MODELLING METALLURGICAL PHENOMENA

IN LADLE AND TUNDISH STEEL PROCESSING OPERATIONS

by

SANGHOON JOO

Department of Mining and Metallurgical Engineering
McGill University
Montreal, Quebec, Canada

December, 1989

A Thesis Submitted to
The Faculty of Graduate Studies and Research
in Partial Fulfilment of the Requirements
for the Degree of Doctor of Philosophy

(c) Sanghoon Joo, 1989



——

r VAL
Copy No.1 Ph.D. Thesis Dec. 14, 1989

Modelling Metallurgical Transport Phenomena
in Ladle and Tundish
Steel Processing Operations

Sanghoon Joo

Dept. of Mining & Metallurgical Engineering
McGill University




- S

- i

ABSTRACT

Cleanness and uniformity in steel properties are important for high
quality steel. Physical and/or mathematical models can be used in order to
achieve optimum conditions for the clean steel during steelmaking processes.
In the present study, important metallurgical transport phenomena in
steelmaking ladles and tundishes have been investigated using both

mathematical and physical (water) models.

Through appropriate solutions of the Navier-Stokes equations, the
intermixing of fluid within gas-stirred ladles can be modelled quite
satisfactonly. It 1s shown that off-centered bubbling gives the most consistent
results in terms of minimising mixing times, since angular velocity companents
intermix fluid across the width of a ladle Comparisons between mathematical

and experimental data are presented

Fluud flow, heat transfer and inclusion flotation have been
modelled mathematically for testing the behaviour of several tundish designs.
Computations are presented to illustrate the importance of thermal natural
convection currents in mixing the upper and lower layers of steel Particle
removal rates are also experimentally studied with the aid of the novel E.S.Z.

(Electric Sensing Zone) system, and compared with computational results.




RESUME

La proprete et I'uniformite sont des proprietes importantes pour les
acers de haute qualite Des modeles physiques et/ou mathematiques peuvent
étre utilises afin d'atteindre les conditions optimales pour obtenir des t'aciers
propre lors de traitements siderurgiques Dans I'ouvrage present, des
phenamenes de transferts metallurgiques importants ont ete etudies pour des
creusets et des separateurs siderurgtques, a I'aide de modeles mathematiques

etphysiques (d'eau)

A l'aide de solutians appropriees des equations de Navier-Stokes, le
melange de fluids dan< des recipients brasses par injection de gaz peuvent
étre assez bien modehse il a ete demontre que I''injection decentree de gaz
mene aux resultats les plus consistant pour minimiser les temps de melange,
puisge la composante angulaire de la vitesse melange le fluide
transversalement dans le creuset Des comparaisons entre les donnees

mathematiques et experimentales sont presentees

L'ecoulement des fluides, le transfert de chaleur et I'entrainement
des inrlusions ont ete etudie a I'aide de modeles mathematiques afin de tester
le comportment de plusieurs designs de separateurs L'importance des
courants de convection naturelle thermique sur e melange des cauches
superieure et inferieure d'acer hquide est illustre par la presentation de
resultats provenant des calculs De plus, les taux d'elimination des particules
sont etudies experimentalement, a I'aide d'une nouvelle technique €S2
(Electnc Sensing Zone), et compares aux resultats provenant des modeles

mathematiques
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NOMENCLATURE

coefficients in discretization equations.

total surface area of reactor.

surface area of plug flow reactor.

surface area of well-mixed reactor

constant

mass fraction of inclusions/tracer.

stagnent boundary layer number density of inclusions.
empiiical turbulent constants (see Table 2-1).
mass fraction of inclusions at the node immediately next to
the metal surface.

incluston/particle diameter.

diffusion conductance in Part II.

orifice diameter of probe in PartIV.

integration constant.

frequency of bubble formation

mass flow rate.

generation term of turbulence kinetic energy.
gravity accelation constant.

Grashoff number.

heat transfer coefficient on the side-wall.
height of vessel (ladle or tundish).

an empinal corstant for determining mean plume velocity.
turbulent kinetic energy

characternistic length.

distance between inlet and outlet nozzles.
particle absorption flux density into overlaying slag.
number density of inclusions at the inlet nozzle.
number density of particles at the outlet nozzle.
Peclet number

pressure

volumetric flow rate of gas/liquid fluid.

critical flow rate.

specific heat loss from tundish side-walls.

ladle radius in Part I11.

residual ratio of (inclusion) particles in PartIV.
radial coordinate.

average plume radius.

radius of particle

Reynolds number

residual source of ¢.

resistance change

source term

temperature.

time

ambient temperature.

tundish side wall temperature.

charactenistic temperature difference

time averaged axial component of velocity.
dimensionless velocity.



mean plume velocity.
Stokes rising velocity of particles/inclusions.

U friction velocity.
v time averaged rad:al component of velocity.
Vb bubble volume.
Vg volume fraction of dead volume zone.
Vdp volume fraction of dispersed plug flow zone.
Vm volume fraction of backmix flow zone.
Vp volume fraction of plug flow zone.
w time averaged crcumferential component of velocity.
y distance from the so!id wall.
y+ local Reynolds number (dimensionless distance).
z axial coordinate.
Greek characters
a volume fraction of gas in the gas/liquid plume
B volumetric expansion coefficient.
£ dissipation rate of turbulent kinetic energy.
Ew emissivity of tundish sidewalls.
) vanables.
Y specfic gravity of alloys in Part 1.
plug flow volume fraction in PartIV.
e effective diffusivity
K von Karman constant.
n laminar viscosity.
Neff effective turbulent viscosity.
. ut turbulent viscosity
C] circumferential coordinate.
p density of fluid (water/molten steel).
Ap density difference between fluid and particle.
G density of gas.
oL density of liquid.
ps density of slag.
fp density of particle
o laminar Schmidt/Prandti number in Part III
Stephan-Boltzman constant in Part IV.
Ok Prandt! Number for k
ot turbulent Schmidt/Prandt! number.
Tm 95% mixing time.
Tw wall shear stress.
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PART I

GENERAL INTRODUCTION




Chapter 1

Introduction

Cleanness and uniformity in steel properties have become an
increasingly important issue with the marked increase in demand for high
quahity steel. For producang higher quality steel, secondary processing 1s
commonly carried out 1n order to remove harmful residual elements (1.e. S, P,
O, N, H, etc.) to parts per million levels. For instance, arctic oil ng platforms
require that the ductile/brittle transformation temperature be lowered as far
as possible, and certainly to -20 °C. The special properties sought can be
approached by reducing the concentration of residual elements within the
steel bath, prior to teeming into the continuous casting machine. This reduces
the number of inclusions, while the remainder must be converted into
harmless refractory type spheroids prior to hot rolling, so that they do not
subsequently form elongated stringers For plate, pipe, rail steels, and other
thick sections, dissolved hydrogen retained within the matrix can precipitate
at discontinuities within the steel (e.g. inclusions), and lead to hydrogen

induced cracking (HIC)

Since the early 1970’s, there have been numerous studies on ladle
metallurgy as a secondary refining process for steelmaking operations.Typical
ladle metallurgy procedures used in order to donate superior properties to

the final steel product are shown in Figure 1-1 There, the particular process
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routes currently in operation at Sumitomo Metals, in Japan, are shown ().
Thus hot metal is first dephosphornised with soda ash in a torpedo car/Iadle_,
and is then decarburised in a combination blown converter employing top
and bottom blowing of oxygen After tapping the steel, any oxidising
converter slag, which carries over to the ladle, 1s removed. Second stage
refining 1s then conducted using an RH vacuum degassing unit in order to

remove dissolved hydrogen nitrogen, oxygen and carbon.

A ladle furnace is fitted with an arc heating unit to provide steel
reheating capability together with alloy/slag injection procedures for
desulphurising. The use of vacuum (~1 Torr) in the RH degasser allows initial
levels of hydrogen of 4-5 ppm (say), to be lowered to 2ppm, nitrogen from 40
to 32 (say), and oxygen from about 300 ppm to perhaps 10 ppm (total
oxygen), over a fifteen minute processing period. The oxygen 1s removed
through the nucleation of dissolved carbon and oxygen to torm carbon
monoxide, the reaction proceeding at the interfaces of ascending bubbles of
argon njected into the ‘up-leg’ of the RH degasser, and the steel/vacuum
intertaces of the bath surface and splashing droplets. initial carbon levels of
200-300 ppm, can typically be reduced to 'ultra low levels' of 20 ppm, for
‘interstitial free' steels, by degassing This cursory glance at primary and
secondary ladle metallurgy operations illustrates a wealth of procedures and

phenomena to which mathematical and/or physical modelling can be applied.

For alloy additions and/or deoxidation, aluminum and/or
ferroalloys in lump form are generaily added prior to, or during furnace
tapping operations into ladle. Thus gas bubbling, through a lance set deep

within the liquid steel or through a porous plug bubbler set in the bottom of
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Figure 1-1  An Example of current processes for making clean steels
(Sumitomo Metals Industry, Kasima Works).



the ladle, has now become standard practice in most steel shops Over the
correct range of flows, this practice can ehminate chemical and thermal
gradients within the steel by thoroughly mixing the vessel's contents, while
minimising slag entrainment and heat loss. The procedure can also rninse the
liquid steel of condensed oxide inclusions, which nucleate following
aluminum or ferroalloy additions to the steel. However, in this processing,
reoxidation due to vanable slag carryover, and air entrainment can play havoc
with alloy recoveries and in turn induce unacceptable vaniability into the final
product chemistry Hence, less crude alloy addition procedures are
subsequently made at alloy trimming stations (e.g. wire feeding, submerged

powder injection, CAS process, etc.) in order to achieve closer control of the

final product chemustry

Following ladle processing operations, th. liquid steel 1s then cast
Into Ingots, slabs, blooms, or billets. The continuous casting process shown in
Figure 1-2 can produce slabs, blooms, or bsllets directly from molten steel. Its
great advantage over an ingot pouring operation is on melt-shop yields,
energy costs, improvements in steel quality, etc During the era of the 1980’s,
the ratio of steel produced via the continuous casting process versus total steel
production has increased significantly in most major steel product countries,
except for Eastern Europe It has been reported that the nercentage of crude
steel produced by continuous casting in 1987, reached 93.3 % in Japan, 81 1 %
in Western Europe, 588 % in US A, 49 % in Canada, 58 5 % 'n South
America, and 86.4 % in Asian develcping country (R. of Korea and Tatwan) (2),

However, Eastern Europe s reported to have a mean continuously cast steel

ratioof 16.7% and USSR 149 %




Figure 1-2 Anillustration of a continuous slab caster.



Direct rolling of slabs represents a further hurdle in the quest for
continuous steelmaking Energy savings associated with direct rolling are
significant and in the order of 0.5 GJ/tonne. These represent a 3.6% decrease
from current best steel work practices of 13 8 GlJ/tonne (from pellets to hot
band) and bring steelmakers one step closer towards the minimum
thermodynamic value of about 6.5 Gl/tonne for the production of steel from
iron ore. These savings are brought about by the elimination of inspection
procedures on cold slabs and subsequent slab reheating.For these benefits to
be realised, the quality of steel entering hot mills must be assured in terms of
chemistry, temperature and other physical characteristics, such as integrity
(freedom from cracks, center-line porosity, scale, etc.) and metal cleanness

(minimum levels of exogeneous inclusions).

In recent years, the tundish, which 1s an the intermediate vessel
between the ladle and the mould of a continuous casting machine, has been
recognized as an important metallurgical processing reactor for clean steel.
Therefore, several operational techniques for tundish processing operations
have been developed for the improvement of steel quahlity For instance,
submerged inlet nozzles shrouded by an inert gas are generally used in order
to avoid air and slag entrainment into liquid steel. Flow modification devices,
such as weirs, dams, baffles, perforated dams, etc., can be employed for
improving flow patterns so as to eliminate a greater portion of inclusions
from the melt. Currently, ceramic filters are being tested for steel casting.

They are commonly used for casting molten aluminum.

This section has provided a general review of subject matter
relevant to ladle and tundish metallurgy In chapter 2, ladle metallurgy 1s

reviewed in terms of furnace tapping, gas stirring, alloy addition, and ladle




teeming operations. Chapter 3 provides a description 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 processing operations begin with tapping steel from an
electric, or basic oxygen, steelmaking furnace (B.O.F.), into the type of
steelworks ladle shown in Figure 1-3. During the course of this tapping, alloy
additions in lump form can be fed through chutes set above the filling ladle,
so that they fall into the churning bath of molten steel. The additions melt
and/or dissolve into the steel bath, so that the bath chemistry can hopefully be

adjusted to that specified for the grade of steel being produced.

2.1.1 Turbulent flow in a filling ladle

Salcudean and Guthrie (3.4) were the first to predict flow patterns
and velocity in an idealized filling ladle, where the jet of liquid steel was
assumed to enter vertically into the center of a cylindrical ladle. There, using
the k- turbulent model, the highest values of turbulent viscosities were to be
found at the juncture of the penetrating jet and the recirculating bulk of
steel, turbulent viscosities some 103-104 times laminar values being predicted.
These predictions with respect to turbulent kinetic energy levels were later

confirmed experimentally by Sahai and Guthrie (5).
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Figure 1-3  Schematic of tapping a furnace into a steelworks teeming ladle,
showing alloy additions and slag carryover.
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Figure 1-4 shows the velocity fields predicted by Sahai and Guthrie
for a 250 tonne steel ladle filled to a height of 2.75 m with an incoming jet
velocity at entry of 8.4 m/s (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 trajectoriesin a filling ladle

An important aspect of getting ferro-alloys and aluminum to melt
in molten steel in a reliable manner, 1s to try and ensure that they meit and
disperse subsurface, out of harms way of any oxidising slags, or interactions
with air. Guthrie et al. (6) demonstrated that gravitational, buoyancy, drag,
and 'added mass' forces were needed for adequate representation of
subsurface trajectories for large particles dropped vertically into stagnant
liquid. Based on these simplifications, M. Tanaka (7) predicted the trajectories

of entrained large particles.

Figure 1-5A shows computations and experimental data using a
smaller scale water model simulation, wherein the correct density ratio
between addition and liquid was maintained. Thus, wooden spheres with a
specific gravity of 04 (roughly correspanding to spheres of aluminum, y=
2.3/7.0=0.33, and ferrosilicon, y=4 0/7.0=0.57), are predicted to resurface
almost immediately after projection into any part of such recirculating flows.
On the other hand, heavier particles, (y = 0.8), (roughly corresponding to the
apparent densites of ferro-manganese, silico-maganese, etc., additions), have
a chance of being drawn downwards into the rearculuting flow, provided
they are projected into the bath, reasonably close to the plunging jet. Figure

1-5B shows predictions for a ladle of 4 meters diameter, at a filling height of




12

/‘-ﬁﬂ-ﬁ&‘----.-\ncnoooooo.,,1f_
i "m\...,,,\‘..,“"'._,
f—'—-*\sssx\~\\\\\..,,,.q j/
[ e N N SSS L L  E E EEEEBA f
TV \\\\\\\\n...'
= SSSUNNERRRSY
"j/////M\\\\\\ AR /
V10 riitremas NN\
L V| 1) 0000 rnsrraammsanin\ |
V01400 000dnnamanns \\ 1) {‘f}
"' ‘IIII’/[//IIIM\\\\\\‘
I+ Vo Jidddiiiiss e~ \\\\ 1§
|4 “I“I”“Hi//-’\\\\n
peldofibiiiiiien oo i

R IS AR -
IKIREERIRRRAAANSS SO SR N)
i’ \ \\\ \\\\\\\\\W// ! p

NN

- ca—— .

wgLi

— v>20mis a—(Q5m/s<v<2.0m/s

e v<0.2m/is e—02m/s<v<0.5m/s

Figure 1-4 Predicted flow field for an 1dealized furnace tapping operation
Into a 250 tonne teeming ladle.



13

RADIAL DISTANCE (cm)

~=-  QObserved

DEPTH {(cm)

— Predited

-

20

O ———— -

'}

Figure 1-5A Trajectories of 10 mm diameter wooden spheres in a 0.15 scale
model of a 250 tonne teeming ladle, during idealized furnace
tapping operations.
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Figure 1-5B Predicted mean trajectories of 67 mm lumps (spheres) of alloy
additions(y =04 and 0.8).
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1.5 metres. It is worth noting that these predictions do not allow for air

becoming entrained as the plunging jet enters the liquid bulk.

It is equally important to note that while predicted trajectories of
alloy additions in 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 Slaq carryover and air entrainment

While these simulations point to the deficiences of current alloy
addition making procedures, the most critical problem in practice, is the
variable amount of slag carryover from the furnace into the ladle, and air

entrainment from the filling stream.

Towards the end of tapping operations, some steelmaking slag
lying on top of the raw steel within the furnace is almost inevitably carried
over into the ladle, due to overflowing the furnace lip or vortexing As this
slag is oxidising, any steel deoxidation procedures will be affected by its
presence. Slag carryover can also be a potential source cf exogeneous
inclusion material. Cramb and Byrne (8) arqued that very smali slag droplets
might remain in suspension within liquid steel, being finally entrained into
the product. Their work was based on EPMA (electron probe microanalysis)
results of slab samples which were presented for a combined ladle and
tundish slag tracer experiment. S.Tanaka (9) has demonstrated that rising gas
can disrupt a slag layer, and entrain slag droplets into the liquid steel during

combined blowing BOF steelmaking 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 practising slag separation in one
way or another. Typical methods are 1) to use refractory balls whose specific
gravity has been adjusted to be between the slag and the molten steel, 2) to -
apply high pressure air jets sideways to the tapping hole so as to blow the slag
away, and 3) to physically monitor the onset of slag vortexing in order to stop
tapping when this occurs. Through these practices, the carryover of furnace
slag into the ladle, which used to amount to more than 100 mm in thickness,

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

Air entrainment caused by the steel stream plunging into the filling
ladle is also of interest during tapping operations. Brower et al. (11) proposed
a qualitative mechanism for air entrainment by highly turbulent jet. They
argued that it is the wavy shape of the penetrating stream that causes air to
be entrained, resulting in a cloud of bubbles being drawn into the bath.
Similarly, as the distance of the nozzle from the bath surface increases, such
an irregular turbulent jet begins to disintegrate into droplets at its fringe.
These droplets can then tend to form cavities as they enter the bath which

subsequently collapse into entrained bubbles.

Several equations describing the volumetric ratio of entrained gas
to liquid, Qg/Q), have been proposed by different researchers who used a
variety of experimental conditions (12-14). M.Tanaka (7) demonstrated with a
physical water/air model that the volume flow rate of air entrained was of

approximately same order as the melt tapping rate, for conventional furnace

tapping operations.
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2.2 Gas Stirring

Once teeming ladles have been filled with molten steel, the next
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 mixing times, and maximum recoveries of alloy
additions at optimum gas flow rates. In order to reasonably predict these
phenomena, detailed information on flow patterns, fluid velocities, and
turbulent properties is needed: these have been the subject of study via

ongoing mathematical and physical models over the last decade.

2.2.1 Gasdispersions in liquid metal

(a) bubble formation

The normal injection of gas into liquid metals is accompanied by
the formation of very large buboles. Itisimportant to note that these bubbles
are inevitably of the “spherical cap” variety owing to the high surface tension

of liquid metals and the non-wetting characternistics of refractories.

The behaviour of bubble formation can generally be classified into
three regimes of gas flow rates (15). At low gas flow rates, bubbles with a
constant volume form periodically (singie bubble regime). Irons and Guthrie
(16) suggested the cansecutive steps taking place for the isothermal formation
of bubbles at nozzles in the single bubble regime. Thus, for an upward-facing
nozzle, the bubble initially forms on the inner diameter of the nozzle,
increasing in size towards a hemisphere. Owing to non-wetting and inertial
phenomena, the bubble then tends to spread across the substrate, moving

away from the inner diameter of the nozzle. Should the bubble reach the
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outside diameter, it can continue to grow by changing thhe observed contact
angle in accordance with the Gibb's inequality. It does not spread down the
nozzle 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 inner, diameter of a nozzle, the bubble is
released. The bubble formation/release mechanisms for ar; downward-facing

or sideways-pointing nozzle are modified versions of this growih sequence.

At higher fiowrates (e.g. 0.1 to 10 liters per second), inertial factors
begin to outweigh surface tension factors, and a constant frequency regime 1s
entered. In this regime, the frequency of bubble formation remains constant
at about 10 per second, the volumes of the bubble forming and releasing
becoming larger and larger, and the distance between the succesively forming
bubbles becomes shorter with increase in gas flow rate (17). Due to the suction
effect of the previous bubble, the following bubble forms more quickly. They
can then coalesce while nsing up. The bubble volume in a constant frequency

regime can simply calculated from

V =Q/if=01
= QU Q (1-1)

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

porous plugs tend to exhibit hydrodynamic instability. Thus, they must

consequently shatter a shorter way above the nozzle into an array of smaller
bubbles.

With a further increase of the gas flow rate, the bubbles coalesce
directly at the nozzle Finally, a continuous gas jet forms at the nozzle

(continuous jet regime). Since gas flow rates for gas stirring 1n ladle procz:iing
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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 ladles 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 recogriized
that the kinetic energy of the incoming 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 for the 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 liquid, they expand quickly due to the
sudden pressure drop and temperature change within a very short time
(0.1~0.3second) (19). However, these large bubbles rising are hydrodynamically
unstable due to a continuous drop in pressure within surrounding liquid.
Combined with the fast, turbulent, movement of bubbles, large gas envelopes
soon 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 huoyancy.
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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 gas
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 injected gas'and the liquid results in mixing of the

liquid in bath.

Recently, several plume models, which evaiuate 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 gas/liquid

plume approximates the expression (S/ unit) :

ip}
U =4.17(H———Q ) (1-2)
14 R}

where Q 1s the flow of gas at mean ladle height and temperature (m3/s), H is

the depth of liquid steel (m), and R is the mean radius of the ladle (m).

2.2.2 Flow fieldsin stirred ladles

Szekely, Wang and Kiser (24) were the first to attempt
hydrodynamic modelling of an argon stirred ladle. Through solution of
Navier-Stokes equation (stream function/volticity method) and k-W two
equation model of turbulence, they predicted flow fields and turbulence
energy fields in water model of the system. However, as a deficit of this work,
boundary velocaty values were experimentally obtained 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 were estimated
from a plume rise relationship. Nonetheiass, their results were proven

unrealistic because of the crude representation of the plume.

More recently, Debroy and Majumdar (23) and ,at the same time,
Grevet, Szekely, and El-Kaddah (26) proposed more developed computational
schemes wherein the gas/hiquid mixture contained within the plume region
was represented by a fluid of the vanable density. They solved the turbulent
Navier-Stokes equation, in conjunction with the k-¢ two equation model of
turbulence, with consideration for the buoyancy force of lighter fluid (plume)
in the u-momentum equation. They found that theoretically determined and

experimentally measured velocity profiles were in good agreement.

Concurrently, Sahai and Guthrie (21, 22) developed a mathematical
model for gas stirred ladles through the solution of turbulent Navier-Stokes
equation and k-¢ turbulence model.Their numerical procedure was based on
the SIMPLE procedure of Patankar and Spalding (27). The gas/liquid, two-
phase, region was treated by the GALA (Gas And Liquid Analyser) method of
Spalding (28). The velocity boundary condition at the axis of symmetry and gas
voidge in the plume zone were calculated from their plume model. Their
approach is simple and correctly emphasizes the importance of buoyancy,
versus shear, forces in gas driven recirculating flows. It has been confirmed
through many experiments to be an effective way of treating such problems.
Nonetheless, the approach requires that the plume dimensions and gas

voidage be specified “a priorn”.

Figure 1-7 illustrates the computed flow fields generated in a 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 s injected axially through a porous plug (5). Plume
velocities were predicted to be in the range of 1.0~1.5 m/sec, and steel flow

down the sidewalls to be ~0.2 m/sec.

2.2.3 Mixing behaviour in stirred ladles

The purpose of agitation in gas stirred ladles is to promote the
dispersion of ladle additions and to attain uniform properties (e.qg.
temperature) within the bath. Agitation can also be used to promote the
coalescence and flotation of inclusion particles. Hence, mixing mechanisms of
physical and/or chemical elements in recirculating flow vessels 1s an important

issue for ladle metallurgy practices.

Mazumdar (29) demonstrated that mixing in a gas stirred ladle can
be expected to be controlled by a combination of eddy diifusion and bulk
convection, both mechanisms contributing in roughly equal proportions. Joo
and Guthrie (30) further illustrated that the mixing would occur in different
ways, depending on a plug’s locations, the number of plugs, and the tracer
addition point. For instance, when the tracer is added at a sidewall of
axisymmetrically stirred ladle (center bubbling), mixing 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 in the three-polar directions become comparable
so that mixing occurs more rapidly versus center bubbling, and the

contributions of bulk circulation and eddy diffusion should be weighted

about equally.
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In order to represent quantitatively the state of agitation in the
chemical and metallurgical processing vessels, the concept of a mixing time
has been introduced. The mixing time is defined as the time which elapsed
between the addition of a tracer to the bath and the moment when its
concentration reaches the final, homogenised, concentration over the bath.
However, in measuring and/or computing mixing times, it 1s important that
there be a clear definition of what is meant by mixing time. It has been
suggested (29) that the 95 % mixing time be used as a suitable standard, and
that it be defined as that time at which all 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, Nakanish, Fuji, and Szekely (32) plotted mixing time data
against the global rates of specific energy dissipation (or input stirring energy)
for an argon stirred ladle, an induction stirred ASEA-SKF system and a water

model ladle, then suggesting a relationship given by ($/ unit) :

vo=he " (1-3)

where k and n were given to be 800 and 0,4, repectively, in their work. Then,
followed by many theoretical and physical studies on mixing behaviour in
stirred ladles, 1t 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 with liquid-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..
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Mazumdar and Guthrie (37) provided that the 95% mixing-in time
for a neutrally buoyant addition (or tracer) added to the surfacing plume of
liquid 1n an axisymmetnically stirred ladle, could be approximated by the

empirical expression (S/ units).

R7/3

(se)im

t =25.4 (1-4)
m

where B is the fractional depth of lance submergence (8 = 1 for bottom porous

plugs ).

Mixing behaviours including mixing times can be studied by
numerically solving the turbulent mass transport equation with incorporation
of fluid flow fields calculated a priori. (This will be covered in Part III of this

thesis).

2.2.4 Effects of a slag layer

The pouring of liquid steel from a furnace into a ladle, or vice-
versa, generally leads to uncontrolled amounts of slag carryover. Being
lighter, this slag separates to form an upper phase of vanable thickness and
viscosity. While its insulating properties are generally beneficial for
maintaining steel temperatures, 1ts chemical characteristics are often
detrimental. For instance, steel deoxidation efficiencies can be significantly
lowered through chemical reduction of the iron oxide component of any
carryaver slag. This mass transfer reaction with residual dissolved silicon
and/or aluminum deoxidant within the steel can be exacerbated when

disturbances of the slag layer during 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 all 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 entrainment/dispersion of slag droplets
into the melt (9, 38). In addition, it has been reported that the desulfurization
rate of steel by a syntheticslag 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 scale water model of a 200
tonne steelmaking ladle, where the liquid phase slag was simulated by
paraffin oil, and g-naphthole (C1oHgO) 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, Q¢ (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 that
this phenomenon is caused by the break-up of liquid the slag layer in the
plume region, and the attendant entrainment of slag droplets into the metal

bath.

Using 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) :

- o Ap \p35
Q, =6.7x10 211181(—‘37)03 (1-5)
8

where Q¢r (cm3/s) represents the critical flow rate, H (cm) the height of ladle, o

(dyne/cm) the interfacial surface tension, Ap {gr/cm3) the density difference

between slag and metal, and ps the slag density.

2.3 Alloy Additions

Following tapping, mixing and rinsing procedures, many plants
transfer the ladle to an alloy addition timming station. There, special alloy
additions, wire feeding of aluminum or cored wires containing calcium silicide
or rare earths, and powder injection of calciumsilicide or calcium oxide can be
used for precise trimming of alloying elements or inclusion modification, in

order to meet the steel’s specifications.
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2.3.1 Alloy melting/dissolution

Guthrie (42) proposed four main possible route of melting when a
cold addition is placed or immersed in a bath of molten steel, depending on
the precise heat and mass transfer conditions irvolved. They are, in schematic
form, illustrated in Figure 1-9. The first three refer to additions having melting
points lower than the steel bath (e.g. aluminum, ferro-silicon, ferro-
manganese, silico-manganese, etc.), the fourth refers to additions having
melting ranges higher than the bath (e.g. ferro-molybdenum, ferro-tungsten,
ferro-niobium, ferro-vanadium, etc.). Immediately following immersion, in all
cases, a solid steel shell freezes around the object due to the cold surface

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

if the melting range of the addition i1s then below the bath’s
freezing point, itis quite Likely for internal melting to begin and in many cases
to be completed before the enclosing shell melts back (Path 1). Provided that
the alloy’s solubility mit 1s not exceeded, this molten core will dissolve very
rapidly into the steel bath The second path (Path 2) shows the case of an
addition which, after freezing the customary chill layer around 1t, is reexposed
to the bath before complete internal melting has occured. Conditions
favoring such behaviour include high superheat temperatures{e.g. 50~ 100°C),
large diameters, and alloy with low thermal conductivities (<~0.01 cals /
cm-°C-sec). Path 3 shows a second smaller shell of steel which has formed
around the remaining unmelted portion of the addition after dispersion of
the outer alloy liquid has occured. This takes place if the amount of heat being
convected into the first shell surface 1s below the heat demand from the
colder interior. Finally, the last path (Path 4) refers to those additions having

melting ranges above that of the steel bath. Once more, a steel shell will first
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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 chemical

mass transfer limited and heat transfer becomes of secondary importance.

Therefqre, melting kinetics of alloy additions and dissolution time
tend to depend largely on the given conditions of specific alloy-bath system,
such as addition properties, superheat, size and shape of additions, intensity
of bath agitation, and so on. While it is useful to be able to predict the
accurate melting time, the task is complex on account of the numerous factors
involved (i.e. determination of melting route, multi-phase heat

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

etc.).

Guthrie went on to suggest a simple way to evaluate approximate

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

_equal to the total heat requirement of the addition devided by the rate at

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

_ AH P, Va
melt q"A

(1-6)

where p;, V,, and A; are the density, the volume, and the surface area of
addition, repectively. AH represents the total heat required for melting alloy

addition, and g“ the heat flux flowing through the 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
<Jemonstrates the forces acting on a sperical object, there, both the object and
fluid being supposed to be in motion. Fg and Fg represent the gravitational
force and the buoyant iorce respectively, and as such are parallel to gravity.
The Stokes drag force, Fp, 1s taken to be parallel to the relative velocity of the
particie in the fluid. The "added mass” force, Fa, which originates from the
acceleration of the surrounding fluia oy the particle, 1s taken to be parallel to

the acceleration vector of the object.

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

force balance on a particle within the fluid is (6):

du
4 3 p_ 4 4 ( )
- -~ =K -
3 pP di 3 pg Pp Y
C dU
D 2 v 4 s p (1-7)
-3 RPpUr Ur —(,A Rpp 7
where,
U dx
P de (1-8)

In Equation 1-8, Up 1s the instantaneous velocity vector of the
particle while Uy, 1s the relative velocity between the particle and the bulk
fluid. It is through the drag term (1 e, Fp = U2) that the liquid’s motion within
the vessel exerts an influence on the trajectory of submerged particles.
Consequently, the distribution of flow parameters within the vessel must tirst

be specified, before subsurface trajectories can be predicted via Equations 1-7
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and 1-8.

2.3.3 Alloy trimming stations

Figure 1-11 provides schematic illustrations of several alloy
trimming stations for the improvement of alloying efficiency (10). Thus,
Muzumdar and Guthrie (45) have analysed the motion of the melt and alloy
additions for the C.A.S. (Composition Adjustment by Sealed argon bubbling)
process developed by Nippon Steel Corporation (46), through the use of

physical and mathematical models

Figure 1-12A shows computed flow fields, following somewhat ad-
hoc adjustments to two of the k-¢ model’s coefficients (i.e. C1 =1.58, C2 = 1.75,
instead of standard values). These solutions correctly modelied the strong
recirculatory flow beneath the cylindrical baffle, and the much slower
anticlockwise vortex in the main bulk of the ladle. Subsequently, Schwarz et
al. (47) found that correct flows could be obtained using standard turbulent
constants provided a two-phase flow simulation techique was employed.
They also showed that the 'interphase slip’ between the gas and liquid phases

within the plume greatly affects computations of flow patterns.

Figure 1-12B predicts the trajectory of ferro-alloy additions and
aluminum after neing projected into steel within the central baffled region of
a 150 ton ladle Asseen, the light additions (Al and Fe-S1) will remain within
this regton, while the more dense additions (y>1) will sink to the bottom of
the ladle, and then only gradually disperse. Consequently, additions such as
ferro-niobium, which dissolves comparatively slowly compared to the release

times of Class 1 (low melting point) additions (48.49) need to be finely crushed
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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 wire feeding
technique. In such cases, the relative motion i1s provided by the rapid entry of
wire into argon stirred ladles. Figure 1-13A and B provide some predictions(50)
for an industrial process in which 0.95 cm diameter aluminum wire is 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 was computed as 4.4 (cals
/ cm2-°C's) on the basis of forced convection heat transfer corelations. It
have been observed that the mixing time 1s fastest when wire feeding takes
place near the bottom of the ladle and within the plume during off-center

bubbling rather than center bubbling (51).

2.4 Ladle Teeming

After mixing, and/or alloy addition trimming, the ladle moves to
the ingot or tundish for continuous casting operations, and molten steel 1s
drained through the ladle’s outlet nozzle. An interesting (though distressing)

metallurgical phenomenon during ladle teeming is slag carryover during the

last stages of ladle draining.

Recently, a few reports have appeared (52-56) on this matter.
Andrzejewsk et al (53) have observed that slag carryover during ladle teeming
can take place by the “vortex sink” and/or “drain sink" mechanisms. The
vortex sink can be generated by residual angular momentum within the fluid
bulk. Conservation of angular momentum then requires a high veloaty of

revolution of metal abave 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 such as filter brakes, gas injection, or

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

Andrzejewski et al. go on to show that the drain sink flow
mechanism during the last stages of ladle emptying is the mare important
cause of slag carryover. This drain sink phenomenon is characterized by a
precursing hydraulic jump above the outlet, followed by the development of
a hollow core at some critical flow velocity in the outlet nozzle. As with the
vortex sink, there 1s a great amount of slag drainage through the core of the
drain sink. Furthermore, any slag carryover resulting from drain sink flow is a

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

Tundish Metallurgy

3.1 Non-metallicInclusions in Steel

Steel products inevitably contain various types of nonmetallic
inclusions in the form of oxides, sulphides, nitrides, etc.. These inclusions
sometimes give detnmental effects on steel quality, if they are not properly
controlled. In the steelmaking process, the non-metallic inclusions are
naturally cateqgorized by two groups, those of indigeneous, and those of
exogeneous, orgin. The indigeneous inclusions are formed as a product of
reactions taking place in the moiten or solidifying steel bath, whereas the
exogeneous inclusions result from mechanical incorporation of slags,

refractories or other matenials with which the molten steel comes in contact.

The possible arigins of nonmetallic inclusions for continuously
casting machine are illustrated schematically in Figure 1-14 (1), Thus,
indigeneous inclusions are principally composed of oxides and sulphides, and
the reactions forming them may occur by alloy and/or powder additions to the
steel for deoxidation, desulfurization, inclusion shape control purposes.
Alternatively, changes in solubility during the cooling and freezing of the

steel may be responsible 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 slags,
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 to a steel’s properties, and must therefore be avoided or eliminated

from steel processing procedures.

3.2 Inclusion Flotation in Liquid Steel

In 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 to nse up under the action of buoyancy, its velocity 1s
increased initially over a period of time. The particle is subjected to the
resistance of the fluud medium through which it ascends. This resistance
increases with particle velocity until the accelerating and resisting forces are
equal. From this point on, the solid particle cdntmues to rnise at a constant

maximum rising velocity, us.

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

monosize spherical particle, us, can be written

{(p—p ) d?
Lo 2ThET (1-9)
8 18p
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where p and pp is the density of the fluid and of the particle, respectively. g is
the acceleration due to gravity, d the particle diameter, and p 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)

_p 10715043
u =078 fp__fi’)_...__._. (1‘10)
8 p0.285p0.43
and, similarly, for particles within the range of Newton’s law (Re >500)
(p—p)d
u =5.46{ o }“-5 (1-11)
® P

Though inclusion particles larger than 200 pm in diameter can
sometimes be observed in a steel product, most inclusion particles are
distributed within less than ~150 pm in diameter (59). Considering this fact, the
maximum particle size for which velocity follows Stokes law can be

established by substituting pRe/dp for the rising velocity in Equation (1-9), and

setting Re equalto 2, i.e.

2
d =l.56{ a }"3 (1-12)
max (p_pp)o

Taking p = 7000 Kg/m3, pp = 3000 Kg/m3, and p = 0.0068 Kg/m s, the maximum
particle size is estimated to be 185 uym. Hence, it 1s reasonable to assume that

inclusions typically encountered in molten steel should follow Stokes law.




3.3 Physical modelling for tundish metallurgy

3.3.1 Inlet nozzle shrouding

When the steel stream flowing from the ladle into the tundish is
exposed to atmosphere, the molten steel can be reoxidized by air
entrainment. Consequently, argon gas sealing, and/or submerged nozzles are
currently used in order prevent reoxidation during metal transfer operations

to the tundish.

Figure 1-15 compares total oxygen contents for argon shrouded
and non-shrouded streams (60). As seen, the total oxygen content was
significantly decreased when the stream was shrouded by a sealing gas.
Submerged nozzles between ladles and tundishes are also very useful for
avoiding the entrainment of slag droplets into the liquid steel: these are
associated with open pouring of steel stream which plunge through an upper

slag layer (€1).

3.3.2 Flow modification - Iimprovement in inclusion separation

Many studies have been carried out for improving ir.~lusion
separations from tundish melts by using flow modification devices (62-67),
Kemeney et al. (62) were early pioneers to investigate flow patterns in
tundishes. For their studies, they injected a dye tracer (KMnQyj into the ladle
teeming stream, and measured minimum retention times for several different
configurations of flow control devices (i.e. weirs and/or dams). They found
that retention time profiles could be used to interpret flows in - tundish in
terms of a mixed flow model. They were able to suggest the fractions of

backmixed flow, plug flow, and dead volume within the tundish. According to
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these authors, the weir and dam arrangements greatly improved the tundish
flow patterns (i.e. plug flow volume fraction increased). Further, minimum
retention time were also markedly increased, thereby enhancing the
separation of nonmetallic inclusions from liquid steel. Figure 1-16 shows some
schematic flow patterns in a tundish with, and without, flow control devices

observed by them.

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 well 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 mould
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 :

R= = eap(-ku) (1-13)
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where k is a constant, and us is Stokes rising velocity of a particle expressed in
Equation (1-9). If the flow within tundish is assumed to be pure plug flow, the

constant, k, becomes

A
£
Q

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

k= =

(1-14)

o Pl

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 {i.e. inclusion entrainment rate).

Nakajima {1) has also developed a hybrid maodel, which allows for
some plug flow, backmix flow reactors, and some 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 dp s
R = out = - P ) (1‘15)
Nm a+ Abus/Q) e | Q

where Ap and Agp represent the surface areas tor the backmix flow
components of the reactor and the plug flow dipersed plug flow part,

respectively.

This expression 1s useful for crude estimates of inclusion
entrainment for single, or axisymmetric twin ported tundish, but the volume
fraction of each reactor has to be determined a priori. Consequently, the

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

multiported tundishes.

3.3.4 Tundish temperature

In tundish processing operations, there is generally a significant
drop in steel temperature between inlet and outlet nozzles (68). Tundish
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 within the range of 1550 °C to 1560 °C 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 in slabs
is also increased with such temperature increases. Improvements in inclusion
separation at higher steel superheat temperatures are a reflection of
decreases in the molecular viscosity of steel with temperature. This decrease
enhances the Stokes rising velocities of particles in molten steel within the
tundish bath, thereby accelerating inclusion float-out from the melt. By
contrast, higher mould superheat lead to a columnar, rather than equiaxed,
microstructure, and provides solutes (e.g. 5,C, etc.) has more time to segregate
to the liquid phase during solidification procedures in the mould. Thus, it has
been suggested that for typical operating conditions on slab and billet casters,

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

central segregation.

3.3.5 Nozzle clogging

Nozzle clogging can occur as a result of non-wetting solid
inclusions accumulating on the inside walls of a nozzle outlet from a tundish.
Clearly, partial or complete blocking will cause serious operation difficulties
during casting operations. Further, the build-up of inclusion agglomerates in
the ports of the tundish-to-mould shrouds represents a potential source of
large exogeneous inclusions. This accretion problem is especially 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 wvisual observation and EPMA studies. Thus,
when liquid steel is cast through the tundish-to-mould shroud nozzle, they
propose that a thin solidified metal shell coats the inner surface of the colder
nozzle. For the submerged shroud surface which is immersed in the steel of
the mould, a thin coating of mould slag can occur, as a result of slag creep
over the shroud surface. Solid nonmetallic inclusion's can then attach to the
shroud surface and start to dissolve in the slag layers, causing an increase in
the thickness of the clogging deposits. In clean steel, where there are lower
levels of alumina inclusions, the layer will assimilate any contacting alumina
particles causing the matrix to become more viscous and thicker. This
thickening film of viscous slag slowly clog the ports as it builds up. When the
steel contains many more alumina in inclusions, the coaung layer helps
initiate the attachment of the build-up to the shroud, so that an alumina-type

build-up will begin to grow. This nozzle clogging can be diminished by gentie



53

0 gas bubbling through insert nozzle (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 their optimal design. Thus,
detailed information on velacity fields and turbulence parameters allows one
to predict, in a quantitative sense, inclusion dispersion and separation
characteristics as well as temperature fields, during tundish processing
operations. Mathematical modelling of tundish metallurgy involves solution
of a complex three-dimensional turbulent form of the Navier-Stokes

equations.

El-Kaddah and Szekely (71) reported a mathematical model
describing three-dimensional tundish fluid flow using the commercial
PHOENICS code. They also predicted tracer dispersion curves at the outlet
nozzle of the tundish, and showed that they were in very good agreement
with measurements by Kemeney et al. (62). Concurrently, Lai et al. (72)
calculated tundish flow fields numerically via the three-dimensional turbulent
Navier-Stokes equations, incorporating the k-¢ turbulence model. There,
predicted flow fields were compared with experimental measurements

obtained via Laser-Doppler anemometry and flow visualization techniques.

Y. He and Sahai (73) performed computations of fluid flows in
tundishes under the condition of sloping sidewalls, comparing the effects of

these with vertical walls in terms of flow patterns and retention time
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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 specific buoyancy,
convection, and turbulent dispersion, 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 paralleled these computations, used an on-
line particle measurement technique. They were able to report that
predictions agreed well 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 providing
useful qualitative descriptions of flows, had two major limitations: first, they
were often expensive and time consuming, and second, 1t was impossible to

achieve all the physical conditions providing in a real metallurgical process.

In the absence of direct measurements and experiments on full
scale operations, a more recent recourse is to calculate flow fields and
turbulence levels in such processes, by sclving a set of partial differential
equations governing the transport of momentum, mass, energy, and other
properties of the flow. Moreover, since a major feature of industrial
steelmaking process vessels (e.g. ladles and tundishes) s their three-
dimensional character (e.g, off-center bubbling and multi-plug gas bubbling
in ladle process operations, and complex fluid flow / inclusion movements in
tundish operations, etc.), a relevant three-dimensional turbulent flow model

is needed if such metallurgical transport phenomena are to be properly

studied.

In 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 ladles
and tundishes. These includes such items as mixing behaviour during gas
bubbling in ladles, the dispersion / separation behaviour of nonmetallic
inclusions in tundishes and associated tempera .ure variations. These heat and
mass transfer phenomena are directly and strongly influenced by particular
flows, such as those generated by gas bubbling in ladles or those when 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. Simultaneously, physical experiments in parallel with
the mathematical model were carried out, so that the results of one could be

compared.

This thesis consists of four 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 II describes the numerical methods of solution used for
coding of the computer program. Part IIl describes the modelling of mixing in
steelmaking ladles. There, mixing phenomena 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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PART 11

COMPUTATIONS OF FLUID FLOWS, HEAT AND MASS TRANSFER

FOR THREE-DIMENSIONAL TURBULENT FLOWS
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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 velocities, temperatures, and pressures are subject to
fluctuations. These are both 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 properties.

Numerical methods of solution are then used extensively in
practical applications to determine flow velocity fields, temperature
distributions and mass transfer in the systems having complicated geometries,
boundary conditions, etc. A commonly used numerical scheme 1s the finite-
difference method. In this approach, the partial differential equations for
momentum, energy, and mass conservations are approximated by a set of
algebraic equations in a number of finite volume elements placed within the

region of interest.

Thus, In the present study, a general purpcse computer code,
METFLO, capable of predicting three-dimensional turbulent flows in systems

of rectangular and cyhndrical geometry, was written by the author using the
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finite difference method. The first step for this was to establish the
appropriate partial differential equations for continuity, momentum,
turbulent parameters, and those for energy and mass conservation. The
second step is the transformation into a set of algebraic equations, or
discretization, of the differential equations. The final step 1s to design a
specific solution procedure for the discretization (or finite-difference)

equations constructed

This part 1s comprised of four chapters. Chapter 2 provides the
fundamental mathematical formulae governing continuity, momentum,
energy, chemical species and fine particles conservation. It also explains the
concept of wall function method for treating the flow properties (e.g. shear
stress, turbulent kinetic energy and energy dissipation rate) in the near wall
region. Chapter 3 describes how to discretize the non-linear differential
equations for computations by using the finite difference method, and then
introduces the solution strategy and boundary conditions. In chapter 4, the
structure of the computer code and computational procedures are briefly

overviewed. 'n order to verify METFLO, some case studies were carried out,

and these are described




68

Chapter 2

Theory

2.1 Fluid Flow

In turbulent flow, the motion of fluid elements are irregular, time-
dependent, and accompanied by fluctuations in velocity. In order to solve this
complex turbulent flow, the equations of continuity and motion are averaged
over a short time interval to get the time-smoothed equations. These equtions
describe the time-smoothed velocity and pressure distributions. Figure 2-1
illustrates the concept of the instantaneous velocity, vz, the velocity
fluctuation, vz', and time-averaged velocity, v;. The only difficulty is that the
time-smoothed equation of motion contains turbulent momentum fluxes,

which s usually referred to as the Reynolds stresses (-pu,'u,’).

For the use of the time-smoothed equations to obtain velocity
profiles, some expressions for the Reynolds stress terms have to be inserted. In
the present study, Boussinesq's eddy viscosity model(?) was imposed on the

time-smoothed momentum equations. This approach writes

ou du
P (=) (2-1)
fax &

3

+
—puu,



69

Velocity —

0 i 0.05 sec
Time, ¢ ———s

Figure 2-1 Oscilation of velocity component about a mean value.
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by analogy with Newton's law of viscosity. py represents a turbulent

coefficient of viscosity or eddy viscosity, and usually depends strongly on the

local position of fluid.

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

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

form for both rectangular and cylindrical coordinates as follows. There, A isset

to unity for cylidrical polar coordinates. For rectangular coordinates, A is set to

zero and risreplaced by unity, df by dx, and dr by dy. It is appropriate to note

that u is velocity in the axial direction , v in the radiat direction , and w in the

angular direction for cylindrical polar coordinates, respectively.

Continuity Equation

3 ( a 1 | pu
- pu)+ - pv)+ - pw)+h-—:=
6z ar r r

Ele

Momentum Conservation Equation

Axial direction :

where

(2-2)

(2-4)
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The turbulent effective viscosity, B is defined as

peff=p+p't (2"5)
Radial direction :
a( +ld( ‘+la( ) av( au)
- v - = \rpw)+ = =—{pwv)—- — -
&zpu)rar-p)raﬂp az \Peff %
1 9 v 1 4 (peff au) oP
A A DA 0 D (2-6)
r or (rp”’f ar) r o r or v
where
d du 1 a( av) 1 9 d (w
- . — + p—— [ ——
S" az( eff ar ) or meff or r 40 eff ar \ r )
w d
A |"-- s Y P -‘£>] (2-7)
r r2 a0
Angular direction :
d ( . 1 d( )+ 1 a( d < w
&z puw) ar o r a0 pww)- 0z Herr a2 )
1 3 awy, 1 8 (*‘eff w 1 aP
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where
0 [ Mo au 19 v I o | Per [ ow
s=-(-—-—)+-— (—- A)+-——-——(-—— A2)
wogz\ r 00 rar“effae W r i r 86+U
4) “eff(ﬂz 193._2)_25'2 (2-9)
r ‘or r @ r r




72

2.2 Turbulence Model

Unlike laminar viscosity, the turbulent eddy viscosity is not a
property of the fluid. Its value will vary from point to point in the flow, being
largely determined by structure of the turbulence at the point in question.
There are several tasks of expressing the turbulent viscosity in terms of known

or calculable quantities(2-7)

In the present study, the k-e model of turbulence proposed by
Jones and Launder(7), was used to determine the value of the local turbulent
viscosity. In this model, the governing transport equations for turbulence

kinetic energy, k, and 1ts dissipation rate, ¢, can be represented by :

Equation of Turbulent Kinetic Enerqy

d 1 9 1 a (M ok
— (puk) + = — trpvk) + = — (pwk) - — —-)
oz r or r a0 6z‘ok az

1 a(H, ok 1 0 (¥ ok
— = mm | - — — e amme —— cn— — '\: 2'10
( r ) rae( ae) G +pCpe = 0 (2-10)

where

(2-11)
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Equation of Energy Dissipation Rate

S o+ 2L o+ = X (owe a(l*,ac)
— (pu) + = — (rpue) + = — (pwe) — —| — —
azp r or P raep

&Z\o daz

t

2

la(l%at I&(W&.) e £
--=l=r= ) - === G=+Cp— =0 (2-12)

rarorar) r 30 o, r&d C‘k+2pk

The turbulent eddy viscosity, pt, is given by
Cppk2

b= (2-13)

The five values of constants, set according to the recommendation

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

Table 2-1 Recommended values of constants

for k- two-equation model of turbulence
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2.3 Dispersion of Alloy Additions/Tracer

In the pesence of a steady state flow field, to which a tracer is
added at time zero, the appropriate statements for conservation of mass, in

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

3 ( ac) 1 a( aC)
r=Zletpc-r, S|+ = = {pwc-1 - =)=0 (2-14)
or ripoC C ar r a8 pwC Cr a0

P2 b B (2-15)
(4]

where o and oy represents the laminar and turbulent Schmidt number,

respectively, and ot ¢ is assumed to have a value of unity.

2.4 Dispersion of Fine Particles

Stokes law provides that the terminal rising velocity, us, of a
sphencal particle 1n steel is related to size, buoyancy and steel viscosity

according to

2
, = Segd (2-16)
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where Ap is the density difference between the fluid and the particle, g is the

acceleration due to gravity, d is the particle diameter and p is the viscosity of
the fluid.

The mathematical model for predicting inclusion population
distributions employed a standard mass conservation equation describing
spatial distributions 1n terms of the mass fraction of fine particles within a
fluid control volume. Thus, in the presence of a steady flow field, the mass
fraction of particles of a specific size can be expressed according to a species

conservation equation for cartesian coordinates :

+£;(va—1‘€‘ -—)+ a—(pr—I‘, a—(Jr):O (2-17)

Since the flotation of micron size fine particles in metallurgical
processing vessels would seem to be subject to Stokes law, their dispersion
within such a system can be described via a three-dimensional convection-
diffusion type mass transport equation. The solution of such equations
requires that the distnbution of flow vanables (u, v, and w) and turbulence

variables be known a priori. The possibility of inclusions directly affecting the

flow within the tundish is discounted.

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

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

3 T a aT
;(pu’l‘—l”. 52—)+ —; r(pul‘-—[‘e'T ;—)l
1 8( 1 4T
+ = — T—-TD , - —|= 2-18
r 60 pw el p ae) 0 ( )

The effective diffusivity concept was used to represent the
combined effect of molecular and turbulent thermal diffusion The exchange

coefficient, T, 1, is given by
H
r = E + —.l—. (2'15)
o

where ¢ and oy7 represents the laminar and turbulent Prandtl number,

respectively, and ot 1 is assumed to have a value of unity

2.6 Wall Function Method

For the turbulence model, it is assumed that the characteristic
Reynolds number for a given flow is sufficiently large (e g. 2 1 x 103 for the flow
in circular tube) to ensure turbulent, rather than laminar conditions. However,
in the immediate neighborhood of the wall, the fluctuations in the parailel
direction to the wall are greater than those in vertical direction to the wall,

and all fluctuations approaching zero at the wall itself.
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in order to treat the flow near the wall boundary, generally, a ane-
dimensional Couette flow analysis 1s made close to walls(3,10). The layer is
assumed to be one of constant shear stress and constant heat flux. These
conditions are true only for an impermeable wall with zero or negligible
streamwise pressure gradient. The momentum equation is, then, reduced to a

particularly simple non-dimensional form.

The region close to the wall is one where the local Renolds number
changes considerably. Hence, the approach adopted 1s dependent upon the
value of local Reynolds number, y+, based on the distance, y, from the wall

and the friction velocity, u,. These are respectively defined as(10) :

y" =pu yl (2-20)
where
u=vu/p (2-21)

Although the change of fluctuations (or intensity 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 (0<y+ <5), in which Newton's law of viscosity is used to
describe the flow ; The buffer layer, or transient, zone (5<y+ <30), in which
both laminar and turbulent effects are important ; and the inertial sublayer,
or turbulent layer (y + >30), in which the flow seems to be completely
turbulent, but being 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 following

dimensionless velocity, u +, was also introduced.

+

u" =ulu (2-22)

Therefore, in the viscous sublayer, the shear stress, 1y, is taken in the form
tw = p du/dy. The integration of this expression for constant ty, with u=0 for

y =0 leads to the following result

u =y (2-23)

In the turbulent sublayer, the laminar shear stress is negligible in
comparison to the turbulent shear stress. By utilizing the mixing length
concept(2) and assuming that the mixing length varies linearly with the
distance from the wall in the form, /=xky, 1t can be shown that velocity
distribution in the turbulent layer has a logarithmic profile of the form

+ _
u =

I B

InEy™) (2-24)

where x is the von Karman constant, with a value of 0.4187. £1s an integration
constant depending on the magnitude of the variation of shear stress across
the layer and on the roughness of the wall. The value of E is given by 9 793 for
impermeable smooth walls with a constant shear stress(8). Figure 2-2(10) shows
a correlation of the velocaty distnibution law with Nikuradse’s(11) measured

data for turbulent flow inside smooth pipes.
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In many engineering calculations, the buffer zone 1s disposed of by
defining an algebraically averaged point y+ = 11.63, below which the flow 15
assumed to be purely viscous (i.e. viscous sublayer) and above which it be

purely turbulent {i.e. turbulentlayer)

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

wall, y+, can be given by

(2-25)

When 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

du 226
L == -
In the turbulent layer (i.e. y+ >11.63), the shear stress is written by
y V4, 12
] =p|<(,p k™ u (2-27)
In(Ey™)

The incorporation of the wall boundary condition for the turbulent
kinetic energy, k, requires spectal attention. The usual k-balance 1s used but,
since the turbulence energy goes to zero at a wall, there 1s no flux contributed
from the wail. The generation term G (Equation 2-11) in the k-equation

reduces to a simplified form as follows,
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dau aul w -
p(—Ls ==y = (2-28)
t axl axJ wy
and

- U4, 32+ (2-29
Cl)pz:—CDpCp R u"ly )

Unlike the turbulence kinetic energy, k, which falls to zero at wall,
the energy dissipation rate, ¢, reaches its highest value at the wall. This makes
an g-balance for a cell extending up to a wall very difficult since one cannot
know how to modify it in such cases. For this reason, a fixed value for ¢ 15
adopted irrespective of y+ The energy dissipation rate in the wall boundaries
can generally be expressed as(16)

4, ¥2
Cu * (2-30)

Ky

The value represented in this equation is fixed at every node next to the wall.
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Chapter3

Numerical Treatment

3.1 General Differential Equation

The differential equations of interest to this study are the
ecuations of continuity, momentum, kinetic energy of turbulence and its rate
of dissipation, together with equations for the conservation of mass and
energy transport. These differential equations have been described in Chapter

2 and can be cast in the generalized form :

dloo)r oouo)= (1 )rs @31
J J J

where ¢ denotes the dependent vanable (e.g. u, v, w, k, ¢, T, etc.), I' 1s the

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

differential equation are the unsteady transient or time dependent term, the

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

first term (1.e. unsteady term) can be setequal to zero.

When the source S depends on ¢, it can, ‘f necessary, be

decomposed into a linear form, according to :
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S=S,+S,¢ (2-32)

Physical reality requires that the values of certain dependent variables always
remain positive. These are the kinetic energy of turbulence, its rate of
dissipation, the mass fractions of chemical species, liquid metal temperatures,
and so on If the source of such "always-positive” variables 1s not properly
handled, they may, in actual com;sutations, acquire erroneous negative values
wrecking further calculations and iterations. Hence, a strict requirement
ensuring no negative values of always-positive variables is that Sc must aiways

be positive and Sy always negative.

3.2 Grid and Control Volumes

A numerical solution to a differential equation consists of a set of
numbers from which the dependent variable, ¢, can be constructed. In other
words, a numerical method treats the value of the dependent vanable at a
finite number of locations, that is, grid points, as 1ts basic unknowns in the
calculation domain, and solves for this dependent variable as a function of

space and time (for transient flows).

Thus, the first step in deriving the finite difference equations is to
establish a suitable grnid and choice of storage locations for variables. A typical
two-dimensional grid and control volume is shown in Figure 2-3. The scalar
control volume is shown by the dashed lines, while the velocity control
volumes are represented by dotted lines. While the scalar variables (P, C, k, ¢,

T, etc.) are located at the intersection of grid nodes, the veloaty components
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vs| scalar cell

Figure 2-3 Control volume for the two-dimensional situation
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are located at the boundaries of the scalar cells (control volumes).

Such a displaced or “staggerred” grid for the velocity components
was first proposed by Harlaw and Welch{17) in their MAC method. As seen In
Figure 2-2, an immediate consequence of the staggered grid i1s that the mass
flows rates across the scalar control volume faces can be calculated without any
interpolation for the reievant veiocity component. Similarly, for the velocity
controi volume, the pressure difference between two adjacent scalar gria
points now becomes the natural driving force for the velocity component, this
again requiring no interpolation for the pressure at the face of the velonity
control volume. These procedures lead to improved stability in numerical

integration procedure(12).

The three-dimensional control volumes for the scalar variables in
the present work are illustrated in Figure 2-4 (a) and (b), for rectangular and
cylindrical polar coordinates systems, respectively it 1s appropriate to note
that the control volume faces were placed midway between gnd points in a

Type A gnd arrangement.

3.3 Discretization Equation

In order to solve a differential equation using a computer,
equivalent algebraic equations known as discretization equations, which
Incorporate the unknown values of ¢ at chosen grid points, have to be
constructed. Such a discretization equation is derived from the differential
equation governing ¢, and thus expresses the same physical information as

the differential equation. In a given discretization equation, only neighboring
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grid points partiapate as a consequence of the piecewise nature of the
profiles chosen Asthe number of grid points becomes very large, the sofution
of the discretization equations 1s expected to approach the exact solution of

the corresponding differential equation.

Two alternative versions of the discretization method are generally
used in typical computational practices by engineers They are finite-
difference and finite-element methods In the present study, the discretized
equations were derived using the integral control volume approach (i.e.
finite-difference method). In this procedure, the calculation domain 1s divided
into @ number of non-overlapping control volumes such that there 1s one
control volume surrounding each grnid point. Integrating a differential
equation over a control volume, and choosing the appropriate interpolation
formulae (e g piec2wise linear profile or stepwise profile), one can obtain a
discretized equation containing the values of ¢ for a group of grnd paints.

(More detailed information on these procedures is presented by Patankar,
1980(12) )

The discretization equaticn obtained in this manner expresses the
principle of conservation for ¢ for a control volume of finite proportions, just
as its counterpart differential equation expresses this principle for an
infinitessimal control volume. Referring to Figure 2-4, the final discretization

equation based on the general differential equation can be expressed as (12):

apbp=apbptaydytaydytagdotardytayd,+h (2-33)

where
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aE=DeA(|Pe|)+max(—Fe,0)
ay= DwA(IPw\H max(F ,0) i
a,=D A(P N+ max(~-F ,0)
n n n
ag=D A(P |)+max(F ,0)
8 B S
aT.=I)tA(|P‘|)+ max(~F ,0)
ag= DbA(lel) +max(F 0/

pp’ V
a =
P At

b=S,V+a, d,’

ap=agtaytaytagta,tata, +5,V (2-34)

where V represents the metric volume of a contro/ volume. F indicates the
mass flow rate, D the diffusion conductance, and Pis the local Peclet number

They are defined as follows :

F‘=(pu)lA‘

D =I"A /(8x) (2-35)
{ i i 3

P=F /D
1 3 t

The symbc! max(A,B) is defined to denote 'the greater of A and B'
The function A(|F|) for various schemes is listed in Table 2-2. in the present
study, the hybrid scheme was adopted based on economic grounds, since it
gwves physically realistic and reasonable solutions even for somewhat coarse

grids versus central difference and upwind schemes.
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Table 2-2. The function A(|P|) for different schemes

Scheme Formula for A(|A) -
Central difference 1-0 5|P|

Upwind 1

Hybrid max(0, 1-0 5[P|)

Power law max(0, (1-0 1]P))5)

3.4 Calculation of the Flow Field

As described earlier, the momentum equations governing the
velocity components are also particular cases of the general differential
equations for ¢ (e.g. d=u, ['=pess, etc. for the u-momentum equation).
However, these equations need special procedures. The major difficulty arises
from the fact that the momentum equations incorporate unspecified pressure

gradient terms (i.e. dP/dx;), and no obvious equations exist for obtaining the

pressure field.

The pressure field, then, is specified indirectly via the continuity
equations. Unless the correct pressure field is employed, the resulting velocity
field will not satisfy the continuity equation. As a consequence, special
numerical procedures have been developed in which the continuity and
momentum equations are solved by coupling them via a pressure correction
equation (13). Two of the ‘sub-algorithms’ for solving the flow field are SIMPLE
(semi-imphat method for pressure inked equations) and SIMPLER (semi-

implicit method for pressure linked equations-revised) (12),
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The operations of SIMPLE algorithm, used 1n this work, are as
follows; an initial pressure field is first guessed and the implied flow field is
then calculated from the discretized momentum equations. The discretized
continuity equation is then tested with the proposed velocity field. If that
flow field does not satisfy the continuity, pressure corrections are calculated
using a pressure correction equation. Adjustment are therefore made for
velocity and pressure fields throughout the flow domain. The discretization
equations for other variabies (i.e. turbulence quantities and temperature), if
necessary, are then solved, since they influence the flow field through fluid
properties, source term, etc. Employing the newly proposed pressure field, the
momentum equation is re-solved. Again the resulting flows are checked for
local continuity, etc These procedures are successively repeated until a

converged solution i1s obtained.

3.5 Solution Method

In constructing the discretization equations, we need a particular
method for their solution. It is useful to consider the derivation of the
equations and their solution procedure as two distinct operations, and there 1s
no need for the choice of one to influence the other. In a computer program,
the two operations can be conveniently performed in separate sections.

Further, either section can, when desired, be modified independently

One of the solution methods for the multi-dimensional
discretization equations 1s an iterative method, the so-called 'line-by-line’
method. This is a combination of the TDMA (Tri-Diagonal Matrix Algorithm)

for one-dimensional situations used in conjunction with the Gauss-Seidel
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method. In this procedure, one chooses a grid line (say, the y-direction),
assume that the ¢'s along the neighboring lines (i.e. the x-and z-direction
neighbors of the points on the chosen line) are known from their guessed or
latest values, and then solve for the ¢'s along the chosen line using the TDMA
algorithm. One follows this procedure for all lines of nodes in one coordinate
direction and then repeats the procedure by successive sweeps, until one
obtains converged solutions. Thus, in the present work, the set of discretized
equations of those variables of interest were solved using the SIMPLE

algorithm with this line-by-line iterative procedure.

In the process of the iterative solution procedure, a criterion
determining ‘convergence’ is needed. Convergence is defined as the property
of the iteration scheme to proceed from a set of initial values to an acceptible
solution of the discretized equations. In the present computational work, the
acceptibihty of the converged solution was measured by the “residual

sources”, Ry. Thisis defined as

R =apbp=(> a b, +b) (2-36)

Physically, the Ry, represents the net flux imbalances for the cells of ¢. This will
approach zero as the prevailing ¢ field reaches convergence. Thus, when the
sum of residual sources reaches a very small reference value, Ry, r., It can be
assumed that the discretization equations have been solved. In this work,
Rg,ref, was set to 0.01 for velocaty field and 0.001 for mass concentration,
Sufficiently small grid space and time intervals (for transient cases) are also
important factors for the accuracy of the solution. Thus, it is necessary to

ensure that the solution isinvariant to further reduction in these intervals.
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Sometimes, under-relaxation can be employed in order to avoid
divergence in the iterative solution of strongly nonlinear equations. Equation

2-33 can be written as

p, = 2ottt (2-37)
P a
P
or
. Zanb¢nb+b . (2-38)
¢P=¢P + (——a-——_q)p )
P

where ¢p* is the value of ¢p from the previous iteration. This change can be

modified by the introduction of a relaxation factor, a, so tiat

Sa ¢ +b
Lk e 0¥ nb . 2-
¢P—¢P + Q<—'—a—P——q)P ) (2-39)
or
a
P -
:cbp 2 a,b,t bt -0 =0, (2-40)

As seen in Equation 2-40, under-relaxation can be performed by modifying a
coefficient and the source term. In the present computational work, the
under-relaxation factor, a, was set to 0.5 for velocities, 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 provides a schematic structure of the code, METFLO,
developed for computational predictions of three-dimensional transport
phenomena in metallurgical vessels. It shows the various subroutines, their
functions and interrelations The core of the program is the main subprogram,
here called MAIN: 1ts functions are controlling the progress of the calculation,
and producing and saving resultant vanable fields (1e. u, v, w, P, k, g, n_,) and

other information at intermediate and final stages.

Subroutine USER contains several entry routines, which carry out
the initial specification of the grid, the control parameters, constants of the
problems, fixed boundary values, and any other relevant initial specifications

required.

Subroutine INIT calculates the grid coordinates, inter-node
distances, cell dimensions, etc., and assigns the starting points of the
calculation domain The iteration procedures are performed and controlled by
ITER. It also gives intermediate outputs of the number of iteration, residual
sources, and the value of variables at a specific grid point being monitored so

as to enable one to check the progress of iterations and convergence.
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Figure 2-5 Structure of the METFLO code.
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All of the CALC) subroutines have the same structure with
exception of CALCP. Being entered from ITE!. and also exited to ITER, each of
these subroutines calculates the coefficients over the entire field, and makes a
call to MOD¢ in PROMOD in order to modify the sources and boundary
coefficients for the particular problem. All the coefficients are then gathered,
and the residual source is calculated from the values of $ in the previous
iteration. Finally, a call 1s made to LISOLV for the application of the line-by-
line procedure, before returning to ITER. Subroutine CALP has almost the
same structure as the above, but, after LISOLV is called, a correction for
velocities and pressure 1s carried out, and the pressure corrections set to zero.
Subroutine PROPS evaluates fluid properties (e.g. density, turbulent viscosity,

thermal diffusivity, etc.) based on formulae provided.

The line-by-line iteration is performed in subroutine LISOLV. The
subroutine PRINT performs the printing of the dependent variables, if desired,
while PLOT performs plotting of the velocity profiles, and iso-value contours.
Subroutine PROMOD consists of several entries of MOD¢. It plays the most
important role as it 1s the major area where the sources and boundary

conditions can be modified to suit the individual problem.

INIT, ITER, LISOLV, PRINT, and the set of CALC subroutines are
independent of problem type. Modification for specific case isrequired only in

MAIN, USER, PROMOD, and sometimes PROPS and PLOT.

If required, other subroutines can be created and easily linked into
this program. For instance, subroutine MIXING was created and incorporated
for the study of mixing behavior within ladles during gas stirring operations,

and INCSEP was developed for the study of inclusion separation in tundishes.
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4.2 Computational Procedures

Figure 2-6 shows a flow chart of the computational procedures
used in the present study. To begin, information such as the gnd size, vessel
dimensions, fluid properties, control parameters, type of coordinate system,
etc., is input through a data block. The grid arrangement is then set up with
the grid size and the number of grids given. Some fixed boundary values are

also imposed with respect to the problem <USER>.

Using the input data of vessel dimensions and grid size, the cell
dimensions for the variables are calculated and some parameters are
determined by the type of coordinates. The variable fields are then initialized

<INIT>. At this stage. it Is ready to start iteration procedure of vanables
<ITER>.

The calculation 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 all celis in the domain Special
boundary conditions are imposed for the walls, symmetry planes, free surface
and blocked region <MODPRO>. After performing under-relaxation, the
discretization equations at all u-cells are solved by means of TDMA
<LISOLV>. This procedure is carried out in the subroutine CALCU. Other
variables (i.e. v, w, T, P' k, £) are solved sucessively using the same procedures

just described <CALCV, CALCW, CALCT, CALCP, CALCTE, CALCED>.

Flurd properties are calculated and updated by new values of the
dependent variables <PROPS>. The steps from CALCU to PROPS are repeated

until a converged solution is obtained. The results are saved on a disk, and, if
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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 in metallurgical processing vessels (e.g. mixing
procedures, and inclusion separation) can be solved <MIXING, INCSEP, >.
When the criterion for steady state is satisfied or the maximum transient time

is reached, the results are also saved, printed and plotted.

4.3 Code Verification

In ecler to verify the code, two case studies were carried out. One
is to solve an axisymmetric gas stirring problem in a steelmaking ladle (this is
actually two-dimensional problem) using the three-dimensional code. Figure
2-7, hence, shows an isometric surface flow fields when a gas flow rate of
30NI/min is centrally injected through a single porous plug into a one-third
scale water model of 100 ton ladle. Axisymmetrical 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 19 liters/min. Thus, Figure 2-8

illustrates an isometric view of flow vectors for a quadrant of the tundish.

Comparisons between predictions and observations of the flow

patternsin some selected planes of the central longitudinal plane (plane A),
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submerged gas injection through a single porous plug located at
center of vessel. (This figure shows the two-dimensional

characteristic of center gas bubbling.)
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Figure 2-8 An isometric view of flow fields predicted for a 1/6 scale water
mode! of a twin slab casting tundish. (Only a quadrant of tundish
was taken into account for computation )
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the inlet vertical plane (piane B), and the outlet vertical plane (plane C), are
given in Figure 2-9. As seen, the predicted flow patterns agreed well with the
observations. It 1s appropriate to note that the mean speed of flows within the
tundish was predicted to be 4.8 mm/s, while the measured mean flow speed

was reported to be about 5 mm/s.

These and other case studies show that the code, METFLO, is
correctly programmed and that it provides reasonable predictions for fluid

flows in ladle and tundish steelmaking vessels.

4.4 Summary and Concluding Remarks

In this part of the thesis, a computational method for three-
dimensional turbulent flows used in the prediction of transport phenomena
in metallurgical vessels, has been briefly described. This outline 1s

schematically summarized in Figure 2-10.

Thus, the laws of fluid dynamics can be combined and expressed
into differential equations, which can then be transformed into finite
difference forms for the calculation using a con.puter machine. A solution
algorithm i1s necessary to achieve solutions for the finite difference equations.
Since such an algorithm involves thousands of operations, 1t 1s embodied in a
computer program in order to take advantage of the capability of the
computer. Finally, the computer program can yield solutions to the set of
equations and can provide predictions, that are consistent with physical
reality provided the differential equatians, finite difference equations and

computer code have been adequately established, and the probiem is well set.




103

Mass Conservation

{Continuity)

Conservation of

Momentum

Conservation of

Energy

Conservation of

Species

|

I

I

|

I

Differential Equations

! Algebraic Equations

{(Finite Difference Equations)

Solution Algorithm
; (SIMPLE)

(METFLO)

b Computer Code
i
|

Prediction

Figure 2-10 A computational prediction procedure for simulating transport
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Using METFLO, the computer program develoged in the present
study, one can predict fiuid flow, mixing behaviour, inclusion flotation or
settling and their population distributions, energy transport and temperature
distributions in metallurgical processing vessels. With the larger storage
capacities of today's computers and their faster processing times (e.g. Cray
super-computers), many complex metallurgical problems expressed in three-
dimensional differential equations are now amenable for study, at reasonable

cost and time.
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MODELLING MIXING IN STEELMAKING LADLES
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Chapter 1

Introduction

For higher quahty steelmaking, gas bubbling in ladles is used to
obtain chemical and thermal homogenization, as well as to accelerate the
absorption of harmful non-metallic inclusions into an overlaying slag. The
main point In gas stirrnng operations is to identify procedures and equipment
needed for achieving minimum mixing times and maximum recoveries of alloy
additions at optimum gas flow rate. In order to reasonably predict these
phenomena, detailed information on flow patterns, fluid velocities and
turbulent properties is needed. These have been the subject of study via on-

going physical and mathematical models over the last decade.

Szekely et al (1) were the first to attempt modelling the
hydrodynamic behaviour of liquid metal in an argon stirred ladle. Veloaty
and turbulence energy fields were predicted through the solution of the
turbulent Navier-Stokes equations in conjunction with the k-W two equation
model of turbulence. However, *he boundary conditions (e.g. velocity and
shear stress), adopted for an “interface” between the bulk fluid and the
plume, proved unrealistic. Deb Roy et al.(2) and Grevet et al (3) recognized
the role of buoyancy in the gas/liquid mixture, and proposed that the

gas/liquid mixtures could be represented by a pseudo-one-phase fluid of
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vanable density. Sahai and Guthrie(4.5 went on to develop mathematical and
algebraic models to describe the interaction of a plume with its surrounding
liquid, enabling plume dimensions, voidage, and center line velocities to be
specified, and the whole flow field analyzed. Their results matched pilot scale

water model results.

These mathematical models were developed for axisymmetric gas
stirring. In such systems, flows can be described via the two-dimensional
continuity and momentum equations, expressed in cylindrical polar
coordinates. While many flows within ladles can be idealized by assuming
axisymmet:ic conditions, @ major feature of industrial operations 1s their
three-dimensional character (e.g. off-centered gas bubkling, multi-plug gas
bubbling, off-centered alloy/tracer additions, the RH degassing process, etc.).
However, few studies on three-dimensional turbulent flows in gas stirred

ladles have been reported to date.(6-8)

The concept of mixing time, tm, has commonly been used to
represent the state of agitation in the chemical and metallurgical processing
vessels. Since Nakanishi et al (9) first correlated mixing times to stirring energy
input, many empirical relationships of the type 1m= ke-n, have been
reported(9-14), assuming that mixing times are independent of the
experimental conditions. However, in general, the values of kK and n varies
with respect to the experimental situations studied by investigators. The fact
that there are various empirical values for them reveals that the measured
mixing times could be dependent on experimental conditions, such as vessel

geometry, tracer injection point, monitoring point, gas bubbling location, and

the existence of a slag layer.
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Mazumdar (14) observed that the measured mixing time depends
on the points of tracer injection and monitoring . He further demonstrated,
that mixing in gas injection ladle metallurgy operations can be expected to be
controlled by a combination of eddy diffusion and bulk convection, both
mechanisms contributing in roughly equal proportions. Asai et al (10), Kim(13),
and Dobson et al.(21) reported that mixing times decreased as th. plug’s
location became more off-centred. On the other hand, Marujama et al.(15)
reported that rapid mixing was achieved with gas injection at the mid-radius

of the vessel, where both wall effects and relative stagnation zones could be

minimized.

The purpose of the present research was to study realistic industrial
situations in order to analyse mixing behaviour and mixing mechanisms as a
function of porous plug location, tracer injection point and ladle monitoring

point. For this, mathematical and physical models were used.
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Chapter 2

Mathematical Model

2.1 Governing Equations

In order to describe fluid flow, turbulent properties and
alloy/tracer dispersion in steelmaking ladles, the relevent partial differential
equations requiring (numerical) solution are the equations of continuity,
momentum and mass conservation, expressed in cylindrical polar coordinates.
These are aleady described in PART II (e.g. Equations 2-2to 2-15), and need no
repetition. Hence, in the following sections, a plume model, boundary
conditions and solution procedures used for the present study will be

described

2.2 Treatment of Plume

In the numerical solution procedures for this study, gas injection
was treated as a pseudo-one-phase flow phenomenon, in which the gas-liquid
metal plume is charactenzed by a region of lower density steel. The gas
voidage, a, within a rising gas-liquid plume was accounted for by introducing

a buoyancy term, p,ga, on the right side of Equation 2-4 for S, the ‘source
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. term’ for the u-momentum equation. The gas voidage, a, can be calculated by

applying the principle of volume continuity as follows:

a= Q/ur"z(w'p Up (3-1)

Sahai and Guthrie(4) have provided a simple algebraic equation to

calculate the plume rising velocity, Up, such that

V3, 1/4
QL (3-2)
Rl/3

U =K
p

where the constant K i1s estimated as 4.17 in S/ units, . The density of the

plume can then be obtained by

p=ap, + (1-alp, (3-3)

The approach is simple and correctly emphasizes the importance of
buoyancy, versus shear forces, in gas driven recirculating flows. It has been
confirmed through many experiments to be an effective way of treating such

problems(5.14),

2.3 Boundary Conditions

Impermeable and adiabatic conditions were assumed at all

: boundaries. All variables (i.e. u, v, w, k, ¢) 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 II. The plume was assumed to be a vertical cylinder of lower density
liguid. At the free surface, the boundary was assumed to be flat, and normal
velocity components and normal gradients of all variables were set equal to

zero.

2.4 Numerical Procedures

A general purpose code for three-dimensional turbulent flow In
metallurgical processing vessels, dubbed with the acrouymn, METFLO, was
developed, as described in Part II. In this modelling program, discretisation
equations derived from Equations 2-2 through 2-19 were solved using an
implicat finite difference procedure, referred to as the SIMPLE algorithm of
Patankar and Spalding(18), for both rectangular and cylindrical polar
coordinates. For analysis of the gas-liquid region, the GALA(19), procedure was
incorporated into the SIMPLE algorithm. In this, the physical properties of
flurd mixture in a cell in the two-phase region were averaged cn a volumetric
basis. This required that the conventional mass continuity equation be
replaced by a volume corntinuity equation, such that the volume of fluids

entering a volume element equalled the total volume of fluids leaving.

The numericai time step integration in the mass conservation
equation (viz., Eq. 2-14) was approximated by a fully implicit marching
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 linear differential equation, was solved iteratively,

using a line-by-fine solution scheme.

Following grid independence studies, the domain was divided into
a uniform grid of 18 (axial) x 16 (radial) x 16 (angular) 'n the three polar
directions. The computations were performed on a personal computer
equipped with a DSI (Definicon System Inc.) micro coprocessor (68020
coprocessor system) which magnifies RAM size up tc 8 megabytes and
increased clock speeds to 20 megahertz. About 600-1000 iterations were
needed to reach converged values of the velocity fields, the actual time being

taken amounting to about 12-18 hours.
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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 ladle planned for Stelco’s McMaster Works. Part of this model
appears in Figure 3-1 The model had a bottom diameter of 0.864 m, a top
diameter of 1.0C m, and a filled height of 0.787 m This corresponded to actual
(internal) dimensions of 260 m, 3.00 m, and 2.36 m respectively for the

McMaster Works ladle

Figure 3-2 provides a schematic diagram of experimental equipment
for the measurement of mixing times Air was injected into the water through
porous plugs set in the bottom of the cylindrical tank. In order to measure
mixing times for single porous plug bubbling, a tracer (20% HC| solution)
would be injected into the surface of the plume zone, and concentration
changes at a point near the bottom wall and the plume, monitored versus
time. The 95% bulk mixing time criterion was then used as a suitable standard
mixing time. This is defined as that time when all the local concentrations of
tracer addition have reached 95% of the bulk well-m:xed value. For double
bubbler configurations, tracer was injected into the center, and mixing times

were measured at a point near the bottom wall and the plume.
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Figure3-1 Photograph of experimental equipment

for mixing time mesurements.
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Mixing times were measured five to six times for a given set of
experimental conditions, the mean value then being reported as the,
measured mixing time. It is appropriate to note that individual mixing times

fell within * 10% of the mean values reported here.

3.2 Experimental Results

Figure 3-3 shows how mixina times decreased with gas flow rate.
As seen, the mixing time decreases exponentially with increasing gas flow
rate. Thiswork on a single porous plug gas bubbler confirms the relationship
that mixing times decrease according to the one-third power of the gas flow

rate.

Figure 3-4 presents some of the data already shown in Figure 3-3,in
terms of mixing times versus radial placement of the plug, for various gas flow
rates. As seen, mixing rates within the bulk of the hquid are increased, and
mixing times shortened, as the plug i1s moved away from the centre towards
the half radius. Beyond a minimum mixing time, reached at half radius, plugs
set closer to the ladle sidewalls tended to give slightly longer mixing times for
equal flows of gas. Consequently mid-radius bubbling gave a reduction of 15-

30 % in mixing times over the range of gas flow rates studied.

It is occasionally necessary to bubble an industnal ladle with two or
more plugs, in order to achieve gentle but rapid mixing, as well as to promote
slag/metal intermixing, and to avoid explosive degassing effects under
vacuum. A specific example 1s the tank degasser unit being operated by

Dofasco (Hamilton, Canada) as an alternative to an RH degasser unit.
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Figure 3-5 shows the effect of having two bubblers. There,
experimental mixing times are plotted versus net flow of gas. As seen, for two_
bubblers placed at mid-radius, and diametrically opposite each other (6 =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 diametrically opposit each other, will
exhibit minimum mixing times when operating at half radii. By moving both
plugs out to 2/3 radii, mixing times are practically doubled at the higher flow

rate (i.e. 40 liters/min).
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Chapter 4

Computational Results and Discussions

In order to study mixing behaviour during such gas stirring
operations in steelmaking ladles, computations were performed to predict
flow patterns, transient mixing procedures and the final mixing time for a
vertical, cylindrical ladle of equivalent scale to that studied, using the METFLO
code already described, in conjunction with gas-liquid mixture models

developed previously by Sahai and Guthrne(4), and Mazumdar and Guthrie(20).

4.1 Flow Patterns

Figure 3-7 1llustrates some predicted three-dimensional surface
flow fields when a gas flow of 30 NI/min 1s injected through a single porous
plug. In these modelling predictions, the position of the porous plug was
changed from the centre to 2/3 radius in order to investigate the effect of
plug location and tracer input location on mixing time. Figure 3-8 provides
detailed two-dimensional flow fields in some selected vertical (a, b, and ¢) 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 atright angles to the plume (c), have been provided. Similarly,
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horizontal components of the fluid flow across the surface (d), at mid-level (e),
and along the bottom of the ladle (f), are presented. The average

recirculating flow speed was predicted to be 0.1 m/s.

The key features to note are the angular velocities which
significantly affect trerer dispersion rates (as discussed later). It can be seen
that as the plug’s position 1s moved off center, the angular momentum of
fluid motion increases remarkably. Predicted mean speeds within the ladle,
versus change in porous plug location are presented in Table 3-1. It can be
seen that the mean angular velocity increases and that the mean axial and

radial velocities decrease, as the plug 1s moved away from the centre.

Flow patterns for twin plug injection, diametrically placed one to
the other, are provided in Figure 3-9. There, diametrically opposed porous
plugs were placed at 1/3, 1/2, and 2/3 radii, respectively. The two-dimensional
plots in some selected planes are 1illustrated in Figure 3-10 for diametnically

opposed plugs at half radius location. The mean recirculating flow speed was

Table 3-1 Predicted mean speeds of axial, radial and angular directions
in a 1/3 scale water model of a 100 tonne ladle for various

plug positions (Q = 30NI/min., unit = m/s)

lul i iwl Urec!

Centre | 01094 | 0.0464 | 0.0000 | 0.1391
43R | 0.0687 | 0.0346 | 0.0311 | 0.1008
172R | 0.0658 | 0.0368 | 0.0421 | 0.1025
2/3R | 00529 | 0.0355 { 0.0533 { 0.1028




128

— =0.2 m/sec.

»
-

A» \ v "s{ll’f/y
N~ == v 7 F st S
/’.\l.l‘l\\\ll'”/// ~
// e
4 o\ —=
= N -~ -
- % N \

3
N
7.

(a) 1/3R

O I N AN\~

L

(b) 1/2R

Isometric views of flow vectors predicted for double porous plug
gas bubbling diametrically opposed at one-third, half, and two-

third radii, respectively.

Figure 3-9

-



129

—= =0.2 m/sec.

Sy e R S NI LR ER = Cieerraaaaa s 441N AR )

T T T LR T L L RN

‘.--"""-unn-""“'w SHEIBEAR 1IN N

R KRS S SN N FAOEEFE 4458 1NN bE

NIRRT Vi s aer i aa, .y &6““““" -¢|t.|§5““‘

N T T AP P oy IR IR R A iiéi

Gases s et s e ag, o i\i\ii\\t' f“‘

Navs e e et IR ] ser sy L*\¥‘~\\\n ““

v e ” IR RRRI T

Nanvvvinsat MR e . veny Y e
Nanvsrveeag RO L R T ; ‘\\\\\\‘.- I{{}

NaNaNve s o2l DR R ¢ r‘\\\\\l“““".."‘11““‘

red L | L y\\\\\\\‘"'“"""'/!’Jlll
(XX XR] SRR NPT LERRN) T L . L R I [ ‘\\\\\\\\\-‘::'-11111’/,”‘
tevend “nNVYI P s ae fosone Foaese o aoes N I I PN o N R S e Y I I
v eerrf 0 el saae s e s ar T T E st s R 19 R NWRA NS * S rr LT e

(a)06=0 (b)6=n/4 ()0 =n/2

(d) surface (e) middle (f) bottom

Figure 3-10 Two-dimensional velocity components in some selected vertical

and honzontal planes for diametrically opposed porous plugs at
half radii.



el e R

130

predicted to be 0.09 m/s for such cases, this being 10 % less than that for single
plug bubbling with the equivalent gas flow rate. The meen speed in axial (G),
radial (v), and angular (w) directions were predicted to be 0.068 m/s, 0 020
m/s, and 0.028 m/s, respectively. It can again be seen that the angular
momentum of fluid motion increases as the plug’s position is moved off the

center.

4.2 Mixing Procedures

Using the numerical procedures already outlined, the combined
effects of tracer addition point and bubbler location on mixing times were
studied mathematically. Figure 3-11 (a) shows the four different locations
chosen for tracer input with respect to the plume’s eye, for single plug
bubbling. Figure 3-11 (b) gives three different locations of tracer input chosen

for twin plug bubbling.

Thus, Figure 3-12 provides mixing times predicted for tracer input to
a 1/3 scale water model of a 100 tonne ladle with single plug bubbling. The
marked squares represent the experimentally measured mixing times for
comparison with mathematical predictions. As seen, when the tracer was
added exactly into the eye of the plume (Case A), center gas bubbling proved
to have the shortest bulk mixing time. This was followed by increases as the
bubbler position approached the ladle sidewall. However, since the flow
characteristics of real plumes in the gas stirred ladles are turbulent, unstable,
and time-dependent, with vertical plume axes that tend to precess, this

‘theoretical’ experiment proved to be difficult to reproduce in practice.
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It is more realistic to suppose that the tracer will inevitably be
added slightly off-center to a plume’s eye (Case B). Predicted mixing times for
off-center-plur v additions were therefore studied and these exhibit very
different characteristics 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 to a ladle sidewall (Cases C and D) leads to much
longer mixing times. For side-wall additions, 95% mixing times for center
bubbling proved to be the longest, and decreased significantly as the plug
was moved towards the side-wall. Asai et al.(10) and Dobson et al.(21), using

physical models, studied mixing behaviour under the conditions of Case C.

As discussed in previous research work(14), mixing of steel in ladles
occurs by a combination 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 times are
reached. Since center gas stirring has no angular momentum associated with
it, angular mixing can only take place by eddy diffusion processes should the
tracer not be added precsely into the eye of the plume. As noted, the
consequence of missing the ‘bull’s eye’ leads to tremendous increases in

mixing times.

Per contra, as the plug is moved away from the centre towards the
side-wall, solute transport by angular momentum increases, yielding faster
mixing even though the tracer is injected at the sidewall. Figure 3-14A and B

illustrate the transient mixing processes for a plug placed at half radius, when
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center-plume additions of a tracer, during center gas
bubbling. (Case A in Figure 3-11 (a))
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Figure3-13B  lllustration of transients in 1so-concentrations following a
tracer addition just off-center to the gas/liquid plume, during
center gas bubbling. (Case B in Figure 3-11 (a))
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Figure 3-148  lllustration of transients in iso-concentrations following a
side-wall tracer addition for haif radius plug bubbling. (Case C
in Figure 3-11 (a))



¢ 4

wl

138

tracer was injected into the center-plume (Case A) and into liqiuid 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 side-wall to plume after
30 seconds. The 95% bulk mixing time was predicted to be 38 seconds for such
a case. Dispersion aspects for the side-wall additions was seen to be similar but

to take much longer time (55 seconds) for complete 95% bulk mixing.

In 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 insensitive to the tracer addition point. This can be
interpreted for the industrial steelmaking ladle process such that off-center

gas stirring is relatively insensitive to the location of thermal and chemcal

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-ladle 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-ladle addition, 95% bulk mixing levels are first reached in the two
plume zones, expanding the mixing area to each side-wall, while for Case F
and Case G, it is first reached at the center of the vessel. 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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Figure3-15B  lllustration of transients in iso-concentrations following a

plume addition of a tracer, for double porous plug gas

bubbling diametrically placed at half radii. (Case F in Figure 3-
11 (b))
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" tracer addition
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(a) time = 10 sec. (b) time =20 sec.

(d) time = 40 sec. (e) time =50 sec. (f) time = 60 sec.

i Figure 3-15C  lllustration of transients in 1s0-concentrations following a

side-wall addition of a tracer, for double porous plug gas

i bubbling diametrically placed at half radii. (Case G in Figure
3-11 (b))
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4.3 Plume Distortion and Wall Effects

The results of the computations just described provide a convincing
argument for mixing times becoming shorter as the plug is moved away from
the ladle’s center. However, since slippage and wall friction effects were not
taken into account in the present computational model for plugs located near
the side-wall, the experimental observation that mixing at 2/3R was again

somewhat delayed could not be properly predicted.

Figure 3-16 illustrates pictorially the characteristics of a single
plume nsing through water, for plugs set at the ladle’s center, one third, one
half and two third’s radn, respectively One should note that the flow field
can distort the plume so as to not rise vertically, this being a function of cross-

flows within the ladle

For a plug located at two thirds radius, its associated plume s
distorted towards the sidewall, resulting in contact of the plume with the
sidewall This might cause a part of the buoyancy force of the bubbles to be
lost by slippage, together with an increase in drag force (shear stress) up the
side-wall Furthermore, the large shear stress on the wall will increase the
potential for hydrodynamic erosion of the ladle’s refractories. However,
plume distortions were not observed with weak gas bubbling (1e <10

liters/min 1n this water model system)

An alternative, but more computationally demanding procedure,
by Boysan et al (8), can predict those conditions for which the plume 1s ‘bent’
inwards, or outwards, as a result of interactions with the bulk flow fields.
There, a flow field 1s first deduced using the Eulerian scheme Successive

bubbles are then introduced into the system, using a Lagrangian framework
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(b) 1/3R

Figure 3-16 Photographs of model ladle illustrating the distortion of the
plume during single plug bubbling at (a) center and (b) 1/3 R.
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(c)12R

(d) 2/3R

Figure 3-16 Photographs of model ladle illustrating the distortion of the
plume during single plug bubbling at (c) 172 R and (b) 2/3 R.
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(@) 1/3R

{b) 12R

(c) 2/3R

Figure 3-17 Photographs of model ladle illustrating the distortion of the
plume during double plug bubbling.
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This allows spatial variations in plume voidage to be computed as a function
of bulk flow patterns. Through successive iterations between Eulerian and
Lagrangian frames of reference therefore, plume geometries can be deduced

as part of the numerical solution procedures.

Figure 3-17 shows plume interactions for two plug arrangements.
As seen, when two plugs are closely placed, the plumes coalesce, diminishing
the effect of double gas bubbling. Similarly, when two plugs are located near
the side-walls, this will increase wall shear stresses and the potential of

hydrodynamic erosion of the refractories.

It is therefore concluded that the placement of porous plugs at half
radius is an optimum location. There, the portion of momentum I1n each

direction is of the same order and wall effects are minimal.

4.4 Industrial Applications

Proper stirring of the hiquid steel 1s very important during
steelmaking processes. For instance, there are metallurgical reactions which
require strong mixing of metal and slag. Stirring for decarburization,
desulfurization and dephosphorization belong to this case. On the other
hand, stirrng for deoxidation, alloy homogenization, or inclusion removal

require gentle mixing at the metal/slag interface and maintenance of an

unbroken slag layer.

For gas stirring in the teeming ladle, the need for gentle mixing can
be intensified due to improper control of slag carryover The presence of a

liquid slag layer on the metal surface can cause significant delay in mixing
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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 cnitical flow rate for slag/metal mixing expressed by Equation
1-5 could be used as a criterion for the determination of gentle stirring. The
analysis indicates the flow rate should be quite low, typically 100-150liters/min
for a 150 tonne ladle (22). The critical flow rate for slag/metal mixing is mainly
related to slag laver 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 mixing 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 velocity from each bubbler.
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Chapter 5

Conclusions

Mixing phenomena in steelmaking ladles 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 significantly.

2. Measured mixing times are sensitive to monitoring point, as well 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, increasing 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 gasinto the ladle.
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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 1t 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.
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PART IV

PREDICTION OF FLUID FLOW, INCLUSION SEPARATION

AND HEAT TRANSFER IN TUNDISH PROCESSING OPERATIONS
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Chapter 1

Introduction

Tundishes act as distributors of iquid metal between the ladle and
the molds of continuous casting machines. They can also act as removal tanks
for non-metallic inclusions within liquid steel. To study such matters, detailed
veloaty and turbulence fields are required, these being specific to a given

tundish design, metal flowrate, etc..

There have, in recent years, been a number of studies on fluid flow
and/or inclusion separation behaviour for tundish arrangements, using

physical (water) models(1-6) and/or mathematical models(7-12)

Using a full scale water model tundish, Kemeney et al(1) carried out
a simple fluid dynamic analysis of tundish flows with the aim of improving
steel cleanness by maxim.s ig fluid retention times They observed that the
flow patterns were improved using combinations of dams and weirs and that
the minimum retention time could be increased. Tanaka(5) developed a probe
based on a Coulter counter technique(13) to detect non-metallic inclusions in
aqueous system. Nakajmal6) extended such a probe for both water and
molten steel systems. Both authors analysed the separation behaviour of

inclusion particles in terms of a ‘tank reactor’ model.
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Lai et al(8) carned out both computational and physical modelling
of three-dimensional fluid flow in a symmetric twin strand tundish, and,
compared one to the other El-Kaddah and Szekely(7) also numerically
predicted three dimensional tundish fluild flows and the retention time
distnibution (RTD) curves with and without flow control devices (weir/dam
arrangements), using the commercial PHOENICS code. Y. He and Sahai(9)
performed a computation of fluild flows in tundishes under the condition of
sloping sidewalls, comparing the effect of these with vertical walls in terms of
flow patterns and RTD curves. Tacke and Ludwig(11) solved a transport
equation for particles, taking into account their specific buoyancy, convection
and turbulent dispersion, again using the PHOENICS code. There, particle
concentration fields and the percentage of particles removed were calculated.
However, none of the authors seem to have recognised the fundamental
importance of natural convection on flows and inclusion behaviour in
tundishes. Similarly, the application of mathematical modeils to tundish design
with respect to geometry of tundish, location of flow control devices and their

numbers, etc. has not yet been tackled.

Most major steel companies study the change of fluid flow and
inclusion particle behaviour with, or without, flow control devices using
isothermal physical modelling in large plexiglass water models. Flow
visualization with dye, residence time distribution studies and detection of
inclusion particles in such physical models provide useful information.
Nevertheless, such full-scale physical modelling often requires expensive

equipment and significant time and effort.

On the other hand, computations of three-dimensional fluid flow

are becoming less expensive and are widely applicable to tundish
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performance. These can provide detailed flow information, enabling one to
predict inclusion flotation together with temperature distributions within.
tundishes. The prediction of such phenomena i1n a tundish vessel by
mathematical modelling 1s useful for determining the best design of vessel
with respect to size, shape and the placement of flow control devices (e.g

weir/dam arrangements, baffles, etc.) for a given set of operating parameters
(e.g. metal flow rate, input temperature, etc.). However their validity have not
yet been clearly demonstrated through physical models, nor from actual plant
data. It is therefore necessary that such predictions continue to be paralleled

by proper experiments, and the results compared with each other.

In the present experimental work, particie removal rates could be
studied thanks to the development of the ncvel E.S Z (Electric Sensing Zone)
system(14). This was capable of detecting inclusions on-line and in-situ, and
provided number densities and size distributions of inclusions within the fluid
A full scale water model of a multi-purpose tundish (i.e. single strand for slab
casting and double strands for bloom casting), at Stelco Research Centre,
Burlington, Ontario was therefore used to test expenmental data against

computations. It will be described in Chapter 2

In order to predict mathematically inclusion separation, two
different approaches are possible, these being the description of the tundish
in terms of reactor theory (1.e. tank reactor model), the other through a full
computational description of fluid flow and inclusion movement through
numerical solutions of continuity, turbulent Navier-Stokes equation and mass
conservation equation for fine particies (i.e. differential equation model).
Tank reactor models will be discussed in Chapter3, the differential equation

model being fully described in Chapter 4 and Chapter 5.




157

The purpose of the present study was to validate the mathematical
and computational methodsdeveloped, and to concetve, design, and evaluate_
the efficiency, of various configurations of flow control devices (1.e. weir/dam
combinations) so that steelmaking tundishes might be optimized in 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 (axisymmetric twin
strand tundish), and BHP’s Port Kembla Work tundish No.1 (trough-shaped
twin port tundish) and No.2 (wedge-shaped single port tundish) in Australia
were taken into account for computations. Their configurations are
schematically illustrated in Figure 4-1A~D, while Table 4-1 provides the key

dimensions and capacities of tundish vessels considered.

Table 4-1 The physical characteristics of tundishes

Volume Weight Thruput Res. Time Uplug
(m¥ {tons) (tons/min) (min) {mmvs)
Stelco 50 35 3 120 | 72
(single slab)
Stelco 2
(double bioom) | >© 35 {oeacny| 175 58
Dofasco 9
(twin slab) 10.3 72 (45 each) 8.0 1.2
B H.P. #1 3
(twin slab) 60 | a2 | 2 | 140 | 81
B.H.P. #2
(single slab) 7.3 50 4 12.5 5.5
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Ladle stream

Tundish streams
Ladle stream

Tundish stream

(B) DOFASCO TUNDISH

Tundish stream

Figure 4-1  Schematics of (A) Stelco’s Hilton Work Tundish. (B) Dofasco’s
Hamilton Work tundish.
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Ladle stream

Tundish stream

(C) BHP NO. 1 TUNDISH

Tundish stream

l Ladle stream

(D) BHP NO 2 TUNDISH

Tundish streams

Figure4-1 Schematics of (C) BHP's Port Kembla tundish No. 1 (D) BHP's Port
Kembla tundish 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 tundish at Stelco’s Hilton Works was
constructed of transparent plexiglass, 1ts walls being outwardly inclined at an
angle of 10 degrees to the vertical. Filled to a height of 1.1 m, the tundish
measures 5 19 m in length, 0 68 m wide at the bottom and 1 07 m at the free
surface. A photograph of model tundish used i1s shown in Figure 4-2 Then,
Figure 4-3 illustrates the experimental arrangement used for inclusion
detection studies. It consisted of the full-scale plexiglass tundish, a ladle, and
slurry injection system supplying particles (inclusions) at a constant rate of
feeding, together with the novel E S.Z system for their detection and
counting, and a personal computer to record the data sets acquired, and to

provide particle frequency versus size distribtivian curves.

For simulating actual inclusions in molten steel, hollow glass
microspheres, with an appropriate number density of 108 particles/m3, over
the size range 20-110 pm, ware fed continuously at a feeding rate of 05

liters/min into the tundisih through the inlet shroud The specificdensity of the
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glass microspheres was 295 kg/m3. The important parameters and properties

of this full scale model tundish are summarized in Table 4-2.

Table 4-2 Important parameters and properties of model and prototype.

= Tl

A

+
A

o

Model Prototype
Tundish Length 5.19m 5.19m
Geometry Tundish Depth 1.19m 1.10m
Bottom Width 0.68m 0.68m
Surface Width 1.07m 1.07m
Liquid Water Steel
Fluid Temperature 15°C 1580°C
Propertles DenSIty 1000 Kg/m3 7000 kg/m3
Viscosity 1.14x10-3 kg/m3 6.7x10-3 kg/ms
Volumetric Flowrate 6.9x10-3 m3/s 6.9x10-3 m3/s
Inclusions Glass microspheres | Al>03 and/or Si03
Inclusion
Size Range 20~110um =
Properties
Density 295 kg/m3 =3000 kg/m3
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Figure4-2 A photograph of a full-scale water model tundish at Stelco’s

Hilton Work.
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Ladle Mixing box
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; \ Pump SR — Rod
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Tundish
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E.S.Z.Unit
. Personal
b Plotter Computer Printer

Figure 4-3 Schematic diagram of experimental arrangement.



2.1.2 Principle of E.S.Z. technique

It 1s appropnate to briefly describe the principle, itlustrated in_
Figure 4-4, of particle detection by the Electric Sensing Zone (E.S.Z ) method,
which began with the invention of Coulter counters(21). When small non-
conducting particles pass through an electrically insulated ornifice, the
electrical resistance of a fluid electrolyte flowing through this onfice increases
in direct proportion to a particle’s volume. Voltage pulses generated in the
presence of an electrical current can then be measured, and then both the

number and size of particles counted.

The signal produced consists of a steady voltage baseline with a
bell shaped transient related to a particle’s passage through the Electric
Sensing Zone. The change In resistance, AR, caused by the introduction of a

non-conducting particle into an orifice 1s given by DeBlois(24).

Mz%ﬁ‘(%) (4-1)

where p is the fluid’s electrical resistivity, d I1s the particle diameter, D 1s the
orifice diameter and F(d/D) 1s a geometric correction factor It has been
proposed by DeBlois that this correction factor be expressed as :

g, 1

(4-2)

#{

):‘1—08(

Tl

)

Tis

As most of the time only particles smaller than 40 % of the orifice
diameter can be analysed without frequent orifice blockage, the error

involved in ignoring this correction factors 1s, in the worst case, in the order of
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INCLUSION
PARTICLE 1
\ D

TIME

Figure 4-4 Principle of particle detection by the Electric Sensing Zone (E.S.2)
technique
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5% . Consequently, F(d/D) is often taken as unity This method was adapted to
aqueous systems(5), non-ferrous metallic melits(22), and 1s in the development

stage for liquid steel(6.23) at McGilt University.

2.1.3 E.S.Z device

The E.S.Z. device itself is shown schematically 1n Figure 4-5. it
consists of a glass probe for the sampling, a current feeding circuit and signal
processing analysis equipment. A high pass filter (HPF) removes the DC
content of the signal taken at Rp and is first inearly amplified to bring the
signal amplitude to a suitable level and then loganthmically amplified to
increase detection efficiency of small particles. A peak detector device
recognises pulses, triggers notify the pulse height analyzer (PHA) to measure,
sort, and count them, thereby providing particle size distnbution data A

micro-computer, connected to the PHA, is used for data acquisition control

and for storage

Taking the difference of the potentials across Rp between the
case of no particle within the ESZ (resistivity of the onfice = Rgpfice) and that

when a particle 1s present (resistivity of orfice = Ronfice + AR) and noting

that:

AR << (Rp + Ronfice)

1t can easily be shown that the vanation of potential at Ry, relative to a

change in orifice resistivity is given by(6) :

R
AV= ——>2 [ AR (4-3)

ortfice + Rb




167

!
. f Y
AMMETER
) (+) Rp =200kQ R
Ve g
1 felvac | =
- .-
.......... B [ — HPF
I Roruffee - - Av

, : . "= | Pre-Amplifier | | peak detector | | Pulse Height
"o U - og. amplifier Analyser

= PROBE _ =

Figure 4-5 Schematic diagram of the E.S.Z. system for aqueous systems.
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where Rp, is the ballast resistance at which the potential is taken, Rorifice 1S the
resistivity of the E.S.Z. with no present particle, I is the current through the

onfice, while AR 1s given by Equation 4-1

The glass probes located at the inlet and outlet nozzles are shown
in Figure 4-6.The probes were shielded with a stainless steel flexible hose 1n
order to eliminate environmental noise which can ‘drown’ signals deriving
from particles. The probe readily contains a smooth orifice, which 1s

exchangable. In the present study, sensing zone ornifices of 480 um diameter

were used.

A photograph of experimental arrangements for the detection of
the present study is provided in Figure 4-7 (a).There, an oscilloscope, pre-
amplifier, swich changer, loganthmic amphifier, multi-channel analyser and
personal computer are shown in the order of the left to the nght. Figure 4-7

(b) provides particularly the signal processing analysis equipment.

The system operates as follows: the voltage difference between
the two electrodes is carried to an oscilloscope (Tektronics #5223), which
allows one to observe electrical signals (1 e. voltage pulses) and also serves as a
pre-amplifier. Figure 4-8 shows the typical pulses observed in the oscilloscope
The pre-amplified signals are then carried to a logarithmic amplifier (Tracer-
Northern #TN1246), which is used as a peak detector The pulse height
analyzer 1s a multi-channel analyzer (Tracer-Northern #TN7200), which can
provide a 512 channel histogram of particle size distribution. An example of a
size distnibution i1s given in Figure 4-9 These data, acquired over preseleted
time periods, 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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9]
b4

e} 8

Figure4-7 Photographs of the experimental arrangements for particle
detection in the full-scale water model tundish While Photo. A
shows the overall experimental arrangements, Photo B
illustrates particularly the signal processing analysis equipment
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Figure4-8 Typical signals detected on the oscilloscope. Time is represented
on the abscissa and voltage on the ordinate.
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ok e SR b3 VDY DY TX SR =

A CRT display of particle size distributions aquired over a selected
time period The abscissa represents the channel numbers
corresponding to particle size, and ordinate the number of
particles.
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2.2 Measurement of Inclusions

After the water level had been established for steady flow at 1 1 m
bath depth, glass bubbles were continuously fed into the tundish through the
inlet shroud. The separation behaviour of particles was then measured using
the novel E.S.Z. technique just described. (Its novelty versus a Coulter counter
lies in the fact that this sensor is ‘on-line’ and s capable of operating In

untreated tap water.)

Alternating sensing of particles over 10 second intervals at the inlet
and the outlet nozzles to the tundish was continued, until a total data
acquisition time of 60 seconds had been accumulated for each nozzle The
data sets thus acquired were transferred to an IBM compatible personal
computer and saved on diskettes, using a data acquisnion code for the TN-
7200 multichannel analyzer developed by F. Dallaire et al(25). Data on particle
population densities were monitored for about 40 minutes. This includes all
particles greater than 50 um in diameter which were counted. The data set
transfer time required some five seconds between the PHA monitor and the

PC. Table 4-3 provides an example of a typical data set.

Figure 4-10 shows a typical comparison of the PHA recordings of
particles frequency distnibution curves at inlet and outlet nozzles. Thus, the
upper curve provides the number, and size distribution, ot particles at the
intake to the tundish, while the lower curve gives the number of such particles
leaving in the effluent. The relationship between channel number and

inclusion diameter is given by(6):
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ch,

1090 (4-4)

d = —
P ook -

where k(T) assumes a fixed value when the temperature and amplifier gain
are cor<tant. 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 to the tundish versus time. It can be seen that the particle number
feeding rat2 was constant during the course of an experiment. It is
noteworthy that pseudo-steady state was reached after about 25 minutes (1.e.
three mean residence times) from feeding for the output curve. The detatls of
experimental results will be described in the following chapters for

comparison with theoretical predictions.
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Table4-3  Data acquisition file transfered from the multichannel analyser

to a personal computer.
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Figure 4-10 Comparison 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 with respect to time,
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178

Chapter 3

Tank Reactor Model

3.1 Theory

Tank reactor models can be a useful tool for evaluating inclusion
separation rates. The technique, 1n practice, hinges on a quantitative
interpretation of C-diagrams. Such models propose that a tundish volume can
be divided serally into a well-mixed or back-mix zone, a plug flow zone and a
dead volume zone(1.2,5.6) One can choose various levels of complication In
choosing these volumes in order to mimic observed residence time

distribution curves following a pulse tracer addition to the reactor/tundish.

3 1.1 Definition of Residual Ratio

The entrainment rate of inclusion particles into the mould through
the outlet nozzle of a tundish can be represented by the Residual Ratio of

inclusion particles defined as

R= Nuul - output number density of incluston (4-5)

N . inputnumber density ofinclusion

where N, and Ngy,¢ denote the number density of inclusions at the inlet and

at the outlet nozzles, respectively. Forinstance, a value of 0.5 in the Residual
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hybrid reactor.
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Ratio for a single port tundish implies that 50 % of such inclusions entering
the tundish are entrained into the mould through the effluent stream from_

the outlet nozzle.

3.1.2 Plug flow reactor model

In the plug flow reactor model, flow within a tundish vessel is
assumed to be a plug (or linear) flow. Considering a simple plug flow reactor,
shown in Figure 4-12 (a), one can establish a number balance on particles of a

specific Stokes rising velocity, ug, over an infinitesimal segment, Ax, as follows.

r._ — e —— —

number of particles
flowing into

the segment

number of particles
rising out of the

reactor to surface

number of particles

flowing out

from the segment

_ 4 L 4 L -

This can be expressed as

QNX=usNxWAJHQN‘t+AI

and (4-6)
dN

N _ . =N+—A (4-7)
* dx

1t+Ax

where W represents the width of the reactor. The specific Stokes rising

velocity of a size of particles, ug, is expressed as

Apgd2
u =

4-
s 18p (4-8)
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Substituting Equation 4-7 into Equation 4-6, one obtains

dN uWw
X

L

= 4-9
- QNx (4-9)

Applying appropriate boundary conditions -

atX=0, Nx=Nln

atx=Lp, Nx'-'Nout

where Lp s the length of the plug flow reactor, and integrating Equation 4-9

betweenx=0and x=Lp gives:

R= =expl — -5 u) (4-10)

where Ap (= WL)p) represents the surface area of the plug flow reactor.

£.1.3 Backmix flow reactor model

A backmix flow reactor is one in which the fluid contents are
assumed to be well stirred and thus of uniform composition throughout.
Referring to Figure 4-12 (b), the number balance on particles of a specific
Stokes rising velocity, us, over the backmix flow reactor, i1s expressed as

QNtnzusAbNbulk+QNuut (4-1 1)

where Npyix represents the number density of particles within the bulk of

reactor and Ap Is the surface area of the backmix flow component of the
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reactor. Since Npyik is equal to Ngyt in the backmix flow (well-mixed) reactor,

the residual ratio of part: -les 1s written by

N
R= out _ q (4-12)

3.1.4 Hybnd reactor model

Previous studies(5.6) of mixing in the Stelco tundish showed that
this design of tundish gave a flow field approximating a well-mixed zone

followed by a plug flow zone Referring to Figure 4-12 (c), one can therefore

write
N Au
R = 2 _ ! ep (= —2%) (4-13)
Nm (1+ Ab“s/Q) Q
or
1 YAU_
= exp (- ~) (4-14)
(1 +( —y)Au /Q) Q

assuming no dead volume zone in the reactor. Here, y represents the
volumetric portion of plug flow reactor to backmix flow reactor {i.e. Ap=yA

and Ap =(1-y)A).

3.1.5 Reactor volume fractions

For a reactor madel, the respective volume fraction of a plug flow
zone (Vp), back-mix zone (Vm), and a dead volume zone (Vg) can be evaluated

from a C-diagram (or RTD curve)(26) The auxiliary relationships are
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VvV =20
p mn (4-15a)
vV, =1-0 -
d a (4-15b)
VvV =1/C
max (4-15¢)
or
VvV =1=-V,6, -V
dp d (4-15d)

where Vs a fractional volume of each reactor and 91s a dimensionless time

(@=t/1; T=nonunal residence time). A typical C-diagram for such a model 1s

Hlustrated in Figure 4-13

Such a model requires that once the plug volume has been
traversed by a tracer addition dispersing from the well mixed zone ups<tream,
an instantaneous increase In tracer concentration to a maximum should then
occur, followed by an exponential decay However, actual experiments reveal
the minimum residence time to be less than the peak time for the peak in the
C-curve. Ahuja and Sahai(27) have, therefore, proposed a modified version of
the well-mixed, plug flow, dead zone reactor, by introducing the concept of a

dispersed plug flow volume, Vgp, represented by:

v mun  peak (4-16a)

<
1}
|
@

d av (4-16b)
and

Vm =1=Vg =V, (4-160)

In the present study, this modified model was used for evaluating

the characteristic reactor volume fractions of the tundish
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Figure 4-13 A typical analysis of C-curve of reverberatory flow according the
mixed model
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3.2 Results and Discussions

Equauon 4-14 provides significant information on those factors
determining particle separation in a reactor Residual ratios shows the

following dependencies

(1) Particle size (d): Since the particle diameter 1s proportional to the
square root of the Stokes rising velocity, smaller particles are more
likely entrained intc the mould (1 e residual ratio increases for smaller

particles).

(2) Surface area of reactor (A): An increase in the free surface area of the
reactor leads to a decrease in the residual ratio of particles because the

opportunity for particle float-out increases

(3) Volumetnic flow rate (Q): Equation 4-14 shows that as the fluid flow
rate increases, the residual number of particles entering the mould

increases

(4) Plug flow volume fraction (y): Figure 4-14llustrates the change in the
residual ratio of particles with respect to a dimensionless flow rate
(AugQ). The RR curves were drawn for well-mixed flow (y=0), y=0.2,
vy =0.5, and pure plug flow (y = 1) based on Equation 4-14 Asseen, plug

flow is preferable to backmix flow for particle separation

In order to evaluate the residual ratio of particles using the hybnd
reactor model, reactor volume fractions (or y) must be determined a prior
Reactor volume fractions are usually estimated from experimental pulse

-— mixing curves employing Equation 4-16(5,6.27), For the other approach, E!-



1.00%

Residual Ratlo

0.0

186

e
=)

y't 0 (We Im
Ixed ﬂoW)
“a
e j/\\
2 %
‘OGA /»\\
© 0_&
o/
?Q/"
4
(o)
2
2 4 6
AUs/Q

10
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Kaddah et al.{7) and Sahai (8) proposed that C-diagrams could be predicted by
solving a differential mass conservation equation (i.e. Eq. 2-14), having first_
solved the steady flow field. This concept represents a step bhackwards, since
particle dispersion characteristics are more readily solved by a differential

mass transport equation {i.e. Eq. 2-17). (See Chapter4and 5)

Figure 4-15 shows plots of the retention time distributions (C-
diagrams) with, and without, flow modification, predicted by the mass
transport equation. There, 2 weir and dam arrangement was placed at 1/3 L,
172 Lc and 2/3 L (Lc : distance between inlet and outlet nozzles). Previous
researchers(7.10) have reported that their computed RTD curves were in very
good agreement with measurements. It is seen from Figure 4-15 that the
tundish flows modified by the weir and dam arrangement chosen (F.M.D.’s),
lead to somewhat longer minimum retention times, delays in the peak time

and higher peak concentrations.

This implies that the effective dispersed 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
charactenistics, one can conclude that the flow patte:ns were improved with
the flow controls used. As the weir/dam combination was moved closer to the
exit nozzle, the peak time becomes further delayed and the peak
concentration higher. Characteristic flow volume fractions, caiculated on the
basis of Figure 4-15, are summarized in Table 4-4. Since the volume fraction of
dispersed plug flow was increased with placementat 1/2 L, the corresponding

separation of particles is anticipated to be improved.
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Table 4-4 Volume fractions of the characteristic flows

Vdp Vi Vg
no flow 039 056 005
modification
flow 050 0 50 .
modification

Predicted and experimental results for particle separation in the
Stelco tundish with a weir/dam arrangement at 1/2 L,, versus those without
flow modification are compared in Figure 4-16. As seen, the agreement is
good except for large particles (over 3 mm/s Stokes rising velocity). When flow
was modified using a weir and dam arrangement, the residual ratios of
particles were reduced. Figure 4-16 also confirms that the flow characteristics
in this tundish 1s neithe: pure plug flow nor well-mixed flow, but a

combination of plug and well-mixed flow.

It 1s clear that these practices of modelling tundishes in terms of
well-mixed, plug, and dead flow regions represents a useful, but gross,
simplification of real events, and need to be restricted to simple systems. As
Nakajimal(6) reported, 1t is difficult to establish such models for complicated
tundish geometries. Further, tank reactor model can only evaluate particle
separations under steady state conditions. In actual steelmaking practice, a
recirculating load of inclusions can build up within the molten steel as it

passes through the tundish. Metal temperature distributions within a tundish
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should also be an important factor, since one can readily demonstrate (see
Chapter 5) the magnitude of natural convective velocities is likely to be in the
same order as those for mean convective velocities These aspects cannot be

covered by such crude types of models. By contrast, a differential equation

model can treat such phenomena through solution of the conservation

equations for fluid flow, heat, and dispersion of (buoyant) particles.
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Chapter 4

Differential Equation Model I

: Full-Scale Water Model System (Isothermal Conditions)

4.1 Theory

4.1.1 Governing equations

In order to describe fluid flow, heat transfer and inclusion float-out
in steelmaking tundishes, the relevant partial differential equations are the
equations of continuity (Equation 2-2), momentum (Equations 2-3 to 2-9),
energy (Equation 2-18), and fine particle conservation (Equation 2-17)
expressed In cartesian form. The k-e turbulence model (Equations 2-10 to 2-13)

was incoporated to calculate turbulent eddy viscosity.

Computations for the full-scale water model tundish were carried
out so as to compare with the experimental results of particle separation. In

such a situation, 1t I1s appropriate to assume that the system is under

isothermal conditions.

4.1.2 Numerical treatment of sloping wall

The shape of typical industrial tundishes is normally non-

rectangular. For instance, the wall of the ‘trough-shaped’ tundish at Stelco's



- -

193

Hilton Work was outwardly inclined at an angle of 10 degrees to the vertical.
BHP's Port Kembla No.2 tundish (in Chapter 5) has an irreqgular wedge-shape,_
its surfaces being inclined to the horizontal, longitudinal and vertical axes

Since the present computations were performed using a standard rectangular
coordinate system, it had to be improvised to handle inactive or 'blocked-off’
region. Two alternative techniques can be generally used to treat the
irregular boundary domain. One is the 'stepped wall’ techniquel(!b), for which
a sloping, or curved, boundary 1s approximated by a series of rectangular
steps. This method is somewhat expensive, since a fine grid 1s necessary if the
curved boundary 1s to be accurately modelled. The other is the ‘blockage-
ratio’ method(28), for which the finite difference coefficients for a node of an
irregular inert boundary ceil are normally calculated and then rnodified by the

blockage ratio. This ratio I1s defined as the proportion of a cell’s face area that

is blocked by the solid obstacle.

In the present study, the stepped wall technique was used, since i1t
is convenient to incorporate the wall function equations at the nodes next to
the walls and easy to set up heat transfer boundary conditions at side walls.
The true boundary and nominal boundary are illustrated in Figure 4-17, where
the shaded area represents the inactive control volumes, where velocity
components must be set to zero. Any desired value of a vanable, ¢, in the

inactive zone can be arranged to be the solution at an internal grnid point by

setting the source terms as.

v _ 41030
c~ 10 ¢P.desxred (4' 1 7)
and

Sp=10% (4-18)
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where 1030 denotes a number large enough to make the other terms in the

discretization equation (Equation 2-21) negligible. The consequence i1s that

Equation 2-21 reduces to

$§=8,+8,4,=0 (4-19)

Hence,

q,P:SC/SP:cl)l’.destreci (4-20)

Using this procedure, the value of the dependent variables can be fixed where

needed.

4.1.3 Boundary conditions

(a) fluid flow

For the node next to the tundish wall , the wall function method
described in Part i was employed. For velocity components normal to the wall,
zero flux was imposed, and for velocity components parallel to the wall, non-

slip conditions were impased

At the symmetry planes and the free surface boundary, which 1s
assumed to be flat, the normal velocity components and normal gradients of
all other variables were set equal to zero. At the jet's entry point into the
tundish (from the steel contained in the ladle above), the velocity component

perpendicular to the free surface was calculated from volumetric flow rate

and the area of nozzle as follows:

quzQ/Anuzzle (4-2‘])
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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 ¢,
the rate of turbulence energy dissipation, were approximated from the

following relationship

k, =001U 2 (4-22)

and
p YR (4-23)

(b) inclusion behaviour

In order to simplify 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 velocity.

(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 well as flow modification

devices, are all 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 i1s normalised to a vaiue of unity at the
inlet nozzle. Thus, the resultant concentration at the outlet nozzles represents

simultaneously the Residual Ratio of inclusions.

4.1.4 Numerical solution procedures

As aleady described, the relevant differential equations were
discretized using the finite integral volume method employing a hybrd
differencing scheme(19). The whole set of equations were solved via a sem.-
implicit TDMA marching scheme coupled with a Gauss-Siedal routine. The
SIMPLE algorithm was used to solve the pressure field through simultaneous

satisfaction of the continuity and momentum equations within each volume

element.

Only a symmetrical half of the model tundish at Stelco’s Hilton
Work was considered for the present computations. The domain was divided
into a non-uniform grid of 17 (vertical) x 40 (longitudinal) x 16 (transverse) in
the three orthogonal directions. Figure 4-18 (a) and (b) illustrate the effect of
grid spacing on the accuracy of flow field predictions Thus, 4-18 (a) shows
fluid vectors along the vertical axis of the penetrating jet, while 4-18 (b) gives
corresponding vectors for liquid within the vertical axis of the exit port to the
tundish. Such a test shows that the grid field chosen i1s suffictently fine to

render flow field computations independent of gnid size

The computer runs for the 1sothermal conditions were carried out
on a desk-top microprocessor (IBM-AT) fitted with a Definicon system of 8MB
RAM and 20MHz clock speed. Converged solutions were obtained after 700-

1000 iterations requiring 12-16 hours with this machine.
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4.2 Application to Single Port Water Model Tundish

4.2.1 Flow fields

General features of the flow field induced in such a water model
tundish (isothermal condition), when no flow control devices are employed,
are indicated by the predicted vector plots in Figure 4-19 Figure 4-19A
presents an isometric view of the flows generated in a half section of the
tundish, and these may be interpretec in terms of Figure 4-19B, where a
collage of two-dimensional plots of velocity components along selected

longitudinal, transverse and horizontal axes of the tur.dish are given.

As seen , the entering jet hits the bottom of the tundish and then
flows downstream or sideways towards the walls of tundish. This rising fluid
then moves up the tundish sidewalls to the free surface, part moving
downstream 1n the direction of the exit, while the rest recirculates back
towards the incoming jet. It Is clear that maximum velc.cities drop significantly
with increasing distance from the incoming jet. Indeed, at the edge, neai the
exit, the flow becomes practically motionless The incoming jet's veloaty
through the ladle shroud was 1 13 m/s while local velocities in the tundish
varied from 3 to 100 mm/s The average flow speed in this full scale tundish
was only 22 mm/s Figure 4-20 also provides a view of flow characteristics
within the tundish The incoming jet generates a back-mix flow (recirculating
flow) regton, and a flow towards the exit nozzle which has plug-flow-like
characteristics. This justified the use of the hybrid reactor model introduced in

Chapter 3

Weir and dam combinations were next introduced into the

tundish, in order to obtain flows that were potentially more conducive to
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SINGLE PORT WATER MODEL TUNDISH

0.007 mi/s
F.M.D. : 1/2 L weir/dam arrangement

Flow Rate

Phoee spare
coob

Oy ¥

Figure 4-21A  An isometric view of flow fields predicted

longitudinally bisected single strand water model tundish of

slab casting with weir/dam arrangement placed at 1/2 L.
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Predicted flow fields in some selected longitudinal planes (a,
b), transverse planes (c, d, e), and horizontal planes (f, g) for
the single strand water model tundish with weir/dam
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SINGLE PORT WATER MODEL TUNDISH
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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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Predicted flow fields in some selected longitudinal planes (a,
b), transverse planes (c, d, e), and honzontal planes (f, g) for
the single strand water model tundish with weir/dam

arrangement placed at 2/3 L.
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inclusion float-out. The length of weir "hosen penetrated to 0.8 m below the
free surface, while the height of dam chosen was 0.45 m from the bottom The
separation distance between the weir and dam was 0.3 m. These weir and
dam combinations were used at 1/3L¢, 1/2L¢, and 2/3L¢, so that their optimum
placement could be determined (L. represents the distance between inlet and

outlet nozzle, 3.37 m).

Figure 4-20 shows the veloaity fields given a 1/3L. placement of the
weir and dam arrangements. The flow pattern predicted 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 weir's vertical
face, swirling backwards to the inlet jet. Some of the liquid flows underneath
the weir, and then vertically 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/weir arrangements tends to exhibit more
stable plug flow characteristics vis a vis the no flow modification flows.
However, since the level of turbulence and shearing is high at the bounding
surfaces of the weir and dam, their erosion and subsequent contamination of

the melt refractory inclusions would be likely in practice.

Flow patterns at the 1/2L. placement are shown in Figure 4-21. As
seen, turbulence 1s predicted to diminish at the weir and dam location.
Similarly, Figure 4-22 illustrates the velocity vectors for the case of 2/3L,
placement. It is appropriate to note that as the location of weir/dam
combinations 1s moved away from the inlet nozzle, the plug-like-flow

characteristic zone tends to be reduced.

4.2.2 Particle dispersion and separation

i
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A comparison of inclusion residual ratios (i.e. those inclusions still
present in the effluent stream expressed as a fraction of those entering) 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 described previously, the model
assumed that particles and solid walls were non-wetting to each other in the
present study. This may not entirely correct and may be the cause for the

slightly high values of particle residual ratios predicted at quasi steady state.

It is emphasized that this 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, while those in
stagnant zones continue to accumulate. This slow approach to steady state
does not seem to have been recognised or appreciated in earlier work on

tundishes (e.g. Ref. 1, 2,and 4)

Corresponding particle/inclusion separation curves at quasi steady
state (30 minutes after feeding) for the dam and weir arrangements set up for
the water model are shown in Figure 4-24. As seen, the residual ratio of very
small inclusions is close to unity at all dam/weir combinations, and zero for all
large inclusions. This is to expected, since very small particles will have minimal
Stokes rising velocities and are therefore unable to separate, while 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 Companison of experimentally measured and predicted particle

separation ratio versus time of casting for the single strand water
model tundish with (a) no flow modification and (b) flow
modification (weir/fdam arrangement placed at 1/2 L).
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Figure 4-24 Relationship between the residual ratios of inclusion particles
and Stokes rising velocities predicted for a full scale water model
of slab casting tundish.
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4.3 Application to Double Ported Water Model Tundish

Computations were also carried 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 single slab casting, but at a volumetric 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 within a full-scale water model tundish for no flow
modification and for flow modification, respectively The flow patterns within
the tundish are similar to those for the single ported slaly casting arrangement
except the effluent occurs at two outlet nozzles. It can be seen that the flows
become weaker than those for slab casting, owing to the smaller volumetric

flow rate at the inlet nozzle.

Figure 4-27 and Figure 4-28 present comparisons of the prediction
and the experimental measurement of particle entrainment (a) at the inside
port ( nozzle A) and (b) at the far port (nozzle B) with no flow modification,
and with flow modification, respectively. It can also be seen that predictions
tend to over-evaluate particle residual ratios versus those measured
experimentally. Nonetheless, the transient effects on R.R. are seen to be real

and unmistakable.

Similarly, Figure 4-29 ilustrates the relationship between inclusion
residual ratios and Stokes rising velocity at both outlet nozzles with, and
without, weir/dam arrangements under i1sothermal conditions. Since the
outlet ports of this tundish are serially arranged, 1t is supposed that the quality
of steel exiting the inside port should be poorer than that exiting the far port,

there being less time for float-out with no flow control. Figure 4-29 (a)
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illustrates this point, while particle entrainment amounts at both outlet ports

becomes approximately identical when a weir/dam arrangement 1s employed,

asseen in Figure 4-29 (b).
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Comparison of experimentally measured and predicted particle
separation ratio versus time of casting at (a) the inside port
(nozzle A) and (b) the far port (nozzle B) of a full scale water
model tundish for twin bloom casting arrangement without flow
modification device



- -

Y

-

219
'.0
0.8t -
o Us=1mm/s
pos
o
(i 4
3
4
Time(min)
(a) the inside port
1.0
0.8¢
Us=1mm/s
o
-
&
2
('3

Tima(min)

(b) the outside port

Figure 4-28 Comparison of experimentally measured and predicted particle
separation ratio versus time of casting at (a) the inside port
(nozzle A) and (b) the far port (nozzle B) of a full scale water
model tundish for twin bloom casting arrangement with
weir/dam arrangement.



220

i 1.0
0.8F \
o
+ 0.8}
&
g \\~\‘ %‘\e
<5 0.4} oo G
8 - ee\\\ 9
(2 7N,
& ™.
0.2}
o.oo 1 2 3 4 5 8 7
Stokes veloclty (mmv/s)
(a) no flow modification
1.0
0.8 \

L]
rd

0.8 \

Residual Ratio
15',)

X RN
0 4 % \\/0
% 0
P\,
0.2}
°'°o 1 2 3 4 5 ] 7

Stokes velocity (mvs)

(b) flow modification

{ Figure 4-29 Relationship between the residual ratios of inclusions and Stokes
) rising velocities at exit nozzles of the tundish set for twin bloom
casting with (a) no flow modification and (b) flow modification.



ey

221

Chapter 5

Differential Equation Model I1

: Application to industrial Systems (Non-isothermal Conditions)

5.1 Theory

5.1.1 Role of thermal natural convection

The computational work described in Chapter 4 was performed
under isothermal conditions for comparison with water model data However,
in real tundish operations , significant drops in metal temperature can occur
between entry and exit points(20). Consequently, the probability of thermal
natural convection currents modifying flow patterns and inclusion float-out

deserves more careful attention than that received to date by process

metallurgists.

In estimating the likely importance of natural convection, the
dimensionless parameter, Gr/Re2 is a measure of its relative magnitude in
relation to forced convection. When Gr/Re2 = 1, natural convection fluxes are
of same order of magnitude as forced convective fluxes, so that both must be

considered. Mathematically,
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Gr  gpATL
i (4-24)

Re® u

where [ 1s the volumetric expansion coefficient, defined as
p=-=(2), (4-25)

The relationship between the density of steel and melt temperature is

represented by(19)

p=8523-0 8358T  (kg/m?) (4-26)
Combining Equations 4-24, 4-25 and 4-26 gives

Gr 0 8358gATL

—

; 4-27
Re"‘ pu‘2 ( 2 )
Introducing p=7000 kg/m3,¢g=9.81m/s2, L=1.1m (height of the tundish) and

u=0.022 m/s (average flow velocity within the tundish) into Equation 4-27,

the factor Gr/Re2 reduces to

Gr
Py =2 66AT (4-28)

As seen from this equation, even a small temperature drop (of say
1°C) would make natural convection currents significant in such a large
tundish. One can anticipate that any natural convecticn effects will be
particularly important at the end walls of tundishes owing to small flow

velocities and larger heat losses in those regions.
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5.1.2 Numerical procedures

In this work, the METFLO code was extended to take into account
the role of thermal natural convection. This has typically been neglected in
previous computational models presented by the authors and others engaged
in tundish studies (8.9,11,28)_ In order to describe 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 In

cartesian form.

In 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 inclired surfaces, cell blockage procedures were
adopted once more. Only a symmetrical volume of each tundish was taken
into consideration for computation (i e. a symmetrical half volume for Stelco
tundishes and BHP wedge-shaped tundish, and a symmetrical quadrant for
Dofasco and BHP’s trough-shaped tundishes). In order to ensure that the
resuits 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 graphic video movie (section 5.8),
the tundish elements in the No. 2 'BHP tundish occupied a finer grid of
40 x 80 x 40 matrix, for the x, y and z vectors. Computations were carried out
on a family of CRAY computers, including 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 converged results, this taking 1 hour machine time

with the Cray-1S 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

In extending the METFLO code to include thermal natural
convection phenomena, a set of typical boundary conditions was chosen.
These included steady state flows and heat losses, and an overlaying slag

wetting to inclusions.

(a) heat transfer

In modelling heat losses through the side-walls and surface of steel
in the tundish, steady state heat conduction was, as noted, assumed. Various
constant heat flux conditions for the upper, side and bottom surfaces were
specified Figure 4-30 shows the profile of insulating matenal for BHP
operations: a 20 mm layer of Catoleum K411 gunning material, in contact
with hiquid steel, is followed by a 115 mm thick wearing lining, and a 50 mm

thick safety lining of pyrophyllite adjacent to a 12 mm t' 1ck lining of steel.

The boundary heat flux from the exterior side walls was obtained

according to

qw”= hw(TlU— Tﬂ)+ ewO(T w4— Ta4) (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 iImportant parameters and heat loss from the side walls, were based

on thermocouple implant tests, and are listed in Table 4-5.
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For estimating surface heat losses from the steel, it was assumed
that these were radiative in nature with an absorbent slag. The slag was
assumed to be liquid, 30 mrn thick, and motionless, with a thermal
conductivity of 4.0 W/m°K. 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 °C. Mean heat flux through the slag was
estimated to be =28 kW/m2. Table 4-6 gives the relevent thermal properties

taken for these calculations.

Table 4-5 Important parameters and heat loss from the side walls

hw(W/m2°K) | o(W/m2°K4) qw(kW/m2)

5.67x10-8

Table 4-6 Thermal data for slag and side-walls.

Material Value (W/mK)
Safety Lining -Pyrophyllite Brick 0.95
Wearing Lining - 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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Figure 4-30 Tundish refractory practices at BHP Port Kembla works.
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(b) inclusion behaviour

For particle/inclusion float-out, the number of particles separating
to the surface of the melt was assumed to follow Stokesian behaviour,
wherein the inclusions, being wetting with respect to the overlaying slag,

were totally absorbed at the slag/metal interface. This leads to the inclusion

flux equation:

n =uC* (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 side-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 4-31A 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 °C and an overlaying slag thickness of 30 mm were
considered together with side wall heat losses corresponding to steady state
conduction through the insulating side boards and brick work of a typical

tundish (g" =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 40 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/D) arrangements are introduced. In order to
study the effect of the F.M.D. position, W/D arrangements were placed at
/3L, 1/2L¢c and 2/3L¢, respectively. It can again be seen from the figures that
heat loss through the sidewal!s and slag surface leads to much stronger
downflows at the side and end walls, and a much stronger zone of

recirculation to the right of the W/D arrangement.

Figure 4-35 provides the corresponding isotherms within the
molten steel at longitudinal vertical planes located at the axisymmetrical
center hine for no flow modification (NFM) and for flow modification (FM). As
seen, the net drop in temperature for the conditions modelled was about
14°C, the jet entering at 1580 °C and exiting at 1566 °C. Temperature drops
were not significantly improved using W/D arrangements, but relatively more
uniform temperature distributions were predicted. The mean bulk

temperature of molten steel was predicted to be about 1570 °C.
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STELCO'S HILTON WORK SLAB CASTING TUNDISH
Casting Rate : 3 ton/min (0.007 m3/s)

F.M.D. : no flow madification

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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Figure 4-32A  An isometric view of molten steel flow fields predicted in the
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STELCO'S HILTON WORK SLAB CASTING TUNDISH

Casting Rate : 3 ton/min (0.007 m3/s)
F.M.D. : 1/2 L weir/dam arrangement
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STELCO'S HILTON WORK SLAB CASTING TUNDISH

Casting Rate : 3 ton/min (0.007 m3/s)

F.M.D. : 2/3 L weir/dam arrangement
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Figure 4-34A  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 2/3 L.
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TEMPERATURE DISTRIBUTIONS
Input temperature : 1580°C

(b) 1/3 Lc werr/dam I

52%

(d) 2/3 Lc weir/dam i

Figure 4-35 Predicted temperature i1sotherms withinin the single port slab
caster at Stelco’'s Hilton Works assuming radiation from an
overlaying slag thickness of 30 mm, and steady state side wall
heat losses to the environment with various placements of weir
and dam arrangements. (Isotherms only in the logitudinally
central planes of the tundish are shown.)
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5.2.2 Inclusion dispersion and separation

in real tundishes, those thermal natural convection current which
arise owing to temperature variations within the molten steel are predicted to
result in different flow patterns and inclusion dispersion charactenistics versus
those observed for isothermal systems (e.g. water models). A comparison of
residual ratio values for real tundishes and for the full-scale water model,
when a W/D combination 1s placed at 1/2L¢, is illustrated in Figure 4-36. As
seen, particle separations in steel baths are dramatically changed compared to
those observed and predicted from water modelling. For the no slag situation,
where no sink is assumed to be present (i.e. a reflective free surface), residual
ratios are increased at each increment in particle size (i.e. more inclusions are
entrained into product). On the other hand, when an overlaying slag cover of
liquid phase 1s taken into acount, they are significantly decreased owing to

inclusion absorption into the slag.

Figure 4-37 predicts the inclusion separation curves at quas! steady
state (30 minutes after feeding) for various placements of W/D arrangements
in molten steel with a slag cover of 30 mm thickness. When these flow
modification devices were used, the residual ratio of inclusions was decreased.
However, it was found that the particle 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 in regions to the
right of W/D arrangements were affected by their placement since flows were
largely parabolic. These parabolic flow condition raises the possibility of
increasing the plug flow volume by locating a W/D combination as near to the
inlet nozzle as possible. On the other hand, Figures 4-31 ~ 4-34 show that flow

patterns to the right side of a W/D arrangement is dominated by ¥ »w induced
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by thermal natural convection (i.e. elliptic flow). This should cause the particle
separation behaviour to become less sensitive to the location of a W/D

arrangement.

Inclusion dispersion behaviour at quas: steady state 1s illustrated in
terms of dimensionless 1so-concentration contours in Figure 4-38 There, the
dimensionless values are particle number densities normalized with 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 rising velocity/40 pm
Al203 in molten steel). It can be seen that the fine particles are highly
concentrated in the left side region of W/D arrangement, with about 75% of
particles passing through the weir/dam arrangement. The right bottom of the
dam is relatively less polluted, and finally 57% of particle are entrained into
the mould. For the relatively coarse particies (i.e. 4.5 mm/s Stokes rising
velocity/120 pm Al;03 in molten steel) shown in Figure 4-38 (d), half of them
floated up and were captured into the overlaying slag cover, while the other
half recirculates in the steel flow before the flow passes through the W/D

arrangement. Hence few particles have opportunity to be entrained into the

mould.
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Residual Ratio

"0 1 2 3 4 5 8 7
Stokes velecity (mvs)

Figure 4-36 Comparison of the residual ratios versus 3tokes rising velocities
for molten steel and for water mode! systems. (Note that when
an overlaying slag cover was taken into account, the ideal
absorption of inclusions into the slag was assumed.)
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Figure 4-37 Relationship between the residual ratios of inclusions and Stokes

rnsing velocities predicted for the molten steel system of Stelco’s
Hilton Works tundish.
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{ PARTICLE DISPERSION
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(d) dp = 120 pm (ug=4.5 mm/s) |

Figure 4-38 Ilormalized 1s0-concentrations in the longitudinally central plane
of the tundish, predicted for various size of inclusions at quasi-
steady state (i.e. 30 minutes after feeding).
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5.3 Stelco’s Double Port Tundish

Figures 4-39 and 4-40 provide velocity vectors of flows predicted
for the twin bloom caster tundish arrangement where natural convection 1s
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 side and end walls of the tundish.

The corresponding predicted temperature distributions within the steel bulk

are shown In Figure 4-41.

Figure 4-42 shows residual ratio values versus Stokes rnising
velocities under non-isothermal conditions. When a W/D combination is
employed, it is predicted that inclusion particle separation should be
improved, as do water model studies. However, it 1s noteworthy that the
quality of steel should be similar at both outlet ports even for NFM. This 1s
contrary to the results of the water modelling study and presumably result
from the thermal natural convection currents which generate sweeping flows
along the metal surface, the end walls and bottom surface (see Figure 4-39 )

However, these predictions have yet to be confirmed in practice
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STELCO’S HILTON WORK 8LOOM CASTING TUNDISH
Casting Rate : 2 ton/min (0.005 m3/s)
F.M.D. : no flow modification

\
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Figure 4-39A  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 without flow modification
device.
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STELCO’S HILTON WORK BLOOM CASTING TUNDISH

Casting Rate : 2 ton/min (0.005 m3/s)

F.M.D. : flow modification (weir/dam arrangement)
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kA Allddad s 1
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Figure 4-40A  An isometric view of flow fields of moiten 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 : 1580°C

(b) flow modification

Figure 4-41 Predicted temperature isotherms in longitudinally central planes
of the tundish set for twin bloom casting arrangement with, and
witout, flow modifications.
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Figure 4-42 Relationship between the residual ratios of inclusions and Stokes
rising velocities at exit nozzies of tundish set for twin 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 studied. The effect of wall sloping

angle on inclusion separation ratios was also examined.

Figure 4-43 (a), (b), (), and (d) illustrate flow patterns developed by
employing NFM, a weir, a dam, and a W/D arrangement, respectively. There,
the side-walls are outwardly inclined at an angle of 10 degrees to the vertical.
It can be seen that a weir (Figure 4-43 (b)) would not significantly modify flow
patterns versus NFM. Only upper downstream to the outlet is blocked by the
weir and a small recirculating flow can be seen to the right side of the weir. By
contrast, a dam (Figure 4-43 (c)) leads to an upwardly flowing stream directed
towards the metal surface, this improving the potential for inclusion
separation tnto molten slag from liquid steel. Figure 4-44 supports those
aspects of inclusion separation behaviour that can be deduced from study of
flow patterns. There, residual ratios for the twin port tundish illustrate the
critical importance of a well-placed dam. By comparison, the role of a weir s
seen to be of secondary impartance for inclusion float-out. It 1s interesting to
note that a weir reduces residual ratios (i.e. improves inclusion removal) for
small-size inclusions of less than 50 microns (us<1 mm/s), whereas a dam
works effectively for relatively larger inclusions {(us>1 mm/s). Consequently,
when a W/D arrangement is used, the improvement in metal quality is

markedly better than NFM for inclusions of 40 pum-150 pm in diameter.

Figure 4-45 illustrates the effect of sloping walls on flow patterns

within tundishes of identical fluid volume. Figure 4-45 (a) 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 sloping side-walis. As seen, strong recrculating flows along the
side-walls and bottom wall become less pronounced with increase in angle.
Figure 4-46 demonstrates, in a quantitative way, the beneficial effects of
inclined side-walls for removing inclusions. Four curves, corresponding to four
different slopes of tundish side-wall, show that the lowest residual ratios are
obtained by using more steeply inclined side-walls. This can be readily
appreciated from Equation 4-16, in Chapter 3. Since less steeply inclined side-
walls leads to a larger metal/siag interface area ( 1.e. increase of A in Eq. 4-16)
and smaller recirculating zones (i.e. increase of y in £q.4-16), residual 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 higher surface area/volume ratio with
increasing angle. This results in a lower,mean metal temperature within the
tundish, and a higher temperature drop between the inlet and outlet nozzles,
as demonstrated (computed) in Figure 4-47. There, for the standard 10
degrees slope of side-walls, the net temperature drop was predicted to be 9
°C, which agrees with the industrnial measurements (30) it should be noted that
when flow modifiers were in place, the effect of side-wall slope became much

less marked on inclusion separation ratios.

Computations were aiso performed by introducing a second W/D
arrangement. Flows of liquid steel within the tundish for this case 1s provided
in Figure 4-48. It was predicted that a second W/D arrangement might not

significantly contribute to any improvement 1n metal quality, this being

illustrated in Figure 4-49.
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Figure 4-43 Isometric view of the flows developed in quadrant of Dofasco’s

,(b) a dam.

twin port tundish with (a) no flow modification
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DOFASCO’S HAMILTON WORK TUNDISH

Casting Rate : 9 ton/min (0.027 m3/s)
>

~
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N
N

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 residual 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
Casting Rate : 9 ton/min (0.027 m3/s)
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Figure 4-45 Isometric view of the flows developed in quadrant of Dofasca's

twin port tundish with (a) no side-wall sloping (vertical side-
walls), (b) 30° side-wall slope.
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-~ Input temperature : 1575 °C

-

Figure 4-47 Isothermal curves for different slopes of side-walls of tundish
without flow modification device.
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DOFASCO'S HAMILTON WORK TUNDISH
Casting Rate : 9 ton/min (0.027 m3/s)

F.M.D. : Double weir/dam arrangements

r————— B et T~ 2 i T T e et S ST e T e etk

Figure 4-48 lsometric 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 weir/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 device (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 typically observed at the end-walls of tundishes
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
(b) shows how flow patterns are modified when a dam and weir F.M.D. of the

type shown, is introduced.

Figure 4-51 provides associated temperature maps (isotherms)
along the central longitudinal plane, for an input steel bath temperature of
1575 °C to the tundish. The effluent temperatures to the mould, with and
without flow modification, were essentially independent of F.M.D. studied.
Temperature drops of about 20 °C compared well with those observed in

practice.

Figures 4-52A and 4-52B illustrate the fractional concentrations of
40 micron inclusions (us=0.5 mm/s) between tundish entry and exit.
Computations suggest that the Residual Ratio of inclusions entering the
mould should be in the order of 48 % of those ent