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SUMMARY

Bath type furnaces have become an established technology for the intensive smelting,

converting and refining of primary and secondary raw materials. Since these furnaces

normally have large inventories, long time constants and complex metallurgies, a dynamic

model-based prediction strategy is the only feasible approach to operator decision support and

process control. This dissertation presents a semi-empirical approach to the stochastic

modelling of bath-type pyrometallurgical reactors, which leads to a generic model type called

the Equilib-ARMAX model. The modelling approach is applied to three case studies:

• A nickel-copper matte converting operation using a submerged lance injection reactor

• A chromite smelting operation to produce high carbon ferrochrome using a direct current

(DC) plasma smelting furnace

• An ilmenite smelting operation to produce high titania slag and pig iron, using a direct

current (DC) plasma smelting furnace

In each case, the industrial operations were analysed with regard to the practical and

technological constraints which influence the type and quality of the process data. The

fundamental process phenomena associated with each operation have been analysed to

ascertain which fundamental variables should be included within the overall semi-empirical

approach, without sacrificing model transparency, simplicity, accuracy and calculation time.

It was considered that an overly complex model would be inappropriate given that data from

industrial smelting operations show significant random variance.

The thermochemistry and phase equilibria associated with each operation are discussed in

detail, as they become the fundamental backbone ofthe semi-empirical models. The equilibria

have been modelled with software that uses non-ideal solutions models and Gibbs free energy

minimisation to predict the phase and chemical equilibria that could be expected for a given

feed recipe and operating temperature. As the thermodynamic modelling software is not stable

within an industrial environment, an artificial intelligent mapping technique has been

developed to map process inputs to equilibrium outputs. A multi-layer perceptron neural

network has been used as the convenient mapping method to represent equilibrium. The

neural networks were trained using tens of thousands of feed recipes, where the feed

component ratios were varied based on a 3N factorial design. The amounts and chemistries of

all equilibrium phases could be calculated with high accuracies (R2 > 0.95) in all cases.
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Further stochastic analysis and modelling require additional information about the property

distributions associated with each measurement. The homogeneities of the furnace products

(slag, alloy and flue dust) critically influence the level of confidence that one can associate

with plant measurements. The homogeneities were characterised for the DC plasma arc

furnaces and they were benchmarked against a submerged arc furnace. It was found that the

homogeneity varied per element, with silicon and sulphur tending to show highest variations

in the alloy melts. The observation that the variation in these two elements are both high can

partially be attributed to the fact that SiS evaporates from the bath surface, especially in

regions close to the arc attachment zone. A significant negative correlation was found

between the relative standard deviation per tap (using silicon) and the degree of superheat /

subcooling of the alloy, indicating that the homogeneity can strongly influenced by the

changes in rheology due to subcooling below the liquidus (which leads to the precipitation of

solid phases and increases the observed melt viscosity). Mixedness or homogeneity and data

uncertainty are therefore inseparably linked.

The relative standard deviations associated with the homogeneity characterisation, as well as

known sampling and assaying variances were used to develop reconciled material balances

based on measured plant data. Material balance closure was therefore obtained within the

inherent uncertainties of the plant data. Biases in the plant data were identified simultaneously

with data reconciliation. Moreover, it was shown using Fast Fourier Power Spectra and state

space analysis that the data reconciliation was a good low-pass filter, as it extracted the major

process trends components in the noisy data and it also improved the overall dynamic

behaviour characteristics of the data.

Finally systems identification techniques were used to develop dynamic transfer function

models that were linear in the parameters to be estimated. These systems models were based

on the reconciled plant data and equilibrium predictions. The final systems models are

therefore equilibrium-autoregressive-moving-average models with exogenous variables

(Equilib-ARMAX). The model parameters can be estimated recursively using a simple least

squares method. The final models could dynamically predict the metallurgy of the subsequent

tap 4-6 hours in advance, based on a given suite of set-points, within the inherent accuracy of

the data. These models may be used to suggest the optimal operating conditions through an

operator guidance system, or more simply, the models are simple enough to be used in a

spreadsheet on a manager's desk.
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OPSOMMING

Bad-tipe oonde is reeds 'n gevestigde tegnologie wat algemeen gebruik word vir die

intensiewe smelting, omsetting .en raffinering van primere en sekondere roumateriale.

Aangesien hierdie oonde normaalweg groot inventarisse, lang tydkonstantes en komplekse

metallurgiee het, is dinamiese, modelgebaseerde voorspelling die enigste uitvoerbare

benadering tot operateur besluitnemingsteunste1sels en prosesbeheer. Hierdie proefskrif ste1 'n

nuwe generiese, semi-empiriese benadering voor om die bad-tipe oonde stogasties te

modelleer en lei tot die sogenaamde Equilib-ARMAX model. Die modelleringsbenadering

word geevalueer deur drie gevallestudies:

• 'n Nikkel-koper swawelsteen omsettingsproses in 'n dompel-Ians inspuit reaktor

• 'n Chromiet smeltingsproses om hoe-koolstof ferrochroom te produseer in 'n gelykstroom

(GS) plasmaboogoond

• 'n Ilmeniet smeltingsproses om hoe titania slak en ruyster te produseer in 'n gelykstroom

(GS) plasmaboogoond

In elke geval is die industriele prosesse ontleed met betrekking tot die praktiese en

tegnologiese beperkings wat die tipe en die gehalte van die prosesdata beYnvloed. Die

fundamentele prosesgedrag van elke proses is ontleed om te bepaal welke fundamentele

veranderlikes ingesluit moet word in die semi-empiriese benadering, sonder om model

deursigtigheid, eenvoud, akkuraatheid en berekeningstyd in te boet. Die ontwikkeling van

oor-komplekse modelle is beskou as ongepas, gegewe dat die data van industriele

smeltingsprosesse beduidende onsekerhede toon.

Die termochemiese en fase-ewewigte geassosieer met elke proses word breedvoerig bespreek,

aangesien dit die fundamente1e grondslag van die semi-empiriese modelle verskaf. Die

ewewigte is gemodelleer met rekenaar simulasie-programmatuur wat nie-ideale oplossings

modelle en Gibbs vrye-energie minimering gebruik om die fase en chemiese ewewigte, wat

verwag kan word vir 'n gegewe toevoerresep en bedryfstemperatuur, te voorspel. Aangesien

termodinamiese modelleringsprogrammatuur normaalweg nie stabiele gedrag toon in 'n in

tydse industriele omgewing nie, word kunsmatig intelligente projeksietegnieke gebruik om

prosesinsette te projekteer na die ekwavilente ewewigsvoorspellings. 'n Multilaag perseptron

neurale netwerk is gebruik as 'n eenvoudige metode om hierdie ewewigsprojeksies voor te

stel. Die neurale netwerke is afgerig deur van tienduisende toevoer resepte gebruik te maak.

Die verhoudings van die komponente in die voer is gewisse1 gebaseer op 'n 3N
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faktoriaalontwerp. Die hoeveelhede en samestelIing van al die ewewigsfases kon in aIle

gevalle bereken word met hoe akkuraatheid (R2 > 0.95).

Verdere stogastiese analise en modellering is slegs moontlik met kennis oor die

eienskapsverspreidings geassosieer met elke komponent. Die homogeniteite van die

oondprodukte (slak, legering en vlieg-as) bepaal, tot 'n groot mate, die betroubaarheidsvlak

van die aanlegmetings. Homogeniteite is gekarakteriseer vir die GS-plasmaboogoonde en is

vergelyk met die homogeniteite wat in dompelboogoonde gevind word. Die homogeniteite het

gevarieer per komponent. Silikon en swawel neig om die grootste ruimtelike variasies te toon

in die legerings wat bestudeer is. 'n Beduidende negatiewe korrelasie is gevind tussen die

relatiewe standaardafwyking per tap (gebaseer op silikon) en die graad van superverhitting /

onderverkoeling van die legering. Dit dui aan dat die homogeniteit sterk bei'nvloed word deur

veranderinge in die smelt reologie. Vermenging, reologie, homogeniteit en data onsekerheid

(integriteit) is daarom ten nouste gekoppel.

Die relatiewe standaardafwykings geassosieer met die homogeniteitsbepaling, asook die

monstememings- en ontIedingsvariansies, is gebruik om die aanlegdata te rekonsilieer

onderhewig aan die behoud van die komponent en totale stroom massabalanse. Die

massabalanse is dus gesluit deur aanpassings aan die metings te maak binne die inherente

onsekerhede in die data. Sistematiese foute in die data is gelyktydig met die rekonsiliasie

gei'dentifiseer. Verder is deur diskrete Fourier energiespektra en toestand-ruimte analises

getoon dat massabalans-rekonsiliasie dien as 'n goeie seinfilter om hoe-frekwensie geraas te

verminder en tergelykertyd die dinamiese gedragseienskappe van die data te verbeter.

Stelsel-identifikasietegnieke is gebruik om dinamiese oordragsfunksiemodelle te ontwikkel

wat linieer is met betrekking tot die modelparameters. Hierdie stelselmodelle is gebaseer op

gerekonsilieerde data, eksogene prosesdata en ewewigsberekeninge, en word vervolgens

ewewigs-autoregressiewe-lopende.:.gemiddelde modelle met eksogene veranderlikes (Equilib

ARMAX) genoem. Die modelparameters kan deur gewone kleinste-kwadrate metodes beraam

word. Die finale modelle kan die metallurgie van toekomstige tappe 4-6 uur voortydig

voorspel, gebaseer op beskikbare stelpunte en binne die inherente presisie van die data.

Hierdie modelle kan gebruik word om optimale bedryfskondisies vir prosesbeheer te

identifiseer, en is eenvoudig genoeg om in sigbladformaat op 'n aanlegbetuurder se rekenaar

gebruik te kan word.
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eventually discards these products, the contained metals find their way back into the resource

cycle as scrap. Therefore, good metallurgical reactor control implies improved control of the

material quality in the complete metals cycle, from production to the end-use, up to the

recycling phase. Therefore, the metallurgical processes in each unit operation in the metals

production and processing chain have to be controlled, so as to achieve optimal performance

of high product quality, low energy and materials consumption, and low environmental

impact. Symbolically Figure 1.1, depicting the links between three interconnected cycles, best

illustrates these interactions: the life cycle - the technology cycle - the resource cycle. The

optimal control of all these cycles is affected substantially by good control of metal

production and refining (Reuter et aI., 2003).

Products

Science

Technology

Design

Energy

Materials

Figure 1.1: Achieving Sustainability (Reuter et ai., 2003)

Sustainable processing is not possible without proper reconciled material flow models and

proper dynamic process models that can be used to manage or control processes. The

objective of these control actions are very clear, i.e. they (i) optimize product quality, (ii)

minimize energy consumption, and (iii) optimize metal flows. Therefore, control should not

only maximize economical benefits, but at the same time also minimize associated ecological

effects.

Despite the above-mentioned ideals for process modelling and control of pyrometallurgical

reactors, actual model-based control of the process metallurgy in furnaces remains elusive.

The nature of pyrometallurgical operations make the implementation of any form of

modelling and control very difficult, as explained in the following section.
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Figure 1.2: Umbrella of process control (Reuter et al., 2003)

The various techniques discussed in this thesis will be placed in the context of modelling and

controlling poorly defined industrial metallurgical reactor systems.

1.4 Data sources for model development

The basis for development, validation and evaluation of process models is data obtained from

a number of sources, each having their own characteristics as to what can be achieved, with

what integrity and with which relevance. Data can typically be obtained from the following

sources:

• Industry experiments and production

• Pilot plant experiments

• Physical model experiments (or so-called "cold model" experiments)

• Laboratory experiments

• Literature

• Computer databases

Of these, the last two bulleted sources were also derived from laboratory experiments. In this

thesis all these sources will be explored to a lesser or greater degree, where the limitations of

each technique would be pointed out, for different bath type furnaces.
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Figure 1.3: Comparison of plant data, systems model predictions and equilibrium predictions of the %MnO in

high carbon ferromanganese slags (Reuter and Moolman, 1999)

Reuter (Reuter and Yang, 2001) therefore concluded that thermochemical equilibrium should

be incorporated as a baseline for semi-empirical modelling, either explicitly as an "attractor"

into a dynamic empirical model, or, at least, as a reference state to which the dynamic

predictions should be compared and validated. This principle of a thermochemical baseline is

best illustrated by an equilibrium surface from which the process deviates, depending on

process conditions, distributions of temperatures, mineral properties, reaction paths and

histories of each reactant in the reactor. Reuter and Yang (2000) demonstrated this concept by

mapping the equilibrium surface and fictitious process data for any general pyrometallurgical

reactor, as shown in Figure 1.4.
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Figure 1.4: Loci of fictitious data points for a furnace positioned above their respective equilibrium data (the

attractor) to illustrate the effect of process dynamics, kinetics, etc. (Reuter and Yang, 200 I)

This thesis will further explore Reuter's (Reuter and Yang, 2001) concept of an equilibrium

attractor through explicitly incorporating equilibrium into dynamic modelling of bath type

furnaces.

This approach presented in this thesis will therefore culminate in a generic predictive model

that will incorporate the thermochemical, dynamic and exogenous components that influence

metallurgical dynamics. In principle, the modelling approach assumes that the bath chemistry

dynamics of intensive smelting bath-type furnaces can be accurately modelled using a

combination of:

• thermochemical equilibrium (a moving target, but also a good process reference state)

• ill-defined exogenous factors (for example electric arc resistance, lance-to-melt

distance, coal reactivity, median particle size, etc.)

• dynamic autoregressive and moving average components (historic variable states and

historic error states, respectively)

This model type will be called the Equilib-ARMAX model, which can be represented by the

following generic equation:

I //I n r p

y(k) = La; .yjk -i)+ La; .y(k -i)+ LLbij ,uj(k -i -d)+ Lei' e(k - i)
i=O ;=\ i=\ j=1 ;=\

(1.1)

14





































Fuel

Oxygen

Lance Air

Shroud Air

f ~
Shroud Air Pipe
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Shroud Air Gas

L .:

Combustion Pipe

Figure 2.5: Upper section (outer view) Figure 2.6: Lower section (cutaway)

The Ausmelt lance uses shroud air injected tangentially and typically can be designed for high

turndown capability. Bath temperatures may be monitored using an optical pyrometer fitted to

the furnace roof, with intermittent (not continuous, due to dust) monitoring and purging and

cleaning of the pyrometer lens. Interlocking is normally provided to ensure that the fuel and

air ratios remain within safe regions to prevent the formation of explosive mixtures.

It is viewed as critical to sound operation that an effective standby burner is always available

when the Ausmelt lance is withdrawn (Mounsey et al., 1999). The furnace has to be

maintained at temperature and it crucial to use the standby burner with the right flame

characteristics for down firing the Ausmelt furnace. As lance withdrawal can be routine

operation, the whole operation of introducing the standby burners has been automated in more

recent furnace installations. The burner incorporates ignition control, purging and flame

detection. It is not only for temperature maintenance, but also start-up - to heat the

refractories before the introduction of feed.

Accurate lance position control is achieved through a typical DeS system linked to a position

measurement device and controlled to the required position though a hoist cradle linked to a

mechanical clamp. Lance change times of less than 20 minutes have been reported for

Ausmelt operating pants (Mounsey et al. 1999). Spare lances are typically stored in a rotary

carousel with lance transfer being performed with a cross travel hoist. It is important to
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2.3.1 Process Description

Wicks (2000) provides the conceptual overall process description of the current and future

smelter plant at the Waterval site. This flowsheet is discussed to show how the units

interrelate, and how the converting operation (be it in Ausmelt of Peirce-Smith converters) is

dependant on its feed, and the converter products are recycled to the pant. The objective of

Waterval smelter is to produce a sulphur deficient nickel-copper matte from wet concentrates

containing PGM's, i.e. Platinum (Pt), Palladium (Pd), Rhodium (Rh), Iridium (Ir), Osmium

(Os) and Ruthenium (Ru) as well as Gold (Au) together with Base Metals i.e. Nickel (Ni),

Copper (Cu) and Cobalt (Co). The flow sheet indicating the main processing steps are

presented in Figure 2.7, while Figure 2.8 shows the flowsheet of the expanded operation

including the new converting operation.

Aci1 Plant

I I c••" •.••, Off.G••

Converter

1c••" •.••,M,",
~
Slow-Cooling

Converter Slag

Furnace Matte •

R
Furnace

Bone Dry
Concentrate

Flash Dryer

Flotation Concentrate

Wet
Concentrate

•

~ Furnace Slag•.•~
Slag

l"''''H.n T.illng

Tailings
Slag To Dump

Figure 2.7: Flowsheet of the main processing steps at Waterval smelter by the year 2000 (after Wicks, 2000)

Concentrates are received from various concentrators, which are offloaded cranes into a 5,000

tonne storage shed. Due to the different filters in use, the moisture in the concentrate varies

from 12% to above 25%. Concentrate is picked up from the stockpile by grab crane and fed

onto conveyors leading to the flash dryers. Both streams are introduced into the drying

column at the base and are accelerated by the disintegrator and air movement up the column.

At the top of the column the bulk of the dry concentrate is separated from the gas by two

cyclone sets in parallel. The exhaust gas from the cyclones is subsequently passed through a
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first stage. The process air is enriched to no more than 25% oxygen in order to

maintain the bath temperature similar to that in the first stage. Once the matte product

specification has been attained it will be tapped and allowed to slow cool. The

remaining slag will be left as a heel in the furnace for the start of the next cycle.

Off-gas from the Ausmelt converter will be cooled in a water-cooled membrane wall uptake

and an evaporative spray cooler. The off gas will be scrubbed before entering the wet gas

cleaning section of the new acid plant.

Figure 2.9: Three-dimensional Layout of the Ausmelt converter proposed to Anglo Platinum (after Wicks, 2000)

2.3.3 Production problems associated with matte converting

2.3.3.1 Foaming

Foaming may become a severe production constraint, if not controlled properly. Current

practise in converting operations is to control slag foaming through the addition of lumpy

coal. Although numerous publications exist in the field of slag foaming in steelmaking slags,
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fact that 3 or 6 electrodes enter the furnace at the same time (More recent DC arc applications

have shifted to the use of more than one electrode). Chemical, electrical conductivity and

particle size limitations may, however, constrain one to only using DC plasma arcs. Currently,

commercially available graphite electrodes are limited to 700 mm in diameter, the amount of

current that may be transferred using a single electrode to a maximum of about 135 kA.

The anodes of transferred DC plasma arc furnaces are normally covered with the melt inside

the furnace. Either a pin anode system is applied where steel pins, connected to an anode base

plate, pushes into the refractory materials of the hearth, or a conducting hearth is used (more

often the case in ferroalloys). The hearth refractories are very often an electrically conductive

mixture of MgO, some chromite and carbon, which may be either applied as bricks or a paste

that is rammed into position (Pieters, 2001). The combination of the anode base plate, steel

pins and electrically conductive refractory constitutes the anode. As the anode remains

covered with metal during all times, except when the furnace is drained for maintenance,

hearth refractory replacement or other infrequent interventions, the anode corrosion / erosion

is very slow. Figure 2.12 shows a photograph of an old base plate and pin arrangement, as

removed from a pilot plant plasma arc furnace.

Figure 2.12: Base plate and pin arrangement of an anode of an old pilot plant DC plasma arc furnace (Mintek,

2000)

The flow field of industrial plasma arcs, above 500 A, have been shown to be turbulent

(Ramakrishnan et al. 1978). As a result of the turbulence, the transport properties increases

markedly. Stenkvist and Bowman (1987) mentions that a noteworthy feature of the arcs volts

per unit length variation, is the relatively low gradient for the 100 to 400 mm arc length range

- at about 0.4 to 0.6 V/mm. In this part of the arc, radiation becomes the dominant loss
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Figure 2.13: Low Current Are, Visible core Figure 2.14: Intermediate Current, Visible core

Figure 2.15: Transitory arc Figure 2.16: Diffuse arc

Figure 2.17: High current, diffuse arc Figure 2.18: High current, diffuse arc (dimple)
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I = Plasma arc length
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Figure 2.20: The three zones of an open bath transferred plasma arc furnace shown schematically in elevation

Due to the relevance to this research, some of the main results and conclusions from Barcza et

a1. (1990) will be highlighted. The simulations was performed using the Pyrosim software

developed by Mintek (Jones, 1987) which is uses Gibbs Energy Minimisation and the ideal

associated solution approach to simulate the non-ideal thermodynamics. A CaO-MgO-Ah03-

Si02 slag was investigated based on equal proportions of the oxides. Reducible oxides such as

FeO and Cr203 was added up to 10 mass% of the feed, while the amount of reductant was

varied between 2, 5, 10 and 15 % of the feed (relative to the 4-component slag, excluding the
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Figure 2.22: Schematic representation of a typical DC plasma transferred arc smelting furnace
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Figure 2.23: Schematic representation of a typical DC plasma transferred arc smelting furnace
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Figure 3.3: Predicted equilibrium iron concentration as

a function of carbon and oxygen addition

Figure 3.4: Predicted equilibrium iron concentration as

a function of carbon and oxygen addition

As anticipated, Figure 3.3 illustrates that an increase in oxygen fed causes a decrease in iron

content in the matte. This is clearly due to the iron being preferentially oxidised to the slag

phase. An increase in the amount of carbon fed, however, increases the equilibrium iron

content in the matte. This is probably due to the carbon com busting to form carbon monoxide

and carbon dioxide gas, thereby depleting the oxygen available to oxidise the iron to the slag

phase. The carbon can also act as a reducing agent, but it is felt that though the carbon may

reduce the higher iron oxides in the slag to lower oxides, it will not reduce the iron oxides to

the matte phase, its role being more significant in the gas free board region, which controls

the overall Oz and SOz partial pressures.

From Figure 3.4 we can see that the sulphur content in the matte displays a trend similar to

that of iron. The trend with oxygen is due to the sulphur being preferentially oxidised to

sulphur dioxide gas. The trend with the carbon addition is felt to be due to the same reasoning

as already discussed for Figure 3.3, as it is impossible for any sulphur to be reduced back into

the slag phase, under the relatively oxidising conditions found in the converter at any given

moment. The effect of temperature on sulphur and iron in the matte has been simulated by

Georgalli et ai. (2001a), but was found to have a very small effect on the iron and sulphur

partitioning, relative to the effect of oxygen and carbon.

It is apparent from these graphs that both the equilibrium iron and sulphur behaves non-

linearly with respect to the two most important manipulated variables (oxygen and

coal/carbon). Any model that is to predict the iron and sulphur levels therefore needs to non-
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Figure 4.2: Different kinds of rheological behaviour

Wright et al. (2000) has shown that CaO-MgO-AIz03-Si02 slags containing more than 8

mass% spinel-type particles (such as the chromite smelting slags) show Bingham plastic

behaviour and therefore have a finite, non-zero yield stress. For a given solids loading, once

the yield stress has been exceeded, the same authors also found that significant shear thinning

occurs at increasing shear rates. Shear in furnace melts is caused by:

• Gas injection, or gas generation within the melts

• Hydraulic pressure gradient across the tap hole during tapping

• Plasma impingement on a molten bath

• Buoyancy driven convective flow

• Electro-hydrodynamic effects due to interaction of electrical and magnetic fields in

electrical furnaces.

A non-zero yield stress therefore implies that a significant shear stress has to present in the

furnace to induce melt flow and movement. The prediction of melt behaviour becomes even

more difficult due to the presence of gas bubbles. The yield stress has been found to depend

on the relative densities of solid and liquid phases, particle size, volume fractions of solids,

and the shapes of solids (Dabak and Yucel, 1987; Sigworth, 1996; Jinescu, 1974; and Shi and

Napier-Munn, 1996). Sigworth (1996) also showed that for molten alloy systems containing

dendritic crystals, the size and shape of the dendrites can be modified at high shear rates. In

oxide systems (such as slags and glasses), dendritic, equiaxed, and platelike crystals are

commonly observed (Kondratiev et al. 2001) and the crystal shapes have been found to
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Figure 4.18: Relationship of heterogeneity of the alloy, measured in terms of the relative standard deviation per

tap in Si, to the degrees superheat of the alloy melt relative to the alloy liquidus.

4.2.8.2 Slag

The slag chemistry associated with ferrochrome production lies within the domain of the

CaO-MgO-Si02-Ah03 system, containing Fe and Cr in the MO(entrained), M+2and M+3(very

little) oxidation states. Sulphur is normally dissolved as sulphide. None of the SEM-photos of

slags investigated, show the presence of free carbon. In all cases it was associated with

entrained alloy droplets.

Figure 4.19 shows how significant the Cr variation in the slag truly is, relative to the average

per tap. The samples from the first twelve tap numbers derive from the second campaign,

while samples from tap numbers 13-21 derives from the first campaign, performed 18 months

earlier, on the same furnace. Significant positive deviations (up to 80%) from the specific tap-

average occurred. The six samples per tap were ordered per tap according to their order of

sampling, that is, the first sample per tap was taken the first moment fully developed flow

through the launder was observed. The subsequent samples were then taken based on a equal

time interval. The time intervals were determined based on the total duration of typical slag

taps divided by 8 (6+2) to allow for the start and end periods during which no samples were

taken. The sample position per tap where the maximum Cr-assay was observed varied from

tap to tap. Neither did minimum deviations necessarily occur close to the middle of the tap.
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monitored (more than 10 taps in each case), one may conclude that, as was observed for

composition, the SAF is also thermally better mixed than the PAF.
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Figure 4.37: Examples of temperature profiles of slags tapped from a HCFeCr PAF

Figure 4.37 shows a few typical examples of temperature profiles of slag melts during

tapping. In general a temperature maximum is normally observed about at, or shortly after,

half the tapping duration. Although this "head-and-shoulders" pattern in the tapped melt

temperature was the one most commonly observed, inverted "bucket" patterns, or monotonic

increasing, or monotonic decreasing patterns were also noted.

In the case of the alloy melt, no clear patterns emerged. The temperature profiles are highly

erratic, as can be seen from a number of examples shown in Figure 4.38.
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Figure 4.38: Examples of temperature profiles of alloys tapped from a HCFeCr PAF

It is interesting to note that the relative thermal deviation for the PAF is of similar magnitude

to the relative thermal deviation predicted by Szekely et al. (1983) for electric arc furnace

steelmaking, using CFD modelling techniques (see paragraph 2.4.7.1 and Figure 2.28) if the

thermal zones in the figure are graphically integrated according to their proportional

contribution to the bulk temperature.

To compare the deviation patterns (from the tap averages) of silicon in the alloy and the

associated temperatures, the average temperature associated with the time the sample was

taken from the tap, was determined. These "sample average temperatures" were calculated

based on the average temperature of the alloy between two alloy samples. This was done to

have a similar number of temperature and composition measurements. The percentage

deviations were then calculated relative to the tap average. The results for typical (not worst

case) PAF and SAF taps are presented in Figures 4.39 and 4.40. In each case, the temperature

deviation pattern is given to the right of the corresponding silicon deviation for the same tap.
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Figure 4.41: Scanning Electron Microscope Photo of the HCFeCr PAF dust (1)

A description and analysis of the three main particle types as identified in Figure 4.41 is

presented in Table 4.3. A brief discussion of how a char particle type arrived in the dust is

also presented in Table 4.3.
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there is a concentrating effect (relative to the feed) of volatile elements (Zn, Mn, and S)

volatile oxides (Na20, K20) and compounds that appear in the dust via a volatile or gaseous

intermediate such as Si02 and MgO which appear due the volatile SiO and Mg in the gas

when Si02 and MgO are reduced in the slag, especially at the arc attachment zone (AAZ) -

refer to paragraph 2.4.8.

Figure 4.42: Scanning Electron Microscope Photo of the HCFeCr PAF dust (2)

18 Dust samples were taken spread over a number of days. After drying the samples had the

following (normalised) analysis and corresponding relative standard deviations:

Table 4.4: Dust analysis and assay variation

Component Si02 Ah03 MnO FeO Ti02 CaO K MgO Zn S Cr203 C

Mass % 26.9 3.85 6.01 9.54 0.66 3.04 4.17 26.75 2.35 3.85 9.01 3.79

srel(%mean) 8.2 17.2 10.5 27.9 8.8 20.7 24.2 17.2 24.8 2004 32.1 92.5

The significant variance found for C can be attributed to the highly variable amount of coal

fines found in the feed, which are entrained in the off-gas. The relative standard deviation of

all dust components are quite high and should be taken into account when one seeks to close

the material balance for the smelter.
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Figure 5.1: Measured carbon in HCFeCr (l st

Campaign)

Figure 5.2: Measured carbon in HCFeCr (2nd

Campaign)

There is a clear difference between the periodicity of the carbon measurements in HCFeCr for

the 15t (old data) and 2nd (new data) sampling campaigns. The 15t campaign is characterised by

a slowly rising tendency, with a weak periodic wave superimposed on it. The 2nd campaign

appears to have stronger sinusoidal waveform around the mean. Both campaigns were done

on the same DC plasma arc furnace, with the campaigns being 18 months from another.

However, little could be gauged from viewing the actual data time series only and other

techniques need to be exploited. The effect of differencing the data becomes apparent if one

views the histograms of the data as presented in Figures 5.3 and 5.4:
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Figure 5.3 Histogram of carbon in HCFeCr times

series (1sl Campaign)

Figure 5.4 Histogram of carbon in HCFeCr times

series (2nd Campaign)

Differencing of the data, i.e. giving it an integrated noise structure, results in centring the data

around a zero mean, and reducing the overall variance. It is therefore a method of high pass

filtering. If the data are visualised in the frequency domain through a FFT Power spectrum,

the difference in frequency behaviour in the dynamics become more apparent for the two

campaigns. As expected, high pass filtering results in removing the low frequency

components, while amplifying the power of the high frequency components, visually

demonstrating the effect of high pass filtering.
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Figure 5.5: FFf Power spectrum of carbon in HCFeCr

times series (1 sl Campaign)

Figure 5.6: FFf Power spectrum of carbon in HCFeCr

times series (2nd Campaign)
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Figure 5.7: FFr Power spectrum of the dynamic

difference in the carbon times series (l sl Campaign)

Figure 5.8: FFr Power spectrum of the dynamic

difference in the carbon times series (2nd Campaign)

Comparing Figures 5.7 and 5.8 leads one to believe that the strength of the higher frequency

components relative to the underlying trend component is smaller for the 2nd campaign than

for the first (:t 5/16 vs. 5/40). The FFT spectra of the differenced time series clearly show that

the low frequency components (0-50) have nearly been removed through the differencing

process. The higher order dynamics have comparatively the same power at similar

frequencies. It appears therefore that during the first campaign, much of the trend (signal)

component has been overshadowed by the effects of higher order effects or noise. However,

the noise may have some structure and may not be totally random.

A similar study may be performed for Si which is of greater importance, from a metallurgical

perspective in the production of HCFeCr. Figures 5.9 and 5.10 shows the time series

behaviour of Si during the two sampling campaigns. Some periodicity is apparent, for

example with a major peak above %Si =2 about every 30-40 taps (for instance at tap numbers

150,185,215,240,270 in Figure 5.9, and tap numbers 240, 275, 315, 370)
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Figure 5.9: Measured %Si in HCFeCr (I 'I Campaign) Figure 5.10: Measured %Si in HCFeCr (2nd Campaign)

The effect of differencing is much more pronounced for Si than for C, as shown in Figures

5.11 and 5.12. Differencing the time series not only centralises the histogram, but gives it a

much more normal (Gaussian) appearance, while also reducing the overall variance.
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Figure 5.11: Histogram of %Si in HCFeCr times series

(1'1 Campaign)

Figure 5.12: Histogram of %Si in HCFeCr times series

(2nd Campaign)

Similar to the periodic behaviour of carbon, the FFT spectrum of silicon shows that the noise-

to-signal ratio for the lSI campaign is significantly more than for the 2nd campaign, as shown

in Figures 5.13 and 5.14. The trend component would therefore be extracted more accurately

using, for instance, low pass filtering.
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Figure 5.13: FFf Power spectrum of silicon in

HCFeCr times series (1 ,I Campaign)

Figure 5.14: FFf Power spectrum of silicon in

HCFeCr times series (2nd Campaign)
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Figure 5.15: FFr Power spectrum of the dynamic

difference in the silicon times series (l51 Campaign)

Figure 5.16: FFr Power spectrum of the dynamic

difference in the silicon times series (2nd Campaign)

The effect of differencing reveals that, except for the strong peak observed at about 305

cycles for the 2nd campaign, the structures are comparable with all peaks lying below a

spectrum power of 16. Just as for C, the trend component has been filtered out.

When the data from the lSI campaigns of both carbon and silicon are scaled between their

respective observed minimum and maximum (new time series expressed as percentage of the

range maximum-minimum) their FFf power spectra reveals additional information (Figures

5.17 and 5.18). It is clear from the FFf spectrum for carbon that the ratio of the power of high

frequency components to the underlying signal is significantly less than for silicon. Carbon

appears to maintain a complex frequency structure throughout the frequency range, while the

power of the spectrum for silicon rapidly reduces relative to the power of the trend

component. The location of significant peaks are also quite different. It should also be

remembered that the certainty of each assayed element is different, due to different degrees of

mixedness.
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Figure 5.17: FFr Power spectrum of the carbon

(scaled) times series (l51 Campaign)

Figure 5.18: FFr Power spectrum of the silicon

(scaled) times series (l51 Campaign)

Similar results can be demonstrated and conclusions can be drawn for the other melt

components and for the other (ilmenite smelting) furnaces.
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Figure 5.21: Relationship between the weight %iron and %chromium in HCFeCr alloy samples

The data presented above have also not been reconciled yet. The greater spread in data for the

plasma arc furnace cluster derives from the poorer mixing found in this furnace, compared to

the submerged arc furnace, as shown in the Chapter 4. It can for instance be noted that at a

carbon concentration of 9.0%, the silicon assays vary from 0.3% to 1.5%. On the other hand it

should be realised that the data stems from various industrial operating conditions and not a

well controlled laboratory experiment. All the main components of the slag associated with

HCFeCr production are analysed for and no special relationships need to be derived.
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Figure 5.23: Relationship between the weight %TiOxC(I.x) and %FeO in high titania slag samples

5.8 Metallurgical process chemistry and data reconciliation

The data were reconciled for all elements flowing into and out of the furnaces on a daily

basis. Data reconciliation was performed on a daily basis versus a tap-to-tap basis so as to

eliminate the effect of variations in the furnace freeze lining, smoothing of the error

associated with electrode consumption estimation and minimising the effect of residual

inventories after tapping which constitutes a feed stream from the perspective of the

subsequent tap. In so doing, the major dynamic fluctuations were smoothed out. It was

assumed that the reconciliation adjustments as determined for a day would be applicable on a

tap to tap basis once the variation in inventory is allowed for. The calculated adjustments are

therefore on a basis of per ton of a specific element (base-element) in the feed or per ton of

total feed.

Data reconciliation is done on the basis of the material balance closure of each element

separately. The trends that were identified in paragraph 5.7 were used to match the oxygen to

the various oxidation states of the different components in the furnace feeds and products,

where the assays were not available. For the highly reducing conditions found in ilmenite

smelting and chromite smelting, the oxygen in the off-gas can only be associated with carbon

monoxide (mostly) or carbon dioxide (little). Insignificant amounts of free oxygen (oxygen

partial pressure lower than 10-9 atm) can exist. Adjustments are calculated and distributed

according to their variance-weights. Bias exists when a significant non-zero mode (maximum

likelihood) is apparent in the adjustments. Oxygen associations (maximum and minimum)
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may be recycled in the ladles. A 12.5% bias was noted for the reported slag weight and an 8%

bias on the metal weight (the reported values being more than the long-term reconciled

values). The results for the hot metal and the high titania slag are presented in Figures 5.41

and 5.42 respectively (bias included). More adjustment of the metal weight is noted in this

case, than for the slag weight.
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Figure 5.42: Reconciled versus reported tonnages of

high titania slag tapped

The histograms depicting the distributions of the adjustments as a percentage of the raw data

values are shown for pig iron and slag in Figures 5.43 and 5.44 respectively.
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Figure 5.44: Distribution of reconciliation adjustments

for high titania slag mass

Comparing the shape of the two histograms show a significant skewness in the adjustment

distribution of the pig iron, both mean values significantly positive, showing the effect of bias.

The reported values were therefore consistently higher than the reconciled values.
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5.13 The role of data reconciliation in amplifying the deterministic

component in stochastic time series.

It was shown in paragraph 5.2. that time series had a deterministic component and random

component. It became apparent that, as the random component increases relative to the

deterministic component, so the modelability, or the quality of the data-based model degrades.

In paragraph 5.3 it was claimed that data reconciliation is, in principle, a low pass filtering

technique which extracts the underlying trend from data. Some measurements from

ferrochrome production will be used as an example to demonstrate the effect of data

reconciliation on dynamic modelability. It became apparent from the FFT power spectra of

carbon in ferrochrome, that it had high-powered spikes right through the frequency spectrum.

The trend component has a relatively low power in comparison to the higher frequency

components. The FFT spectra of reported carbon content of the daily produced HCFeCr

alloy is presented together the spectrum of the corresponding reconciled values, in Figures

5.51 and 5.52 respectively.
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Figure 5.51: FFT spectrum of carbon reported in the

daily produced HCFeCr alloy

Figure 5.52: FFT spectrum of the carbon in the daily

reconciled HCFeCr alloy

It is clear that the first 50 frequency components are significantly amplified relatively to the

high frequency components after reconciliation. For instance, comparing the ratio of the

maximum peaks in the 0-50 and 200-250 ranges before reconciliation gives 0.0110.007 =

1.43, while the ratio for the maximum peaks in the same ranges after reconciliation is

0.225/0.051 = 4.41. The power of the low frequency components was therefore significantly

increased relatively to the high frequency components.

Another way of demonstrating the degree of deterministic behaviour relative to random

behaviour in chaotic time series is through inspection of the state-space diagrams. A chaotic

series is a data sequence with a continuous frequency spectrum, and which is sensitive to the

initial conditions. It is bounded in magnitude and comprises a broad band of frequencies
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Figure 5.59: Surface plot of the neural network predicted % Ti in pig iron as a function of the %Volatiles in

anthracite, and the median anthracite particle size, with all other variables held constant at their average values.

Figure 5.59 illustrates that the %Ti in the alloy is strongly influenced by factors related to coal

reactivity. The neural network predictions of the points on the figure were made by keeping

all the other variables at their average values, while the % volatiles and coal particle size was

varied between their typical operating limits. Variables that tend to influence the rate

phenomena, such as particle size, amount of volatiles, and sulphur concentration (which

lowers the slag-metal interfacial tension), featured more pertinently as exogenous model

variables.

Neural networks therefore still can playa significant part in relating ill-defined variables to

each other. In this form, neural networks are not used in the model predictive control systems,

but instead to provide information for good metallurgical decision-making. This is for

instance useful to relate the coal/anthracite properties to metallurgically important variables,

so that anthracite with optimal properties may be sourced, while taking into account financial

constraints.
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Figure 6.3: Predicted slag temperature (using ARX Eq. Figure 6.4: Predicted slag temperature for a perfect

6.22) versus actual measured temperature model based on a surrogate data set with measurement

noise superimposed on it (relative standard deviation

of 0.096% based on average tap temperature - from

mixedness studies)

If each variable of equation 6.22 is scaled between its minimum and maXImum (a linear

transformation which does not change the regression), the contribution of each coefficient and

therefore the sensitivity of the dependent variable with regard to each of the independent

variables may be determined. The parameters based on scaled variables are shown as a bar-

graph in Figure 6.5. Furthermore, Figure 6.6. shows the performance of the predicted (using

equation 6.22) versus the measured time series of slag temperatures.
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Figure 6.5: Contribution of each coefficient of Eq.

6.22, based on linearly scaled variables.

Figure 6.6: Predicted slag temperature versus actual

measured temperature in time series format.

251













, ,,
'.

34 45 56 67 78 89 100 111 122 133 144 155 166 177 188
Alloy Tap No.

C(t) Reconciled -- C(t) Predicted -- C(t) Equil

Figure 6.9: Comparison of the predicted, the equilibrium and the reconciled data time series for C in HCFeCr

In the case of carbon in HCFeCr, it is seen that significant deviation from the equilibrium

occurs, but that the overall prediction of the Equilib ARMAX combination is quite accurate

for a system with a prediction horizon of 6.5 hours. It is clear that the Equilib-ARMAX

approach improved significantly on equilibrium prediction only. The equilibrium model took

into account the role of heel recycling. The predictions were always for the following tap,

based on a set of setpoints for the reagents, and the estimated inventory, as well as the time

series history of each variable and the historic model error time series (historic values of the

difference between the model prediction and the actual reconciled values).
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Figure 6.10: Comparison of the predicted, the equilibrium and the reconciled data time series for Si in HCFeCr

The modelling of the silicon in the metal was similar to that of carbon, although it is apparent

that the equilibrium prediction of silicon is much closer to the reconciled data, than that

observed for carbon. It is furthermore apparent that the Equilib-ARMAX model performs

better than Equilibrium only. The performance of both models, as quantified by the R2
, is

presented in Table 6.3. In both cases the data fall within the range of surrogate datasets with

similar data distributions and noise (R2 = 0.73 to O. 84 for %C, and 0.42 to 0.68 for %Si).

Table 6.3: Model prediction accuracy of alloy concentrations of C and Si in HCFeCr

Element R2 Equilibrium Model Only R2 Equilib-ARMAX Hybrid Model

%C 34% 75%

%Si 42% 54%

Figures 6.11 and 6.12 show the contribution of the various coefficients to the Equilib-

ARMAX model. It is clear from the graphs that the historical values of both the %C and the

%Si play significant roles, as well as past model errors and predicted and past equilibrium

values. The full Equilib-ARMAX model structure is therefore required to model this system.

Table 6.4 lists the variables used for the above models to predict the %C and Si respectively:
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Biases may also enter any of the above steps as well as during the final data logging (if

entered manually).

7.3 Development of the Equilib-ARMAX Model

The basic modelling philosophy used in this thesis is shown diagrammatically in Figure 7.1:

Minima, maxima

of operating

ranges

3N Factorial

design of~t

dataset \..:J

Simulate

equilibria using

FactSage 0
Develop

equilibrium

database 0
Mass based

measurements,

setpoints 0
Variance weighted material

balance data reconciliation, bias

detection 0
Train and validate artificial

neural network on inputs and

equilibrium outputs 0

EXOGENOUS X

Total variances

(s2Total) 8
Other

measurements,

estimates * 0

* e.g. power, resistance,

lance to melt distance

Predict equilibria associated with

reconciled measurements 0

Selection,

estimation of the Equilib-ARMAX

Model 0
RECYCLED MODEL ERROR, MA COMPONENT

Figure 7.1: Basic modelling approach to obtain the Equilib-ARMAX model

The recycled history and recycled errors in Figure 7.1 refer to y(k) ... y(k-m) and e(k) ... e(k-p)

respectively. The relevant chapter numbers of this thesis are shown in red circles. A more

detailed flow chart is provided in Chapter 8.

271































































































too far from the operating line (could be thought of as a near-vertical line from the middle of

the triangle towards the Ni-Cu binary. The isotherms are selected to be close to the operating

temperatures of the system.

FeS2 • Cu. Ni

FeS.
G = Gas
B = Bornite
fcc = Faced ,Centred Cubic Alloy (~
L= Liquid Alloy
M= Matte

- 1400:C= nSSo8

Ni D~ D~ 01 Dh D5 0.4 C~ 02 D.t
weight fraction

Cu

Figure 10.9: Predicted phase equilibria for the FeS2-Ni-Cu quasi-ternary

Figure 10.10 shows the predicted isotherms for the phase boundaries for the Ni-Cu-S system.

The alloy formation is again apparent in the low sulphur region, while solid alloy precipitation

occurs in the Ni-rich region and chalcocite precipitation in the copper rich area. Precipitation

of Ni3Sz or Ni3S4, depending on temperature, occurs in the copper-Iean-sulphur-rich zone.
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Figure 10.10: Predicted phase equilibria for the Ni-Cu-S ternary

It is apparent from the matte phase equilibria that an alloy-matte emulsion will form during

the blowing of the matte. Moreover, solid alloy or sulphide precipitation may occur at certain

Ni:Cu ratios, which may influence the rheological behaviour (see Chapter 4) of the melt.

10.2.3 Phase equilibria pertaining to FeO-Fez03-SiOz slags

The slag system that typically applies to matte converting is the FeO-Fez03-SiOz slag system,

in cases where silica sand is used as flux (as opposed to the lime ferrite slags which one finds

in many modem converting operations which use lime as flux). This system has been well

studied by a number of researchers (Muan and Osborne, 1960; Muan, 1955). The phase

diagram as published (Slag Atlas, 1995) is presented in Figure 10.11 with the oxygen isobars

indicated. The good correspondence of the phase diagram as calculated by FactSage is also

presented in Figure 10.12, together with the two-phase tie-lines.
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Figure 10.11: Measured phase equilibria for the FeO-FezOrSiOz ternary
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Figure 10.12: Predicted phase equilibria for the FeO-FezOrSiOz ternary

Under the oxidising conditions found in a converter, the maIn precipitated phases are

tridymite (cristobalite at temperatures above 1500 °C) and magnetite spinel. No new phase

320

























weight fraction
CaO o.~ os 0.7 0'; 0:5

S

0.' 0.) 0':

S = Slag Uquid
Cb = Chrystobal~e
AS = Aluminium Spinel
CS = a-CaSi 0
CM = CaO.Iv'gO
M= Monoxide

1550
1600
1650
1700

0.1

Figure 10.18: Quasi-ternary of Mg-Al-spinel with lime and silica.

10.3.2 Thermochemistry of High Carbon Ferrochrome alloys

Much less research has been done regarding high carbon ferrochrome alloys than for the

associated slags. Most of the early research was published by Russian researchers, and then

only in the Russian language. Fortunately, Wethmar et ai. (1975) reviewed the work by the

Russian and other authors and complemented it with additional phase equilibrium

determinations of their own. The research work by Griffen et al. (1962) on the C-Fe-Cr

system is incorporated in their work. Furthermore, their research focussed on the Fe-Cr-C-Si

system for HCFeCr as produced in South Africa, with Cr in the region 50-65%, O-lO%Si, 4-

8% C with the remainder being iron. They found that the (Cr, FehC3 is the primary

precipitated phase over the entire range of alloys investigated and that its stability range

expanded with an increase in carbon content and chromium-to-iron ratio. Two pseudo binary

eutectics were identified. These Eutectic reactions resulted in the formation of (Cr, FehC3

and either a a (FCC) or a y (BCC) solid solution of iron and chromium, together with a

eutectic reaction, which results in a y -iron-chromium solid solution and (Cr,Fe)23C6. A
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Figure 10.20: Phase diagram for various Si-C (medium C range) pairings for Cr in the range 30-70 mass %.

Figure 10.20 show the phase diagram as it would be applicable to submerged arc HCFeCr

production, which is associated with lower basicity slags, lower concentration of C in the

alloy and higher amounts of Si. It is readily apparent that in the range 42-58% Cr, the (Cr,

FehC3 phase predominates (the chromium concentration range associated with South African

Ferrochrome production) and the liquidus increases as the amount of Si decreases (C

increases). For the high carbon cases, an increase is noticeable for the graphitic carbon phase

field, which either precipitates as pure C or co-precipitates with (Cr, FehC3 , which is the

most expected scenario for HCFeCr produced in South Africa. Very low Si levels lead to a

steep liquidus in the Cr-poor region as shown in Figure 10.22 which depicts graphite

saturation.
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Figure 10.21: Phase diagram for various Si-C (high C range) pairings for Cr in the range 30-70 mass %.

The phase diagram of the HCFeCr system as determined by Wethmar et al. (1975) is

presented in Figure 10.22 for carbon contents at 4, 5, 6, 7, and 8 %. The predominant phases

identified were the same as shown in the Figrues 10.19 to 10.21. This phase diagram was used

in Chapter 4 to determine the degrees of superheat relative to the liquidus (refer to Figure

4.17).
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Figure 10.28: Representation of a number of phase boundary isotherms for the high titania slag system.

If the only the ternary components slag and the ilmenite mentioned in the introductory

paragraph are projected onto the phase diagrams, their compositions (recalculated for the

equivalent FeTi03 and normalised) gives the following mineral and slag composition:

Ilmenite: 54.3% FeTi03, 27.0% Fe203, 18.8% Ti02

Slag: 25.8% FeTi03, 32.2% Ti203, 42% Ti02

For this specific slag system it is noted that the slag is in the fully molten range at 1650 DC.

However, the presence of titanium oxycarbide particles (not taken into account here) may still

lead to an increase in the observed viscosity of the slag.
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Figure 10.29: Representation of a number of phase boundary isotherms for the mineral system.

10.4.1 Phase relations for the pig-iron metal

Experimental and theoretical investigations to characterise the phase relationships and

interactions between dilute alloy components in iron abound in literature, and are derived

mostly from research in the field of steel production. The phase diagram for the system is

predominantly influenced by its two major constituents, Fe and C.

The Fe-C phase diagram has been well researched and can be found in many metallurgical

textbooks (Smithells, 1976). The system is also well predicted by FactSage as depicted in

Figure 10.30. Predictions of the system fall within the experimental error of the phase

diagram determination.
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Figure 11.1: Laboratory plasma arc furnace

Figure 11.2 shows the typical crucibles used - the graphite crucible in the background and a

magnesite crucible with a steel anode connection in the foreground.

While the graphite itself may partake in the reactions, its reactivity is extremely low compared

to the coal or anthracite added. Moreover, slag corrosion is not as significant as with a

refractory container, which also would influence the slag chemistry. Unfortunately is

extremely difficult to simulate exact conditions in an industrial furnace such as freeze line

behaviour.
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Figure 11.2: Magnesite and graphite crucibles used in the laboratory plasma arc furnace

Arc length was gauged by determining the height difference between the position at which the

electrode was just touching the melt and higher position. As only the difference mattered, an

arbitrary baseline could be used. A 1.0 m ruler was used to determine the height of the copper

bus bar at the point of incipient electrode submergence in the melt and subsequent

measurements when the arc was drawn. The arc was typically initiated through short

circuiting through a thin layer of metal powder in crucible. The crucible is pre-filled with

enough iron metal powder to cover the bottom of the crucible. The intense heating of the short

circuit ionises the surrounding gas and initiates the arc, as described in more detail in section

Chapter 2.

Once a stable arc was obtained, the material was gradually fed into the molten iron bath, using

the vibratory feeder. Severe foaming made stable operation (maintenance of stable electrical

characteristics) very difficult. Secondary arcing to the crucible side-walls (in the case of the

graphite crucible) was sometimes noted when the arc was drawn out too long. The rapid

movement of the arc between the melt and the crucible sometimes caused severe oscillation in

the operating voltage which made exact arc power determination extremely difficult. The

maxima an minima in the voltage were noted and the minimum was recorded as the voltage

363



















Figure 13.1: Example of a portion of a spreadsheet used to reconcile the streams and elements for a ferrochrome smelter.

Ojectlve

Constralnll1

Constralntl2: Anthracite
Selsum

SCreenings
WC.2mm

Open Cast-8mm
Spills
Ouartz

Umestone
Electrode

Metal
Slag

Off-gas
Dust

Conslralnll3: Arrthracite
Selsum

Screenings
WC.2mm

Open Cast-8mm
Spills
Ouartz

Umestone
Electrode

Melal
Slag

Off gas
Dust

167.49125
13.117998
4.7806348
5.1395443

188.13875
2.1340729

0.2565998
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