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ABSTRACT

Modern metallurgical processes produce metal from ore in a single converter operated in horizontal
mode to permit staging of bath and oxygen potential by utilizing bottom-blowing of oxygen and fuel. The
submerged injectors must create sufficient turbulence to provide excellent gas-liquid contact in order to
maximize heat and mass transfer in the bath, but this turbulence must be selectively localized so as to
provide adequate phase separation zones of metal and slag between the active turbulent zones.
It is important to know the behavior of gas and liquids in the bubble plume, the nature and paths of liquids
and entrainment into the plume, and separation phenomena including travel and behavior in the settling
zones. Such knowledge is of fundamental value in designing reactors for continuous direct metal making.
In this work the mixing caused by submerged injection of gas into a bath simulating a converter and
subsequent phase separation of two immiscible liquids representing slag and metal respectively, are being
studied experimentally and analytically. First results of experiments and of the numerical analysis are
presented.

INTRODUCTION

Tonnage oxygen is now employed to increase process efficiency in a great variety of both
ferrous and nonferrous smelting and refining operations [1,2]. Metal is produced directly from ore
concentrates in single elongated reactors using submerged gas injection. These reactors promise
substantial fuel savings in metal production and much better control of pollutants than common
practice, such as the blast furnace for steel production or the reverberatory furnace for copper
production. Bottom blowing of oxygen made possible by Savard-Lee submerged injectors [3] was
first employed in the OBM/QBOP steel converters and then in combined top- and bottom-blown steel
conveners [4, 5], Bottom-blown oxygen converters arc now employed for lead production in the QSL
reactor [6,7], see Figure 1. This reactor is also suitable for copper production and can be modified for
continuous steel making [8]. The horizontal mode of the operation permits the staging of bath oxygen
potential for continuous iron and then steel making in a single reactor and enhances scrap recycling. It
has the capability for lower carbon and lower iron in the metal and slag products respectively than
reactors in the vertical mode [9].

Oxygen and fuel are bottom injected into the molten bath of these essentially horizontal reactors
in large volumes and at high velocities but in controlled rates required for heating, physical mixing and
chemical reaction purposes. Sufficient turbulence is generated to maximize heat and mass transfer
rates. However, such bath turbulence is opposite to the process requirement for continuous
countercurrent flow of liquids at specific temperature, compositional and oxygen potential gradients
[10]. The powerful stirring effect by submerged gas injection has to be judiciously localized so as to
provide adequately calm settling zones in a staged mixer-settler configuration [11]. The behavior of gas
in the liquids is of great significance in reactor design, i.e. the jetting, formation and travel of the
bubble plumes in liquids, the bubble sizes within the plume, the liquid entrainment into the bubble
plume and its transport upward into the lighter liquid, and the separation of the heavier liquid and
subsequent settling.

However gas injection and related phenomena are of generic interest to other processes, e.g. the
current major DOE-AISI direct steclmaking process [12] and e.g. severe accident analysis of nuclear
reactors.
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Figu:<; 1:QSL-Reactor

Thus, the ongoing work is concerned with gas injection into a liquid bath consisting of two
immiscible layers of liquid having roughly the same viscosities as slag and metal or matte and with
roughly comparable density ratios. Little previous work has been done on high velocity gas injection
into two immiscible liquid layers [13].

BACKGROUND

The mixing and separation of two immiscible liquid layers due to submerged gas injection or
generation has been of significant interest for many years. In potential severe accident analysis of
nuclear reactors it is anticipated that the liquid core melt will interact with the concrete floor of the
containment building, creating a pool of oxidic and metallic phases which might undergo chemical
reactions and form gases. These gases rise through the liquids and might create homogeneous mixing
of the two liquid phases or, if the bubbling is weak, might allow liquid phase stratification. The mixing
is a strong function of the gas generation rate [14]. This complicated three phase behavior is difficult
to analyze, but assuming a rather uniform bubble generation rate across the bottom of the bath, simple
bubble rise velocity and wake models were used as a first order analysis of the mixing phenomena of
both liquid phases [IS to 17].

A more complicated picture arises in modem metallurgical reactors. The requirement for these
reactors is the injection of tonnage oxygen plus a fuel or reducing agent through submerged injectors
into the bath consisting of liquid layers of high density, low viscosity metal and lower density but
higher viscosity slag. Not only is submerged injection suggested for modem copper reactors [7], it is
already practice in lead production [18] and e.g. in the Q-BOP reactor for steel making. The gas
injection has to be fast enough to prevent liquid metal from clogging the injectors and should enable
chemical reactions to occur within the bath. Thus jetting of the gas through the bath is detrimental to
the process.

The chemical reactions are oxidation of the metal sulfide in the oxidation zone and reduction to
metal in the reduction zone of the reactor. Since the reduction to metal cannot be established in one gas
injection, a staging process along the reactor has to occur, where the metal oxides and sulfides in the
slag are gradually reduced. Thus, a multitude of submerged injectors is needed with varying reduction
potential. There must be sufficient space in the reactor between injectors to permit settling of the
heavier metal after intensive mixing. To assure such behavior the reactor has to have sufficient
horizontal elongation. Therefore those reactors are often called mixer-settler. The mixing zones can be
further constrained by installing baffles [8].

It is extremely important to develop analytical models capable of predicting jetting, bubble
formation, the development of bubble plume, the mixing of liquids, i.e. metal and slags, and gas, and
heat and mass transfer between the phases. Such information is necessary in the design of modern
metallurgical processes from basic principles.

In fundamental research bubble formation at the submerged injector has been studied in detail
by many researchers e.g.[ 19,20]. At higher gas velocities a jet will be produced which breaks up into
a bubble plume when sufficient jet momentum is dissipated. Jetting might be necessary to avoid
creation of solidifying material at the mouth of the nozzle [21], but extensive jetting particularly in
shallow baths can lead to splashing and wave agitation.
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Several researchers attempt to predict the amount of liquid entrained by the gas jet or bubble
plume e.g.[22,23]. A bubble plume with a Gaussian velocity profile is conceptualized in which liquid
is entrained in the lower pan of the plume and shed close to the surface [24,25]. Numerical analysis of
stirring of a single liquid due to gas injection was pei formed already very early [26-28].

Submerged gas injection into layers of two immiscible liquids has apparently been studied by
only a few investigators and all of them assume such low concentration of bubbles that individual
bubbles can be considered. A simple model to describe the transport of the heavier liquid with gas
bubbles into the fighter liquid was developed by [29]; it was concluded that when the density of the
heavier liquid is more than three times the lighter liquid no heavy liquid transport takes place across the
interface. In contrast, it was observed by [30] that even in a mercury-water bath a thin film of mercury
is dragged up into the water layer. If the upper liquid has a higher viscosity it was noted that the film
was drained smoothly but large globules of mercury were drawn up in the wake of the bubble. More
detailed studies of the bubbis wake behavior are discussed in [31 ]. The transport of heavier liquid into
the lighter liquid and subsequent shedding and settling in a turbulent bubble plume is not well
understood.

EXPERIMENTS

The goal of the experiments is to try to make observations and take sufficient data to aid in the
development of a numerical analysis.

The test facility constructed for this work is a 1.2 m high, 2.4 m long, variable depth Plexiglas
test section to simulate a channel reactor, see Figure 2. A removable plate was installed in the middle of
the bonom section, in which different injectors could be installed. The compressed air supply allows
flow velocities at the nozzle exit up to sound velocity. The liquids chosen to represent the two
immiscible liquids are salt water and soybean oil. Their density ratio and viscosity ratio is in the correct
order of magnitude for some metallurgical applications; other liquids were considered but discarded
because of environmental or toxic reasons.
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Figure 2: Test Facility

A powerful 2 Watt Laser-Doppler Velocirneter (LDV) is being used to measure liquid velocities
throughout the test section with particular emphasis on measuring the liquid velocities in the vicinity of
the bubble plume to evaluate bubble plume liquid entrainment and deentrainment. The optics of the
LDV can be rotated to allow measurements of both components of the velocity vectors in the central
axis of the channel reactor. Experiments were first performed with a single liquid measuring velocities
and the effect of baffles on bath circulation. It was found that the total liquid entrainment and the speed
of circulation decreased due to the presence of baffles.

First experiments were performed with a channel width of only 2.5 cm. Ideally this could be
considered as a thin axial slice through the reactor. But it was quite obvious that wall effects were
dominant in this case. Entrainment and plume development could only be considered qualitatively,
since the bubbles in the plume were flattened. Nevertheless, the narrow channel permitted an excellent
opportunity for visual observation, in particular with two immiscible liquids, which tend to get opaque
in the vicinity of the bubble plume. Thus, good three-phase flow behavior observations were possible
as well as first quantitative measurements of fluid velocities with the LDV. Figure 3 shows the
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velocity vectors in the vicinity of the bubble plume and the approximate boundary between the two
continuous liquid phases.The circulation can be clearly detected. Figures 3a and 3b differ only in the
density ratio of the two liquids. It is clear from these first measurements that the mixing zone gets
narrower with an increase in density ratio as one would expect
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Figure 3: Liquid Circulation in the Vicinity of the Bubble Plume

In the second round of tests, ongoing now, the channel width was increased to 20 cm, still
narrow, but this channel width represents a balance between more realistic three dimensional behavior
and the observation difficulties expected in an even wider channel. Already in this channel the mixture
becomes partially opaque requiring a specially transparent cone to guide the laser beams to the center
plane, where measurements are performed, and to guide the reflected light back to the optics and the
receiving photomultiplier.

An electric conductivity probe was developed, similar to the one described by [32] and
employed to measure the void fraction in the bubble plume, but an attempt to make the oil sufficiently
conductive with an additive failed, since the noise level was too high to discern oil from air.

Finally, an isokinetic sampling probe was developed, which is now in operation. It takes
samples in the bubble plume and measures the void fraction of all three phases, gas, heavy and light
liquid.

In Figure 4 the void fraction profiles of water and air are shown in and around the bubble
plume. The two different graphs are for different gas injection velocities.
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Figure 4: Void Fraction of Water and Air in and around the Bubble Plume as a
Function of Injection Rates
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NUMERICAL ANALYSIS AND RESULTS

The goal of the numerical analysis is to predict mixing and settling in elongated reactors with
two immiscible liquids stirred by submerged injection.

The computer code FLUENT [33] with some modifications was used to perform the
calculations. In the program the bubbles in the plume are tracked as they move through the
computational domain. Initial axisymmetric calculations and comparison with predictions and
experimental results of others [34,35] showed good agreement.

Since the channel reactor in our experiments is not axisymmetric, three-dimensional (3D)
computations were necessary and the result were compared with velocity measurements in the test
section. Figure 5 shows this comparison of calculated and measured axial and radial velocity
distributions as a function of distance from the plume axis for a specific gas injection rate.
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Figure 5: Comparison of Measured and Computed Axial and Radial Velocities in the Test Channel as a
Function of Distance from the Plume Axis and Plume Gas Row Rate

The agreement is good considering the highly turbulent nature of the bubble plume at the high
experimental gas flow rates. The flow rates used in the experiments are several times higher than the
flow rates previously studied by others [34]. The effect of baffles was also studied and the results
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were compared to the experimental data. The model was able to predict the velocities and the turbulent
energy near the baffles.

Figure 6 shows calculations of the velocity vectors in the channel reactor with baffles in place.
Difficulties arise when there is a highly turbulent bubble plume penetrating two liquid layers of

different density and viscosity. Previous models dealt either with only one liquid and a bubble plume
or with individual bubbles penetrating the interface between two immiscible liquids.

At the present we are pursuing two different approaches:
Using FLUENT, we are splitting the computational domain into regions of

heavy and light liquid. The bubbles in the plume and the dispersed heavy phase are
tracked as they were in the single liquid calculations. The bubbles entrain
predominantly the heavy liquid and transport it upward into the upper light liquid.
As the bubbles rise, the heavy liquid is shed from the bubble's wake and settles
back to the heavy phase. Coupling between the two regions is accomplished
through the shear stresses and velocities at the interface. Initial results for
prediction of behavior in the light phase are shown in Figure 7.

We are also modifying the two phase two-fluid code, K-Fix[36] to include
appropriate interphase interaction terms and allow Lagrangian coupling of the air
phase in the same way that is currently employed for single liquid calculations.

These two numerical methods haven't been used before for this application mainly because
little has been done with three phase liquid-liquid-gas mixtures. The two methods approach the
problem from different sides and hopefully much will be leamed not only about the behavior of the
three phases but also about the applicability of the numerical methods themselves.

Figure 6: Calculation of the Liquid Velocity in the Test Channel in the Presence of a Baffle

Figure 7: Row Behavior with Two Liquids in Flow Channel
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CONCLUSIONS

In the experiments the dependency of entrainment on gas flow rates confirmed previous work
[24]. The baffles affect the rate of entrainment in the single liquid plume and effectively decrease the
width of the bath recirculation zone. The numerical model has been found to predict the flow behavior
in the test channel both with and without baffles. Void fraction distributions for oil-water experiments
have been taken for several gas flow rates and illustrate entrainment characteristics of a bubble plume
penetrating two immiscible liquid layers. The size of the mixing zone is reduced with increasing
density ratio of the two liquids. Research and initial work has been done on models which will allow
calculation of behavior in the oil-water bubble plumes. Validation of the final model will be done with
comparison to experimental data. Comparisons with actual reactor process can then be accomplished.
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