m3 =3000 kg/m3 
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Figure 4-2 A photograph of a full-scale water model tundlsh at Stelco's 

Hilton Work. 
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Ladle Mixingbox 

.... .... 
Stopper l Pump f--

........ ....... ~ . .. .. 
:~.:~ .. : r- Rod .•....... ••.....•. 

Tundish 

1 
E.S.Z.Unit 

1 

1 

Personal 

1 
Piotter 1 Computer Printer 

1 1 

Figure 4-3 Schematlc diagram of expenmental arrangement. 
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2.1.2 Principle of E.S.Z. technique 

It IS approprlate to brlefly describe the prlnclple, IIlustrated In_ 

Figure 4-4, of particle detectlon by the Electric Sensmg Zone (E.S.Z ) method, 

which began wlth the invention of Coulter counters(21), When small non

conductlng partlcles pass through an electrlcally Insulated orifice, the 

electrical resistance of a flUld electrolyte flowlng through thls orifice Increases 

in direct proportion to a partlcle's volume. Voltage pulses generated ln the 

presence of an electrlcal current can then be measured, and then bath the 

number and slze of partlcles counted. 

The signal produced consists of a steady voltage basellne wlth a 

bel! shaped translent related to a partlcle's passage through the Electnc 

Sensmg Zone. The change ln reslstance, ~R, caused by the introduction of a 

non-conducting partlcle into an orifice 15 glven by DeBlois(24). 

(4-1 ) 

where p IS the flUld's electrlcal resistlvity, d IS the partlcle dlameter, D IS the 

orifice diameter and F(d/D) IS a geometnc correction factor It has been 

proposed by DeBlols that thls coriectlon factor be expressed as : 

{4-2} 

As most of the time only particles smaller than 40 % of the orifice 

diameter can be analysed wlthout frequent orifice blockage, the error 

Involved ln Ignoring thls correction factors IS, ln the worst case, ln the order of 
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Figure 4-4 PrmClple of particle detection by the Electnc Sensmg Zone (E.S.Z) 

technique 
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5%. Consequently, F(d/D) is often taken as unit y This method was adapted to 

aqueous systems(S), non-ferrous metalllC melts(22), and IS ln the development_ 

stage for liquid steeI<6,23) at McGlI1 University. 

2.1.3 E.S.Z device 

The E.S.Z. devlCe itself is shown schematlCally 10 Figure 4-5. It 

consists of a glass probe for the sampling, a current feedmg CIrCUit and signai 

processmg analysls eqUlpment. A hlgh pass filter (HPF) removes the DC 

content of the signai taken at Rb and IS first Imearly ampllfled to bnng the 

signai amplitude to a suitable level and then loganthmically ampllfled to 

mcrease detection efflClency of small partlcles. A peak detector devlCe 

recognises pulses, triggers notlfy the pulse helght analyzer (PHA) to measure, 

sort, and count them, thereby provlding particle size distribution data A 

mICro-computer, connected to the PHA, is used for data acquIsition control 

and for storage 

Taklng the dlfference of the potentlals across Rb between the 

case of no particle wlthm the ESZ (reslstlvlty of the onflCe = RonflCe) and that 

when a partlcle IS present (reslstlvlty of onfice = RorlflCe + ~R) and notlOg 

that: 

It can easily be shown that the variation of potential at Rb relative to a 

change 10 orifice reslstlvlty IS given by(6) : 

Rb 
Ll V = 1.t:1R (4-3) 

R +R 
UrI(IC!! b 
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where Rb is the ballast reslstance at which the potential is taken, RordlCe IS the 

resistlvity of the E.S.Z. wlth no present partlcle, 1 is the current through the_ 

orifice, while ilR 15 glven by Equation 4-' 

The glass probes located at the mlet and outlet nozzles are shown 

in Figure 4-6.The probes were shlelded wlth a stainless steel flexible hose ln 

order to ellmmate envlronmental noise which can 'drown' signais derivmg 

from particles. The probe readily contalns a smooth orifice, whlch IS 

exchangable. In the present study, sensmg zone orifices of 480 !lm dlameter 

were used. 

A photograph of experimental arrangements for the detectlon of 

the present study is provided in Figure 4-7 (a).There, an OSCilloscope, pre

amplifier, swich changer, loganthmlC amplifier, multl-channel analyser and 

personal computer are shown in the order of the left to the nght. Figure 4-7 

(b) provldes partlcularly the signal processmg analysls eqUipment. 

The system operates as follows: the voltage dlfference between 

the two electrodes is carned to an OSCilloscope (Tektronlcs #5223), Whh:h 

allows one to observe electrlcal signais (1 e. voltage pulses) and also serves as a 

pre-amplifier. Figure 4-8 shows the typlcal pulses observed ln the OSCilloscope 

The pre-ampllfled signais are then carned to a logarithmlc amplifier (Tracer

Northern #TN1246), whlch IS used as a peak detector The pulse helght 

analyzer IS a multl-channel analyzer (Tracer-Northern #TN7200), whlch can 

provlde a 512 channel histogram of partlcle size dlstnbutlon. An example of a 

size distribution IS glven ln Figure 4-9 These data, acqUired over preseleted 

time penods, are then transferred to an IBM compatible personal computer 

and saved on the disk 
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Figure 4-6 The E.S.Z. probe for aqueous system. 

( 
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A 

B 

Figure 4-7 Photographs of the expenmental arrangements for partlcle 

detection m the full-scale water model tundlsh Whlle Photo. A 

shows the overall expenmental arrangements, Photo B 

illustrates partlcularly the signai processmg analysls eqUipment 



( 

( 

171 

Figure 4-8 Typical signais detected on the oScilloscope. Time is represented 

on the absclssa and voltage on the ordmate. 
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Figure 4-9 A CRT display of particle slze distributions aquired over a selected 

time penod The abscissa represents the channel numbers 

corresponding to partlcle size, and ordmate the number of 

partlcles. 
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2.2 Measurement of Inclusions 

After the water level had been establlshed for steady flow at 1 1 ni 

bath depth, glass bubbles were contmuously fed mto the tundlsh through the 

inlet shroud. The separation behaviour of partlcles was then measured usmg 

the novel E.S.Z. techntque Just described. (Its novelty versus a Coulter counter 

lies in the fact that thls sensor is 'on-Ime' and IS capable of operatmg ln 

untreated tap water.) 

Alternatmg sensing of partlcles over 10 second mtervals at the mlet 

and the outlet nozzles to the tundish was contlnued, untll a total data 

acquisition time of 60 seconds had been accumulated for each nozzle The 

data sets thus acqulred were transferred to an IBM compatible personal 

computer and saved on dlskettes, using a data acqUlsnlon code for the TN-

7200 multichannel analyzer developed by F. Dallaire et aI(25). Data on particle 

population densitles were monitored for about 40 minutes. This mcludes ail 

particles greater than 50 pm in diameter whlch were counted. The data set 

transfer tlme reqUired some flve seconds between the PHA mOnitor and the 

Pc. Table 4-3 provides an example of a typlCal data set. 

Figure 4-10 shows a typical comparison of the PHA recordlngs of 

particJes frequency distribution curves at inlet and outlet nozzles. Thus, the 

upper curve provldes the number, and slze distribution, of partlcles at the 

tntake to the tundish, whlle the lower curve gives the number of such particles 

leaving in the effluent. The relationship between channel number and 

inclusion diameter is glven by(6): 



( ch. 

10640 

cl =----
p [1 OOk(T)\U3 

174 

(4-4) 

where k(T) assumes a fixed value when the temperature and amplifier gain 

are corctant. Its value can be obtained by passing particles of known size 

distribution through the E.S.Z. system. 

Figure 4-11 plots the relative number of particles at the intake and 

outlet ports ta the tundish versus time. It can be seen that the particle number 

feeding rat'~ was constant during the course of an experiment. It is 

noteworthy that pseudo-steady state was reached after about 25 minutes (I.e. 

three mean residence times) from feeding for the output curve. The detalls of 

experimental results will be descnbed ln the following chapters for 

comparison with theoretical predictions. 
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Table 4-3 Data acquisition file transfered from the multichannel analyser 
to a personal computer. 

~N-7200 XOi~ 

l ~RGBE 41.T;ME=II:07:20.NU~BER OF CVC~E:b 
li LT: be RT: bO 
.. 0 0 512 0 512 
~ 0 SI2 

END 
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l4> 51 45 36 27 
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42> 40 52 35 :i9 
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Figure 4-10 Companson of PHA recordings of particles at an inlet, and at an 

outlet, nozzle. 
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Figure 4-11 Changes in the number density of particles wlth respect to tlme, 

monitored at an inlet (input), and at an outlet (output), port. 
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Chapter 3 

Tank Reactor Model 

3.1 Theory 

Tank reactor models can be a useful tool for evaluatmg inclusion 

separation rates. The technique, ln practlce, hlnges on a quantitative 

interpretation of C-diagrams. Such models propose that a tundlsh volume can 

be dlvlded senally Into a well-mlxed or back-mlx zone, a plug flow zone and a 

dead volume zone(l ,2,5,6) One can choose various levels of complICation ln 

chooslng these volumes ln order to mlmlC observed resldence tlme 

dlstnbutlon curves followlng a pulse tracer addition to the reactor/tundlsh. 

3 1.1 DefInition of Rec;ldual RatiO 

The entratnment rate of Inclusion partlcles mto the mou Id through 

the outlet nOZ2.le of a tundlsh can be represented by the Residual Ratio of 

Inclusion partlcles defined as 

N uut output number density of tncluslOn 
R= - = -~----~....:.-._--

N input number denszty ofincluswn 
ln 

(4-5) 

where Nm and Nout denote the number denslty clf inclusions at the Inlet and 

at the outlet nozzles, respectlvely. For Instance, d value of 0.5 ln the Resldual 
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Figure 4-12 Schematic of (a) plug flow reactor, (b) well-mixed reactor, (c) a 

hybrid reactor. 
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Ratio for a single port tundish implles that 50 % of su ch mclusions entenng 

the tundlsh are entrained lOto the mould through the effluent stream trom 

the outlet nozzle. 

3.1.2 Plug flow reactor model 

ln the plu'~ flow reaetor model, flow withm a tundlsh vessel is 

assumed to be a plug (or Irnear) flow. Consldering a simple plug flow reactor, 

shawn in Figure 4-12 (a), one can establish a number balance on partlcles of a 

speCifie Stokes risrng veloClty, Us, over an infinlteslmal segment, ÂX, as tollows. 

number of partlcles number of partlcles 

flowmg mto = rlsmg out of the + 

the segment reactor to surface 

This can be expressed as 

QN =u N Wdx+QN A 
t 8 t x+ ... x 

and 
dN 

% 
N = N +-~ 

.t+Ax x dx 

number of partlcles 

flowmgout 

from the segment 

(4-6) 

(4-7) 

where W represents the wldth of the reactor. The speciflC Stokes rrsrng 

velocity of a size of partlCles, Us, is expressed as 

u = 
li 

(4-8) 
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Substituting Equation 4-7 into Equation 4-6, one obtains 

dN u W 
_%=_II_N 
dx Q J: 

Applying appropriate boundary conditions· 

at x = 0, Nx = Nin 

at x = Lp, Nx = Nout 

(4-9) 

where Lp IS the length of the plug flow reactor, and mtegratmg Equation 4-9 

between x =0 and x = Lp glves : 

N A 
out P 

R= - =exp(- - u ) 
N Q Il 

11\ 

(4-10) 

where Ap (= WLp) represents the surface area of the plug flow reactor. 

1-.1.3 Backmix flow reactor model 

A baekmix flow reactor is one in whlch the flUld contents are 

assumed to be weil stlrred and thus of umform composition throughout. 

Referring to Figure 4-12 (b), the number balance on partlcles of a specifIe 

Stokes nsmg veloclty, Us, over the baekmix flow reactor, IS expressed as 

QN =u A N +QN 
ln Il b bulle out (4-11 ) 

where Nbulk represents the number density of particles wlthsn the bulk of 

reaetor and Ab IS the surface area of the backmlx flow eomponent of the 
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reactor. Sinc~ Nbulk is equal to Nout ln the backm.x flow (well-mixed) reactor, 

the resldual ratIo of part: -les IS wrJtten by 

(4-12) 

3.1.4 Hybnd reaetor model 

Prevlous studles(5,6) of mixtng in the Stelco tundish showed that 

this design of tundlsh gave a flow field approxlmattng a 'v ... ',ell-mixed zone 

followed by a plug flow zone Refernng to Figure 4-12 (c), one can therefore 

wnte: 

fol 1 A u 
(4-13) out p li 

R = = e:xp(- --) 
N (1 + Abu/QI Q ln 

or 

1 VAu:; 
(4-14) R = exp(- -) 

(1 +(1-yIAu /Q) Q 
" 

assumlng no dead volume zone ln the reactor. Here, y represents the 

volumetne portIon of plug flow reaetor to backmix flow reaetor {I.e. Ap = yA 

and Ab = (1-y)A). 

3.1.5 Reactor volume fractions 

For a reaetor model, the respectIve volume fraction of a plug flow 

zone (Vp), back-mlx zone (Vm), and a dead volume zone (Vd) can be evaluated 

from a C-dlagram (or RTD curve}(26) The auxiliary relatlonshlps a"e 
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v = e 
(4- 1 Sa) p nlln 

V
d = 1 -8 -av (4-1Sb) 

v = 11 C 
m ma.t (4-1Sc) 

or 
V = I-V - V m dp d (4-15d) 

where V IS a fractlonal volume of each reactor and (:lIS a dlmenslonless tlme 

(8 = t ft ; t = non 'mal resldence tlme). A typlcal C-dlagram for such a model IS 

IIlustrated ln Figure 4- 13 

Such a model requires that once the plug volume has been 

traversed by él tracer addition dlsperslng from the: weil mlxed zone upc:,tream, 

an anstantaneous Increase m tracer concentration to a maximum should then 

occur, followed by an exponentlal decay However, actual expenments reveal 

the minimum resldence tlme to be less than the peak tlme for the peak ln the 

C-curve. AhuJa and Saha,(27) have, therefore, proposed a modlfled version of 

the well-mlxed, plug flow, dead zone reactor, by mtroduclng the concept of a 

dlspersed plug flow volume, Vdp, represented by: 

and 

V = dp 

e + e 
mIn peak 

2 

1-8 
au 

V =l-V -V 
m dp d 

(4-16a) 

(4-16c) 

ln the present study, thls modlfied model was used for evaluatlng 

the charaltenstic reactor volume fractions of the tundish 
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Figure 4-13 A typlcal analysis of C-curve of reverberatory flow accordmg the 
mixed model 
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3.2 Results and Discus!»ions 

Equation 4-14 provldes slgnlflcant information on those factors

determmlng partlcle separation in a reactor Resldual ratios shows the 

followmg dependencles 

(1) Partl!:le slze (d): Since the partlcle dlameter IS proportlonal to the 

square root of the Stokes nsing veloclty, smaller partlcles are more 

hkelyentratned mtc the mould (1 e resldual ratio tncreases for smaller 

partlCles). 

(2) Surface area of reactor (A): An Increase ln the free surface areci of th~ 

reactor leads to a decrease ln the resldual ratio of partlcles because the 

opportunlty for partlcle float-out tncreases 

(3) Volumetnc flow rate (Q): Equation 4-14 shows that as the fluld flow 

rate tncreases, the resldual number of partlCles enten ng the mou Id 

mcreases 

(4) Plug flow volume fraction (y): Figure 4-14 tllustrates the change ln the 

resldual ratio of partie/es wlth respect to a dlmenslonless flow rate 

(Aus/Q). The RR curves were drawn for well-mlxed flow (y = 0), y = 0.2, 

Y = 0.5, and pure pllig flow (y = 1) based on Equation 4-14 As seen, plug 

flow 15 preferable to backmlx now for partlcle separation 

ln order to evaluate the resldual ratio of partlcles usmg the hybrtd 

reactor model, reactor volume fractions (or y) must be deH~rmlned a prion 

Reactor volume fractions are usually estlmated from expert mental pulse 

mlxtng curves employmg Equation 4-16 (5,6,27). For the other approach, E!-
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Figure 4-14 Illustration of the effect of plug flow volume fraction to the 

partlcle residual ratio. 
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Kaddah et al. (7) and Sahai (8) proposed that C-diagrams could be predlcted by 

solving a differentlal mass conservation equatlon (i.e. Eq. 2-14), havi':g first_ 

solved the steady flow field. This concept represents a step b~ckwards, Slnce 

particle dispersion charactenstics are more readily solved by a dlfferentlal 

mass transport equatlon (i.e. Eq. 2-17). (See Chapter 4 and 5 ) 

Figure 4-15 shows plots of the retentlon tlme dlstrl butions (C

diagrams) with, and wlthout, flow modification, predicted by the mass 

transport equatlon. There, a welr and dam arrangement was placed at 1/3 Le, 

1/2 Le and 2/3 Le (Le: distance between inlet and outlet nozzles). Previous 

researchers(7,10) have reported that their computed RTD curves were ln very 

good ag reement with measu rements. It is seen from Fig u re 4-15 that the 

tundlsh flows modifled by the weir and dam arrangement chosen (F.M.D.'s), 

lead ta somewhat longer minimum retention tlmes, delays in the peak tlme 

and hlgher peak concentrations. 

This implies that the effective dispersec plug flow volume was 

increasedby using F.M.D.'s, while the backmix and dead volumes were 

decreased. Assuming that ideal tundish flows correspond to plug flow 

characterlstics, one can conclude that the flow patte:'''s were Improved wlth 

the flow controls used. As the weir/dam combination was moved closer to the 

exit nozzle, the peak tlme becomes further delayed and the peak 

concentration hlgher. Characteristic flow volume fractions, calculated on the 

basis of Figure 4-15, are summarized in Table 4-4. Slnce the volume fraction of 

dispersed plug flow was increased with placement at 1/2 Le, the correspondlng 

separation of particles is élnticipated to be Improved. 
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Table 4-4 Volume fractions of the charactenstic flows 

Vdp vm Vd 

noflow 039 056 005 
modification 

flow 050 050 -
modification 

Predicted and expenmental results for particle separation in the 

5telco tundish with a weir/dam arrangement at 1/2 Le" versus those wlthout 

flow modification are compared m Figure 4-16. As seen, the agreement 15 

good except for large partlcles (over 3 mm/s Stokes nsmg veloclty). When flow 

was modlfled using a welr and dam arrangement, the resldual ratios of 

partlcles were reduced. Figure 4-16 also confirms that the flow charactenstlcs 

ln thls tundlsh IS nelthe;- pure plug flow nor well-mlxed flow, but a 

combmatlon of plug and well-mlxed flow. 

It IS clear that these practlces of modellmg tundlshes m terms of 

well-mlxed, plug, and dead flow reglons represents a useful, but gross, 

simplification of real events, and need to be restncted to simple systems. As 

NakaJlma(6) reported, It IS difflcult to establlsh such models for compllcated 

tundlsh geometnes. Further, tank reactor model can only evaluate partlcle 

separations under steady state conditions. In actual steelmakmg practlce, a 

reclrculatmg load of inclusions can build up wlthm the molten steel as it 

passes through the tundlsh. Metal temperature distributions withm a tundlsh 
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should also be an Important factor, smce one can readlly demonstrate (see 

Chapter 5) the magnitude of natural convective velocltles IS IIkely to be ln th~ 

same order as those for mean convective velocitles These aspects cannot be 

covered by such crude types of models. By contrast, a dlfferentlal equatlon 

model can treat such phenomena through solution of the conservation 

equatlons for flUld flow, heat, and dispersion of (buoyant) partlcles. 

1 
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Figure 4-15 Residence tlme distribution (RTD) curves predicted with, and 

wlthout flow modifications for Stelco's single port tundish. 
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Figure 4-16 Comparisons of experimental measurements and predictions, 

using a tank reactor model (hybrid reactor model), on partlcle 

separation ln Stelco's single ported tundish. 
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Chapter 4 

Differentiai Equation Model 1 

: Full-Scale Water Model System (lsothermal Conditions) 

4.1 Theory 

4.1.1 Governlng eguatlons 

ln order to descnbe fluid flow, heat transfer and inclUSion float-out 

in steelmaking tundlshes, the relevant partial dlfferentlal equatlons are the 

equations of contrnulty (Equation 2-2), momentum (Equations 2-3 to 2-9), 

energy (Equation 2-18), and frne partlcle conservation (Equation 2-17) 

expressed ln carteslan form. The k-r. turbulence model (Equations 2-10 to 2-13) 

was rncoporated to calculate turbulent eddy viscoslty. 

Computations for the full-scale water model tundish were carried 

out so as to compare wlth the experrmental results of particle separation. In 

such a situation, It IS approprrate to assume that the system is under 

Isothermal conditions. 

4.1.2 Numerical treatment of sloping wall 

The shape of typlcal rndustrial tundishes is normally non

rectangular. For Instance, the wall of the 'trough-shaped' tundish at Stelco's 
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Hilton Work was outwardly inclined at an angle of 10 degrees to the vertical. 

BHP's Port Kembla NO.2 tundlsh (m Chapter 5) has an irregular wedge-shape,_ 

its surfaces bemg mclmed to the horizontal, longltudmal and vertical axes 

Smce the present computations were performed usmg a standard rectangular 

coordinate system, It had to be Improvlsed to handle mactlve or 'blocked-off' 

region. Two alternative technIques can be generally used to treat the 

irregular boundary domam. One I~ the 'stepped wall' technlque(1~), for whlch 

a sloping, or curved, boundary IS approximated by a senes of rectangular 

steps. This method IS somewhat expensive, smce a fine gnd IS necessary If the 

curved boundary IS to be accurately modelled. The other IS the 'blockage

ratio' method(28), for which the fmlte dlfference coefficients for a node of an 

irregular inert boundary cell are normally calculated and then rnodlfled by the 

blockage ratio. rhls ratio IS defmed as the proportion of a cell's face area that 

is blocked by the solid obstacle. 

ln the present study, the stepped wall technique was used, smce It 

is convenlent to incorporate the wall functlon equatlons at the nodes next to 

the walls and easy to set up heat transfer boundary conditions at side walls. 

The true boundary and nommai boundary are illustrated m Figure 4-17, where 

the shaded area represents the mactlve control volumes, where veloclty 

components must be set to zero. Any deslred value of a variable, <P. in the 

mactlve zone can be arranged to be the solution at an internai gnd pomt by 

setting the source terms as. 

and 
s = 1 03

°<1> 
C P,deslred 

S = 1030 
P 

(4-17) 

(4-18) 
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Figure 4-17 Blocked-off regions 10 the regular gnd uSlOg stepped wall 

method. 
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where 1030 denotes a number large enough to make the other terms ln the 

discretlzatlon equatlon (Equation 2-21) negllglble. The consequence IS that_ 

Equation 2-21 reduces to 

S=8 +S ,h =0 C p'Yp 
(4-19) 

Hence, 

,1. -8 jS -.+. 
'Yp- C p-'YP.deslrt!d 

(4-20) 

Using thls procedure, the value of the dependent variables can be flxed where 

needed. 

4.1.3 Boundary conditions 

(a) fluid flow 

For the node next to the tundish wall, the wall functlon method 

described ln Part Il was employed. For velocity components normal to the wall, 

zero flux was Imposed, and for veloclty components parallel to the wall, non

slip conditions were Impased 

At the symmetry planes and the free surface boundary, whleh IS 

assumed to be fiat, the normal velocLty components and normal gradients of 

ail other variables were set equal to zero. At the Jet's entry pOlOt ,"to the 

tundlsh (from the steel eontamed 10 the ladle above), the veloclty component 

perpendlcular to the free surface was calculated from volumetrie flow rate 

and the area of nozzle as follows: 

U =Q/A 
1 fi nvzzle (4-21) 
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Similar boundary conditions were imposed at the outlet nozzles. 

The inlet values of k, the level of turbulence kinetic energy, and c, 

the rate of turbulence energy dissipation, were approximated from the 

following relationship 

and 

2 k =O.OlU 
lT1 ln 

c = k 312'R ln ln nozzle 

(b) indusion behaviour 

(4-22) 

(4-23) 

ln order to slmplify the problem of inclusion flotation, the 

following assumptions were made in the mathematical formulation: 

(1) Particles are spherical, and the surface tension of particles has no effect 

on float-out veloClty. 

(2) The motion of Inclusions/fine particles (in the range of 20-150 pm in 

diameter) follows Stokesian behaviour within the whole region of a 

tundish. 

(3) There is no modelling of any interactions and/or agglomeration/ 

coalescence phenomena between inclusion particles within the 

tundish. 

(4) The side-walls and bottom of the tundish, as weil as flow modification 

devices, are ail non-wetting (reflecting) to inclusions within the melt. 

(5) Any erosion of refractories is not taken into account. 
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The particle concentration IS normahsed to a value of unit y at the 

inlet nozzle. Thus, the resultant concentration at the outlet nozzles represents 

simultaneously the Resldual Ratio of inclusions. 

4.1.4 Nllmerical solution procedures 

As aleady descnb~d, the relevant diHerentlal equatlons were 

discretized using the fmlte Integral volume method employmg a hybnd 

differencing scheme(19" The whole set of equations were solved via a serr.,

implicit TOMA marchlng scheme coupled wlth a Gauss-$Iedal routine. The 

SIMPLE algorithm was used to solve the pressure field through simultaneous 

satisfaction of the contlnuity and momentum equatlons wlthin each volume 

element. 

Only a symmetncal half of the model tundlsh at Stelco's Hilton 

Work was considered for the present computations. The domaln was dlvided 

into a non-unlform gnd of 17 (vertical) x 40 (longitudinal) x 16 (transverse) in 

the three orthogonal directions. Figure 4-18 (a) and (b) IIlustrate the effect of 

grid spaclng on the accuracy of flow field predictions Thus, 4-18 (a) shows 

fluid vectors along the vertical aXIs of the penetrating Jet, whlle 4-18 (b) glves 

correspondlng vectors for hqUld wlthln the vertical aXIs of the exit port to the 

tundish. Such a test shows that the gnd field chosen IS sufflCiently fine ta 

render flow field computations mdependent of gnd size 

The computer runs for the Isothermal conditions were carned out 

on a desk-top microprocessor (IBM-AT) fitted wlth a Definicon system of 8MB 

RAM and 20MHz dock speed. Converged solutions were obtalned after 700-

1000 iterations requmng 12-16 "ours wlth thls machine. 
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predictions 



....".. 

199 

4.2 Application to Single Port Water Model Tundish 

4.2.1 Flow fields 

General features of the flow field Induced ln such a water model 

tundish (Isothermal condition), when no flow control devlCes are employed, 

are indlCated by the predlCted vectùr plots tn Figure 4-19 Figure 4-19A 

presents an isometnc vlew of the flows generated ln a half section of the 

tundish, and these may be mterpreted tn terms of Figure 4-198, where a 

collage of two-dlmenslonal plots of velû(lty components along selected 

longitudmal, transverse and hOrizontal axes of the tur.dlsh are glven. 

As seen , the entenng Jet hlts the bottom of the tundlsh and then 

flows downstream or sldeways towards the walls of tundlsh. This ristng fluld 

then moves up the tundlsh sidewalls to the free surface, part movlng 

downstream m the direction of the eXit, while the rest reclrculates back 

towards the incomtng Jet. It IS clear that maximum velr.cltles drop slgnlflcantly 

wlth Increasmg distance from the mcomtng jet. Indeed, at the edge, near the 

eXit, the flow becomes practlcally motlonless The tncomtng jet's veloClty 

through the ladle shroud was 1 13 mis whtle local veloCitles ln the tundlsh 

vaned from 3 to 100 mm/s The average flow speed tn thls full scale tundlsh 

was only 22 mm/s Figure 4-20 also provldes a vlew of flow charactenstlCs 

wlthtn the tundish The mcoming Jet generates a back-mlx f10w (reClrculatlng 

flow) reg:on, and a flow towards the eXit nozzle whlCh has plug-flow-Ilke 

characteristlcs. This justlfled the use of the hybnd reactor modelllltroduced tn 

Chapter 3 

Welr and dam combtnatlons were next tntroduced Into the 

tundlsh, m order to obtam flows that were potentlally more conduCive to 
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SINGLE PORT WATER MODEL TUNDISH 
Flow Rate 0.007 m)/s 
F.M.D. : no flow modifici:.'don 

An isometric view of flow fields predicted in the 
longitudinally bisected single strand water model tundish 
(isothermal conditions) of slab casting without flow 
modification device. 

· , .' . . · , " , · , " , · , .' , • • . ' . · , " . · · . · . · . · · .. · . • · . · . 
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SINGLE PORTWATER MODEL TUNDISH 
Flow Rate 0.007 m3/s 
F.M.D. : 1/3 Le weir/dam arrangement 

An isometric view of flow fields predicted in the 
longitudinally bisected single strantj water model tundish of 
slab casting with weir/dam arrange:.aent placed at 1/3 le. 

• • 

, . . 

, 
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SINGLE PORT WATER MODEl TUNDISH 
Flow Rate 0.007 m3/s 
F.M.D. : 1/2 Le weir/dam arrangement 

An isometric view of flow fields predicted in the 

longitudinally bhected single strand water model tundish of 

slab casting with weir/dam arrangement placed at 1/2 le. 
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SINGLE PORT WATER MODEL TUNDISH 
Flow Rate : 0.007 m 3/s 
F.M.D.: 2/3 Le weir/dam arrangement 

Figure 4-22A An isometric view of flow fields predicted in the 

longitudinally bisected single strand water model tundish of 

slab casting with weir/dam arrangement placed at 2/3 Le. 
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mclusion float-out. The length of welr 'hosen penetrated to 0.8 m below the 

free surface, whlle the helght of dam chosen was 0.45 m fram the bottom Th~ 

separation distance between the welr and dam was 0.3 m. These welr and 

dam combmatlons were used at 1/3L" 1/2L" and 2/3L" so that thelr optimum 

placement could be determmed (L, represents the distance between mlet and 

outlet nozzle, 3.37 m). 

Figure 4-20 shows the veloclty fields given a 1/3Lc placement of the 

weir and dam arrangements. The flow pattern predlcted for the region of the 

entering jet was similar to that for no flow modifications. As seen, once liquid 

reaches the weir, part of it generates an ascending flow up the welr's vertICal 

face, sWlrling backwards ta the rnlet Jet. Some of the liquld flows underneath 

the weir, and then vertlCally upwards towards the free surface between the 

weir and the dam. This flow then moves downstream towards the eXit nozzle. 

The flow downstream of the dam/welr arrangements tends to exhlblt more 

stable plug flow characteristlcs VIS a VIS the no flow modification flows. 

However, slI1ce the level of turbulence and shearmg IS hlgh at the bounding 

surfaces of the weir and dam, thelr eroslon and subsequent contamination of 

the melt refractory Inclusions would be Ilkely m practlce. 

Flow patterns at the 1/2L, placement are shown in Figure 4-21. As 

seen, turbulence IS predlCted to dimmlsh at the weir and dam location. 

Similarly, Figure 4-22 IIlustrates the veloCity vectors for the case of 2/3L, 

placement. It is appropriate to note that as the location ()f weir/dam 

combinatlons IS moved away from the mlet nozzle, the plug-Ilke-flow 

charactenstlC zone tends to be reduced. 

4.2.2 Partlcle dispersion and separation , 

1 
1 
l 

l 
1 

.' 
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A comparlson of inclusion residual ratios (i.e. those inclUSions still 

present in the effluent stream expressed as a fraction of those entenng) with 

water model experiment is provided in Figure 4-23 (a) and (b). As seen, while 

good agreement was achieved between predicted and measured R.R. values 

during the transient stage, predictions somewhat overestimate measured 

residual ratios at quasi steady state. As descnbed previously, the model 

assumed that particles and solid walls were non-wetting to each other in the 

present study. This may not entlrely correct and may be the cause for the 

slightly high values of particle residual ratios predicted at quasi steady state. 

It is emphasized that thls data refers to quasi steady state 

conditions, following the continuous injection of inclusions into the tundish. 

This is typically achieved after about three mean residence times (25 minutes), 

and corresponds to those conditions wherein inclusions within the 

recirculating flow zones have accumulated to steady levels, whlle those ln 

stagnant zones continue to accumulate. This slow approach to steady state 

does not seem to have been recognlsed or appreciated in earlier work on 

tundishes (e.g. Ref. 1,1., and 4) 

Corresponding particle/inclusion separation curves at quasi steady 

state (30 minutes after feeding) for the dam and weir arrangements set IIp for 

the water model are shown in Figure 4-24. As seen, the residual ratio of very 

small inclusions is close to unit y at ail dam/weir combinations, and zero for ail 

large inclusions. This is to expected, since very small particles will have minimal 

Stokes rising velocities and arE- therefore unable to separate, whlle particles 

with rising velocities in the order of 5-6 mm/sec. will have an adequate 

opportunity to accumulate in the top regions of the tundish. 

• 
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Figure 4·23 Companson of expenmentally measured and predicted partlcle 

separation ratio versus tlme of castmg for the single strand water 

model tundlsh wlth (a) no flow modification and (b) flow 

modifICation (welr/dam arrangement placed at 1/2 Le). 
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4.3 Application to DO.Jble Ported Water Model Tundish 

Computations were also carned out for a tundish set up for tWIn

blocm casting. The geometry and boundary conditions were taken to be 

exactly the same as those for smgle slab casting, but at a volumetrie flow rate 

of 0.005 m3/s.versus 0.0069 m3/s. 

Figures 4-25 and 4-26 provide computed velocity vectors of the 

flows developed wlthm a full-scale water model tundlsh for no flow 

modification and for flow modification, respectlvely The flow patterns withln 

the tundish are simllar to those for the single ported sla~) castl:lg arrangement 

except the effluent occurs at two outlet nozzles. It can be seen that the flow~ 

become weaker than those for slab casting, oWlng to the smaller volumetrie 

flow rate at the Inlet nozzle. 

Figure 4-27 and Figure 4-28 present compansons of the prediction 

and the expenmental measurement of partlcle entrain ment (a) at the mSlde 

port ( nozzle A) and (b) at the far port (nozzle B) wlth no flow modification, 

and wlth flow modification, respectlvely. It can also be seen that predictions 

tend to over-evaluate partlCle resldual ratios versus those measured 

experimentally. Nonetheless, the transient effects on R.R. are seen to be real 

and unmlstakable. 

Similarly, Figure 4-29 IIlustrates the relatlonshlp between inclUSion 

residual ratios and Stokes rislng velocity at both outlet nozzles with, and 

without, welr/dam arrangements under Isothermal conditions. Smce the 

outlet ports of thls tundish are senally arranged, It is supposed that the quallty 

of steel eXltmg the mSlde port should be poorer than that eXltmg the far port, 

there belng less tlme for float-out with no flow control. Figure 4-29 (a) 
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illustrates this point, while partlcle entrainment amounts at bath outlet ports 

becames approximately Identlcal wh en a weir/dam arrangement 15 employed, 

as seen in Figure 4-29 (b). 
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DOUBLE PORT WATER MODEL TUNDISH 
Flow Rate 0.005 m3/s 
F.M.D.: no flow modification 

An isometric vlew of flow fields predicted for a hait volume of 
the water model tundish (isothermal conditions) set up for 

twin bloom casting with no flow modification device. 
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DOUBLE PORT WATER MODEl TUNDISH 
Flow Rate 0.005 m3/s 
F.M.D. : flow modification (weir/dam) 

An isometric view of flow fields predicted for a half volume of 
the water model tundish (isothermal conditions) set up for 
twin bloom ca\ting with flow modification. 
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Figure 4-27 Comparrson of expenmentally measured and predicted partlcle 

separation ratio versus tlme of casting at (a) the inslde port 

(nozzle A) and (b) the far port (nozzle B) of a full scale water 

model tundlsh for tWIn bloom casting arrangement wlthout flow 
modification devlce 
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Figure 4-28 Compartson of expertmentally measured and predlcted partlcle 

separation ratio versus tlme of castmg at (a) the Inslde port 

(nozzle A) and (b) the far port (nozzle B) of a full scale water 

model tundlsh for twm bloom casting arrangement wlth 

welr/dam arrôngement. 
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nsing veloCitles at eXit nozzles of the tundish set for twin bloom 

casting wlth (a) no flow modification and (b) flow modifICation. 
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Chapter 5 

Differentiai Equation Model II 

: Application to Industrial Systems (Non-isothermal Conditions) 

5.1 Theory 

5.1.1 Role of thermal natural convection 

The computatlonal work descnbed in Chapter 4 was performed 

under isothermal conditions for comparison with water model data However, 

in real tundish operations, signlficant drops in metal temperature can occur 

between entry and eXit pomts(20L Consequently, the probabllity of thermal 

natural convection currents modifymg flow patterns and inclusion float-out 

deserves more careful attention than that received to date by process 

metallurglsts. 

ln estimating the likely importance of natural convection, the 

dimensionless parameter, Gr/Re2 is a measure of Its relative magnitude ln 

relation to forced convection. When Gr/Re2 = " natural convection fluxes are 

of same order of magnitude as forced convective fluxes, so that both must be 

considered. Mathematlcally, 
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where'p IS the volumetnc expansion coefficient, defined as 

1 ( dp ) 
(3::: -; dT P 

(4-24) 

(4-25) 

The relationship between the density of steel and melt temperature is 

represented by(19) 

p=8523-08358T (kglm3) 
(4-26) 

Combinmg Equations 4-24,4-25 and 4-26 gives 

Gr 0 B358gATL 
-= 

(4-27) :.! 2 RI" pu 

Introduclng p = 7000 kg/m 3, 9 = 9.81 m/s2, L = 1.1 m {height ofthe tundish} and 

u = 0.022 mIs (average flow velocity within the tundish) into Equation 4-27, 

the factor Gr/Re2 reduces to 

Gr 
-- ==2 66AT 
Re2 (4-28) 

As seen from thls equation, even a small temperature drop (of say 

1°C) would make natural convection currents signlficant in such a large 

tundish. One can antlC/pate that any natural convection effects will be 

partlcularly Important at the end walls of tundlshes owing to small flow 

veloCitles and larger heat losses ln those reg ions. 
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5.1.2 Numerical procedures 

ln this work, the METFLO code was extended to take into account 

the role of thermal natural convection. This has typically been neglected in 

previous computatlonal models presented by the authors and others engaged 

in tundish studies (8,9,11,28). In order to descnbe fluid flow, heat transfer and 

particle (inclusion) float-out in industrial tundishes, the relevant partial 

differential equations requiring (numerical) solution are the equations of 

continuity, momentum, energy and species conservation, expressed ln 

cartesian form. 

ln the discretisation of these equations for numerical solution, a 

rectangular grid of elemental fluid volumes, or cells, was again used. In order 

to allow for curved, or inclined surfaces, cell blockage procedures were 

adopted once more. Only a symmetncal volume of each tundish was taken 

into consideration for computation (1 e. a symmetrical hait volume for Stelco 

tundishes and BHP wedge-shaped tundlsh. and a symmetrical quadrant for 

Dofasco and BHP's trough-shaped tundishes). In order to ensure that the 

results were independent of grid size, relatively fine grids of 18 (vertical) x 40 

(longitudinal) x 18 (transverse) were chosen. Particuarly. for the visualization 

of metallurgical transport phenomena by a graphie video movie (section 5.8), 

the tundish elements in the No. 2 ,BHP tundish occupled a finer grid of 

40 x 80 x 40 matrix, for the x, y and z vectors. Computations were carned out 

on a family of CRAY computers, mcludmg the CRAY-1S machine at the Dorval 

Weather Center, Montreal, Canada, and the CRA- YMP machine at CRAY 

RESEARCH, Mendota Heights, Minnesota, U.S.A. About 3000 Iterations were 

required to achieve fully convergea results. this taking 1 hour machine time 

with the Cray-1 S supercomputer. The finer grids (40 x 80 x 40 matrix) required 
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four hours of machine time for converged solutions using the CRAY -YMP 

machine 

5.1.3 Boundary conditions 

ln extending the METFLO code ta include thermal natural 

convection phenom~na, a set of typlCal boundary conditions was chosen. 

l'hese included steady state flows and heat lossps, and an overlaymg slag 

wetting ta mcluslons. 

(a) heat transfer 

ln modelling heat lasses through the side-walls and surface of steel 

in the tundish, steady state heat conduction was, as noted, assumed. Vanous 

constant heat flux conditions for the upper, slde and bottom surfaces were 

speCifled Figure 4-30 shows the profile of insulating matenal for BHP 

operations: a 20 mm layer of Catoleum K411 gunnrng matenal, m contact 

wlth Irquld steel, is followed by a 115 mm thlCk weanng linmg, and a 50 mm 

thick safety hnmg of pyrophyllite adjacent ta a 12 mm t' lck linmg of steel. 

The boundary heat flux tram the exterror side walls was obtalned 

according to 

q "=h ('F -'F)+e o(T 4_T ") 
w ww a w w a (4-29) 

where the first and the second terms on the right side of the equation 

represent heat loss by natural convection and by radiation, respectively. The 

values of Important parameters and heat IOS5 from the side wa/ls, were based 

on thermocouple Implant tests, and are hsted rn Table 4-5. 
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For estimating surface heat losses trom the steel, it was assumed 

that these were radiative in nature with an absorbent slag. The slag was 

assumed to be Iiquid, 30 mrn thick, and motionless, with a thermal 

conductivity of 4.0 W/moK. The resulting heat fluxes and temperatures at the 

free surface of the tundish were deduced as part of the overall iterative 

procedures already described. The input temperature of the melt at the inlet 

nozzle was taken to be 1575 oC. Mean heat flux through the slag was 

estimated to be ::::: 28 kW/m2. Table 4-6 glves the relevent thermal properties 

taken for these calculatlons. 

Table 4-5 Important parameters and heat loss from the side walls 

hw(W/m2°K) o{W/m2°K4) Cw Tw(OK) T a(OK} qw(kW/m2) 

6.738 5.67x10-8 0.9 448 298 2.6 

Table 4-6 Thermal data for slag and side-walls. 

Material Value (W/mK) 

Safety Lining -Pyrophyllite Brick 0.95 

Wearing Lmmg - ZAP75 or KALA 2.10 

Gunning Material- Catoleum K411 0.15 

Molten layer of slag 4.0 

Emissivity of slag 0.9 
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Molten Steel 

Gunning Material (Catoleum K411) 

Weanng Llnlng (ZAP n or KALA) 

Safety Ilning (Pyrophilhte) 

Steel Shell 

Figure 4-30 Tundlsh refractory practices at BHP Port Kembla works. 
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(b) inclusion behaviour 

For p~rtlde/inclusion float-out, the number of particles separating 

to the surface of the melt was assumed to follow Stokesian behavlour, 

wherein the inclusions, being wetting wlth respect to the overlaying slag, 

were totally absorbed at the slag/rnetal Interface. This leads to the inclUSion 

flux equation: 

. 
n =u C" 

8 (4-30) 

where C* represents the stagnant boundary layer number density of mono

sized inclusions with a Stokes rising velocity of us. The analysis further 

assumed that the slde-walls, and bottom of the tundish were non-wetting 

(reflecting) to inclusions. Similarly, potential agglomeration/coalescence 

phenomena within the tundish were not modelled. 

5.2 Stelco's Single Port Tundish 

5.2.1 Fluid flow and temperature distributions 

Figures 4-31 A and B present computed flow patterns for no flow 

control, wherein both forced and natural convection of liquid steel (non

isothermal conditions) were taken into account. In these computations, an 

input temperature of 1580 oC and an overlaylng slag thickness of 30 mm were 

considered together wlth side wall heat losses correspondlng to steady state 

conduction through the insulating side boards and brick work of a typical 

tundish (q" = 2.6kW/m2). 
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One can immediately see that the flow patterns are markedly 

different ~o those in Figure 4-19 for isothermal conditions. The main 

difference is a much stronger flow down the side and particularly end walls of 

the tundish, coupled with a strong flow along the bottom surface. 

Furthermore computations suggest that the average flow speed in Stelco's 

real tundish was increased to 4U mm/sec., twice that in the full scale water 

model tundish. 

Figures 4-32, 4-33, and 4-34 illustrate how flow patterns are 

modified when weir and dam (W/O) arrangements are introduced. In order to 

study the effect of the F.M.O. position, W/O arrangements were placed at 

1/3L" 1/2L, and 2/3L" respectively. It can again be seen from the figures that 

heat loss through the sidewalls and slag sl.'rface leads to much stronger 

downflows at the side and f.'nd walls, and a much stronger zone of 

recirculatlon to the right of the W/D arrangement. 

Figure 4-35 provides the correspo"ding isotherms within the 

molten steel at longitudinal vertical planes located at the axisymmetrical 

center Ime for no flow modification (NFM) and for flow modification (FM). As 

seen, the net drop in temperature for the conditions modt~lIed was about 

14°(, the jet entering at 1580 O( and exiting at 1566 oc. Temperature drops 

were not significantly improved using W/O arrangements, but relatively more 

uniform temperature distributions were predicted. The mean bulk 

temperature of molten steel was predicted to be about 1570 oc. 
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STELCO'S HILTON WORK SLAB CA STING TUNDISH 

Casting Rate: 3 ton/min (0.007 m3/s) 

F.M.D. : no flow modification 

Figure 4·31A An isometric view of molten steel flow fields (non-isothermal 

conditions) predicted in the longitudinally bisected single 

port tundish of slab casting Stelco's Hilton Works without 

flow modification device. 
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flow modification devlce. 
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~TELCO·S HILTON WORK SLAB CASTING TUNDISH 

Casting Rate: 3 ton/min (0.007 m3/s) 

F.M.D. : 1/3 Le weir/dam arrangement 

Figure 4-32A An isometric view of molten steel flow fields predicted in the 

longitudinally bisected single port tundish of slab casting 

Stelco's Hilton Works with weir and dam arrangements 

placed at 1/3 Le-

1 
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STELCQ'S HILTON WORK SLAD CASTING TUNDISH 

Casting Rate: 3 ton/min (0.007 m3/s) 

F.M.D. : 1/2 Le weir/dam arrangement 

Figure 4-33A An isometric view of molten steel flow fields predicted in the 

longitudinally bisected single port tundish of slab casting 
Stelco's Hilton Works with weir and dam arrangements 

placed at 1/2 Le. 
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STELCO'S HILTON WORK SLAR CASTING TUNDISH 

Casting Rate: 3 ton/min (0.007 m3/s) 

F oMoDo : 2/3 Le weir/dam arrangement 

Figure 4-34A An Îsometric view of molten steel flow fields predicted in the 

longitudinally bisected single port tundish of slab casting 

Stelco's Hilton Works with weir and dam arrangements 

placed at 2/3 le-

1 
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TEMPERATURE DISTRIBUTIONS 
Input temperature : 15800

( 

(a) no flow modification 

-- -- :5-----~ ... '4I-t 

-- .-~l ------ ---- -- -~--.1~ ------- ----

(c) 1/2 Le welr/dam 

----~t ------- 2~ _________ -------------

Figure 4-35 Predlcted temperature Isotherms wlthmin the smgle port slab 

caster at Stelco's Hilton Works assummg rad latlon from an 

overlaying slag thlckness of 30 mm, and steady state side wall 

heat losses to the environ ment wlth various placements of welr 

and dam arrangements. (Isotherms only m the logltudmally 

central planes of the tundish are shown.) 
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5.2.2 Inclusion dispersion and separation 

ln real tundishes, those thermal natural convection current whicli 

arise owing to temperature variations wlthm the molten steel are predlcted to 

result in different flow patterns and inclusion dispersion charactenstlcs versus 

those observed for isothermal systems (e.g. water models). A comparison of 

resldual ratio values for real tundishes and for the full-scale water model, 

when a W/D comblnatlon IS placed at 1/2Lc, is illustrated 10 Figure 4-36. As 

seen, partlcle separations ln steel baths are dramatically changed compared to 

those observed and predicted from water modelhng. For the no slag situation, 

where no smk is assumed to be present (i.e. a reflective free surface), residual 

ratios are increased at each increment 10 particle size (i.e. more inclusions are 

entrained lOtO product). On the other hand, when an overlaying slag cover of 

liquid phase IS taken lOtO acount, they are signaficantly decreased owmg to 

anclusion absorption lOto the slag. 

Figure 4-37 predlcts the mcluslon separation curves at quasI steady 

state (30 mmutes after feedmg) for va nous placements of W/D arrangements 

in molten steel wlth a slag cover of 30 mm thickness. When these flow 

modification devices were used, the resldual ratio of inclusions was decreased. 

However, It was found that the partlcle separation rate is not very sensitive to 

the location of a W/D arrangement, contrary to the results of water modelling 

(see Figure 4-24). Under Isothermal condItions, flow patterns an reglons to the 

right ofW/D arrangements were affected by thelr placement sance flows were 

largely parabolic. These parabolic flow condition ralses the possibility of 

increasmg the plug flow volume by locatang a W/D combmation as near ta the 

inlet nozzle as possible. On the other hand, Figures 4-31 - 4-34 show that flow 

patterns to the nght slde of a W/D arrangement is dominated by f: ')w mduced 
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by thermal natural convection (i.e. eillptic flow). This should cause the partlcle 

separation behaviour to become less sensitive to the location of a W/D 

arrangement. 

Inclusion dispersion behavlour at quasI steady state IS illustrated ln 

terms of dimensionless Iso-concentration contours ln Figure 4-38 There, the 

dimenslonless values are partlcle number densltles normalized wlth respect to 

the input particle number density. Figure 4-38 (a) provides disperSion patterns 

of relatively fine inclusion particles (i.e. 0.5 mm/s Stokes nSlng veloclty/40 \lm 

AI203 in molten steel). It can be seen that the fine partlcles are hlghly 

concentrated in the left side region of W/D arrangement, wlth about 75% of 

particles passing through the welr/dam arrangement. The nght bottom of the 

dam is relatively less polluted, and flnally 57% of partlcle are entralned into 

the mou Id. For the relatlvely coarse partlcles (i.e. 4.5 mm/s Stokes nSlng 

velocity/120 }lm AI203 ln molten steel) shawn ln Figure 4-38 (d), half of them 

floated up and were captured into the overlaylng slag caver, wh Ile the other 

half recirculates in the steel flow before the flow passes through the W/D 

arrangement. Hence few particles have opportunity to be entratned mto the 

mould. 
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Figure 4-36 Comparison of the residual ratios versus ~tokes rising velocities 

for molten steel and for water model systems. (Note that when 

an overlaying slag caver was taken into account, the ideal 

absorptIon of Inclusions into the slag was assumed.) 
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Figure 4-37 Relatlonship between the residual ratios of inclUSions and Stokes 

rrsing velocities predicted for the molten steel system of Stelco's 

Hilton Works tundish. 



l 

( 

L 

242 

PARTICLE DISPERSION 

(a) d p = 40 \lm (us = 0.5 mm/s) 

(b) dp = 55 \lm (us = 1 0 mm/s) 

(e.) d p = 80 }lm (us = 2.0 mm/s) 

(d) dp = 120 }lm (us = 4.5 mm/s) 

Figure 4-38 :Jormalized Iso-concentrations in the longitudinally central plane 

of the tundish, predicted for various size of inclusions at quasi
steady state (Le. 30 minutes after feeding). 
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5.3 Stelco's Double Port Tundish 

Figures 4-39 and 4-40 provide veloclty vectors of flows predicted 

for the twin bloom caster tundlsh arrangement where natural convection IS 

taken into account. One should observe a much stronger reCirculating flow 

along the metal surface, the wall and bottom edges of the tundish than that 

for water modelling. These stronger recirculating flows are caused by the 

thermal natural convection Induced at the slde and end walls of the tundlsh. 

The corresponding predicted temperature distributions wlthm the steel bulk 

are shown ln Figure 4-41. 

Figure 4-42 shows residual ratio values versus Stokes rlsing 

velocities under non-Isothermal conditions. When a W/D combinatlon IS 

employed, it is predlCted that inclUSion partlcle separation should be 

improved, as do water model studies. However, It IS noteworthy that the 

quality of steel should be slmilar at both outlet ports even for NFM. This IS 

contrary to the results of the water modelhng study and presumably result 

from the thermal natural convection currents which generate sweeplng flows 

along the metal surface, the end walls and bottom surface (see Figure 4-39 ) 

However, these predictions have yet to be confirmed 10 practlce 
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STELCO'S HILTON WORK BLOOM CASTING TUNDISH 

Casting Rate: 2 ton/min (0.005 m3/s) 

F.M.D. : no flow modification 

Figure 4-39A An isometric view of flow fields of molten steel (non

isothermal conditions) predicted for a hait volume of the 

tundish set for twin bloom casting without flow modification 
device. 
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STELCO'S HILTON WORK BLOOM CASTING TUNDtSH 

Casting Rate: 2 ton/min (0.005 m3/s) 

F.M.D. : flow modification (weir/dam arrangement) 

Figure 4a 40A An isometric view of flow fields of molten steel (non

isothermal conditions) predicted for a half volume of the 

tundish set for twin bloom casting with weir and dam 
arrangements. 
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TEMPERATURE DISTRIBUTIONS 

Input temperature 

(a) no flow modification 

(b) flow modifICation 

Figure 4-41 Predicted temperature Isotherms in longltudinally central planes 

of the tundish set for tWIn bloom casting arrangement wlth, and 

Wltout, flow modifications. 
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Figure 4-42 Relatlonship between the resldual ratios of inclusions and Stokes 

rismg veloCities at eXit nozzles of tundish set for twm bloom 

casting in the molten steel system. 
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5.4 Dofasco's Twin Ported Tundish 

Computations were also carried out for an axisymmetric twin port 

tundish at Dofasco's Hamilton Work. In this work, the respective role of a 

weir, a dam, and W/D arrangements was studled. The effect of wall sloplng 

angle on inclusion separation ratios was also examined. 

Figure 4-43 (a), (b), (c), and (d) iIIustrate flow patterns developed by 

employlng NFM, a welr, a dam, and a W/D arrangement, respectively. There, 

the slde-walls are outwardly Inclined at an angle of 10 degree'i to the vertICal. 

It can be seen that a welr (Figure 4-43 (b)) would not sigmficantly modlfy flow 

patterns versus NFM. Only upper downstream to the outlet IS blocked by the 

weir and a smalt recirculatln9 flow can be seen to the right side of the welr. Sy 

contrast, a dam (Figure 4-43 (c» leads to an upwardly flowlOg stream dlrected 

towards the metal surface, thls Improvlng the potential for inclusion 

separation lOto molten slag from Itquld steel. Figure 4-44 supports those 

aspects of inclusion separation behavlour that can be deduced from study of 

flow patterns. There, resldual ratios for the tWin port tundlsh illustrate the 

critlcallmportance of a well-placed dam. Sy compartson, the role of a welr IS 

seen to be of secondary Importance for mclusion float-out. It IS Interestlng to 

note that a weir reduces residual ratios (i.e. improves inclUSion removal) for 

small-slze Inclusions of less than 50 microns (us< 1 mm/s), whereas a dam 

works effectlvely for relatively larger inclUSions (us> 1 mm/s). Consequently, 

when a W/D arrangement is used, the improvement ln metal quahty IS 

markedly better than NFM for inclUSions of 40 l1m-150 pm in diameter. 

Figure 4-45 illustrates the effect of sloplng walls on flow patterns 

wlthln tundishes of identlCal fluld volume. Figure 4-45 Ca) shows flow vectors 
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predicted for vertical side-walls to bottom wall (i e. zero degree slope), and (b) 

for 30 degree slopmg slde-walls. As seen, st.rong reCirculatmg flows along th~ 

side-walls and bottom wall become less pronounced wlth mcrease m angle. 

Figure 4-46 demonstrates, in a quantitative way, the beneflclal effects of 

inclined side-walls for removing mcluslons. Four curves, correspondtng to four 

different slopes of tundish side-wall, show that the lowest res.dual ratios are 

obtained by uSlng more steeply mcllned slde-walls. This can be readlly 

appreciated from Equation 4-16, ln Chapter 3. Slnce less steeply mcltned slde

walls leads to a larger metallslag Interface area ( I.e. mcrease of A ln Eq. 4-16) 

and smaller recirculatlng zones (I.e. increase of y in Eq.4-16), resldual ratios for 

inclusions can be expected to be reduced. 

However, this improvement will take place at the expense of 

Increased heat losses due to a hlgher surface area/volume ratio wlth 

increasmg angle. This results m a lower,mean metal temperature wlthtn the 

tundlsh, and a higher temperature drop between the mlet and outlet nozzles, 

as demonstrated (computed) ln Figure 4-47. There, for the standard 10 

degrees slope of side-walls, the net temperature drop was predlCted to be 9 

oC, whlCh agrees wlth the mdustnal measurements (30) It should be noted that 

wh en flow modiflers were ln place, the effect of side-wall slope became much 

less marked on inclUSion separation ratios. 

Computations were also performed by Introduclng a second W/D 

arrangement. Flows of IlqUid steel wlthln the tundlsh for thls case IS provlded 

in Figure 4-48. It was predlCted that a second W/D arrangement mlght not 

significantly contribute to any Improvement ln metal quahty, thls belng 

illustrated ln Figure 4-49. 

--~ 
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DOFASCO'S HAMILTON WORK TUNDISH 

Figure 4·43 Isometric view of the flows developed in quadrant of Dofasco's 

twin port tundish with Ca) no f10w modification, (b) a dam. 
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DOFASCO'S HAMILTON WORK TUNDISH 

1 
1 
1 
1 
1 
1 

Figure 4-43 Isometric view of the flows developed in quadrant of Dofasco's 

twin port tundish with (c) a weir, and (d) a weir/dam 
arrangement. 
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Figure 4-44 Plot of resldual ratios for a Dofasco's twin port tundish fitted 

with (a) no flow modification, (b) a dam, (c) a weir, and (d) 

weir/dam arrangement. 
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DOFASCO'S HAMILTON WORK TUNDISH 

Figure 4-45 Isometric view of the flows developed in quadrant of Dofasco's 

twin port tundish with (a) no side-wall sloping (vertical !tlde· 

walls), (b) 30° side-wall si ope. 
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Figure 4-46 Resldual ratios of Inclusions versus speCifie Stokes nSlng veloci ties 

for dlfferent slopes of side-wali of tWIn slab caster without flow 

modification devlce 
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Input temperature : 1575 oC 

1567 1566 
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1567 
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,....------~ 

Figure 4-47 Isothermal CJrves for dlfferent slopes of side-walis of tundlsh 

without flow modification devlce. 
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DOFASCO'S HAMILTON WORK TUNDISH 
Casting Rate: 9 ton/min (0.027 m1/s) 
F.M.D. : Double weir/dam arrangements 

Figure 4-48 Isometric view of the flows developed in quadrant of Dofasco's 
twin port tundish employing double weir/dam arrangements. 
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Figure 4-49 The effect of double welr/dam arrangements to inclusion 

separation intundish. 
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5.5 BHP's Trough-Shaped Tundish 

Figures 4-50 (a) and (b) show computed flows without and with a 

flow modification devlce (F.M.D.). As seen, symmetry considerations required 

only one quadrant of this tundish to be modelled. Both flow fields suggest 

that the stagnant conditions typlcally observed at the end-walls of tundlshes 

under isothermal conditions, can be greatly influenced by natural convection 

phenomena. Thus, for the boundary conditions noted, it is seen that the heat 

losses to the refractory end-walls and side-walls lead to strong downflows at 

side-wall surfaces. Consequently, the velocity vector data given as an isometric 

view in Figure 4-50 (a) shows an entry region of turbulent recirculatory flow, 

followed by a strong, secondary recirculating flow in the outer regions of the 

tundish. This flow is quite different from the isothermal case, for which an 

outflow Jet along the base of the tundish leads to short-circUiting. Figure 4-50 

Cb) shows how flow patterns are modlfied when a dam and weir F.M.D. of the 

type shown, is Introduced. 

Figure 4-51 provldes associated temperature maps (isotherms) 

along the central longitudinal plane, for an input steel bath temperature of 

1575 oC to the tundish. The effluent temperatures to the mould, with and 

without flow modification, were essentlally independent of F.M.D. studied. 

Temperature drops of about 20 oC compared weil with those observed in 

practice. 

Figures 4-52A and 4-528 Illustrate the fractlonal concentrations of 

40 micron inclusions (us = 0.5 mm/s) between tundish entry and exit. 

Computations suggest that the Resldual Ratio of inclusions entenng the 

mould should be ln the order of 48 % of those entenng the tundish in the 

absence of flow controls, and less than 45 % with flow controls. Figure 4-528 
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shows that the larger inclusions of 120 microns (us = 4.5 mm/s) separate far 

more strongly, such that the residual ratiOS reportlng ta the mould are -0 O~ 

(N.F.M.) and -0.02 (W.F.M), or 5 % and 2 % of the number denslty of 120 

micron partlcles entenng. In terms of a percentage Improvement ln metal 

quality between entry and eXit, these figures suggest an Improvement of 

about3%. 

Figure 4-53 illustrates the tlme needed for the level of effluent 

inclUSions ta become steady, followmg thelr (sudden but then constant and 

contmuous) introduction ;nto the tundlsh Via the ladle shroud. It shows that 

concentration translents wlthin the tundlsh amounted to some 20 mmutes, or 

about three nommai holding tlmes (tn = -7 mms ), before smallinciusions (us 

~ 0.5 mm/s), passing Into the mould, reached steady state levels Larger 

partlCles, rlslng more rapldly, became distnbuted wlth ln the tundlsh more 

qUickly As a result, steady state efiluent level~ were achleved wlthm about 

one nommai holdmg tlme. 

Figure 4-54 shows the predlCted advantages of the flow 

modification arrangement studied, illustratlng the very marked decrease ln 

<1bsolute resldual ratios for larger partlcles, as weil as the nearly complete 

elimmatnn of particles wlth Stokes nsmg velocltles m excess of 5 5 mm/s If 

steel quallty Improvements are quoted ln terms of the ratiO of inclUSions ln 

steel entenng the mould, wlth and wlthout flow modification devlces, then 

very slgnlflcant quallty improvements would be observed For Instance, a 

quallty Increase of some 20 % for 50 pm partlcles (us = 1 mm/s), and sorne 60 % 

for 120 pm inclUSions (us = 45 mm/s), IS IndlCated ThiS argument rests on the 

assumptlon that there IS a direct correlation between the number denslty of 

cntlCally slzed inclUSions, and final steel quallty 
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BHP PORT KEMBLA lUNDISH NO. 1 
Casting Rate: 3 ton/min (0.007 mJ/s) 

Figure 4·50 Computed flows in BHP's trough-shaped tundish, taking into 
account natural convection. 
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TEMPERATURE DISTRIBUTIONS 
Input temperature 

(a) no flow modifICation 

~I _______________ _ 

(b) flow modification 

Figure 4-51 Computed Isotherms along central longitudmal plane of hait 

section of BHP's trough-shaped tundlsh. 



( 

( 

264 

PARTICLE DISPERSION 
Particle size : 40 microns (us = 0.5 mm/5) 

1 1 J 
~ 55 ___________________________ -- ____ ~6 

/ \ l 

~-- Q J 
li 

(a) no flow modification 

- --- --- - - ---- - - - _ 0- ____ .9 .§'! ________ "\ 

0.70 

(b) flow modification 

Figure 4-52A Computed Iso-denslty levels of mcluslons wlth, and wlthout 

flaw modificatIons for 40 mIcrons inclusions (us = O.5mm/s) 

Ordtnate scale normallzed with respect ta entenng levels of 
mcluslons 
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PARTICLE DISPERSION 

particle size : 120 microns (us = 4.5 mm/5) 

3Q ________________ ~D ________ _ 

.05 

(a) no flow modifICation 

--------------

(b) flow modification 

Figure 4-528 Computed Iso-denslty levels of inclusions wlth, and wlthout 

flow moc'lflCatlons for 120 microns inclusions (us = 4.5mm/s) 
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t.O~------------------------------------~ 

0.8 

Figure 4-53 Residual ratios of tncluslons entenng mould flowi ng their 

introduction tnto the tundish, for various float-out velocities. 

Ordinate scale normaltzed with respect to entertng levels of 
inclusions. 



,1 

o 
+1 
C 

0::: 

267 

1.00-----------------------------------------, 

, , , , , , , , , , , , , .. ... ... ... ... .. ... .. ... .. , , c 0.10 
-d ... ... 

' .. , 
"~,rI 

'''?4-
" °0 ",'I)t 

..... "'0 
" / ... .. .. .. ... .. .. , ..... , , .. .. , .. a .010L----'----JI.-----'----L----'-~--6-'--------.l7 

2 345 
Stokes Velocity (mm/s) 

Figure 4-54 Semi-Iogallthmic plot of residual ratio of mclusions entenng 

mould versus their Stokes rismg veloclty, for BHP trough-shaped 

tundish. 
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5.6 BHP's Wedge-Shaped Tundish 

Computed flows for the BHP Port Kembla NO.2 tundish are shown 

in Figures 4-55 (a) and 4-55 (b). These again IIlustrate the effects of flow 

modification devices and thermal natural convection ln this case, a ha If 

segment of the tundlsh has been modelled, the central longitudinal plane 

betng a plane of symmetry Once again, the importance of natural convection 

wlth large, deep tundlshes is illustrated, in that the stagnant regions at the 

corners and end-faces observed for Isothermal conditions are replaced with 

downflows adjacent to walls, and a reCirculattng flow back towards the 

entrance, across the exit port. Temperature fields shawn ln Figure 4-56 

Illustrate the boundary of the hot plume, entering at 1570 oC, and the cool 

steel adjacent to the outslde end-wall near ta the surface, at 1562 oc. The 

temperature drops of 14 oC and 12 oC, wlth ard wlthout flow modification 

devlces, agatn correspond weil wlth those typlcally observed. 

Figure 4-57 provldes tnformatlon on resldual ratios versus tlme for 

the wedge-shaped tundlsh (N F.M ), following the continuous input of 

inclUSions at time zero The results are slmllar to those presented ln Figure 4-

53 for the trough-tundlsh, except that the longer mean resldence tlme leads 

to longer absolute tlme translents. 

Figure 4-58 summartses the effectlveness of the flow control 

device. It IS seen to be tneffectlve for smalllnclusions with Us ;::= 0.5 mm/s, but 

very effective for inclUSions of 120 pm (us = 4.5 mm/s,) where a 70% 

improvement in effluent quallty for that size would be expected. 
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Figure 4-55 
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TEMPERATURE DISTRIBUTIONS 
Input temperature : 1575°C 

(a) no flow modification 
II 

---- ~t 5sa - - - - - - - - - - - - - - - - - - - -
562 

(b) fJow modIfICatIon 

Figure 4-56 Computed isotherms along central logitudinal plane of BHP's 

wedge-shaped tundish. 



( 

271 

1.0----------------------------------------~ 

O.O~~-----L--------L-------~--------L---____ ~ 
o 10 êO 30 40 50 

Tlme Cmln) 

Figure 4-57 Residual ratios of inclusions entering mould, following their 

introduction lOto wedge-shaped tundish, for various float-out 
velocitles. 
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Figure 4-58 Plot of residual ratio of inclusions entenng mould from BHP's 

wedge-shaped tundish versus Stokes rising velocity, wlth and 

without a flow modification device. 



273 

5.7 Industrial Tests 

ln arder ta evaluatê casting equlpment and practlces, Hille testing 

was conducted on non-cntical tinplate gradesJ31) This testing procedure 

employs a bail dlameter of 7S mm, whlch was used to deform a sample sheet, 

0.21 mm thick, Into the torm of a deepenmg cup, up ta the pomt of fracture. 

The inclusion-related spllts surroundmg the major tear were counted and 

visually rated as light, medium or heavy. Depending on sheet width, either 5 

or 6 cups were pressed across its wldth. A trial was conducted on the BHP No. 1 

tundish, ln which a twm weir and dam arrangement of the type shown in 

Figure 4-50 was compared agamst a tWIn dam arrangement. Results(32) 

indicated that no slgnlflcant improvement was discernible. Figure 4-44 

supports thls findmg There, residual ratios for a trough-shaped tundish, 

illustrate the cntical Importance of a well-placed dam. By companson, the 

role of a weir is seen to be of secondary importance for inclusion tloat-out. 

ln other tests wlth the wedge-shaped tundlsh at the BHP No. 2 slab 

caster, 145 casts were produced usmg a 0.5m hlgh dam set one metre from the 

tundish end-wall adjacent to the inlet pounng stream. Under steady state 

casting operations on tinplate grades, the followlng results were 

obtained(32) : 

Body skelps Tested Falled Fraction failed % failed 

with dam 100 25 0.25000 25 

with no dam 211 45 0.21327 21 
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while for transition skelps ladle changes: 

Body skelps Tested Failed Fra,tlon failed % faded 

with dam 393 15 003817 3.8 

wlth nodam 920 66 0.07174 7.17 

The results under steady state conditions are slgnlficant. and 

suggest that there is about a 50% reductlon ln the number of fallures. 

Referrmg to Figure L',-58, slmllar flow modification devlces modelled ln the 

present study, lead to Improved, (I.e lower) resldual ratios. varylng between 

30 % for mclusions wlth Stokes nsing velocltles of 2 mm/s (-60 !lm) to 60 % for 

the larger Inclusions nSlng at 4.5 mm/s (120 !lm). Whlle the slze distribution of 

inclusions was not measured, it is reasonable to estimate that inclusion 

densitles of critlcal size ln the fmal product and derivmg from the tundlsh will 

be reduced by about 50 %, and that thls should translate mto an equlvalent 

quallty Improvement, ln the order of that actually measured At the tlme of 

writing, the wedge-shaped tundish IS belng operated with a ported dam 

arrangement. 

5.8 Scientific Visualization 

ln conjunctlon wlth the work Just desenbed, a graphlc video movle 

was prepared to visualize the massive amounts of data produced ln 

collaboration with Cray Software Reasereh Group (33) For thls, a dlstnbuted 

processmg system conslstmg of an 1 R.I.S. graphie workstatlon and a CRAY-2S 
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supercomputer was used to provlde the hardware platform. The Multl

Purpose GraphlC System (MPGS) sohware package, whlCh conslsts of tw~ 

parts, a CRAY resldent portion and workstatlctn resldent portion provided the 

necessary control 

Certam calculatlom, such as multiple partlcle traces, reqUired 

extensive computmg. The MPGS essentially used the CRAY-2S for these 

operations, whlle the workstatll'ln was used for local graphlC manipulations 

and control. The communICation between the workstatlon and the CRAY US€j 

TCPllP over the Network System Corporation's HYPE'rchannel (Figure 4-59). 

One of the feature of MPGS IS ItS abllity to record commands for a sequence of 

Imagles. This ln turn can be played back and an cmlmatlon sequence vlewed. 

Once an animation sequence IS properly prepared, a standard analog video 

signai can be dlrectly generated from the workstatlon onto a video recordmg 

system The Video segments of the graphie movle were produced m this 

fashlon. 

U~!ng thls eqUipment, thermal profiles wlthm the tundlsh were 

colo~r-coded accordmg to appropnate temperature s,ale, whlle streak Imes 

were used to IHustrate the translent passage of massless partlcles between the 

entry and eXit ports. What had not been appreclated prlor to thls visualization 

was the complex rotatlonal features present wlthm the flow ThiS lead to a 

stochastlC splralmg, and looping back of partlCles. Slmtlarly, the film 

simulation package allowed the development of a translent scalar field 

(envelope of 'C\o-denslty inclUSion IE'vels) to be vlewed three-dlmEns!onally. 

The Simulations graphlCally Illustrated the value of flow modifICation devlCes 

in reduclng the number of larger mdus~ons enterlng the effluent steel from 

the tundlsh lOto the slab caster mould. 
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1. R 1. S. VIDEO RECORDING 

WORK STATION SYSTEM 

NSC. HYPERCHANNEL 

CRAY-2S 

Figure 4-59 SClentlflc visualization usmg dlstnbuted processmg 

-



( 

( .. 

277 

Chapter 6 

Conclusions 

Fluid flo'lv, heat transfer, and inclusion separation ">ehaviour have 

been studied for several types of mdustrial tundlshes usmg mathematical and 

physical models. It was concluded that : 

1. A novel te(h n 1 q ue for the on -1 i ne measu rement of parti cl e 

concentrations ln aqueous systems has been developed whlch allows 

local concentrations of partlcles (hollow glass microspheres) to be 

monltored on-Ime ln full-scale water models of metallurgical flow 

systems. 

2. It IS shown that a fully three dimensional description of the flow field, 

and of buoyanl part:cle dispersion and separation was capable of 

matching correspondlng experimental data. 

3. Transport phenomena in molten steel ln real tundish systems will be 

significantly dlfferent from those in water model tundishes slOce 

thermal natural convection modifies flow patterns within a large 

tundish qUite substantially. 
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4. Thermal convection can generate secondary recirculating flows and 

increased flUld motion ne~r tundlsh exit ports. These flows reduce 

separation efficiencles for inclUSiOns, but also reduce tl-)ermal cold spots. 

5. Flow modification devlces (welr/dam arrangements) can leau ta 

signiflcant Improvements ln steel quality for the mtermediate (50 !lm) 

and larger inclUSions (120 pm), effluent inclUSion ratios typlCally 

exhibitmg 50% Improvements m metal deanllness over non-modifled 

tundishes. 

6. With usmg a welr/dam arrangement, temperature drops between inlet 

and oulet nozzles were not signlCantly improved, but relatively more 

uniform temperature distributions were predlcted. 

7. The dam is the cntlcai component of a dam and welr arrangement for 

enhancmg Induslon separation. 

8 Wall sloping glves the beneficlal effects for removmg inclusions, but at 

the expense of increasmg heat losses. 

9 Both experiments and predictions show that concentration transients of 

small inclusions wlthin tundlshes reach pseudo-s.teady state level at 

about three nominal holding tlmes. 

10. Mathematical modellmg can provlde quantitative information on flows, 

temperatures and mclusion concentrations, for the optimisation of 

tündish designs and metal handlm9 procedures. 



( 

( 

279 

Sin,e such metallurgical transport phenomena associated wlth 

heat transfer phenomena cannot be readlly rnodelled wlth physlca~ 

mode-ls(34), mathematlcal models present the mo~t reaso,-Idble alternzHive to 

adequate tundlsh design, If the importanc~ of ladle ccvers, slag covers, 

bubbling, etc ,on the design ;·md operation of such vessels are to be properly 

predlcted and understood. 
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THESIS CONCLUSION· CLAIM TO ORIGINALITY 

A general purpose comp~ter code, METFLO, has been developed in 

order to numencally predlct three-dimensional turbulent flow, heat and mass 

transfer in metallurgical processmg vessels. Through the use of both physlcal 

and mathematlcal models, mixmg behavlour durmg off-center and multl-plug 

gas bubbling operations m steelmakmQ ladies, and nonmetalilc Inclusion 

dispersion/separation and tem peratu re d l:itri butlo ns du ri n 9 tu nd Ish 

processing operations, have ot'antitatively been analysed. 

Experience has shown that physlcal and mathematlcal models need 

to be meshed m a complementary manner, when tacklmg new events, or 

phenomena. Glven the power and speed of today's computers, many 

industrial problems are now amenable for study at reasonable cost using 

complex mathematlCal models. 

This thesis has many aspects of ongmallty. It IS the flrst tlme that : 

1. Three-dlmensional turbulent reCirculatlon flows in a ladle have been 

predlcted for off-center and double-plug gas bubbllng. These have been 

visualised Isometncally with the aid of a computer graphlC prog ram 

written by the author. 

2. Transient mlxmg pro cesses have been predicted and IIlustrated for the 

various conditions of bubbler positions and tracer mjection pomts. 

3. Plume distortion and wall effects on mixmg tlme have been demonstrated. 
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4. Equipment was assembled 50 that the particle size distribution data, 

acquired using an on-line measurement technique of particle 

concentrations in aqueous systems, could be transferred to a personal 

computer from a multlChannel analyser and saved on floppy diskettes for 

further analysis. 

5. Experimental measurements and numerical pl'edictions of particle 

linclusion separation for a full-scale water model tundish have been 

performed and compared to one and another. 

6. The importance of thermal natural convection has been demonstrated for 

the flow of molten steel in mdustrial steelmaking tundishes. (Thus, flow 

patterns and inclusion ~eparation behaviour within real industrial 

tundishes have been demonstrated to be significantly different from those 

pertaining to isothermal water models.) 

7. Numerical predictions have been performed for various types of industrial 

tundishes, such as single port, double port, symmetrical twin port, 

rectangular-shapecl, trough-shaped, and wedge-shaped tundishes. 

8, Flow patterns, temperature distributions, and inclusion dispersionl 

separation behaviour in tundish processing operations have been 

visualized through a graphie video movie, generated in collaboration with 

Cray Software Research Group. 


