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Can something that looks crooked be straight? Can something that
feels hot be cold? Sometimes the observation scientists make with their
senses can mislead them, as with illusion. By measuring a phenomenon

scientists can sometimes avoid being mislead.




ABSTRACT

Emulsification behaviour caused by gas bubbles rising through a slag/metal
interface was studied in both a thin-slice model and a three-dimensional model using low
temperature oil/aqueous and oil/mercury analogues. A generalized model characterizing
the transitional volume of droplets entrained in the upper phase in the emulsification
process was developed. The transient volume of "metal" entrained, V(t), following the
start of bubbling followed the relation V (t)=V _(1-e""). Based on this model. the birth rate
and mean residence time of droplets dispersed by rising bubbles could be quantified.
Dimensional analysis was used to express the volume of lower liquid carried up into the
emulsion per bubble, thereby allowing better estimates of the droplet birth rate in a
practical emulsification process induced by bottom blowing. Emulsification behaviour in
industrial in-bath smelting processes were interpreted with the present modelling results.

Slag foaming in "in-bath” iron smelting was modelled by injecting gas through a
porous disc into a vertical cylinder containing a variety of low temperature liquids. Based
on experimental evidence and theoretical arguments, difficulties with previous studies
characterizing foam height as a function of fluid properties were addressed, and an
alternative analysis in the form of a general relationship was developed. The fractional
volume of gas holdup, €, in foaming slags containing large spherical cap bubbles could be
expressed as € = U/[U_+0.5gd,)**]. The average bubble size in the foaming slag of the
AISI pilot trials on the smeiting reduction of iron ores was estimated to be 10-25 cm
equivalent diameter, suggesting that significant coalescence of small bubbles (such as

CO) occurs in the process.




In modelling the mixing behaviour of ferroalloy additions in intensively stirred
reactors, the AOD process was used to simulate slag chrome oxide reduction period by
ferro-silicon additions. These phenomena were examined with the aid of a two
dimensional slice model and then a three dimensional model using low temperature
oil/aqueous analogues. Based on these modelling studies, it was observed that the
ascending gas/liquid plume created two asymmetric mixing zones: a smaller mixing zone
near the side wall fitted with tuyeres and a larger main mixing zone away from it. In "slag
free" experiments, a dead zone formed at the far surface corner opposite the tuyeres.
There, the particles simulating ferro-alloy additions accumulated. However, in the "slag
covered" model experiments, the injected gas generated an emulsified "slag/metal" phase
of lower apparent density which lead to the entrainment of the buoyant ferro—silicc’m alloy
additions. This, in conjunction with the significantly modified flow patterns, and absence
of any dead zones, allowed the particles simulating ferroalloy additions to be readily
entrained within the recirculation flow. These results suggest that the mixing-in of such
additions into the molten slag during the chrome oxide reduction period can be

accomplished efficiently.
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RESUME

Le comportement de I'émulsification causée par cis bulles de gaz se formant a
travers une interface scorie/métal a été étudiée par deux fagons: Avec un modéle &
tranche-mince et avec un modéle tridimensionnel, en utilisant des mélanges huile/aqueux et
huile/mercure a basse température. Un modéle général, caractérisant le volume transitoire
de gouttelettes entrainées dans la phase haute du processus de I'émulsification a été
developpé. Le volume transitoire du “métal” entrainé, Vg(t), suivant le début de la
formation de bulles suit la relation Vy(t)=V. (1-€*"). Suivant ce modéle, le taux de
naissance et le temps de résidence moyen des gouttelettes dispersées par les bulles ont pu
étre quantifiés. Une analyse dimensionnelle a été utilisée pour exprimer le volume du
liquide du bas transporté a 1’émulsion, par bulle, permettant une meilleure estimation du
taux de naissance dans une procédure d’émulsification causée par un jet d’air dans le bas.
Les comportements d’émulsification dans les procédés industriels de bains d’électrolyse
ont été interprétés al’aide des résultats de modélisation obtenus.

L’écume de scorie se formant dans des bains d’électrolyse de fer a été modélisée
en faisant I'injection d’un gaz a travers un disque poreux dans un cylindre vertical
contenant une variété de liquides a température basse. En se basant sur les résultats
expérimentaux et sur la théone, des difficultés avec les études précédentes pour
caractériser I’ hauteur de I’écume en fonction propriétés de fluide, ont été rencontrées;
aussi, une méthode alternative d’analyse décrivant une relation générale a été développée.

Le volume fractionné de gaz contenu, €, dans I’écume de scorie contenant de larges bulles



sphériques peut étre exprimé par € = Ug/[U,+0.5gdy)"*). La taille moyenne d’une bulle
dans I’écume de scorie, lors des essais pilotes de I’ AISA sur la réduction de minerais de
fer a été estimée par un diamétre équivalent de I'ordre de 10-25 cm, ce qui suggére qu’une
coalescence significative de petites bulles (telles que de CO) a eu lieu durant le procédé.
En faisant le modéle du comportement du mélange d’additions d’alliages ferreux
dans des réacteurs agités d’une fagon intensive, le processus AOD a été utilisé pour
simuler la période de réduction des scories d’oxide de chrome par I'addition de ferro-
silicium. Ces phénomenes ont été examinés & !'aide d’'un modéle d’une tranche
bidimensionnel et ensuite, d’un modéle tridimensionnel en utilisant des analogues
huile/aqueux a basse température. Ces études ont permis d’observer que la plume
gaz/liquide ascendante crée deux zones de mélange non-symétriques: une petite zone
proche du mur de coté ajustée par des tuyéres et une zone de mélange principale, plus
large et éloignée. Dans les expériences de scorie, une zone morte s’est formée a la
surface, dans le coin éloigné et opposé aux tuyéres. L&, les particules simulant les
additions de ferro-alliage se sont accumulées. Par contre, dans les expériences de modéle
avec scorie, le gaz injecté a généré une phase “scorie/métal” émulsifiée d’une densité
visiblement plus basse, qui a mené a |’entrainement des additions de I’alliage ferro-silicium.
Ceci, en conjonction avec des modéles de flux modifiés d’une fagon significative, et avec
I’absence de zones mortes, a permis aux particules simulant I’addition de ferro-alliage
d’étre entrainées dans le flux de recirculation. Ces résultats suggérent que le mélange de
tels additifs dans la scorie fondue durant la période de réduction de 1’oxide de chrome peut

étre accomplie de fagon efficace.
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CHAPTER 1 Introduction

CHAPTER 1 INTRODUCTION

1.1 Emerging In-bath Smelting Processes

The iron blast furnace process has been significantly improved over the last few
decades, particularly with respect to productivity and energy efficiency. However, the
raw material preparation (such as coke making, sintering and pelletizing) processes for
the blast furnace ironmaking are capital intensive and impose serious global
environmental concerns. In addition, large, modern blast furnaces are required to work on
a continuous basis, allowing little flexibility in production planning. To solve such
problems associated with the conventional coke oven - blast furnace ironmaking process
route. there has been a worldwide effort to develop new ironmaking processes which can
use coal directly and, in some cases, use ore directly for ironmaking.

Of the coal-based processes, the COREX process, a joint development between
Korf Engineering and Voest-Alpine, is the furthest advanced, with a 300.000 tonne per
year unit in operation at ISCOR in South Africa and another 600,000 tonne per year unit
under construction at POSCO, in South Korea {1]. The process, as shown in Figure 1.1.
uses the off-gas from the melter-gasifier to pre-reduce pellets. or lump ore, to sponge
iron. Thus, essentially, the iron ore reduction and the smelting and reducing gas

generation are separated into two steps:
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Figure 1.1 Process Flowsheet for COREX Process



CHAPTER 1 Introduction

¢ Reduction of iron ore to sponge iron in a counter-current shaft furnace;

eGeneration of reducing gas from coal and liberation of energy from coal

gasification needed for smelting of iron in the melter gasifier.

Because of this separation, a high degree of flexibility is achieved and a wide
variety of untreated coals can be used in the COREX process. Though the process has
been reasonably well demonstrated, it should be noted that a large amount of high
calorific value off-gasses are produced in this process. For good overall energy
efficiency. it would appear that the worth of these off-gases must be recovered by, say,
power generation, or by using the off-gas as reductants in some forms of direct reduction
process to provide direct reduced iron (DRI) for an electric arc furnace (EAF) operation.

In-bath smelting reduction of iron ore represents a group of coal-based processes.
In these processes, partially reduced ore, coal and oxygen or air are added to a liquid slag-
metal bath, where smelting and reduction take place. Part of the CO and H, which are
generated are “post combusted™ to supply heat to the process. The off-gas is then used for
pre-reduction of the ore. Unlike the COREX process, which produces sponge iron in the
shaft furmace, the pre-reduction of the ore is only from Fe,O, to FeO. Most of the
reduction take place at high temperature in the liquid bath.

Table 1.1 lists the coal-based in-bath smelting processes currently being
developed. along with their current status, smelting or production intensity, fuel rate, and
capital cost. It also provides details about the COREX process and the conventional coke

oven-blast furnace route for comparison [2-5].
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Table 1.1 Process Potential and Status for Direct [ronmaking

Process Smelting Coal Consump. Capital Cost Status
Intensity tkg/mt) ($/annual mt)
(mum3 day)
Coke oven/BF 0.9-12 750-900 243 Mature technology
Corex® 09-1.1 1.000-1.200 210 300.000 annual mt - [SCOR. 600.000 annual mt - Posco
{1994)
AlSI - DOE $.0-6.0 700-800 160 8-10 mthr plot planned. 400,000 annual mt demo
planned
DIOS * * . 500 mvday pilot. NKK kethin Works (1993)
Hlsmeh® . 800-1000 . 250 muday pilot. Kwmana. Westem Australia (1993)
CCF 10-i2 650-800 150-180 20 mvhr mlot plant. Hoogovens, ljmuiden, The
Netherlands
ROMELT 8.0-12 650-900 i 500-1.000 mt'day priot. Novolipetsk. Russia. has
producd over 300.000 mt

* Not available. However, coal consumption and intensity should be similar to the AISI-DOE process.
Smelting intensity - BF/coke oven route includes volume of coke plant. while the AISI estimate includes the
volume of the prereducer.

Coal consumption depends significantly cn the type of coal employed. In this case, middle volatile coals were

used for comparison.

As noted from the above table. the in-bath smelting processes under development
have much higher smelting intensities than the COREX process and the coke oven-blast
furnace route. The productivity of a state of the art biast furnace is about 2.5-3.0

tons/m’/day. If the coke plant is included, this becomes about 0.9-1.2 tons/m*/day [2].
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The in-bath smelting processes have shown smelting intensities of 4-12 tons/m*/day,
inclusive of the pre-reducer. The fundamental reason for the high smelting rate in the in-
bath smelting processes is that the reactions take place at high temperature in a liquid
slag-metal bath. Large effective interfacial areas exist because of the presence of reactants
in the form of particles and emulsions in the bath and, in general, local heat and mass
transfer process are enhanced by the strong stirring caused by combined blowing and the
evolution of gases from within the melts.

The development and process characteristics of each of the in-bathing smelting

processes in Table 1-1 are reviewed as follows.

1.1.1 HlIsmelt Process

The Hlsmelt process is jointly developed by CRA Ltd. of Australia and Midrex
Corporation of the United States [6-8]. A 100.000 tonne per year pilot plant study in
Kwinana. Western Australia. has been completed, and the next phase of the development
is to evaluate scale-up of the process to a commercial size plant with approximately
500,000 tonne per year of hot metal [3].

A schematic process flow sheet of the 100,000 tonne per year HIsmelt pilot plant
is shown in Figure 1-2. The heart of the pilot plant is the smelting reduction vessel
(SRV), whose sectioned representation is shown in Figure 1.3. In the Hlsmelt process.
coal, natural gas, and some ore are injected into the iron bath via submerged tuyeres and

hot pre-reduced ore is also injected from the top of the SRV. The submerged injection
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Figure 1.2 Process Flowsheet for HIsmelt Process
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procedures produce fountains of slag and metal droplets above the plumes and these
droplets transfer heat back to the bath from the upper space of the smelting vessel, where
a soft hot blast of air jet is used to “post combust” the evolving gases. The off-gas is then
used for pre-reduction and heating of the ore in a shaft furnace.

The HIsmelt process is one of the two-stage (pre-reduction and smelting) in-bath
smelting processes which uses iron ore and coal directly, thus iron ore agglomeration and
cokemaking can be avoided. [ts unique process characteristics include:

o The use of hot blast air rather than oxygen for post combustion does not require

heavy investment on air separation installation, and allows minimum re-oxidation

of metal droplets ejected from bottom blowing, due to the relatively low oxygen
potential. A minimum re-oxidation of reduced iron droplets is essential for
maintaining high smelting intensities.

e The use of a horizontal converter allows for large bath area and relatively low

slag height thereby enhancing smelting intensities due to favorable conditions for

post combustion heat transfer to the bath. In addition, excessive slag foaming in
the smelting vessel can be avoided due to large bath area and low superficial gas
velocity.

e Submerged injection of coal allows for the highest possible recovery of carbon

to the iron bath, such that a substantial proportion of the carbon released as

volatile matter during the rapid pyrolysis can be recovered [9-12].

e Submerged injection of iron ore permits direct reaction of iron ore with the
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carbon containing metal bath, thus minimizing the slag’s FeO content since the
process thereby avoids the steps of firstly dissolving the ore in the slag and
subsequently reducing the FeO bearing slag with charred coal and hot metal
droplets.

e The high bath turbulence generated by the intense bottom injection process
creates the ideal environment for heat transfer above the bath surface. Droplets
ejected into the top space rapidly remove heat from the hot post-combustion gas

jet and takes this sensible heat to the bath via the returning super heated droplets.

1.1.2 CCEF Process

The Cyclone Converter Furmnace (CCF) process originated from the Converted
Blast Furnace (CBF) jointly developed by Hoogovens, British Steel and Ilva in the years
1986 to 1989. In the CBF process, lumpy ore is highly pre-reduced in a shaft with final
reduction and melting taking place in an iron bath in which fine coal is gasified. The
process can avoid cokemaking but not ore agglomeration and related environmental
problems. To further eliminate ore agglomeration in the process, the Cyclone Converter
Furnace (CCF) is developed, in which a melting cyclone is applied for pre-reduction and
pre-melting of fine ore. Recently, Hoogovens has completed the experimental testing on a
cyclone meiter with an ore throughput of 20 tons per hour. A CCF pilot plant is planned

to be built in Taranto, Italy [4].




CHAPTER 1 Introduction

In the CCF process, the pre-reduction and final smelting reduction stages take
place in a single reactor. Ore and coal are injected tangentially into the melting cyclone,
which is mounted directly on top of a vertical type converter. The pre-reduced molten ore
is collected on the water cooled wall of the cyclone and falls into the iron bath by gravity.
where final smelting reduction of the ore and gasification of granular coal take place.
About 25% of post combustion with 80% of heat recovery is required to cover the heat
requirement of this stage of the process. The gases arising from the smelter are further
combusted in the melting cyclone in order to generate heat required by melting and pre-
reduction. The final combustion ratio of the offgas is about 75% [4].

A schematic diagram of the CCF process is shown in Figure 14. As can be seen
from the process flow sheet, the CCF process requires minimun amount of equipment.
Gas conditioning steps such as cooling, de-dusting and/or reforming are not required. The
gas off-take resembles a closed hood of a BOF gas cleaning system and includes a boiler
for the utilization of the sensible heat in the off-gas. The steam generated in the boiler can
be used for the production of oxygen and to generate electricity.

The use of a melting cylone is the unique feature of the CCF process. A sectioned
representation of the melting cyclone and the converter vessel is shown in Figure 1-5.
Due to high pre-reduction and smelting intensity in the melting cyclone, the size of the
melting cyclone is much smaller than that of a conventional shaft reduction furnace, and
thus a very high volumetric production rate inclusive of pre-reducer can be achieved. In

addition, as a high degree of pre-reduction and melting occur in the cyclone melter, the
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final reduction and smelting taking place in the converter bath is relatively moderate,
which should result in moderate slag foaming and post combustion requirements.
Moderate slag foaming and post combustion are important for the successful operation

and maintenance requirements respectively of the converter vessel.

1.1.3 Romelt Process

The Romelt is a new ironmaking process developed by the Moscow Institute of
Steel and Alloys (MISA). It is based on the principle of using a large volume of highly
agitated slag in a bath. This slag acts as both the reaction medium and the agent for heat
transfer. The basis for its development is the experience gained from the industrial
implementation of the Vanyukov process, in which copper-nickle sulfide ores are
oxidized and smelted in a reactor filled with gas-agitated molten slag. A schematic
diagram of the Romelt process is given in Figure 1-6 {5].

In the Romelt reactor, vigorously agitated slag, at a temperature of 1500 to
1600°C, engulfs the charge materials, and acts as the containment and reaction medium
where smelting occurs. Carbon in the feed mix serves as both the reductant and the source
of fuel for the process. A primary blast of oxygen enriched air is injected into the molten
slag mixture through a lower row of tuyeres to effect the necessary agitation, as well as to
provide primary oxygen for partial combustion of the coal carbon to CO. A secondary,
upper row of tuyeres injects essentially pure oxygen for post combustion of the gases

exiting from the slag surface. The violent bubbling and splashing of the fluid slag bath
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Figure 1.6 Process Flowsheet for Romelt process
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creates both tremendous surface area and slag droplets for capture and return of the post
combustion heat to the process.

The Romelt is the only one-step process without pre-reduction in the in-bath
smelting processes currently being developed. A very high volumetric smelting intensity
can thus be achieved. The key feature of the Romelt process is its ability to effectively
post combust a significant portion of the reducing gases with oxygen, and capture the
heat of post combustion in the furnace and return the heat to the process through slag
circulation in the bath. This permits furnace operation at very high post combustion ratio.
Experimental results have already shown that it is possible to capture between 60 to 70
percent of the heat generated in the post combustion zone, even at high post combustion
ratio of about 70 percent.

The other important feature of the Romelt process is its capability for handling a
variety of feed materials, including ore fines, ore concentrates. complex ore containing
vanadium and titanium. mill scale, BOF scrubber slimes. and iron-copper-zinc-containing
slag. Materials with less than 28% total iron were also processed without difficulty.
However, with low concentrations of iron in the feed material, fuel and oxygen useage

together with slag generation rates all increased.

1.1.4 DIOS and AISI Processes
The Direct Iron Ore Smelting (DIOS) process has been a joint development of the

Japanese steel industry and their government. Up to now, the preliminary studies on 5
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tonne and 100 tonne pilot bath smelting furnaces have been completed. A 500 tons per
day pilot plant started test operations in October, 1993, at the Keihin Steel Plant of NKK
Corporation. The feasibility of a commercial scale DIOS plant is currently under
investigation [13-14].

To respond to the challenge of new ironmaking technologies, the North American
steel industry started to investigate an iron ore in-bath smelting process in 1989 through a
cooperative research and development project, “AISI Direct Steelmaking”. sponsored by
the American Iron & Steel Institute (AISI) and the U.S. Department of Energy (DOE).
Several U.S. and Canadian steel companies and universities were involved in the R&D
project. The heart of the program, involving pilot trials on 10 tonne and 100 tonne
converter type smelters, has been completed with encouraging results [15-16].

The DIOS and AISI processes are quite similar to each other. A schematic
diagram of the DIOS process is shown in Figure 1.7. Both processes use a vertical type
converter vessel as the bath smelter, as shown in Figure 1.8. Either process can use
injected fine ores or pellets, but the DIOS process is primarily based on fine ore while the
AISI reactor is primarily based on pellets. The partially reduced ore dissolves into the
slag where it is reduced by coal char and carbon dissolved in iron droplets in the slag. The
contributions to reduction by char and carbon in the droplets are both important. Each can
contribute 30 to 70% of the total reduction, depending on how the process is operated
[17-18]. The char also suppresses excessive slag foaming. Post combustion is achieved by

secondary oxygen and the slag phase separates the high oxygen potential gas from the
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metal to avoid the oxidation of reduced iron which can result in high dust losses and
significant reduction of process intensity [19]. In the worst scenario. a sudden intermixing
of these two zones would lead to explosive consequences.

Though encouraging results have been achieved in both the DIOS and the AISI
pilot trials, there are significant problems that remain to be overcome in their future
development. For instance, the present smelting intensity of DIOS and AISI processes is
only 4.0 - 6.0 mt/m’/day inclusive of pre-reducer as compared with 8.0 - 12.0 mt/m’/day
for other in-bath smelting processes, such as the CCF and Romelt. One key problem
related to the relatively low smelting intensity in the DIOS and the AISI processes is the
transfer of heat released from post combustion to the slag bath to satisfy the heat
requirement for smelting reduction. With a relatively low degree of iron ore pre-reduction
in the shaft reduction fumace, the smelting reduction occurring in the bath smelter is
expected to be very dynamic and require significant and sufficient heat to sustain. Owing
to the use of vertical type converters in both processes, there is a limited nominal bath
area for heat transfer. This limited bath area can lead to a very thick and highly foamy
slag layer through which the heat released from post combustion is difficult to transfer to
the underlying metal.

Summarizing, a common feature of the various in-bath smelting processes is that
they all have a large volume of highly foamy slag as the smelting-reduction medium for
iron ore. The smelting intensity of an in-bath smelting process depends heavily on the

interface area presented by the large amount of iron droplets contained in the slag and on
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the transfer of heat from post combustion to the slag bath where endothermic smelting
reduction occurs. Heat requirement for fast in-bath smelting reduction depends on the
degree of pre-reduction, and conditions for heat transfer in the slag bath. Depending on
the type of reactor chosen, different thicknesses of foaming slag layers can be expected,
which in turn will affect the results of heat transfer from post combustion to the bath, and
consequently, the smelting intensity.

As part of the research program of AISI Direct Steelmaking project. it is the
purpose of present thesis to investigate emulsification and slag foaming phenomena in the
AISI process. As summarized above, both phenomena are related to the smelting intensity
of in-bath smelting processes. The formation of slag-metal emulsions due to strong bath
turbulence creates large effective interfacial areas, and is therefore believed to be
responsible for the rapid reduction of FeO observed in the slag-metal bath [17-18]. It is,
therefore, important to understand the emulsification behaviour in the slag-metal bath if
the process intensity is to be further improved. Slag foaming is also an important aspect.
As large amounts of CO and H, gases are evolved at high production rates in the in-bath
smelting process, the potential for slag foaming is high. Similarly, as significant foaming
affects heat transfer to the slag from post combustion but slag foaming-out results in
stops of smelting operations, it is critical that the fundamental features of slag foaming in

the in-bath smelting process be understood and controlled.
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1.2 Emulsification and Slag Foaming Phenomena in In-bath Smelting Processes
1.2.1 Emulsification

Emulsification is a process by which one liquid is dispersed into another
immiscible liquid, the resulting liquid-liquid dispersion usually being termed an
emulsion. The formation of a slag-metal emulsion is of considerable practical importance
for many metal processing operations. [t is generally held that the large interfacial area
caused by the dispersion of one liquid phase into the other is responsible for the very fast
overall reaction rates found in in-bath smelting. Figure 1.9 shows the metal droplets
entrained in a slag sample taken from a pilot trial of the AISI Direct Steelmaking Project.
Similar dispersions of liquid iron in the slag phase have also been documented in Nippon
Steel's pilot experiments of the Direct [ron Ore Smelting (DIOS) process {19].

In the process of smelting reduction of iron ores, the total rate of iron ore
reduction may be expressed as [18]:

R =(kemAstkecActkyndi)%FeO) (1-1)
where, k.. and k_, are the rate constants for the slag-char and slag-metal reactions; A,
and A_ are the bath area, char area; A, is the total areas of carbon-saturated metal droplets
created due to emulsification behaviour in the bath.

Based on the above equation, the dependence of the total rate of reduction on the
interfacial areas of dispersed metal droplets is readily appreciated. Nevertheless, because
of the experimental difficulties involved, little work has yet been done that allows one to
directly estimate the interfacial area generated by the dispersed metal droplets. In order to
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Figure 1.9 Entrained iron droplets in slag samples from an AISI pilot trial

x 500, droplet size 0.5-20 pm
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predict the rate of slag-metal reaction, an apparent mass transfer coefficient, k_-A,, is
often defined for quantifying the reaction rate. However. such a simplification gives no
insight into emulsification behaviour nor any of the other factors affecting the rate of
slag-metal reactions.

Similar difficulties also occurred in a number of studies on mass transfer
coefficients regarding bottom blown metal processing operations [21-28]. Among those
studies. two stages for the slag-metal reactions were usually presented [24-26]. The first
stage was observed at lower bottom gas flow rates, where it was believed the slag-metal
reaction took place by surface renewal processes [24-26]. The second stage was at higher
flow rates, where authors attributed the dispersion of slag within the lower metal phase to
result in significant increases in reaction rate. In addition, three regions were found in
Hirasawa, Mori and Sano's work in a slag/copper system [27-28]. It was featured by a
plateau at moderate flow rates. In these high temperature works, the detailed reasons for
changes in apparent mass transfer coefficient were not specifically identified since the
knowledge of interfacial areas involved in the reaction was not obtained.

As for the general emulsification behaviour, several researchers have investigated
the mechanism of metal dispersion in slag caused by bottom blowing [29-31]. For
example. Poggi, Minto and Davenport once carried out experiments in a mercury/water-
glycerin system, in order to model the dispersion and subsequent separation of fine
droplets of copper from slags in the continuous smelting of copper ores by the Noranda

Process. They observed [29] that gas bubbles rising across the mercury/water interface
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carry a surface coating of mercury up into the upper phase. This coating subsequently
peels or ruptures, scattering many small droplets of mercury into the upper liquid phase.
No inverse dispersion, i.e. glycerine entrainment into mercury, was reported in their
studies, which is hardly surprising given the opacity of their lower phase and the low gas
flow rate in their experiment.

However, in more recent modelling work on slag-metal reactions in combined
blowing [21-23, 32-35], a simultaneous dispersion of slag in metal (inverse process) is
claimed to be a significant physical feature that can be induced by top and bottom
blowing operations in slag/metal systems. Tanaka was the first to conduct experiments in
a paraffin oil/water system. He reported significant dispersion of oil in water and paraffin
oil in mercury [32]. He later confirmed this in actual steelmaking operations by taking
samples of the metal bath. using the sub-lance, from the lower phase. during top and
bottom blowing steel melting operations [33]. More recently, Kim [21], Matway [22-23],
Mietz [34-35] and their co-authors simulated the slag/metal reactions based on the same
water modelling technique as Tanaka and Guthrie. The same inverse dispersion
phenomenon was reported, and the change in the apparent mass transfer coefficient
obtained in their studies was attributed to a "slag" dispersion within the lower aqueous
"metal" phase.

Based on the previous work as summarized above, it has been appreciated that
both "metal” entrainment and "slag" dispersion can occur in a bottom blowing process,

depending on the system chosen and operating conditions. However, it is not clear which
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phenomenon is the more important in practical slag-metal systems. In order to have a
better understanding of emulsification behaviour in strongly stirred metallurgical reactors
and predict the total interfacial area of metal droplets in the slag-metal emulsions, Lin an
Guthrie [36] recently studied the general characteristics of emulsification process in
metallurgical systems using a thin-slice model and a three-dimensional model using low
temperature oil/aqueous and oil/mercury analogues. A generalized model characterizing
the transional volume of droplets entrained in the upper phase in the emulsification
process was developed. The transient volume of “metal” entrained, V (t), following the

start of bubbling followed the relation:

V‘,(z):Vs(l-e-‘;) (1-2)

Based on the above model, the birth rate and mean residence time of droplets
dispersed by rising bubbles could be quantified. In addition, the volume of lower liquid
carried up into the emulsion per bubble was expressed by the following equation obtained

from dimensional analysis:

Vi =049u,p.u, gAp‘édi (1-3)

The study of Lin and Guthrie gives a good insight into the emulsification
behaviour of the in-bath smelting process. However, because of an insufficient
knowledge of Sauter mean diameters and the mean residence times of droplets in the
reactive systems, valuable prediction of slag-metal reaction rates in practice are not yet

achieved.
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1.2.2 Slag Foaming

The prediction and control of slag foaming is important to many metallurgical
processes. For instance, in the in-bath smelting processes currently being developed, in
which particles of coal and iron oxide are fed into an iron bath, the main reactions involve
the cracking of coal or char, and the melting, dissolution and reduction of iron oxide
within a host slag. This reduction takes place by the contact of coal or carbon containing
metal droplets within the slag. As large amounts of CO and H, gases are evolved at high
production rates, "slopping"” or "foam-out" can occur in such smelting operations, which
subsequently results in reductions in rates of iron production, and loss in process yield.

In previous work on foaming[37-40], most authors tended to emphasize surface
chemistry phenomena rather than treating foaming as a phenomenon involving a special
case of two-phase bubble flow. Quantitative predictions for foaming in industrial
operations are difficult to make on the basis of previous literature, since slag foaming has
been expressed in terms of arbitrarily defined foam lives that are system specific.

More recently, a model for slag foaming was constructed by Ogawa et al [41], on
the basis of X-ray fluoroscopic observations of a high carbon iron melt in contact with an
FeO containing upper slag phase. There, they demonstrated, that under non-stirred,
quiescent conditions, small bubbles nucleated at the slag/metal interface, and rose to form
a bubble foam at the upper surface of the slag. As expected. the foam stability depended
on the physical properties of the slag. They also demonstrated an effect of metal surface

tension and wetting on the site of bubbles nucleated at the slag/metal interface.
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Nonetheless, foaming modes for industrial systems must take into account the large
volumes of gas generated within the slag by char particles and metal droplets, or "self-
foaming" conditions, which were very difficult to consider in their theoretical analysis.

In an alternative approach, Ito and Fruehan [42], and Jiang and Fruehan [43]
recently adopted the concept of the Foaming Index, first introduced by Bikerman [44-45],
to describe the "foaming ability" of a slag. The Foaming Index is defined on the basis of
observations that the volume of gas (V,, m’) contained within a foam formed at steady
state is proportional to the gas flow rate (Q,, m’/s), the constant of proportionality being
termed the Foaming Index Z (s),

Ve = 2-Q, (1-4)

If the cross sectional area of the reactor is constant, this relationship can

alternatively be expressed in terms of a change in slag height (Ah, m), and superficial gas

velocity (U, m/s):

> = (1-5)

<&

Based on experimental work on a number of slag systems at high temperature,
Fruehan and co-workers derived an empirical equation on the basis of dimensional
analysis that predicts the Foam Index as a function of the physical properties of the slags

[42]:
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T = 15—t (1-6)
(P.go)?

where, 1, is the slag viscosity (kg/ms); p,, the slag density (kg/m’); o, the slag's surface
tension (N/m); and g, the gravitational constant (m/s®). Although the foam height
predicted from above equation was claimed to give reasonable agreement compared with
published results for a 5 tonne bath smelter (43], this was probably fortuitous since the
effect of bubble size, which is believed to be important to slag foaming phenomena. was
not addressed.

Thus, the root of the problem lies in the fact that the definition of Foaming Index
is based on an important assumption: that the volume of gas in the foam formed at steady
state is proportional to the gas flow rate. In fact. this assumption is only valid for stable
foams when bubble sizes are relatively small. [n practical bath smeliters, large gas bubbles
resulting from top and bottom blowing (e.g. O,, Ar, or N,) would tend to change flow
patterns in slag foams containing many small CO bubbles generated from the slag-metal
and slag-char reactions, and lead to changes in the foaming index. If so, the
appropriateness of defining a Foaming Index to predict foam height in bath-smelting
processes is questionable. By considering the slag foaming as being a two phase bubble-
liquid flow phenomenon, Lin and Guthrie {46] revisited the subject by injecting gas
through a porous disc into a vertical cylinder containing a variety of low temperature
liquids. Based on experimental evidence and theoretical arguments, difficulties with

previous studies characterizing foam height as a function of fluid properties were
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addressed, and an alternative analysis in the form of a general relationship was developed.
In their study, the fractional volume of gas holdup, €, in foaming slags containing large
spherical cap bubbles was expressed as:

U (1-7)
£= .
U, +(05gd,)”

or. in terms of the foaming index as defined by Equation 1.5,

s - h+ Ah
U, +(05gd4,)”

(1-8)

The above relationships suggested the important effects of bubble size and initial
liquid height on the slag foaming phenomena, rather than surface tension and viscosity
effects. These are only implicitly involved in the size of bubbles, d,.

Following the work of Lin and Guthrie, Zhang and Fruehan [47] re-examined
their studies on slag foaming and found that the bubble size indeed played an very
important role in slag foaming phenomena. The following new relationship for foaming
index and fluid properties was then derived by those authors using the method of

dimensional analysis:

1.2
£ =15——
(o2

p.dy’ (-9

As seen, d, now appears in the denominator. However, it should be noted that
their recent study is still based on the concept of a foaming index as defined by Equation

1.5, i.e,, the volume of gas in the foam formed at steady state is proportional to the gas

29




CHAPTER 1 Introduction

flow rate. In the work of Lin and Guthrie just cited. this was shown to be incorrect for
foaming slags containing large spherical cap bubbles.

Because of the great interest in slag foaming phenomena, Kapoor and Irons [48]
recently studied the subject by injecting nitrogen and helium into a variety of liquids at
high superficial gas velocity (0.18 to 4.0 m/s). Similar results to the study of Lin and
Guthrie [46] were obtained. Based on the results, they also suggested that it was

fundamentally incorrect to characterize slag foaming in terms of a foaming index.
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CHAPTER2 MODELLING OF METALLURGICAL EMULSIONS

2.1 Observations of Experimental Phenomena
2.1.1 Emulsification Behaviour

To clarify the liquid dispersion phenomena happening in practice, some
experiments were carried out in different systems and a variety of operating conditions,
using a thin-slice model, in order to visualize and thereby conceptualize the experimental
phenomena more clearly. The properties of these systems are listed in Tables 2.1 and 2.2;
viscosity was measured using a Brookfield viscometer, while a Fisher Scientific

intertensiometer was used for interfacial tensions.

Table 2.1 Physical Properties of Various Liquids Used in Experiments (20 °C)

Substance Density (kg/m’) | Viscosity (mPa-s)
ZnCl, (I, 7.34 M) 1670 36.0
ZnCl, (11, 3.67 M) 1340 16.0
Silicone oil (I} 970 340.0
Silicone oil (II) 960 48.0
Water 1000 1.0
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Table 2.2 Physical Properties of Various Systems Employed in Experiments (20 °C)

System Density Ratio (y) o (N/m)
ZnCl, (1) / oil (T) 1.72 0.024
ZnCl, (II) / oil (T) 1.38 0.026
ZnCl, (I) / oil (II) 1.74 0.022
Water / oil (I) 1.03 0.042

a). 01/ZnCl, System

To simulate the dispersion behaviour in the bottom blowing process, a 7.34 molar
solution of ZnCl, was used as the lower "metal" phase, giving a ZnCl,/oil density ratio of
1.72, close to a steel/slag density ratio of 2.0-2.2 in practice.

Figure 2.1 is a photograph of the silicone 0il/ZnCl, system at an air flow rate of
0.85 SLPM/tuyere. [t shows that many ZnCl, droplets ("metal") of different sizes were
created and entrained in the silicone oil phase following the start of bottom blowing. As
the birth rate of droplets was larger than their death rate during the initial blowing period.
the dispersed droplets would gradually accumulate at the "slag"/"metal” interface until a
steady state was reached. thereby forming a multiple droplet layer at the original
0il/ZnCl, interface. The re-absorption of zinc chloride droplets into the lower phase is
slow, and evidently requires drainage of silicone oil (slag) from around discrete droplets

of zinc chloride (metal) before thermodynamic equilibrium is reached in the system. In

32



CHAPTER 2

Modelling of Metallurgical Emulsions

-
: * N .
3 | 3 3 K
fo g i
'S . T
- E &
A S R - .4 B
VN 3 - o et
(s 3 3 . & z
5 A = > o< i Fy s
P b o - : oo *
#l" r .. o 8 . -
. T s 8 2 -
o s ¢
- o 3
-
- ;
oy

Figure 2.1 Emulsification behaviour in the 0il/ZnCl, system

(Q = 0.85 SLPM, H_ = 160 mm, H, = 140 mm)
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typical experiments, about one hour was required before complete phase separation was
achieved.

This multiple droplet layer may be similar to the condensed zone of iron droplets
as a combined result of bottom blowing and iron ore reduction. which has been
documented in Nippon Steel's pilot bath smelter [19]. In the present experiment, it was
found that the amount of oil droplets entrained in the zinc chloride bath (lower phase)
was much less than that of zinc chloride droplets entrained in the upper oil phase. To test
the content of the droplet layer, some samples were pipetted out and the oil/zinc chloride
phases were allowed to separate. The resuits indicated that the mean composition of the
droplet layer shown in Figure 2.1 was consistent and independent of the sampling
position. and typically comprised 80%(vol.) of zinc chloride in 20% of oil.

b). O1l/Water Svystem

To examine the effect of density difference and other factors on dispersion
behaviour, experiments were also carried out on the oil/water system for comparison with
the 0il/ZnCl, system.

Figure 2.2 shows the dispersion behaviour in the silicone oil/water system under
the same flow rate as the silicone 0il/ZnCl, system (0.85 SLPM/tuyere). Compared with
Figure 2.1, a big difference can be observed. The important feature of this system is the
dispersion of the upper oil phase into water (inverse emulsion). The dispersion of oil was
caused by the instability at the bottom rim of the oil layer and the rising plume, as a result

of the downward shear flow at the oil/water interface and the impact of rising bubbles.
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Figure 2.2 Emulsification behaviour in the oil/water system

(Q=0.85SLPM, H, =160 mm, H, = 140 mm)
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This can be illustrated by Figure 2.3. As shown, due to the small density difference Ap =
30 kg/m’), a large amount of lower liquid (water) was drawn up by rising bubbles. so as
to form a large, continuous water plume within the upper phase (oil). No water droplets
formed in this case as all of the bubbles rose within the continuous water plume. Instead,
a dispersion of oil could be observed at the oil/water interface. At increased gas flow rate,
the whole upper oil phase gradually became fully emulsified in the lower water phase due
to increased downward shear flows at the oil/water interface, as shown in Figure 2.2.

The opposite patterns of emulsions formed in the 0il/ZnCl, and the oil/water systems
suggest that density differences between the two liquid phases plays a primary role in
emulsification behaviour in a liquid/liquid emulsion generated by bottom blowing. To
further verify the effect of density difference. some experiments were also performed in
an oil (1 = 340 mPa's)/mercury system in a column model of 75 mm inside diameter. It
was found that a much higher gas flow rate was needed to observe significant dispersion
of mercury into the upper oil phase. as compared with the oil/ZnCl, system. An inverse
emulsion also tended to occur in these circumstances as a few oil droplets could be seen
being entrained between the wall of the vessel and the mercury. Based on experimental
observations, this inverse process appeared to be less significant than the dispersion of

mercury into the vpper phase.
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Figure 2.3 Dispersion of oil due to shearing forces at the oil/water interface

(Q=0.4SLPM)
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2.1.2 Mechanism of Droplet Formation

A detailed observation of the behaviour of a single bubble at the interface is
necessary for a rational interpretation of the mechanism of droplet formation. Depending
on the gas flow rate, two stages of droplet generation were observed from the
experimental video records in the 0i/ZnCl, system:

At lower flow rates (Q<0.85 SLPM/tuyere). it was observed that the air bubbles
were stopped momentarily at the interface before being pushed through by succeeding
bubbles. A similar behaviour of bubbles was reported by Brimacombe and Richardson
[49], in a study of mass transfer between a fused salt and molten lead with Ar gas
injection stirring. The droplet formation at this stage was mainly due to the rupture of
ZnCl, coatings carried by gas bubbles. As shown in Figure 2.4, the coatings drained to
the base of the bubble, and a liquid thread was formed due to the relative movement of
the drained coatings and the nsing bubble. The liquid thread thus formed tended to
become thinner as the gas bubble rose within the oil. It then detached from the bubble at
some height, and the detached liquid thread soon broke up into smaller droplets due to
interfacial instability or collisions with up-coming bubbles.

At higher flow rates, it was found that, in addition to the mechanism of the
drainage of "coatings", the break up of a big ZnCl, wake, formed at the interface, as a
resuit of the impact of following gas bubbles, also accounted for droplet formation, as

seen from Figure 2.5.
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Figure 2.4 Mechanism of droplet formation at low gas flow rates

(Q = 0.4 SLPM)
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Figure 2.5 Mechanism of droplet formation at higher gas flow rates

(Q =1.65SLPM)
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2.2 Proposed Analysis and Experimental Method

To estimate the interfacial areas of dispersed droplets. the Sauter mean diameter
(dy;) is usually introduced for reacting systems, such as the combustion of oil droplets. as
this emphasizes the surface area to volume ratio of the droplets that appears in
expressions for characterizing chemical reaction kinetics. Thus, the Sauter mean diameter

is defined according to:

dy; = - (i =1n (2-1)

where, d; is the equivalent diameter of a single droplet. As seen from the definition, if the
droplets are assumed to be spherical in shape, the interfacial areas of dispersed droplets
created by bottom blowing, A, (m?), can be expressed as:

6 -Vt
Ay, = aft) (2-2)
d!:’

where, V(1) (m’) is the total volume of droplets entrained within the upper phase at any
instant. Therefore, the problem now becomes how to measure V(t), the transitional
volume of entrained droplets, and d,,, the Sauter mean diameter of dispersed droplets,
since d,, represents the diameter of an average particle having the same ratio of volume to
surface area as the actual distribution of droplets observed [50].

To measure the transitional volume of entrained droplets in the bulk phase, a
column model (75 mm ID) with a central tuyere of 2.0 mm diameter set at the column's

base was employed. In such a model, changes in interface level could be immediately
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determined from video records of experiments. Thus. following the cut off of bottom
blowing, the emulsion/lower phase interface became clearly delineated, allowing the
increase in emulsion height to be determined. These increases in height was at the
expense of a corresponding decrease in "metal” volume and was readily related to the

volume of entrained droplets within the emulsion phase at that time.

2.3 Results & Discussions
2.3.1 Generalized Model for the Transitional Volume of Entrained Droplets

To establish a relationship among the rate phenomena involved in such
emuisification processes, one can apply the principle of mass conservation at the

"slag"/"metal" intertace to obtain:

Vi) = Rg-t-[, Rp(t)dt (2-3)

In this equation. the term on the left side, V(t) (m’), represents the volume of
droplets accumulated in the upper phase at time instant t. The first term on the right side
represents the total volume of droplets generated in a period of t, where the droplet birth
rate, Ry (m'/s), is considered being constant throughout the emulsification process. The
second term on the right side represents the integration of droplet death rates, Ry(t), over
the period of t. By differentiating Equation 2.3, one can obtain a rate equation

characterizing droplet movements from the metal to the emulsion phase as follows:
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T~ Re-Rot) ot
with the following boundary conditions:

BC l:att =0 V, =0 (2-5)

BC 2:att > t,, Vy = V. (2-6)

where, t_ is the bubbling time needed to reach a steady state emulsion; V_ is the volume
of droplets entrained in the steady state emulsion.

Equation 2.4 is a statement of volume continuity for lower phase droplets
entrained in the emulsion phase. It illustrates that the rate of droplet accumulation in the
upper phase, dV (t)/dt (m%/s), is the difference between the net birth rate of droplets
versus their death rates. By analogy with the population balance process. it is reasonable
to assume the death rate of entrained droplets is proportional to their volume (or

concentration) in the emulsion, i.e.

Vat)

Rp(m) =
(2-7)

where, 1 is a constant with the dimension of time. The physical significance of t will be
delineated later. With Equation 2.7 and the first boundary condition, Equation 2.5, one
can integrate Equation 2.4 to obtain a generalized model for the transient volume of

entrained droplets as follows:

Vi) = Rp-t(l-€7) (2-8)
With the second boundary condition, Equation 2.6, it is readily shown that the

birth rate of droplets is:
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Ve
R3=—
T

(2-9)

Since 1=V /Ry, the physical significance of t can be interpreted as the mean
residence time of dispersed droplets in the upper phase, or mean life expectancy of metal
droplets in slag phase.

Based on this generalized model, (i.e. Equation 2.8), we can further show that the

rate of droplet accumulation and death rate of droplets can be quantified as:

davy t
dt(t) = Rse~ (2-10)
Ro(®) = Ra(l-e%) @-11)

A typical experimental result for the transitional volume of entrained droplets is
presented in Figure 2.6. It was found the results of every experiment followed the
relationship suggested by Equation 2.8 very well. For instance. referring to the three
curves presented in Figure 2.6, one sees that at the lowest flow rate of 0.5 SLPM., the
volume of entrained droplets increased with time, but with an asymptotic decay in the
rate of volume increase, to reach a constant value within about five minutes from the start
of bubbling. Under such conditions, the death rate of particles R, increased to the point of
matching the birth rate of particles Ry, resulting in a steady-state plateau. for which the
total volume of entrained droplets, V (t), remained constant.

At higher flow rates, the birth rates of droplets was higher, as witnessed by the

. greater slopes of the curves, while equilibrium conditions took longer to reach, as
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Figure 2.6 Effect of gas flow rate on the volume of droplets entrained within

the upper phase (H, = 160 mm, H, = 50 mm)

45




CHAPTER 2 Modelling of Metallurgical Emulsions

anticipated. All these curves were "fitted” to the data. using Equation 2-8 as the
relationship characterizing the phenomena involved. As seen. these curves fitted well
with all data obtained. This indicates the general validity of above derivations.

It should be noted if one applies similar derivations to other metallurgical
emulsification processes, such as those induced by top blowing or by iron ore reduction
in the slag, the same relationships as Equation 2.8 to Equation 2.11 can be expected.
Therefore. the model obtained in this study is of general significance to illustrate the
relationship of the rate phenomena involved in metallurgical emulsification processes,

regardless of the mechanisms of droplet generation.

2.3.2 Droplet Birth Rate

As the transitional volume of entrained droplets can be well fit by the generalized
model, Equation 2.8, the birth rate and the mean residence time of droplets in the
emulsification process are readily determined from the experiment. Expenimental results
of the effects of gas flow rate, upper phase thickness, bath height. upper phase viscosity,
and lower phase density, on the droplet birth rate are summarized below.
a). Effect of Upper Phase Thickness (H))

As shown in Figure 2.7, the droplet birth rate increases with gas flow rate, but the
effect of upper phase thickness is negligible. The scatter in experimental data can be
attributed to experimental error. Although the upper phase thickness had only a minor

effect on the droplet birth rate over the range studied, it should be pointed out it did have
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Figure 2.7 Effect of upper phase thickness on droplet birth rate
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a significant effect on the mean residence time of the entrained droplet, t. and, as a result,
the volume of droplets entrained at steady state.
b). Effect of Lower Phase Height (H.)

Any effects of lower phase height on droplet birth rate were found to be negligible

over the range of heights studied, as presented in Figure 2.8.

c). Effect of Upper Phase Viscosity (u,)

As seen from Figure 2.9, upper phases of higher viscosity tended to lower droplet
birth rates. This can be explained in terms of larger viscous drag forces on the surfaces of
ZnCl, coating gas bubbles as they rise through the ZnCl,/oil interface, the higher drag at
the interface tending to pull the ZnCl, coating back into the bath.

d). Role of Density of Lower Phase (p;)

In general. one might expect that a lower phase of lower density would be easier
to be carried up into the upper phase by rising bubbles. This was confirmed by the
experimental results shown in Figure 2.10. It should be pointed out the concurrent
reduction in lower phase viscosity caused by dilution of the original zinc chloride
solution to lower its density, may decrease the birth rate of droplets. suggesting a possible
combined effect of lower phase density and its viscosity on the results shown in Figure

2.10. This will be understood more clearly from the dimensional analysis that follows.

2.3.3 Dimensional Analysis

Based on experimental data using the oil/zinc chloride systems, droplet birth rates
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could be determined for the various conditions studied. The volume of lower liquid
carried per bubble, V,° (m’) can be estimated by dividing the volumetric birth rate of
droplets by the frequency of bubbles passing through the interface. Owing to the
coalescence of bubbles that was observed above the tuyere exit, previous relationships
between the volume of a bubble formed at the tuyere exit and gas flow rate. such as
V,=1.378Q" *g*[51], could not be applied to determine the frequency of bubbles passing
through the interface. Rather. the frequency of bubbles passing through the interface was
counted from experimental records.

Based on the experimental results and the preceding discussion, one can carry out
a preliminary dimensional analysis by assuming that the volume of lower liquid carried
up into the upper phase per bubble, V,' (m”), is dependent on the variables listed in the

following relation:

p'do =f(db' Ap' ps' #m' #x' g) (7_1‘))

where. d, (m) is the bubble size: Ap (kg/m’) is the density difference between the two
liquids; p, (kg/m’) is the density of upper phase; p, and p, (kg/m/s) are the viscosity of
lower and upper phases respectively; and g is the gravitational constant (m/s’). In
Equation 2.12, neither the upper phase thickness (H,) nor lower phase height (H,,) were
included since experiments showed their effects to be negligible. [n addition, interfacial
tension between the two liquids was also excluded. As discussed in the mechanism of

droplet formation, the surface coatings and wakes drawn up by the bubble did not break
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up the moment a bubble rose through the interface. Therefore, it is reasonable to ignore
the effect of the interfacial tension at this pre-breakup stage. But. it should be noted,
interfacial tension must become important in the breakup process once a bubble has
passed through the interface, as suggested by the earlier work of Davenport et ai [29].

In Equation 2.12, there are 7 variables and 3 fundamental dimensions; therefore,
four dimensionless groups are to be obtained. It is desirable to have these groups depend

on V., d,, u,, and Ap respectively, i.e.

T = fiP, Hu g Vi) (2-13)
7 = f(p,, K, 8 ds) (2-14)
Ty = fp,. M, 8 M) (2-13)
Ts = f(P,. Hn & Ap) (2-16)

Through dimensional analysis, the final forms of Equation 2.13 to Equation 2.16 are

obtained as follows:

p gV
T = —
Hom (2-17)
P gdy’
1"[3 = 2
Hm (2-18)
H,
Ty = —
K,

(2-19)
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Ap (2-20)
leading to the functional relationship that:
7 = N, w0 7y) 2-21)
or for the first term of a polynomial series that:
7 = Knl'ndnf (2-22)

By applying multiple regression analysis to the experimental results. the
following relationship between the volume of entrained liquid and other independent

variables was obtained:

v

3 066

ve o= 1.o4L 2 e g2, (L josi  Be oo (2-23)
P g H, H Ap
or. in dimensional form, in SI units,
oS,
Vi = 0494041005 dy (2-24)

with a correlation coefficient of 0.91. In Figure 2.11, the results predicted on the
basis of Equation 2.24 are compared with the experimental results for the three systems

investigated in the present study. In general, the agreement is good despite some scatter.
Predictions for the oil (340 mPas)/mercury system are also shown in the figure.
However, for such a system, the curve essentially falls on the x-axis so that it is hardly
seen in the figure, the amount of mercury carried per bubble being so small compared

with that for the 0il/ZnCl, system. This prediction is in agreement with our experimental
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observations, indicating the primary effect of density difference rather than density ratio
between the two phases on the droplet birth rates. For the slag/liquid iron system of
primary interest in this work, one may use the following physical properties: u =5x10
kg/mvs. 1,=0.45 kg/m/s. p,=3000 kg/m’. Ap=3800 kg/m’, to obtain the prediction shown
in Figure 2.11. As seen, the results for an equivalent slag/liquid iron system would fall
between the oil/zinc chioride and the oil/mercury systems.

Based on Equation 2.24, one can obtain the following relationship for the net

volume of droplets lifted into the upper phase per unit time. Thus, given:

Rg = ‘Q_Vdo
Vs (2-25)
1 5
Rs = 0.94ymp‘,u"}Ap'};Q— (2-26)
b

Equation 2.26 signifies that the droplet birth rate increases with increases in the viscosity
of the lower phase, upper phase density, and gas flow rate. It decreases with increase in
upper phase viscosity, the density difference between the two liquids, and with bubble
size. Based on Equation 2.26, the dependence of Ry on the physical properties of the two
liquids in some extreme cases can also be appropriately interpreted. First, in the case of
very small density differences, such as the silicone oil/water system, Equation 2.26
predicts that large amounts of lower liquid would be drawn up so as to form a large water
plume in the upper phase. Depending on the state of agitation and shearing (turbulence)

in the upper phase, this water plume may be hard to be broken up into smaller droplets
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and an inverse emulsion tends to form in this system. This was the case observed for the
silicone oil/water system (see Figures 2.2 & 2.3). Second. in the case where the upper
phase is air, Equation 2.26 predicts few droplets being entrained in the air as the density
of upper phase is almost zero in this case. Once again, this confirms our expectation. as
does the suggestion that an extremely dense lower phase liquid would be difficult to

entrain in a lower density upper phase as was observed in the mercury / oil system.

2.3.4 Discussion of Emulsification Behaviours in Industrial In-bath Smelting Processes

In the AISI and the DIOS processes, two sources of iron droplets appearing within
the slag phase can be identified. First, iron reduced from the iron ore dissolved in the slag
must nucleate and/or be dispersed into droplets within the slag before they settle down to
the iron bath. Second, iron droplets can also be generated by bottom blowing, which
disperses liquid iron in the iron bath into the upper slag phase. It should be noted. unlike
the BOF process, that a thick layer of slag is usually emploved in the AISI and the DIOS
smelting operations in order to shield the iron bath from direct contact with the top-blown
oxygen jet. Consequently, the top-blown oxygen jet does not contribute to the dropiet
generation in these particular cases.

The droplet birth rate related to bottom blowing may be estimated with Equation
2.26. For example, for the AISI's pilot trials on a 10 tonne converter with a production
rate of 4.5 tons/hr, the bottom blowing flow rate was 160 Nm’/hr. By assuming an

average bubble size of 0.1 m and taking the physical properties of slag and metal used to
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predict the slag/iron system in Figure 2.11, one can calculate the droplet birth rate

resulted from bottom blowing as:

1873
; T,

3 -3 ] '3
Rs = 0.94x(5x107)x(3000)x(045 )7 x(3800 )7 x =1

= 520x10 m'/s

Here, it should be noted the effect of bottom blowing on the in-bath smelting
process is not only limited to droplet generation. In fact, the introduction of bottom
blowing will enhance the kinetic mass transfer coefficient for slag-char and slag-metal
reactions due to its stirring effect. Another important aspect of bottom blowing is that it
will help to entrain the lighter char particles into the slag phase through the flow patterns
it creates. The entrainment of char particles into slag, rather than a layer of char “rafting”
on top of slag, is apparently essential for suppressing slag foaming [52], and maintaining
a desirable rate of ore reduction and an appropriate post combustion ratio. However, very
strong bottom blowing should have a negative effect on the process. Under such
conditions, metal droplets would be ejected to the upper surface of the slag and react with
the top oxygen jet, resulting in excessive dust loss. This conclusion is supported by
Nippon Steel's pilot experiments [19].

For the droplets nucleated by iron ore reduction, their birth rate at steady state

should equal the volumetric rate of production of iron, i.e.
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4.5x10°
3600x6800
= 183.8x10°° m’/s

Rs' =

Of the droplets generated by iron ore reduction, two sources of droplets may be
involved. First, through slag-char reactions, thin films of iron may be formed at the char's
surfaces and become carbon saturated. These films detaching from the char's surfaces,
would break into tiny droplets. Second, the carbon contained in these droplets will reduce
the FeO in the slag, thus augmenting the sizes of these droplets through slag-metal
reaction. Such freshly generated iron droplets and decarbonized droplets can be expected
to pick up further carbon through repeated contacts with char and support slag reduction
during their residence times within the foaming slag. Since the iron bath in the AISI
process is almost carbon saturated. usually 5%, this means that most of the iron droplets
must be saturated with carbon before they fall into the iron bath. This can be the evidence
for carbon pick-up by metal droplets during their descent.

To estimate the total interfacial area created in the metallurgical emulsification
process, other information, such as the Sauter mean diameter and the mean residence time
of droplets. is needed in addition to the droplet birth rate. A preliminary analysis of some
slag samples from the AISI pilot trials indicates the existance of a large number of
carbon-free small droplets, usually less than 20 pm, as shown in Figure 1.1, and some
large droplets (= 0.5 mm) that are practically carbon saturated [20]. The different carbon

contents in these two kinds of droplets indicate they come from different sources. It is
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believed the small droplets are those freshly generated by slag-metal reactions, while the
large ones derive from bottom blowing. To estimate the magnitude of residence time of
the small and large droplets observed. one can make the following simple calculation. For
a tiny iron droplet of 20 pm (2x10” m) travelling through a stagnant slag layer of 0.25 m,
the residence time would be 2264.5 minutes based on Stoke's equation and the physical
properties used for slag-iron system in Figure 2.11. Similarly, one can work out the
residence time for a droplet of | mm under the same conditions is only 54.4 seconds, less
than one minute. Though the calculations were conducted without considering the effects
of flow pattern of foaming slag and possible evolution of CO bubbles on the droplet
surface, the extremely long residence time of small droplets suggests there must be
certain mechanisms for small droplets to coalesce into big ones that can fall into the iron
bath. It is possible the large droplets from bottom blowing may absorb (or coalesce) the
small droplets freshly generated by slag-metal reaction. thus speeding up the settling of
small droplets to achieve the production rates observed in practice.

Summarizing the above discussions, it can be seen that a good insight into the
emulsification behaviours of in-bath smelting process can be achieved thanks to the
present modelling study. However, our present understanding regarding other aspects of
metallurgical emulsions, particularly the Sauter mean diameter and the mean residence
time of droplets in a reactive system, is still insufficient to make a valuable prediction of

slag-metal reaction rate in the bath smelting process.
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2.4  Conclusions

1). Emulsification behaviour generated by gas bubbles rising through a slag/metal
interface has been investigated using aqueous modelling techniques. Two opposite
patterns of emulsion were observed: a) aqueous droplets dispersed within the oil phase,
and b) oil droplets dispersed within the aqueous phase (inverse emulsions), depending on
the system chosen and operating conditions. For systems of large differential density with
a thick upper phase (e.g. the in-bath smelting process), it was found the dispersion of
lower phase into the upper phase was much more significant than the inverse process.

2). A generalized model characterizing the transitional volume of entrained
droplets within the upper phase in the emulsification process was developed. The model
is also of general significance to other metallurgical emulsification processes, such as
those induced by iron ore reduction and top blowing, regardless of the mechanisms of
droplet generation. Based on the generalized model, the birth rate and mean residence
time of droplets dispersed by rising bubbles can be quantified.

3). Dimensional analysis was used to express the volume of lower liquid carried
up into the emulsion per bubble, thereby allowing better estimates of droplet birth rates
within a practical process. With the present modelling study, a good insight into the
emulsification behaviour of in-bath smelting process was achieved. However, our present
understanding on the other aspects of metallurgical emulsions, particularly the Sauter
mean diameter and the mean residence time of droplets in a reactive system, is still

insufficient to give a valuable prediction of slag-metal reaction rates in practice.
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CHAPTER 3 MODELLING OF SLAG FOAMING

3.1 Experimental Method

As slag foaming can be considered as being a two phase bubble-liquid flow
phenomenon, low temperature modelling techniques can be used to understand the
fundamental features of slag foaming phenomena. A layer of foaming slag was therefore
simulated in a vertical column (75 mm ID) using liquids of various properties, by
injecting gas through a porous metal disc (2 pm pore size, 75 mm diameter) set at the
base of the column of plexiglass. In the experiment, the height of foam bed (h+Ah. m)
was recorded by video. at different gas flow rates (Q,, m’/s). Corresponding bath height
increments Ah. m) were readily determined by measuring the difference in the height of
the foam bed and the height of the initial liquid (h, m), as illustrated in Figure 3.1. While
this experiment does not perfectly represent the "self-foaming" slag conditions that apply
in the "in-bath" smelting. in which much of gas is generated within the slag itself, rather
than passing completely through the bulk of the slag phase, it represents a reasonable

average.

3.2 Experimental Results
3.2.1 Modes of Bubbie Formation and Classification of Flow Regimes

Based on observations made with the video recorder, three regimes of bubble
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(a) (b)

Figure 3.1 [llustration of slag foaming

(a) initial status at Q, = 0; (b) steady status at Q, > 0
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formation were observed. These, in the order of increasing gas flow rate, are:
a). Quiescent Bubble Formation

At low flow rates, individual pores on the disc's surface operated independently as
bubble sources, producing a dense column of small, spherical or ellipsoidal bubbles, as
shown in Figure 3.2. Increasing the gas flow rate in this regime increased the number of
pores in operation together with a concurrent increase in foam height. [n the theory of one
dimensional two-phase bubble flow, this regime is usually defined as bubbly flow or
quiescent flow [53].
b). Bubble Coalescence

Coalescence of adjacent bubbles above the disc surface became apparent at higher
flow rates. The foam tended to be unstable in the presence of large coalesced bubbles.
This regime corresponds to the transition zone in two-phase bubble flow theory. In
general, this regime only covers a narrow range of gas flow rate. Further increases in flow
rate then lead to a third regime, as described below.
c). Blanketting

At higher gas flow rates, the homogeneous dispersion of gas through the porous
disc could no longer be maintained. Rather. bubbles forming at pores on the disc surface
tended to grow into large bubbles covering almost the whole disc surface. As shown in
Figure 3.3, this regime was characterized by large spherical cap bubbles rising with high

velocities in the presence of small bubbles, in what is usually termed “churn-turbulent”
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Figure 3.2 Quiescent bubble formation in silicone oil

(h =400 mm, p = 48 mPa-s, Q = 1.5 SLPM)
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Figure 3.3 Blanketting in silicone oil/air system

(h =400 mm, ¢ = 48 mPa-s, Q = 1.5 SLPM)
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flow [53]. Agglomeration was particularly significant in the churn-turbulent regime since
a bubble which is flowing in the wake of another tends to rise faster than its predecessor
and eventually coalesces with it. The results of this "channelling” is that the flow patterns
within the foaming slag became agitated and the foam height collapses. Given the non-
wetting characteristics of bubbles forming on porous plugs in liquid metal systems, this
regime would be expected in equivalent metallurgical gas bubble driven flows, even at

lower flow rates [54].

3.2.2 Foam Height

a). Effect of Superficial Gas Velocity

Figure 3.4 shows measured bath height increment for an air/water system. Three
different types of foaming behaviour could be observed following the transitions in the
modes of bubble formation just described. As seen from Figure 3.4, foam height
increased linearly with gas rate in the regime of bubbly flow in which quiescent bubble
formation was maintained. Then. foam height deviated in the transition zone. Further
increases in gas rate above the transition region lead to the collapse in foam heights, as
Figure 3.4 shows.

Summarizing these experimental results, it is readily seen that the Foaming Index,
as defined by Ito and Fruehan [42], for predicting foam height is only valid in the bubbly

flow regime, where bubbles are spherical or ellipsoidal and relatively small (usually less
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Figure 3.4 Effect of superficial gas velocity and initial depth

of liquid on foam height in an air/liquid system
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than 15 mm). Considering the presence of large gas bubbles resulting from top and
bottom blowing and the possible coalescence of small CO bubbles in bath smelting
process, the validity of their studies for practical situations therefore appears doubtful.
b). Effect of Initial Depth of Liquid

As also shown in Figure 3.4, foam height could also be affected by the initial
depth of liquid (water). Foaming Indices, which were calculated using experimental data
in the bubbly flow regime, increased with the initial depth of liquid, except at relatively
large depths of liquid (= 0.3 m in the present water/air system). Owing to equipment
constraints imposed on those authors' experiments using X-ray viewing of slag foaming
phenomena, previous high temperature work [41-43] was limited to very small slag
thickness in comparison with those pertaining to actual bath smelting vessels (e.g. 0.3-0.6
m). Therefore, it seems likely that such high temperature X-ray observations may not
suitably reflect the Foaming Index of slag, as defined by Equation 1.2, which does not
include any effect of initial liquid depth.

c). Effect of Liquid Viscosity

In order to examine the effect of liquid viscosity on foaming behaviour,
experiments were also conducted in silicone oil/air systems for comparison with water/air
system. As shown in Figure 3.5, foam height increased with liquid viscosity in the bubbly
flow regime. However, in such higher viscosity systems, the bubbly flow regime was

only possible at smaller gas flow rates than those for systems of lower viscosity. This
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Figure 3.5 Effect of liquid viscosity on foaming behaviour, h =400 mm
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may be explained in terms of the effects of viscous forces on transitions between modes

of bubble formation.

3.3 Theory and Discussions
3.3.1 A General Relation for Characterizing Foam Height

These simple modelling experiments suggest a complex dependence of foam
height on bubble flow regimes. These, in turn, are dependent on the sizes of bubbles.
superficial gas rates. physical properties of liquids. etc. To obtain a general relationship
characterizing foaming behaviour, one can consider that the total volume of gas in a foam
bed, as shown in Figure 3.1, is related to increases in foam height, according to
continuity:

v, = Ak A (3-1)
where. Ah (m) is the bath height increment and A (m°) is the cross-sectional area of the
column. On the other hand, the total volume of gas heldup within the foam can be
expressed as:

V, = (number of bubbles in foam bed)xV, (3-2)
where, V, (m’) is the volume of a single bubble of average bubble size. Since,
number of bubbles in foam bed = (frequency of bubble formation)

x(mean residence time of bubbles in foam bed)
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G Ao (3-3)
Ve U,
h+ Ah
Ve = O (3-4)

where, U is the average slip velocity of bubbles in the foam bed. The last term on the left
side represents the mean residence time of bubbles in the foam bed. Since Q, = U, A. we

can combine Equation 3.1 and Equation 3.4 to show:

U,
U-U,

Ah = h (3-5)

Equation 3-5 was derived from volume continuity. It signifies (unlike Equation
1.2) that the foam height is not only dependent on the superficial gas velocity (U,), but
also the average slip velocity of bubbles (U,) in the foam bed and on the initial depth of
liquid (h). The average slip velocity of bubbles could be further influenced by the sizes of
bubbles, the physical properties of the liquid and interaction among bubbles. For
example. if the sizes of bubbles are small, such as those encountered in beer or milk
foams, their corresponding average rise velocity is also very small. Based on Equation
3.5, a large foam height would be expected in this case even at low superficial gas
velocity. For the other case, where bubbles are large and have a high rise velocity, only a
small foam height may be achieved even at large gas flow rates! This was the case we

observed for the churn-turbulent flow regime.
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3.3.2 Average Slip Velocity of Bubbles

Using Equation 3.5 as a basis for foaming predictions, it is important to know the
average slip velocity of bubbles within the foam bed. To be compatible with notations
used in the most recent work reported in the literature on two-phase bubble flow, one can
rewrite Equation 3.5 as:

v - Us
€ (3-6)

where, e=Ah/Ah+h), is, by definition, the average holdup of gas within the foam and U,,
the superficial gas velocity. Equation 3.6 is the same as that derived by Nicklin [55]. Its
physical significance is that the average slip velocity of bubbles is equal to the interstitiai
gas velocity in a fraction, €, of the cross sectional area of the foam bed.

Figure 3.6 shows gas holdup in foaming slags for some of the AISI pilot trials
(N0.25-29) for the smelting reduction of iron ores, which were calculated from measured
levels of foaming slag and estimated amounts of slag within the vessel. The superficial
gas velocity was calculated by Gou et al [56] from reported coal charging rate in the
Universal Pilot Plant. As seen in this figure, gas holdups or the volume of gas within all
the slags were practically constant (€=0.8), even though superficial gas velocities
increased from 2.0 m/s to 4.0 m/s. This can probably attributed to the coalescence of
smaller bubbles into larger, faster moving ones. However, Ogawa et al have reported
different findings [57]. In that study, they concluded that the average residence times of

CO bubbles were not affected by the volumetric flow of gas through the slag, i.e., that the
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Figure 3.6 Gas holdup in foaming slag for the AISI pilot trials (No.25-29)
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volume of gas within the slag increased in a linear fashion with increasing gas flow, as
dictated by Equation 3.4.

Based on Figure 3.6, the average slip velocity of bubbles in the foaming slag can
be readily estimated using Equation 3.6. The resulits are shown in Figure 3.7. As seen in
the figure, the average slip velocity of bubbles, U, must necessarily increase in
accordance with Equation 3.6, if € is to remain constant with increase in U,. In addition,
one can note that the average slip velocity of bubbles in the foaming slag was very high,
ranging from 2.8 m/s to 5.0 m/s. To obtain such high rising velocities, the bubbles should
be very large. Therefore, the results of bubble slip velocity in foaming slag suggest the
presence of significant amounts of large spherical cap bubbles in the foaming slag. The
presence of these large gas bubbles may be attributed to several possible mechanisms.
First, large inert gas bubbles (such as Ar, or N,) induced by bottom blowing would
contribute to the presence of large gas bubbles within the slag and probably contribute to
significant absorption of smaller bubbles during their rise through the slag. Second, the
coalescence of CO bubbles may be quite significant in the slag foaming process at very
high superficial gas velocity, thus forming some large CO bubbles in the slag. Third, the
reaction between large O, bubbles, possibly generated by the top oxygen jet for post
combustion (if the lance is submerged in the foaming slag), and small CO bubbles
(evolved from slag-metal or slag-char reactions) may produce large CO, bubbles rather

than small ones.
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Figure 3.7 Average slip velocity of bubbles in foaming slags

for the AISI pilot trials (No.25-29)
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Clearly, to predict the amount of gas holdup in the foaming slag, which is readily
related to foam height by definition, Equation 3.6, is, in itself, insufficient since it
contains two unknowns (U,, €). Another expression for the average slip velocity of
bubbles is therefore needed if an explicit expression is to be developed. Usually, the slip
velocity of bubbles can be related to gas holdup and to the terminal rise velocity of a
single bubble of average bubble size, U; (m/s) through a liquid of infinite extent. Various
empirical expressions for this have been reported [58-61].

In general, the commonly accepted correlations for slip velocity have the

following form:
U, = Urll-&)™ 3-7)
[n the above equation, Wallis suggested m=2 for small bubbles [59], i.e.
U, = Ur(l-¢) (3-8)

The validity of Equation 3.8 for small bubbles has been verified by a number of
investigators [62-64]. For large spherical cap bubbles, Wallis suggested m=0 [59]. Thus,

Equation 3.7 reduces to:
U, = Ur(l-¢)" (3-9)
As indicated by the above equation, the slip velocity of a large bubble in a foam

bed is larger than its terminal velocity in a large extent of stationary liquid. This may be

attributed to the acceleration of the bubble flowing into the wake of its predecessor.
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3.3.3 Terminal Velocity of a Single Bubble

When a single bubble rises through a large body of stationary liquid, its terminal
velocity can be readily obtained by equating the drag force and buoyancy force. i.e.

I \
—-p;UT- AeCD =

b4
3 —de(p,'Pg)g

6 (3-10)

Since A =nd,*/4, one can show that:

I

1gd, :

Ur = (52
3Cop 3-11)

For the small bubbles, which can be considered as rigid spheres, the drag

coefficient C,=24/R,,. In this case, Equation 3.11 reduces to Stoke's solution:

(p,-P)gds

T =

For large spherical cap bubbles rising in stationary liquids, Guthrie and Bradshaw
[65] once made extensive experimental measurements and found that the liquid's
viscosity had little influence on drag coefficient, as Figure 3.8 shows. As seen from the

figure, the drag coefficient tended to reach a constant (C,=8/3) for large spherical cap
bubbles in liquids of viscosity less than 200 mPa-s. For liquids of higher viscosity, such

as PV A solution of 735 mPa-s, the drag coefficient is close to 3.0 for large spherical cap

bubbles (d,>45 mm). Since the viscosity of slags in the bath smelting process ranges

between 400-500 mPa-s [42], it is reasonable to take C,=8/3 for those large spherical cap
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bubbles in slags. As a result, Equation 3.11 reduces to:

1
Ur = (0.5gds): (3-13)

3.3.4 Estimation of Average Bubble Size in Foaming Slag
Because of the presence of large spherical cap bubbles in the foaming slag, as we
discussed earlier, the average slip velocity of bubbles in the foaming slag, for vertical

flow, can be expressed as:
U, = Ur(I-6)' = (0.58d,)(1-¢)" (3-14)

On the other hand, the average slip velocity of bubbles in the foaming slag can be
directly estimated from the measured superficial gas velocity and slag level (or gas
holdup), as indicated by Equation 3.6. By equating Equation 3.6 and Equation 3.14, one
can obtain an equation for the average bubble size in foaming slag versus superficial gas
velocity, and gas holdup as follows:

h

2 1-¢
db = _(_Ug)
g ¢ (3-1%)

For the slag in the AISI bath smelting process for iron ore reduction, the bubble
size estimated based on Equation 3.15 is shown in Figure 3.9. As can be seen from the
figure, the average bubble size in the foaming slag ranges from 0.1-0.25 m. In addition,
this figure also shows the bubble size increased with the superficial gas velocity. This

suggests there must be significant coalescence of bubbles in the foaming slag as
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superficial gas velocities are increased.

3.3.5 Predictions of Foam Height

In intensively stirred metallurgical reactor systems, where large spherical cap
bubbles would be inevitable as a result of top and bottom gas injection, or by coalescence
of smaller bubbles, the gas holdup in the foaming slag can be obtained by rewriting
Equation 3.15 as:

Us
05
Ug+(0.5gd,) 316

Equation 3.16 predicts that, at a certain superficial gas velocity, any increase in
bubble size would lead to a decrease in gas holdup in slag foams. Ogawa, Fruehan and
their co-workers have noted that the presence of char within a foaming slag could
suppress slag foaming [18, 57]. Based on the above equation, possible explanations of
this could be the formation of very large gas bubbles due to the fast cracking of char in
slags, or the presence of char in the foaming slag contributes to bubble coalescence.
Based on Equation 3.16, the effect of increased gas pressure in smelting furnace on slag
foaming can also be analyzed. Since any increase in gas pressure would reduce the total
volume of gas, and thus the superficial gas velocity, the gas holdup in the foaming slag
would decrease under these circumstances.

It should be pointed out, whilst the physical properties of a foaming slag, such as
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its density, viscosity and surface tension, do not appear in the above equation, they do, in
effect, affect mean bubble sizes and, in consequence, the foaming behaviour of slags. In
addition. Equation 3.16 was derived for large spherical cap bubbles in viscous slags, such
as in-bath smelting processes. If a particular slag foaming process is characterized by
small spherical or ellipsoidal bubbles, appropriate expressions for slip velocity (e.g. m=2
in Equation 3.7) and drag coefficients should be used to obtain similar relationships
between the gas holdup in the slag and other variables. such as superficial gas velocity,
average bubble size, and physical properties of the slag. In general, a different form of
relationship to that proposed for large commercial furnace operations can then be
anticipated.

Finally, it is interesting to rearrange Equation 3.16 in terms of the Foaming Index
defined by Ito and Fruehan [42]. Based on Equation 3.16, ane can show:

h+ Ah
. - 05
U,+(0.5gd,) (3-17)

Y =

Equation 3.17 indicates that the Foaming Index (}) is not a constant in the bath
smelting process. Rather, it will change with superficial gas velocity, with bubble size,
with initial slag depth, as well as foam height. We therefore suggest that it is not helpful,
from a fundamental point of view, to describe chum-turbulent foaming phenomena in
terms of a slag Foaming Index, even though its simplicity may have certain practical

merits for a set of specific operating conditions.
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34  Conclusions

1). Slag foaming phenomena have been investigated using a low temperature
modelling technique. Experimental results indicate that foaming behaviour is quite
different in bubbly flow and churn-turbulent flow regimes respectively, indicating the
primary role of bubble size in foaming phenomenon. Based on the present experimental
evidence and theoretical analysis. it appears inappropriate to describe slag foaming
behaviour in terms of a Foaming Index, as is proposed in previous work [42, 43].

2). A general relation characterizing foam height has been developed, which can
be expressed as Ah=U h/(U.-U,). The relationship signifies the importance of average slip
velocity of bubbles and initial depth of liquid, in addition to the superficial gas velocity,
in governing foam heights.

3). An equation for predicting gas holdup in a foaming slag characterized by large
spherical cap bubbles has been developed through detailed consideration of the relevant
fundamentals. The average bubble size in pilot trials of the AISI Direct Steelmaking
Project were estimated to be in the range of 0.1-0.25 m, suggesting that significant
coalescence of small bubbles (such as CO) must occur in the process. It has been
proposed that top and bottom blowing or char particles within the foam may aid such

coalescence phenomena.
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CHAPTER 4

MODELLING MIXING BEHAVIOUR OF

FERROALLOY ADDITIONS IN AOD VESSELS

4.1 Introduction

The Argon-Oxygen-Decarburization (AOD) process developed by the Linde
Corp. in the 1960’s is commonly used for the economic production of high quality
stainless steel. A schematic diagram of a typical AOD converter is given in Figure 4.1.
In the AOD refining process, charge materials are added into the liquid metal from the
top of vessel, while oxygen and argon (or nitrogen) are injected into molten metal from a
shrouded tuyere installed on the side wall of the converter. Top oxygen blowing is
implemented in some plants to reduce AOD processing cost and increase productivity
[66].

Currently, about 80% of the world production of stainless steel is accomplished
through use of the AOD converter. This is due to the fact that the dilution of oxygen gas
with argon or nitrogen allows the decarburization of stainless steel to take place with low
loss of chromium to the slag by oxidation. Consequently, high carbon-ferro-chromium
alloys of low cost can be used as charge materials. Nevertheless, a significant proportion

of chromium and other valuable alloying elements are oxidized along with the carbon

85



CHAPTER 4 Modelling Mixing Behaviour of Ferroalloy Additions in AOD Vessels

LNG + O2
CHag + 202~ )
CO2 + 2H,0 etc.
\ ’
(l:_:\:
¢ -'( s \\
/ ~
- / \Q
0.0
. y ° A’\/
o O
o.° °°
% © (COs + C~2CO
HO0 + C—~CO + H2
3CO2 + 2Cr -
Tuyeres 3CO + Cr203
(0% +YAr (N2) 3H20 + 2Cr —~
| 3H2 + Cr203

Figure 4.1 Schematic diagram of AOD process
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even when using dilute oxygen gas mixture during AOD refining. Thus, a typical slag
after the decarburization period for an 18% Cr and 8% Ni steel, contains about 30 to 40 %
Cr,0, (typical chemical changes during refining period are indicated in Figure 4.1). For
the process to be economical, the valuable element that has been oxidized needs to be
recovered. The recovery of chromium and other valuable alloying elements (e.g. Ni, V
etc.) is normally achieved by adding 75FeSi, together with some fluxing agents into the
slag at the end of the decarburization operation. The reduction reaction is completed with
vigorous stirring with Ar gas injection for 5 to 17 minutes. At the end of the reduction
reaction, the slag becomes fluid and contains 0.1 to 5% Cr,0, [67]. The typical reduction
reaction of oxidized chromium in the slag by ferro-silicon alloys can be expressed as
follows:
2 Cr,0, (in slag) + 3 Si = 3 SiO, ( in slag) + 4Cr 4.1)

Therefore, the kinetic and thermodynamic efficiencies of chromium recovery in
above reduction reaction is complex and affected by variables such as slag basicity,
temperature. dissolution kinetics of the reducing agents and mixing behaviour within the
vessel. However, if all other variables are held constant for a given AOD operation, any
difference in the performance among reducing agents may be attributed to different
dissolution kinetics.

Previous studies prove the dissolution kinetics of alloy additions into gas stirred

ladle systems are surprisingly complex [68-70]. For instance, a frozen shell may form for
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a transient period around the addition. The addition may melt inside the frozen shell if the
melting point of the addition is low compared to the melting point of the surrounding
liquid. In addition, most ferroalloys used in steelmaking are more reactive towards
oxygen than to iron. It is therefore important to have subsurface melting and dissolution
in order to maximize the recovery of such alloys. However, the densities of most
ferroalloys used in steelmaking are less than that of steel. As a result, the subsurface
melting of ferroalloys of low density in a steel bath is difficult to achieve. Consequently,
the total immersion time of alloy additions in the melt becomes an important factor
influencing the recovery of such alloys [71].

Although oxidization of ferroalloy additions in the slag reduction period of AOD
operations is not a major concern as inert Ar is utilized for purging and stirring, it is still
desirable to have these alloy additions well mixed in the fluid for fast melting and
dissolution. Thus, the reduction reaction for maximum chromium recovery can be
completed as quickly as possible and severe refractory wear during the reduction period
due to turbulent flow recirculation [67] can be reduced.

To the author’s knowledge, up to now, there are no published reports on the fluid
flow and attendant mixing behaviour of ferroalloy additions within an AOD vessel or of
any other additions in strongly stirred metallurgical reactors. As part of a research
program with AISI and ELKEM to improve the understanding of mixing behaviour of

additions in intensively stirred vessels, the current work was carried out.
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4.2 Previous Work

Since the bottom blown Bessemer process was first utilized commercially in the
production of steel as early as 1860, submerged injection of gas into melts contained in
furnaces, ladles and transfer vessels for the purpose of metal extraction or refining has
become common practice in today’s metallurgical industries. In steelmaking, submerged
gas injection is applied in BOF and AOD processes and at various ladle treatment stages,
in order to enhance reaction rates and/or alloy dissolution. to eliminate thermal and/or
composition gradients, to remove inclusions, and so on. Similar parallel examples can be
cited for the non-ferrous industries. For instance, submerged gas injection plays a vital
role in the copper and aluminum industries.

Of the various metallurgical systems utilizing submerged gas injection, gas stirred
ladle systems have received the greatest attention by researchers during the past two
decades. Many physical and mathematical modelling investigations have been carried out
on various aspects of such systems, as summarized by Mazumdar and Guthrie in a recent
review [72]. Thanks to the success of these modelling work, great improvements in the
design and optimization of gas stirred ladles and their operations have been achieved.

Compared to gas stirred ladle systems, the literature concerning fluid dynamics
and alloy additions in the AOD process for stainless steel production is limited. Few
relevant studies have been carried out to address the question of how a gas jet behaves

when it is horizontally injected into a liquid, as in an AOD operation. For instance, in an
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aqueous model study simulating a gas jet injected horizontally into a copper converter,
Themelis et al derived an equation by momentum conservation to describe the trajectory
of a gas jet in a liquid [73]. Calculated and experimental results for air jets injected into
water were shown to be in good agreement. Based on the model, the trajectories of air jets
in copper mattes were also predicted. However, in a later study to investigate the general
physical behaviour of an air jet injectéd horizontally into mercury, Oryall and
Brimacombe [74] found that the jet expanded extremely rapidly upon discharge from the
nozzle with an initial expansion angle of 150 to 155 deg to rise as a vertical column of
gas and liquid. The expansion angle, which is compared to 20 deg with an air jet in water
as found by Themelis et al in their study [73], indicates that the physical properties of the
liquid exert a considerable influence on the jet behaviour. As a consequence of its rapid
expansion, the air jet (with a jet Froude number ranging from 20.5 to 288) in mercury was
also found to penetrate extensively behind the nozzle and in many respects resembled a
vertically injected jet. Based on their findings, the authors pointed out that the model
developed by Themelis et al was not able to predict either the forward or backward
penetration of the jet.

As for the fluid flow and attendant mixing behaviour of ferroalloy additions in an
AQD vessel, little work 1s known in these areas, primarily due to the great difficuity in
mathematically analysing the hydrodynamic phenomena involved. Unlike the gas stirred

ladle system, which has been relatively well studied by a great number of researchers
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over years, AOD operations employ side blown jets at much higher flow rate (0.4to 1. 2
Nm’/min-t in an 85 tonne AOD vessel [67] versus 0.001 to 0.015 Nm'/min-t in a ladle
[72]). The paucity of information to give a prior specification of the field distribution of
gas volume factor in the rising gas/plume, makes it impossible to numericaily calculate
the flow field and mixing behaviour of alloy additions in an AOD vessel, even with the
most sophisticated computer fluid dynamics (CFD) program available today.
Furthermore, it is not clear how an upper slag phase (2” to 3" thick) affects the
fluid dynamics and attendant mixing behaviour of alloy additions in AOD operations.
Although many theoretical and experimental investigations have been carried out on
process dynamics and alloy additions in gas stirred ladles, numerical, as well as most
physical models of such systems has so far tacitly ignored the presence of any overlying
slags. Mazumdar et al once carried out a study in order to identify the possible effects of
upper siag phases on the fluid dynamics of gas stirred ladles [75]. By extensive flow
velocity measurements using a laser doppler velocimeter, they found that the horizontal
velocity components near the interface were considerably damped through interactions of
the floating oil phase with the bulk liquid. By comparing three different modes of energy
dissipation: “slag™ droplet creation, “slag”™ droplet suspension, and “slag/metal” interface
distortion, they concluded that a significant portion of the input energy to a gas stirred
ladle can be dissipated by an overlying slag phase during industrial argon/nitrogen stirred

ladle operations. This dissipation of input energy would lead to a decrease in both the
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mean and turbulence kinetic energies of motion in the bulk steel and therefore
significantly affect the efficiencies of numerous processing operations, such as dispersion
and dissolution of alloy additions.

Summarizing, there are many grey areas which need to be studied in order to
optimize industrial AOD operations. It is believed that a physical model study on the
fluid flow and attendant mixing behaviour of ferro-silicon additions in AOD vessels is
essential for optimizing the current ferroalloy addition practice in AOD operations so as
to ensure maximum recovery of chromium in the slags and to reduce refractory wear
during slag reduction period. Also, it is believed that the results of such a study shall be
of help in possible future solutions to numerically describe the fluid flow and mixing

behaviour of alloy additions in side blown systems.

4.3  Experimental Method and Procedures
4.3.1 Modelling Criteria
a). Fluid Flow Behaviour

One main feature of an AOD vessel is to inject the process gases (O,, Ar/N, )
through a cluster of 4 to 7 submerged , side-mounted tuyeres of 3/8" to 5/8" I.D..
Although a recent modification introduces a top oxygen lance, the configuration of
submerged side way injection of argon/nitrogen-oxygen mixture remains the principle

mode during the slag reduction period, where top oxygen flow is cut to zero to facilitate
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the reduction of chromium oxides.

The AOD operations that were simulated was for an 85 tonne vessel, with
dimensions as shown in Figure 4.2. In order to determine the equivalent gas flow rates
needed for the modelling experiments on a one fifth scale model, one has to consider the
modelling criteria for similitude of fluid behaviour.

Some authors have used equivalent specific energy input (W/kg) as the modelling
criteria in their studies of fluid behaviour in submerged gas-liquid systems [72,76]. By
considering the following contributions to energy input into a submerged gas-liquid
system: 1) power through expansion of gas at unaltered pressure; 2) power through
isothermal expansion; and 3) kinetic energy of injected gas; one can show that the total

specific energy input is (see Appendix [):

g,,=m=371@[(1-5’—)+1nP‘]+o.811—Q,JLfB, (4-3)
m, m, T, P, mngd, p;,
where. Q = gas flow rate at normal pressure and 273K, Nm’/s
m, = weight of hot metal, kg
T, = temperature of hot metal, K
T, = room temperature, K
P, = pressure of injected gas at bath surface, Pa
P, = pressure of injected gas at tuyere exit, Pa
Py = density of gas at normal pressure and 273K, kg/m’
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Figure 4.2 Typical 85 tonne AOD vessel dimensions

(5 tuyeres, tuyere dia. 12.2 - 15.3 mm)
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Pel = density of gas at the pressure at tuyere exit and 273K, kg/m’
N, = number of tuyeres
dy = tuyere diameter, m

By considering the following typical industrial conditions for the 85 tonne

prototype AOD vessel,
Q = (0.4 Nm*/min-t to 0.8 Nm*/min-t) x 85 t = 0.567 tol.134 Nm/s
m, =85x 10’ kg
T, =1873K
T, =298 K
P, =101.3x 10’ Pa
P, =P, +pgh =101.3x 10° +6800x 9.8 x 1.67=212.6 x 10’ Pa
Pe =1.784 kg/m’ (Ar)
P 2126 x10° )
Lo =F_p"=m><1'784=3'744kg/m
=5
d, =1.27x10%m

one can work out that the above conditions represent a range of specific energy input
from 8.41 to 23.30 W/kg. Unlike a ladle system, where the kinetic energy input is usually
less than 5% and negligible [72], it is noted that the contribution of kinetic energy can

take up to 37% of the total specific energy input in the prototype AOD vessel. This
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suggests the importance of the inertial forces of the injected gases in influencing the fluid
flow in AOD operations at high gas flow rates. This can be further explained with the
following analysis.

For fluid behaviour in submerged gas-liquid systems, the modified Froude

number is usually suggested as the modelling criterion [76]. According to its definition,

. u?
Fro=—Pet (4-2)

(o —P,,)8L
the modified Froude number represents the ratio of the inertial force of the injected gas
versus the buoyant force on the injected gas. These are thought to be the two most
important forces dominating fluid flow behaviour in submerged gas-liquid systems.

For the following industrial conditions commonly seen for the 85 tonne AOD

vessel,
P, =101.3x 10° Pa
P, =P, +pgh =101.3x10° + 6800 x 9.8 x 1.67 =212.6 x 10’ Pa
p, = 1.784 kg/m’ (Ar)
P 212.6x 10°
pgj =—1)Lpg=mxl784=3744kg/m3
o) = 6800 kg/m’
L =1.67m
ng =5
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d, =1.27x107m
Q = (0.4 Nm'/min-t to 0.8 Nm’/min-t) x 85 t = 0.567 to1.134 Nm®/s
0
u =-—lﬂ_——=425x102t0851x102m/s
n, x Zdo’

one can work out that the modified Froude number in the prototype AOD vessel ranges
from 6.08 to 24.32. The numerical values of the modified Froude number indicate that
inertial and buoyant forces are of the same order of magnitude and therefore of equal
importance at low gas flow rates. At high gas flow rates, inertial forces become more
important in dominating the flow in the AOD vessel.

It should be noted, based on the study results on emulsification behaviour as
reported in Chapter 2, emulsification of the two liquid phases in the aqueous modelling is
expected to be much heavier than that in the slag/metal system, primarily due to their
smaller differential density. As a result, the modelling experiments were started at low
gas flow rate and stopped at high gas flow rate where the two liquid phases became fully
emulsified, regardless the gas flow rates derived from the equivalent modified Froude
number or specific energy input.

b). Ferroalloy Hydrodvnamics

To model mixing behaviour, or trajectories, of alloy additions in liquid steel, the

essential parameters and experimentation have to be determined in order to ensure a
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correspondence between model and prototype systems. Since the hydrodynamic
simulation of mixing behaviour of alloy additions involves treating the motion of a
buoyant lump (a sphere, for simplicity) of relatively constant diameter as it moves
through a swirling flow of liquid steel, one can use the differential equation technique to
determine what important parameters need to be considered, and therefore how to set
about modelling mixing behaviour of alloy additions.

In reference to Figure 4.3, one can apply Newton's second law of motion on the

particle moving in a liquid and obtain the following equation.

du,
m, T =FB+FA+FD+F3 (4-4)
where, F,=pV,g (4-5)
Fyp=-pV,g (4-6)
1 rd ;
FD = _CD x Epur ur 4 (4-7)
du,
El = —C.-lpr dt (4-8)

Among the above forces, the only force worthy of extra comment is the added
mass force F,. This force is a measure of the resistance experienced by an accelerating or
decelerating submerged body during its transition through a fluid. Evidently, acceleration
of a body through a high density liquid such as molten steel is considerably more difficult

than the same body’s acceleration through a gas, for instance. For a sphere, the coefficient
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FA FD

Figure 4.3 Forces acting on a sphere moving through a liquid

in motion, together with associated velocity vectors
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of proportionality C,, the added mass coefficient, is 0.5, and

3 du,
F,=-05p/V, o (4-9)

Substituting for the various forces, and collecting like terms in Equation 4.12, one

can write the following differential equations:

(m, =m)—F=F +Fy + F 4-10)
du, 1 nd’
o, (o +CoW, =P8V, — PRV, — 5 Al Co @D
du (Pp —P )g 3plu, ju, C,
or, - = - (4-12)
dt  (p,+C,p) 4d,(p,+C,p)
Defining y = p, /p
du, (7 -1)g 3|u, uCp,
= - 4-13)
dt (7+C_4) 4d, (v +C,)
or, simplifying, and reducing to dimensionless form.
d,du, \7-Ded 3iC
Tedu, ( r_ D (4-18)

u} dt (y +C,)u? 4(7 +C,)
For the ferroalloy in liquid steel to be modelled by a particle traveiling through an
aqueous liquid, this general equation must apply to both systems and there must be a
correspondence of like quantities or forces. Denoting the real system by subscript 1, and

the model by subscript 2, one requires a correspondence of quantities such that:
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d,,=K,d,, (4-15)
u,, =K, u, (4-16)
7. =K, 7, (4-17)
C.=K,C,, (4-18)
Cpy = KcCp, (4-19)
t, = Kt (4-20)

One can write for system 1:
dypodu,, (1, -1) gd,. 3G, (@-21)
ul, d, (‘.,,I +C.u) u?, 4(y, +C_“)

and for system 2 in terms of 1:

K, dp, du, _ (K7 -0 K, &d,, - 3K Coy (4-22)
KoK w, dn o (Ky+k,C ) Ko w dKy +K,C,y)

For Equations 4.21 and 4.22 to be numerically identical as required for a perfect
model, we need K, = 1. Kc =1, K, = 1, K, = 1, and KJ/K,* = 1. Consequently, provided
the added mass coefficient is identical for both large and small spheres, the drag
coefficient C, is numerically equivalent (true provided Reynolds number - 10* or more),
the solid/liquid density ratio is the same, and Froude number is the same, and K /K, =
(d,»/d,,)/(u,,*/u,,*) = 1, one can achieve a perfect correspondence between model and

prototype, in which times are equivalent, as well as particle trajectories.

101



CHAPTER 4 Modelling Mixing Behaviour of Ferroalloy Additions in AOQD Vessels

Summarizing, for a model of scale factor A, the particles entering the aqueous

analogue have to be scaled, together with entry velocities and density ratio as follow:

d,,=2id,, (4-23)
V2 =7 (4-24)
u,,=Au, (4-25)

4.3.2 Two Dimensional Slice Model

In order to visualize the mixing behaviour, a two dimensional slice model for
AOD vessel was constructed using two one-inch thick vertical panels of crystaplex,
simulating a slice volume of an industrial AOD vessel. Figure 4.4 shows the geometry
and dimensions of the slice model constructed. The separation distance between the two
crystaplex panels was 26 mm, in order to accommodate large sized objects simulating
75FeSi alloy to eliminate the possibility of their becoming jammed sideways.

In the experiment, the slice model vessel was filled with water (p = 1000 kg/m’)
to a depth of 500 mm for simulating the mixing behaviour of 75FeSi alloys in a slag free

steel melt and with zinc chloride solution (p = 1700 kg/m’) covered by 50 mm thick

silicone oil ( p = 970 kg/m’ , u = 340 mPas) on top in order to approximate the situation
of slag covered steel melt. Wooden particles were added to the water or zinc chloride

solutions during these experiments, to simulate the addition of 75FeSi alloy particles
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Figure 4.4 Physical dimensions of the two-dimensional

slice model vessel
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during the reduction period in the AOD process. These wooden particles representing
75FeSi alloy were prepared with correct density ratios of the alloy to steel (Y =pisees; /Peteat
= 2900/6800 = 0.41) for both water and zinc chloride solutions as per Equations 4.23 and
4.24, and were in the shape of spheres with sizes in the range of 2 mm, 5 mm, 10 mm
diameters and of discoids with the dimensions of 25 mm dia x 8 mm thick.

Due to the narrow opening of the slice model, it was impractical to drop these
particles from certain height to ensure the similitude of entry velocity during experiments.
In spite of this, it was believed that slice model experiments would give a better
visualization of fluid flow and particle mixing behaviour than the experiment in a three
dimensional model. In addition, it would be interesting to compare the experimental
results between the slice and the three dimensional models.

The submerged side-blown tuyere was modelled by installing one 4 mm diameter
pipe horizontally on the side of the vessel at a height of 150 mm above the inside base
and 350 mm below the surface of water or zinc chloride solution . The injection of
process gases was simulated by air or helium. In order to exam the effect of vessel
position, experiments were carried out with the vessel in the upright, and tilted, modes.
Mixing behaviour was monitored with a high speed video camera.

4.3.3 Three Dimensional Model
In preparing the study of mixing behaviour of 75FeSi alloys in a two dimensional

slice model as depicted above, one major concemn was that the flow patterns established
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in the slice model might be such as to severely modify the nature of gas phase-liquid
interactions and the attendant behaviour of particles. There was also some concern that
the two-dimensional nature of the flow in the slice model prevents recirculation of liquid
back towards the penetrating gas jet and therefore produces distorted flow patterns. An
approximate one-fifth scale three dimensional model was therefore constructed, whose
dimensions are given in Figure 4.5. Its purpose was to provide a one-fifth scale model of
an 85 tonne AOD steelmaking vessel (Figure 4.2). It was fitted with 5 tuyeres (I.D. 4
mm), whose nozzles pointed towards the central axis of the vessel. The total angle
subtended by the S tuyeres was 80°, these tuyeres were equal-spaced, giving a subtended
angle of 20° between adjacent tuyeres.

Similar experimental procedures to the two-dimensional model were applied. The
vessel was filled with water (p = 1000 kg/m’) to a depth of 520 mm for simulating the
mixing behaviour of 75FeSi alloys in a slag free melt, and with zinc chloride solution to a
depth of 420 mm (p = 1700 kg/m*) covered by 50 mm thick silicone oil (p = 970 kg/m’,
p = 340 mPas) on top, in order to approximate the situation of slag covered steel melts.
To simulate the 75FeSi, particles used was made of 100 spherical particles that had been
prepared for previous modelling work on ladle alloy addition. These particles were
dropped to the bath from 0.7 m high above the bath surface. The 0.7 m free fall gives an
entry velocity of 3.7 m/s to ensure the similitude of entry velocity between the model and

the 85 tonne prototype vessel (i.e. Equation 4.33). In the prototype vessel, ferroalloy
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Figure 4.5 Generic model of AOD vessel
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particles are normally charged from the mouth of the vessel (3.5 m high above the bath
surface) and have an entry velocity of 8.3 m/s. It should be noticed only air was used to

simulated process gases in the three dimensional model experiment.

4.4 Experimental Resuits
4.4.1 Two-dimensional Slice Model
a). Slag Free Steel Model

The slice model was filled to a height of 0.5 m with water, and wooden particles
simulating 75FeSi alloy were added. Air was blown into the vessel at various flow rates
in the range of 20 to 120 SLPM. Owing to the general turbulence and splashing
generated by the submerged gas jet, very fine air bubbles became entrained in the
recirculating liquid, and these provided an excellent means for flow visualization. Figure
4.6 provides a schematic visualization of fluid flow and the mixing behaviour of particles
simulating 75FeSi alloy when air was injected to the water filled slice model.

The forward penetration of the side blown air jet into the reaction vessel was not
great. Although an increased air flow rate tended to increase the forward penetration
somewhat, the overall horizontal forward penetration was limited to the range of 50 to
150 mm from the top of the tuyere. As soon as the gas exited the tuyere, the gas/liquid
plume rose quickly. However, the rising plume was bent back towards the adjacent side

wall of the vessel due to liquid recirculating back to the plume from the bulk of the
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Figure 4.6 Schematic of fluid flow and mixing behaviour of

simulated ferroalloy particles in water filled vessel
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vessel. The deflected gas/liquid plume rose quickly in a pulsating mode up the side wall.
This generated another rapidly recirculating flow in the narrow region between the rising
plume and side wall. At the gas/melt interface, the majority of air separated from the
gas/liquid plume. However, some air was entrained in water as small sized gas bubbles.
The liquid carried up in the plume splashed and cascaded onto the surface of the bulk
liquid. The splashing action in the plume region generated surface waves which moved
towards the side wall opposite to the tuyere.

Because of the asymmetric location of the gas/liquid plume, the major zone of
mixing occurred in an area defined by the rising gas/liquid plume and the opposite side
of the vessel with respect to the tuyere. The recirculating flows formed by the rising
gas/liquid plume generated flows across the surface of the liquid and strong regions of
recirculation as depicted in Figure 4.6. However. a region of relatively stagnant liquid
close to the upper comer, opposite to the gas injection point, was persisted.

To model the reduction operation, particles simulating 75FeSi alloy were dropped
in the major mixing zone. They were immediately carried away towards the dead zone at
the opposite surface corner from the tuyere, where they remained. Apart from the 2 mm
diameter particles, larger particles were not easily entrained by the recirculating flow
within the main mixing zone with their higher buoyancy forces . The larger particles
tended to reduce the chance of smaller particles becoming entrained, by protecting the

latter from surface disturbances. With increase of air flow rates, general flow patterns
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were hardly affected and particles still had little chance of entrainment.
b.) Siag Covered Steel Model

In order to simulate typical industrial condition during the AOD reduction period,
the slice model vessel was filled with zinc chloride solution of 500 mm depth to
represent liquid steel and covered with silicone oil 50 mm thick to simulate slag cover.
Air was blown into the vessel at various flow rates ranging from 10 to 120 SLPM. To
examine the effect of the density of process gas on horizontal penetration and to better
respect air/steel ratio, helium was also injected into the vessel at a flow rate of 226
SLPM.

The presence of the silicone oil led to several significant alternations in the
structure of the flow as well as in the trajectories of the particles. Figure 4.7 represents a
schematic of the flow generated within the bulk "metal" phase and emulsified
“slag/metal” region. Air injection resulted in the generation of many droplets of zinc
chloride (steel) and silicone oil (slag) and mixed them thoroughly to form emulsions.

As with the single phase (slag free steel melt) experiments, the same gas/liquid
plume behaviour and asymmetric mixing zones were observed. The horizontal (forward)
penetration of the injected air was small and limited to the range of 50 to 150 mm from
the tip of the tuyere, depending on the air flow rate. Helium at a flow rate of 226 SLPM
led to no increase in the horizontal penetration. Only approximate 100 mm penetration

was observed in the experiment. But, the expansion angle of helium was found much
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Figure 4.7 Schematic of fluid flow and mixing behaviour of
simulated ferroalloy particles in the vessel filled

with ZnCl, solution covered with silicone oil
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larger than that of air upon their exiting from the tuyere, resulting in more intense
turbulence in the gas/liquid plume than that with air. As with the slag free model, the
gas/liquid plume in the present slag covered steel model was again deflected during its
ascendance by fluid recirculating from the major mixing zone.

As before, a smaller mixing zone was found between the plume and the tuyere
side wall. Because of the high speed of liquid recirculation there, retention times of
particles simulating 75FeSi alloy were very short, and any entrained particles in this zone
were observed to quickly return to the major mixing zone, as anticipated. This smaller
mixing zone could be enlarged, with a consequently slower rate of recirculation, by tilting
the model vessel 10° clockwise. Equivalent modification of recirculation pattemns in
commercial AOD vessels may have a significant impact on the control of refractory
erosion.

As for the case of the single liquid phase experiment, the major mixing zone was
situated in the wide area between the plumes and the side wall opposite to the tuyere.
This main mixing zone had an emulsified phase on top of simulated steel meit. The
emulsified phase extended beyond the original "slag/metal" interface, forming an
extensive emulsified zone on top of "steel melt". The existence of an interface between
the emulsified phase and the "steel melt" resulted in two different recirculating flow
patterns: one in emulsified zone and the other in "steel melt". Figure 4.7 depicts the

relative positions of the emulsified phase and "steel melt" and recirculating flow pattern
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in them.

The formation of the emulsion facilitated the entrainment and mixing of the
particles representing 75FeSi alloys in this zone. The particles were well dispersed by
recirculating flows in this region. Smaller particles were entrained more easily and were
scattered widely by the recirculating flows. The extent of particle dispersion was
constrained to the general area of the impact region of the cascading liquid as shown in
Figure 4.7. This region of dispersion did not increase significantly with increased air flow
alone. However, when the model vessel was tilted 10° clockwise and the air flow
increased to 120 SLPM, the scope of recirculation flows was significantly enlarged, and

entrained particles became more widely dispersed.

4.4.2 Three-dimensional Model

a). Slag Free Steel Model

Experiments were carried out under six different conditions as listed in Table 4.1.

Under the experimental conditions of Case 1, the particles added were found to
resurface quickly (~0.2 s) and remain on the surface due to their buoyancy force. The top
view of the flow emanating from the bank of tuyere, as shown in Figure 4.8, illustrated
the waterfall effect that pushes all the particles to the opposite part of the vessel. As also
noted, splashing generated by the gas-liquid plume above the tuyere was quite

considerable and intense. This splashing led to much enfolding of liquid, and gas bubbles
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Figure 4.8 Top view of three-dimensional water modelling

experiment, S tuyeres, Q =28.3 SLPM
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Table 4.1 Experimental Conditions for Slag Free Steel Model

Water Experiments Flowrate No. of Particles
(Liquid 520 mm High) | (SLPM) | Tuyeres
Case | 28.3 5 d,=17.7mm, p, = 530 kg/m’
Case 2 56.6 5 Same as Case 1
Case 3 84.9 5 Same as Case |
Case 4 283 1 Same as Case |
Case 5 42.5 1 Same as Case |
Case 6 56.6 1 Same as Case 1

were seen to be re-entrained into the recirculatory flow of liquid back towards the tuyeres.
Despite the turbulence, the spherical particles accumulated in a "dead " zone opposite the
entering tuyere.

A side view of the equipment (i.e., adjacent to the tuyeres) showed that the 5
plumes hugged the vertical sidewall in exactly the same fashion as was observed in the
slice-model results already reported.

Observations during experiments at higher flow rate , e.g. Case 2 and Case 3,

indicated the slight increase in penetration of the plume towards the centre, owing to
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increased momentum of incoming gas. Despite the violent turbulence and enfolding
waves, the particles remained floating at the liquid-air interface in the zone opposite the
tuyere,apart from occasional subsurface entrainment as shown in Figure 4.9. Evidently,
from a recovery point of view, such situations should be avoided.

In the experiment for Case 4, similar flow rates (28.3 SLPM) were passed through
1 tuyere rather than 5 tuyeres. The results in terms of particle behaviour were comparable
to the results for the five-tuyere experiment, Case 1. However, the penetration of the jet
was significantly increased owing to increased momentum of the incoming gas. At
increased air flow rates, Case 5 and Case 6, the jet penetrated more than half of the vessel
diameter and the plume rose from the other half of the vessel opposite to the tuyeres.
Under these circumnstances, as shown in Figure 4.10. the spherical particles simulating
75FeSi alloy additions were found congregating at the same side as the tuyere bank,
indicating a shift of "dead" zone due to the change in flow pattern.

b). Slag Covered Steel Model

In these experiments, a zinc chloride bath depth of 420 mm was employed, with a
50 mm thick of silicone oil atop. Some wooden spheres of 14.2 mm diameter were used
to simulate 75FeSi alloy. These particles were significantly more dense than previous
particles, their density being 800 kg/m’. As such, their specific gravity with respect to
zinc chloride is 800/1700, or 0.47, in keeping with the relative density ratio of 0.4 for

75FeSi to steel. Experimental conditions are listed in Table 4.2.
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Figure 4.9 Occasional subsurface entrainment of particles during

three-dimensional experiments, 5 tuyeres, Q = 28.3 SLPM

117




CHAPTER 4 Modelling Mixing Behaviour of Ferroalloy Additions in AOD Vessels

Figure 4.10 Movement of “dead” zone to the sidewall of tuyeres due to

deep jet penetration, single tuyere, Q = 56.6 SLPM
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Table 4.2 Experimental Conditions for Slag Covered Steel Model

0Oil/ZnCl, (50 mm / 420 mm) Flowrate No. of Particles
Experiments (SLPM) tuyeres
Case | 28.3 5 d,=14.2 mm, p, = 800 kg/m’
Case 2 283 1 Same as Case 1
Case 3 42.5 1 Same as Case |
Case 4 56.6 5 Same as Case |

In the first experiment (Case 1), condition of 28.3 SLPM through five tuyeres was

chosen. It was observed that many particles within the emulsified region returned back

towards the plume along the sidewalls. These particles were then lifted back into the two-

phase region by the plume, only for them to return again. This indicated that the particles

were attracted towards the plume and occupied a subsurface region in keeping with their

density ratio to the lower zinc chloride phase and the upper oil-zinc chloride emulsion.

A top view of the oil phase (Figure 4.11) showed that it was transformed into a

foam that was very reminiscent of the foaming observed in direct smelter vessels, such as

the AISI reactor. One interesting aspect gained from these observations of the top surface

of this foam, was that particles were occasionally carried up behind the rising gas
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Figure 4.11 Top view of three-dimensional 0il/ZnCl, modelling

experiment, S tuyeres, Q = 28.3 SLPM
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bubbles. When bubbles erupted through the surface, one could occasionally see the
particles at the base of these centres. Summarizing, the particles were well mixed into the
"slag-metal" foam, and no dead zones or accumulations of particles far from the tuyere
could be observed. This is fully in keeping with the results using the thin-slice model.

Equivalent results at 28.3 SLPM using 1 tuyere (Case 2) rather than 5 were
observed. Once again, particles were seen recirculating in the immediate vicinity of the
rising plume of gas bubbles. As before, they occupied a subsurface region below the
foaming slag surface. The violent splashing observed in the single-phase results was
somewhat modified in the case of the two liquids, and the violence of the intermixing
process was not transmitted so significantly to the upper surface. As for the case of five
tuyeres. the particles were observed to encircle the vessel and move back towards the
columns of gas. As such, there were no apparent dead zones in the vessel.

Figure 4.12 is a top view of case 3, which used 42.5 SLPM through a single
tuyere. Owing to the intensity of the reactions. fine droplets of zinc chloride were emitted
from the vessel such that a lid had to be placed over the vessel to avoid a total eruption of
the vessel's contents. Nonetheless, the zinc chloride fumes proved to be rather corrosive,
both to the environment and to the lungs of the researchers!! Plans for studies at higher
gas flow rates were therefore curtailed.

In the last experiment (Case 4), a greater amount of gas (56.6 SLPM) was passed

through 5 tuyere rather than one. This allowed a higher specific energy input to the
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Figure 4.12 Top view of the three-dimensional 0il/ZnCl, modelling

experiment, single tuyere, Q = 42.5 SLPM
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system to be made without running into difficulties with surface waves. This points to the
principle that more gas can be injected into a metallurgical vessel if it is done in a

dispersed way. and must clearly be a factor in the design of AOD vessels.

4.5 Discussions
Table 4.3 gives a summary of numerical values of different modelling criteria for

fluid flow in the present study. The specific gas flow rate, Q,, is also included for

comparison.
Table 4.3 Comparison of Modelling Criteria for Flow Behaviour
Criteria Prototype Model
Fr’ 6.08~24.32 0.91~3.64
€mr Wkg 8.41~23.30 1.39~11.01
Q., Nm’/s/kg 6.67x10°~13.34x10° | 3.77x10°~7.54x10

The following conditions were used for the calculation of above numerical values

of modelling criteria for the model vessel.

Q =28.310 56.6 SLPM =4.71x10% to 9.42x10~ Nm®/s

m,  =125.15kg
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T, =298 K
To =298 K
P, =101.3x 10* Pa
P, =P, +pgh =107.4x 10’ Pa
p,  =129kg/m’ (Air)
Pes =%pg=ll%::%§%g—jxl.29=137kg/m3
o} = 1700 kg/m’
n, =35
d, =4.0x 10" m
L =045m
o
u =——”——=70.7 ~1414m/s
ny x ‘Zdoz

In the present experiments. higher gas flow rate was not permitted due to the
heavier emulsification and foaming of the 0il/ZnCl, system than that expected for the
slag/metal system. Nevertheless, as seen from Table 4.3, the numerical values of the
modified Froude number, specific energy input, and specific gas flow rate have almost
the same order of magnitude, suggesting the similarity of fluid flow between the

prototype and model vessels.
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The present model study shows something in common with respect to the fluid
behaviour. Under all the experimental conditions, the submerged sideways injection of
the processing gas creates two asymmetrical mixing zones, the smaller mixing zone being
defined by the plume and the tuyere containing side wall and the larger main mixing zone
situated in the opposite side of the tuyere. It shows that the recirculation in the smaller
mixing zone to be very narrow and characterized by fast recirculatory flows. The
proximity of such an intensively stirred zone of recirculation to the side wall can be
expected to cause severe refractory errosion above the line of the tuyeres. This is
commonly observed in practice. The problem may presumably be alleviated somewhat by
enlarging this mixing zone so as to slow recirculation. One method whereby this can be
achieved is by tilting a side-blown vessel so as to bring the rising curtain of plumes more
towards the centre of the vessel. The other larger main mixing zone, defined by the area
confined by the plume and the side wall opposite to the tuyeres, is the region where most
75FeSi alloy particles can be expected to be entrained and participate in the reduction.
Therefore. the mixing efficiency of, and its effect on, the dissolution kinetics in the major
mixing zone determine the performance of 75FeSi alloy during the reduction period.

With the modelling similitude of fluid behaviour and the three conditions as
indicated in Eqns. 4.23 to 4.25 well met in the experiments, the modelling similitude of
ferroalloy hydrodynamics or particle trajectories can be justified. Based on the

experimental observations, one basic conclusion to the present work is that 75FeSi alloy
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additions can be easily entrained in the slag phase and have subsurface melting in the
AOD operations. This can be further illustrated with the following analysis.

Similar to the derivation of Equations 3.11 and 3.12, one can readily show the
following rising velocity for a particle in a liquid bath in the two major flow regimes, i.e.

Newton’s for high Reynolds number flow and Stoke’s for low Reynoids number flow,

respectively.
2P8% ) (Newion's 1 ) (4-26)
u, = *  (Newrton's flow regime -
3pC,
Apgd]
and, U, == 8. (Stoke's flow regime) (4-27)

As expected, the above rising velocities are also the minimum downward velocity
of liquid needed to entrain a particle in each corresponding regime.

With above two Equations, the minimum entrainment velocity of 75 FeSi alloys
in a slag bath is compared with that in a steel bath in Figure 4.13. The following

conditions are used for the slag and steel baths, respectively.

For slag bath:
oo = 2900 kg/m’
p = 3000 kg/m’
Ap =100 kg/m’
Co =0.4 [70]
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u =0.35 kg/mv/s [77]
g =98 m/s’
For steel bath:
Po = 2900 kg/m’
p = 6800 kg/m’

Ap  =3900 kg/m’

C, =04[70]
n =5.0x 107 kg/m/s [77]
g =98ms

As seen from Figure 4.13, the required minimum entrainment velocity for 75FeSi
in the slag bath is much smaller than that in the steel bath. This is mainly due to the small
density difference between 75FeSi alloy and slag and the high viscosity of slag.

Also noted from Figure 4.13 is that small particles are easier to get entrained than
larger ones. This confirms to our experimental observations. In the experiment with small
particles, it was found these particles were very well entrained in the emulsified slag
phase and became widely dispersed.

This Figure also suggests it is difficult to get 75FeSi alloy entrained in a steel bath
unless small particles are used. This explains the improvement of recovery efficiency
with small granular alloy particles vis-a-vis large lumpy alloys as reported by Young Lee

et al [65].
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Figure 4.13 Minimum entrainment velocity for 75FeSi

alloy particles in steel and slag baths
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Friedrichs and Knacke [78] have studied the limiting cases of the dissolution of a
solid in its own melt, by using an ice-water analogue system. Such studies are of help in
illustrating the role of a solid’s thermal properties. such as thermal conductivity, on
melting/dissolution kinetics. In an independent series of studies, Guthrie et al [68-70]
were able to show that ferroalloys, with melting points/range lower than that of the bath
of the steel into which they are immersed, would generally first freeze a layer of chilled
steel around them. The resultant release of latent heat would be conducted into the core
of the ferroalloys, causing it to heat up. Continued heat transfer from the bath to the alloy
addition would then result in the whole of the ferroalloy melting, but still being encased
in the shell of steel. The shell of steel would only remelt and release the molten
ferroalloy, once the object reached the melting temperature of steel.

At the high specific gas flow rates used in AOD steelmaking (0.4 Nm’/min/ton to
0.8 Nm*/min/ton), considerable amounts of steel are ejected from the vessel. In addition.
ferroalloys are normally added to the bath around the gas/steel plume eye in order to have

fast and wide distribution of alloy particles within the slag bath. As a consequence, a
steel shell will first freeze around the alloy additions when they fall into the slag bath.
Thus, similar melting behaviour to the work just cited [68-70] can be expected.

Based on the work just cited [68-70], alloy melting/dissolution times can be

estimated by calculating the times required for the convective heat input from the bath to

match the total enthalpy requirements needed to raise the addition up to the melting point
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of steel, i.e.:
PV C (T, —Ty) + AH, 1= h A, AT, oy A (4-28)
where p, is density, V, volume, C, heat capacity, T, melting point of steel, T,
room temperature, AH,, heat of melting, h_ heat transfer coefficient, A, surface area of
particle. AT, nex degree of super heat of steel, and At melting time. This analysis
represents a limiting case for situation in which the Biot number is low (about 0.1) and
Ta. fercatioy < T, se- The above equation shows that for varying ferosilicon sizes and

shapes, other properties and condition being constant, the melting time, At, becomes a

linear function of V /A

= K- 4-2
AIKA (4-29)

P

Based on above Equation, it is readily to show that, for spherical particles, the
melting time is linear to particle diameter.

The constant K can be obtained from the work by Argyropoulos and Guthrie [64]
who showed the melting time of a 25.4 mm diameter of 50FeSi alloy cylinder, immersed
in a steel bath of 50°C superheat, to be 35 s. From these information, K = 5.51 s/mm is
estimated for 50°C super heat.

It should be noted, depending on the location of alloy addition into the bath, some
alloy particles may have a shell of slag/steel emulsion freezed on their surfaces if these

particles fall into the emulsified slag/steel phase directly. Under these circumstances, the
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melting behaviour of ferroalloy is expected to be quite different from the case with steel
shell as just discussed. First of all, since the melting point of slag (~1200°C [77]) is lower
than that of 75FeSi (1300°C [77]), the slag component of the freezed slag/steel shell will
remelt prior to the melting of the ferroalloy, with unmelted steel component remained on
the surface of the ferroalloy. As a result, unlike the case with a frozen steel shelil, the
ferroalloy will melt and release the molten ferroalloy into the slag directly, once the
object reaches the melting temperature of ferroalloy. Secondly, because of the direct
contact between the ferroalloy and the slag, the melting process of the ferroalloy will
certainly be coupled with the reaction between the ferroalloy and the slag. This coupling
effect will result in a very complicated melting behaviour of ferroalloy, which is beyond

the scope of the present research work.

4.6  Conclusions

Similar particles mixing behaviours were observed in both the two-dimensional
slice model and the three-dimensional model for alloys additions in an AOD vessel. The
ascending gas/ liquid plume created two asymmetric mixing zones; a smaller mixing zone
near the side wall fitted with tuyere and the larger main mixing zone away from it. The
reaction in AOD process takes place in this larger main mixing zone, and the processing
efficiency during the reduction period is governed by the thermal behaviour of ferroalloy

as well as the mixing efficiency in the main mixing zone.
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Because of small density difference between ferroalloy and slag, ferroalloy
additions can be very well mixed in the slag bath and have subsurface melting for
efficient recovery of chromium and other valuable elements in AOD steelmaking process.
To enhance the recovery efficiency, small alloy particles are suggested, given their wide
distribution, short melting time and large interface area for slag reduction. Furthermore,
in order to alleviate the refractory errosion above the line of tuyeres due to fast
recirculatory flows defined by the plume and tuyere containing side wall in an AOD
vessel, it is suggested that the side-blown vessel be tiited so as to bring the rising curtain

of plumes more towards the centre of the vessel.
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Claims to Original Contribution to Knowledge

In the author's opinion, the following are distinct contributions to the present knowledge.

Y

2)

3)

This is the first time that a quantitative model was developed for the transient
volume of "metal" droplets entrained in the upper "slag" phase in the
emulsification process caused by bottom blowing in a "slag"/"metal" system. The
model is also of general significance to other metallurgical emulsification process,
such as those induced by iron ore reudction and top blowing in steelmaking,
regardless of the mechanisms of droplet generation.

Based on the theory of one dimensional two-phase flow, the quantitative modetl
established in the present work for the fractional volume of gas holdup in a
foaming slag containing large spherical cap bubbles gives a very good
interpretation of industrial slag foaming phenomena. Further. based on
experimental evidence and theoretical arguments, it is the first time that
difficulties associated with previous studies on slag foaming were addressed.

It is the first time that the effect of the slag layer on mixing behaviour of alloy
additions in AOD vessels was qualitatively studied. The experimental findings
suggest the formation of emulsified "slag/metal" phase modifies flow pattern in
the AOD vessel and allows alloy additions to be readily entrained within the

recirculatiing flow.
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Appendix [ Specific Energy Input in a Submerged Gas-liquid System

The energy input in a gas stirred system can be considered as follow:

1). Power through Expansion at Unaltered Pressure

If a gas with a certain temperature T, (K) and a certain pressure P, (Pa) is injected
into a molten bath, the gas is immediately heated to a temperature T,. This results in an
expansion of the volume of the gas from V, to V,. During the expansion, the gas will do

the following work:

T,
W, = B (V, ~V,) = nR(T, - T,) = nRT,(1 - ) (A-D)
!
The energy input will be :
n T,
=—RT,(1-= -
& =7 T(1 T,) (A-2)

where n/t = number of the kg-moles/s.
According to Avogadro’s hypothesis 1 kg-mole of a gas takes up a volume of
22.4 m’ at 273K and 101.3 kPa. The gas constant can be determined as follow:
101.3x10°x224=1xR x273
. R=8312
The relationship between number of kg-moles/s, n/t, and gas flow rate Q,
reckoned at normal air pressure and 273K (Nm’/s), is determined by insertion in the gas

law:
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1013 x 10° x Q:;x 8312 x 273

= 0.04460

~ |

Insertion of the value of the gas constant and the above relationship in Equation

A-2 gives:

& = 371QT(1 - -7,"‘;’—) (A3)

it). Power through Isothermal Expansion

The bubbles formed upon exiting from the tuyere will move upwards in the melt,
and the pressure of the gas will gradually decrease to P,, which causes the bubbles to
expand. The volume of a certain amount of gas will then increase from V, to V,. The
temperature will remain unaltered and equal to that of the melt. The work done by this

isothermal expansion can be expressed as:

A P]
W, = [PaV = nRT, In—- (A-4)
v, 2

Similarly, the corresponding energy input is:

n il A
& =~ RT,In5-=3710T; In (A-5)

P, P,
iii). Kinetic Energy Input of Incoming Gas

The work done by incoming gas due to its kinetic energy can be expressed as:

135




Appendix I Specific Energy Input in a Submerged Gas-liquid System

W,==-mU, (A-6)

Thus. the kinetic contribution of energy input is:

g = %":—‘Ug - % p,QU: (A-T)

where, p, = density of gas at normal air pressure and 273K, kg/m’;

Q = gas flow rate at normal air pressure and 273K, Nm'/s;

U, = exit velocity of gas at tuyere, m/s;

Q. %
Since, U, = ”oz Pat _ %n prdZ (A-8)
Z d? 0P %0

where, n, = number of tuyeres;

P,y = density of gas at the pressure at tuyere exit, kg/m®;

d, = tuyere diameter, m;

By inserting above expression into Equation 4.8, one can get

Q0'p,’

754 2
nyd, Pgs

£ =0811 (A-9)

Based on above considerations, the total specific energy input in a gas-stirred

system is:

& +& +E& T
by = 371 2D
m, m

T P 3 3
[(l—-77°)+1n—'-]+0.811 0~
2

(A-10)
| i P, myngd, P;J
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