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Cao something tbat looks crooked be straigbt? Cao sometbiog tbat

feels bot be cold? Sometimes the observation scientists make with tbeir

senses cao mislead tbem, as witb illusion. Dy measuring a pbeoomenoD

scientists cao sometimes avoid being mislead.
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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~ Vit), following the

start of bubbling followed the relation Vit)=V:J:( l-e-tlj. 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 \Vith the present modelling results.

Slag foaming in "in-bath" iron smelting was modelIed by injecting gas through a

paraus 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, E, in foaming slags containing large spherical cap bubbles could be

expressed as E = U/[Ug+(0.5g~t·S]. The average bubble size in the foaming slag of the

AISI pilot trials on the smelting reduction of iron ores was estimated to he 10-25 cm

equivalent diameter, suggesting that significant coalescence of small bubbles (such as

CO) occurs in the process.
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[n 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

oiUaqueous 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. [n "slag

free" experiments, a dead zone forrned 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-silicon 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 cao be

accomplished efficiently.
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RESUME

Le comportement de l'émulsifieation causée par des bulles de gaz se formant à

travers une intertàce scorie/métal a été étudiée par deux fàçons: Avec un modèle à

tranche-mince et avec un modèle tridimensionne~ en utilisant des mélanges huile/aqueux et

huile/mercure à basse température. Un modèle général, caractérisant le volume transitoire

de gouttelettes entraînées dans la phase haute du processus de l'émulsification a été

developpé. Le volume transitoire du "métal" entraîné, Vd(t), suivant le début de la

formation de bulles suit la relation Vd(t)=V« (l-e-th). Suivant ce modèle, le taux de

naissance et le temps de résidence moyen des gouttelettes âispersées par les bulles ont pu

être quantifiés. Une analyse dimensionnelle a été utilisée pour exprimer le volume du

liquide du bas transporté à l'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 à1'aide des résultats de modélisation obtenus.

L'écume de scorie se formant dans des bains d'électrolyse de fer a été modélisée

en faisant l'injection d'un gaz à travers un disque poreux dans un cylindre vertical

contenant une variété de liquides à température basse. En se basant sur les résultats

expérimentaux et sur la théorie, des difficultés avec les études précédentes pour

caractériser l' hauteur de l'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, E, dans l'écume de scorie contenant de larges bulles

üi
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sphériques peut être exprimé par & = UIfU.+(O.5gdt.)o-,]. La taille moyenne d'une bulle

dans l'écume de scorie, lors des essais pilotes de l' AISA sur la réduction de minerais de

fer a été estimée par un diamètre équivalent de l'ordre de 10-25 cm, ce qui suggère qu'une

coalescence significative de petites bulles (telles que de CO) a eu lieu durant le procédé.

En faisant le modèle du comportement du mélange d'additions d'alliages ferreux

dans des réacteurs agités d'une façon intensive, le processus AOD a été utilisé pour

simuler la période de réduction des scories d'oxide de chrome par l'addition de ferro­

silicium. Ces phénomenes ont été examinés à l'aide d'un modèle d'une tranche

bidimensionnel et ensuite, d'un modèle tridimensionnel en utilisant des analogues

huile/aqueux à basse température. Ces études ont permis d'obseIVer que la plume

gulliquide ascendante crée deux zones de mélange non·symétriques: une petite zone

proche du mur de côté ajustée par des tuyères et une zone de mélange principale, plus

large et éloignée. Dans les expériences de scorie, une zone morte s'est formée à la

surface, dans le coin éloigné et opposé aux tuyères. Là, les particules simulant les

additions de ferro-alliage se sont accumulées. Par contre, dans les expériences de modèle

avec scorie, le gaz injecté a généré une phase "scorie/métal" émulsifiée d'une densité

visiblement plus basse, qui a mené à l'entraînement des additions de l'alliage ferro-silicium.

Ceci, en conjonction avec des modèles de flux modifiés d'une façon significative, et avec

l'absence de zones mortes, a permis aux particules simulant l'addition de ferro-alliage

d'être entrainées dans le flux de recirculation. Ces résultats suggèrent que le mélange de

tels additifs dans la scorie fondue durant la période de réduction de l'oxide de chrome peut

être accomplie de façon efficace.

iv
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CHAPTER 1 INTRODUCTION

Introduction
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1.1 Emerging In-bath Smelting Processes

The iron blast fumace 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 fumace ironmaking are capital intensive and impose serious global

environmental concems. In addition, large, modem blast furnaces are required to work on

a continuous basis, allo\\ling linle flexibility in production planning. To solve such

problems associated with the conventional coke oven - blast fumace ironmaking process

foute~ there has been a world\\ide effort to develop neVi ironmaking processes v;hich can

use coal directly and, in sorne cases, use Ofe directly for ironmaking.

Of the coal-based processes. the COREX process~ a joint development betvieen

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 pasco, in South Korea [1]. The process, as sho'Ml in Figure 1. L

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 ioto two steps:

1
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Figure 1.1 Process Flowsheet for COREX Process
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- Reduction of iron ore to sponge iron in a counter-current shaft fumace;

-Generation 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 weil 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 sorne forms of direct reduction

process to provide direct reduced iron (DR!) 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 ta 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 furnace, 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 Ironmaking

Introduction

(

(

Process Smelling Coal Consump. Capital Cost SlalUS

InlenSHY lkg/mtl ISlannuaJ ml)

(mllm3 clay)

Colce o"'eniBF 0.9-11 750-900 !43 Mature lechnolog)

Con:x.Jl 0.9-11 1.()()().1.200 !IO 300,000 annuaJ mt - ISCOR. 600.000 annuaJ ml - Pasco

(1994)

AlSI- OOE 0$.0-6.0 700-800 160 8-10 mt'br paloc plarmed. 400,000 annuaJ ml demo

planncd

DIes . . · 500 mt/clay pilot SKK !u:thin Works ( (993)

Hhmel~ . SOO-IOOO · 250 mt/day l''lot. Kwmam. Wcszem Austta1ia ( (993)

CCF 10-12 650-800 150-180 10 mtlhr 1"101 plant Hoogovens., IjmulClen. The

Netherlands

ROMEtT 8.Q..12 650-900 · 500-1.000 mt'day pilot. Novolipel$k. RUSSla. has

producd over 300.000 ml

• Not avadable. However. coaJ consumptlon and mtenslty should be Slmllar to the AISI-OOE 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 on the type of coal employed. In this case. middle volatile coaJs 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 blast furnace is about 2.5-3.0

tons/m3/day. If the coke plant is incIuded, this becomes about 0.9-1.2 tons/m3/day [2].
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The in-bath smelting processes have shown smelting intensities of 4-12 tonslmJ/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 fonn 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 blo'Wing 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.

(
CHAPTER 1 Introduction

(

(

1.1.1 HIsmelt Process

The HIsmelt 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 \vith 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 sho'Wn in Figure 1.3. In the HIsmelt process~

coal, natural gas, and sorne 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

5
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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 fumace.

The Hlsmelt 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. Its unique process characteristics include:

• 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 blo\ving, due to the relatively low oxygen

potential. A minimum re-oxidation of reduced iron droplets is essential for

maintaining high smelting intensities.

• 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.

• 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].

• Submerged injection of iron ore permits direct reaction of iron ore with the

(
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carbon containing metal bath.. thus minirnizing 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.

• The high bath turbulence generated by the intense bottom injection process

creates the ideal environment for heat transfer above the bath surface. Droplets

ejected inta 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.

(
CHAPTER 1 Introduction

(

(

1.1.2 CCF Process

The Cyclone Converter Fumace (CCf) process originated from the Converted

Blast Furnace (CBF) jointly developed by Hoogovens.. British Steel and Ilva in the years

1986 ta 1989. In the CBF process.. lumpy ore is highly pre-reduced in a shaft with rmal

reduction and melting taking place in an iron bath in which fine coa! 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

Fumace (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 melter with an ore througbput of 20 tons per hour. A CCF pilot plant is planned

ta be built in Taranto, Italy [4).

9



[n 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 canverter. The pre-reduced molten ore

is collected on the water cooled wall of the cyclone and falls inta the iron bath by gravity.

where final smelting reduction of the ore and gasification of granular coal take place.

About 250/0 of post combustion with 80% of heat recovery is required to caver the heat

requirement of this stage of the process. The gases arising from the smelter are further

combusted in the melting cyclone in arder 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 1-4. 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 shawn 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 volumetrie production rate inclusive of pre-reducer can be achieved. In

addition, as a high degree of pre-reduction and melting oeeur 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.

(
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(

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 ta

1600oC, engulfs the charge materials, and acts as the containment and reaction medium

where smelting occurs. Carbon in the feed mix serves as bath 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 prirnary 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

13
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creates both tremendous surface area and slag droplets for capture and retum of the post

combustion heat to the process.

The Romelt is the oruy one-step process without pre-reduction in the in-bath

smelting processes currently being developed. A very high volumetrie smelting intensity

can thus be aehieved. The key feature of the Romelt proeess 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 pennits fumace operation at very high post combustion ratio.

Experimental results have already shawn 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 titaniwn. mil! scale, BOf scrubber slimes. and iron-copper-zinc-containing

slag. Materials with less than 28% total iron were aIso processed without difficulty.

However, with low concentrations of iran in the feed material, fuel and oxygen useage

together with slag generatian rates al! increased.

{
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1.1.4 DIaS and AISI Pracesses

The Direct Iron Ore Smelting (DIaS) process has been a joint development of the

Japanese steel industry and their government. Up ta now, the preliminary studies on 5

15



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 [13-14J.

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 (AlSI) and the V.S. Department of Energy (DDE).

Severa! V.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 DIDS and AISI processes are quite similar to each other. A schematic

diagram of the DIOS process is sho\'ffi in Figure 1.7. Both processes use a vertical type

converter vessel as the bath smelter, as sho'Wll 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 bath 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 foarning. Post combustion is achieved by

secondary oxygen and the slag phase separates the high oxygen potential gas from the

{

(

CHAPTER 1 Introduction

( 16



(
CHAPTERl Introduction

oal
ryer

{
6D"C
llJ55Mcal
20nNm'
Venturt

Pressure
control
lIalve

coal

Lesend:
res t cOlllbus t 10n
ratto
Delree of ~as
oxi.daUon
Reductlon deere~

N. Compressnr

PC:

00:

RD:

2Œf'oIm'

PaiO'Ii
Pressure: 1.~aa"G

1
0056'36

~m'

i.ron ore

l

'---~'WI~yclone

Opener and
Molten

{

lron
2rtlh

4"C
15œC {Slal
1~ l1a1

~
Molten 1ren car

F'lux
S8tI

{

Figure 1.7 Process Dow in the DIOS pilot plant

(
17



{
CHAPTER 1 Introduction

Top lance

(

Offgas
--. move of gas
-+ move of slag

Condensed
iron zone

·c

Bottom tuyeres

Figure 1.8 Schematic diagram of DIDS and AISI bath smelters

18



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 intennixing

ofthese 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 ta he overcome in their future

development. For instance. the present smelting intensity of DIOS and AISI processes is

only 4.0 - 6.0 mt/m3/day inclusive of pre-reducer as compared with 8.0 - 12.0 mt/rnJ/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 furnace, the smelting reduction occurring in the bath smelter is

expected to be very dynamic and require significant and sufficient heat to sustain. Owîng

ta the use of vertical type converters in both processes, there is a limited nominal bath

area for heat transfer. This limited bath area cao 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 rnetal.

Summarizing, a common feature of the variaus 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 draplets contained in the sIag 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 tum 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 he

responsible for the rapid reduction ofFeO observed in the slag-metal bath [17-18]. Tt 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 H2 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 EmulsificatioD and Slag Foaming Phenomena in ln-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. It is generally held that the large intertàcial 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 metaI droplets

entrained in a slag sample taken from a pilot trial of the AIS! Direct Steelmaking Project.

Similar dispersions of liquid iron in the slag phase have aIso been documented in Nippon

Steel's pilot experiments of the Direct Iron Ore Smelting (DIOS) process [19].

In the process of smelting reduction of iron ores, the total rate of iron ore

reduction may he expressed as [18]:

(1-1)

(

where, ~, and ~.m are the rate constants for the slag-char and slag-metal reactions~ Ab

and Ac are the bath are~ char area; Ad is the total areas of carbon-saturated metal droplets

created due ta 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 ta

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 AlSI pilot trial

x 500, droplet size 0.5-20 J.lm
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predict the rate of slag-metaI reaction, an apparent mass transfer coefficient, ~-m·Ad' 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]. Arnong thase

studies. two stages for the slag-metal reactions were usually presented [24-26]. The tirst

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

Hirasaw~ 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, severa! researchers have investigated

the mechanism of metal dispersion in slag caused by bottom blowing [29-31 l. For

exarnple, Poggi, Minto and Davenport once carried out experiments in a mercury/water­

glycerin system, in arder 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 mereury 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 he a significant physical feature that can be induced by top and bottom

blowing operations in slagimetai systems. Tanaka was the frrst to conduet experiments in

a paraffin oillwater system. He reported significant dispersion of oil in water and paraffin

oil in mercury [32]. He later confinned this in actuaI 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

"metaI" phase.

Based on the previous work as summarized above, it has been appreciated that

bath "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(
CHAPTER 1 Introduction

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 oillaqueous and oillmercury 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, Vd(t), following the

start of bubbling followed the relation:

(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 volwne of lower liquid

carried up into the emulsion per bubble was expressed by the following equation obtained

from dimensional analysis:

1 S

V: = O.49f.J",Psf.Js-ï 6.p-ïd; (1-3)

(

The study of Lin and Guthrle 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

(
CHAPTER 1 Introduction

{

.(

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 tenns of arbitrarily defined foam lives that are system specifie.

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 \\Iith an

FeO containing upper slag phase. There, they demonstrated~ that under non-stirred,

quiescent conditions, small bubbles nucleated at the slaglmetal interface, and rose to fonn

a bubble foam at the upper surface of the slag. As expected. the foam stability depended

on the physical properties of the slag. They aIso 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 inc!ustrial systems must take into account the large
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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 Bikennan [44-45],

to describe the "foaming abilityll of a slag. The Foaming Index is defined on the basis of

observations that the volume of gas (Vg' m3
) contained within a foam formed at steady

state is proportional to the gas flow rate (Qg, m3/s), the constant of proportionality being

tenned the Foaming Index L (s),

(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 (Lili~ m), and superficial gas

velocity (Ug, mis):

(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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(

where, Ils is the slag viscosity (kglm·s); Ps, the slag density (kg/m3
); cr, the slag's surface

tension (N/m); and g, the gravitational constant (mis:). 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 he 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 smelters, large gas bubbles

resulting from top and bottom blowing (e.g. O2, Ar, or N2) would tend to change flow

patterns in slag foams containing many small CO bubbles generated from the slag-metaJ

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 fonn ofa general relationship was developed.
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In their study, the fractional volume of gas holdup, E, in foaming slags containing large

spherical cap bubbles was expressed as:

(1-7)

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

h+M
(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 ofbubbles, ~.

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 raie 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:

f.J1.l

L=115 0" d 09
U .-Pt b'

(1-9)

(

As seen, db now appears in the denominator. However, it should he 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 fonned at steady state is proportional to the gas
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flow rate. In the work of Lin and Guthrie just cited. this was shawn ta he incorrect for

foaming slags containing large spherical cap bubbles.

Because of the great interest in slag foaming phenomena, Kapoor and Irons [48]

recendy studied the subject by injecting nitrogen and helium into a variety of liquids at

high superficial gas velocity (0.18 ta 4.0 mis). Similar results ta the study of Lin and

Guthrie [46] were obtained. Based on the results, they aIso suggested that it was

fundamentally incorrect to characterize slag foaming in tenns of a foaming index.
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CHAPTER 2 MODELLING OF METALLURGICAL EMULSIONS

2.1 Observations of Experimental Phenomena

2.1.1 Emulsification Behaviour

To clarify the liquid dispersion phenomena happening in practice, sorne

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 Brookiield viscometer~ while a Fisher Scientific

intertensiometer was used for interfacial tensions.

Table 2.1 Physical Properties ofVarious Liquids Used in Experiments (20 OC)

Substance Density (kg/mJ
) Viseosity (mPa.s)

lnC12 (I, 7.34 M) 1670 36.0

ZnC12 (II, 3.67 M) 1340 16.0

Silicone oil (1) 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 OC)
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(

System Density Ratio (y) cr (N/m)

ZnCl2 (1) / oil (1) 1.72 0.024

ZnCI2 (II) / ail (1) 1.38 0.026

ZnCl2 (1) / ail (II) 1.74 0.022

Water / ail (I) 1.03 0.042

a). OiVZnCI1 Svstem

Ta simulate the dispersion behaviour in the bottom blowing process, a 7.34 molar

solution of ZnCI:! \vas used as the lower "metaI" phase, giving a ZoCI/oil density ratio of

1.72, close to a steeUslag density ratio of 2.0-2.2 in practice.

Figure 2.1 is a photograph of the silicone oiUZnClz system at an air flow rate of

0.85 SLPMltuyere. It ShO'NS that many lnCI2 droplets ("metal") of different sizes were

created and entrained in the silicone oil phase follo\ving the start of bottom blo'hing. As

the birth rate of droplets was larger than their death rate during the initial blov..ing period.

the dispersed droplets would gradually accumulate at the "slag"/"metaI" interface until a

steady state was reached, thereby forming a multiple droplet layer at the original

oiUZnC12 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 thennodynamic equilibrium is reached in the system. In
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Figure 2.1 Emulsification behaviour in the oillZnCl1 system

(Q =0.85 SLPM, Hm =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 ha~ 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 ail phase. To test

the content of the droplet layer, sorne samples were pipetted out and the oil/zinc chloride

phases were allowed to separate. The results 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 80o/O(vol.) of zinc chloride in 200/0 of oil.

b). Oil/Water System

T0 examine the effect of density difference and other factors on dispersion

behaviour. experiment5 were al50 carried out on the oil/water system for comparison with

the oiVZnCl2 system.

Figure 2.2 shows the dispersion behaviour in the silicone oil/water system under

the same flow rate as the silicone oil/ZnCI:! system (0.85 SLPMltuyere). Compared with

Figure 2.1, a big difference can be observed. The important feature of this system is the

dispersion of the upper ail phase into water (inverse emulsion). The dispersion of oil was

caused by the instability at the bottom rim of the ail 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 oillwater system

(Q =0.85 SLPM, Hm =160 mm, ~ = 140 mm)
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This can be illustrated by Figure 2.3. As shown, due to the small density difference dp =

30 kg/m3
), 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 (ail). No water droplets

formed in this case as aIl of the bubbles rose within the continuous water plume. Instead.

a dispersion of oil could be observed at the oiUwater 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 oiUwater interface, as shown in Figure 2.2.

The opposite patterns of emulsions formed in the oiUZnCl2 and the oiUwater systems

suggest that density differences between the two liquid phases plays a primary role in

emulsification behaviour in a Iiquid/liquid emulsion generated by bottom blowing. To

further verify the effect of density difference. sorne experiments were aIso perfonned in

an ail (~ = 340 mPa"s)/mercury system in a colwnn 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 oiUZnCI:! 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 l~pper phase.
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Figure 2.3 Dispersion of oil due to shearing forces at the oillwater interface

(Q =0.4 SLPM)
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2.1.2 Mechanism of Droplet Fonnation

A detailed observation of the behaviour of a single bubble at the interface is
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necessary for a rational interpretation of the mechanism of droplet fonnation. Depending

on the gas flow rate, two stages of droplet generation were observed from the

experimental video records in the oiUZnC12 system:

At lower flow rates (Q<O.85 SLPMltuyere). 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 \vas rnainly due to the rupture of

ZnCI:! coatings carried by gas bubbles. As shov..n in Figure 2.4, the coatings drained to

the base of the bubble, and a liquid thread v....as formed due to the relative movement of

the drained coatings and the rising bubble. The liquid thread thus formed tended to

becorne thinner as the gas bubble rose \\ithin the ail. It then detached from the bubble al

sorne height, and the detached Iiquid thread soon broke up into smaller droplets due to

interfacial instability or collisions with up-coming bubbles.

At higher flov; rates, it was found that, in addition to the mechanism of the

drainage of "coatings", the break up of a big ZnCI:! wake, forrned at the interface, as a

result 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 tlow rates

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

(Q =1.65 SLPM)
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T0 estimate the interfacial areas of dispersed droplets~ the Sauter mean diameter

(d32) is usually introduced for reacting systems, such as the combustion of ail 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:

1. n) (2-1)

(

where. ~ is the equivalent diameter of a single droplet. As seen from the definition. if the

droplets are assumed to he spherical in shape, the interfacial areas of dispersed droplets

created by bottom blowing, Ad (ml), can be expressed as:

(2-2)

(

where, Vd(t) (mJ
) is the total volume of droplets entrained within the upper phase al any

instant. Therefore~ the problem no\v becomes how ta measure Vdel), the transitional

volume of entrained droplets, and d32, the Sauter mean diameter of dispersed droplets,

since d32 represents the diameter of an average particle having the same ratio of volume to

surface area as the actual distribution of droplets abserved [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 he immediately
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detennined from video records of experiments. Thus. following the eut off of bonom

blowing, the emulsionllower phase interface became clearly delineated, allowing the

increase in emulsion height to be detennined. These increases in height was at the

expense of a corresponding decrease in "metal" volume and was readily reiated 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 ln such

emulsification processes, one cao apply the principle of mass conservation at the

"slag"/"metal" intertàce to obtain:

(2-3)

(

In this equation. the terrn on the left side, Vit) (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, RB (m3/s), is considered being constant throughout the emulsification process. The

second term on the right side represents the integration of droplet death rates, Ro(t), over

the period of 1. 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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dV,j(t)
dt = R B - RD(t)

with the following boundary conditions:

B. C. 1: al t = O. V" = 0

B.C. 2: att -+ t~, V" = V:c

(2-4)

(2-5)

(2-6)

(

where, t2; is the bubbling time needed to reach a steady state emulsion; V:t: 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, dVd(t)/dt (m3/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 proportionaI to their volume (or

concentration) in the emulsion, i.e.

V,j(t)
Ro(t) =

r (2-7)

\\ihere, L is a constant with the dimension of time. The physicaI significance of 't will be

delineated later. With Equation 2.7 and the tirst boundary condition.. Equation 2.5. one

can integrate Equation 2.4 to obtain a generalized model for the transient volume of

entrained droplets as fol1ows:

Vd(t) (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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(2-9)

Since 't=VjRB~ the physical significance of "t can he 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), ",,·e can further show that the

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

(2-10)

1

RD(t) = RB(I-e-;) (2-11 )

(

(

A typical experimental result for the transitional volume of entrained droplets is

presented in Figure 2.6. ft was found the results of every experiment followed the

relationship suggested by Equation 2.8 very weIl. For instance. referring to the three

curves presented in Figure 2.6~ one sees that at the Io~·est flo\\.· rate of 0.5 SLPrvt the

volume of entrained droplets increased with time, but ""ith an asymptotic decay in the

rate of volume increase, ta reach a constant value within about five minutes from the start

of bubbling. Under such conditions, the death rate of particles Ro increased to the point of

matching the birth rate of particles RB, resulting in a steady-state plateau. for which the

total volume ofentrained droplets, Vd(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 ta reach~ as
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anticipated. AlI these curves Viere "fitted" to the data. using Equation 2-8 as the

relationship characterizing the phenomena invoived. 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 rnetallurgical

emulsification processes, such as those induced by top blowing or by iron ore reduction

in the sIag, the same relationships as Equation 2.8 to Equation 2.11 can be expected.

Therefore. the modei obtained in this study is of generai significance to illustrate the

relationship of the rate phenomena invoived in metaliurgicai emulsification processes.

regardiess of the meehanisms of draplet generation.

2.3.2 Draplet Birth Rate

As the transitional volume of entrained draplets can be well fit by the generalized

modeL Equation 2.8, the birth rate and the mean residence time of droplets in the

emuisification proeess are readiIy detennined from the experiment. Experimental results

of the effeets of gas flow rate, upper phase thickness, bath height. upper phase viseosity,

and Iower phase density, on the draplet birth rate are summarized beIo\\'·.

a). Erfeet of Upper Phase Thickness (Hl)

As shown in Figure 2.7, the droplet birth rate increases with gas flow rate, but the

effeet of upper phase thiekness is negligible. The seatter in experimental data eao be

attributed to experimental error. Although the upper phase thiekness 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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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). Errect of Lower Phase Height (!\.1

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

over the range ofheights studied, as presented in Figure 2.8.

c). Effect of Upper Phase Viscositv (u!)

As seen from Figure 2.9, upper phases of higher viscosity tended ta lower droplet

birth rates. This can be explained in tenns of larger viscous drag forces on the surfaces of

lnCI! coating gas bubbles as they rise through the lnCI/oil interface, the higher drag at

the interface tending to pull the lnCI! coating back into the bath.

(
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(

Role of Densitv ofLower Phase (Pm}

In generaL one might expect that a lower phase of lower density would be easier

to be canied up into the upper phase by rising bubbles. This was confinned by the

experimental results shawn 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 ta 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 sho\\TI 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 oiUzinc 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, VdO (m3
) can be estimated by dividing the volumetrie 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

beween the volume of a bubble formed at the tuyere exit and gas flow rate.. such as

Vb=1.378Qllg06[51], could not be applied to detennine the frequency of bubbles passing

through the interface. Rather. the frequency of bubbles passing through the interface was

counted from experimentai 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, Vdo (m3
), is dependent on the variables listed in the

follo\\ling relation:

(2-12)

(

where. db (m) is the bubble size: ~p (kg/m3
) is the density difference between the two

liquids; Ps (kg/m)) is the density of upper phase; Jlm and Jls (kg/mis) are the viscosity of

Iower and upper phases respectively; and g is the gravitational constant (mis:} In

Equation 2.12~ neither the upper phase thickness (HJ nor lower phase height (Hm) were

included since experiments showed their effects to be negligible, In addition, interfacial

tension bern'een the m'o liquids was also excluded. As discussed in the mechanism of

droplet fonnation, 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
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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 al [29].

In Equation 2.12. there are 7 variables and 3 fundamental dimensions; therefore,

four dimensionless groups are ta he obtained. It is desirable to have these groups depend

on Vdo, db' J.1s' and ôp respectively, i.e.

Irl = f(p
f

, P",. g. v/)

1r1 = f(p
J

• P",. g. db)

Ir] = f{P
J

• Pm' g. P f )

(
tr:"' == f( PJ' Pm' g. ~P)

(2-13)

(2-14)

(2-15)

(:2-16)

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

obtained as follows:

(2-17)

;(2 =
(2-18)

(

(2-19)
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(2-20)

or for the first tenn of a polynomial series that:

(2-21)

(2-22)

By applying multiple regression analysis to the experimental results.. the

following relationship between the volume of entrained Iiquid and other independent

variables was obtained:

(
V/ (2-23)

or~ in dimensional form, in SI units,

1 5

V./ ==: 0.49f.LmPJ.is"j tlp·; d,/ (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 \\;th the experimental results for the three systems

investigated in the present study. In general, the agreement is good despite sorne scatter.

Predictions for the ail (340 mPa-s)/mercury system are also sho\vn in the figure.

However, for such a system, the curve essentially falls on the x-axis so that it i5 hardly

seen in the figure, the amount of mercury carried per bubble being 50 small cornpared

with that for the oillZnC12 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
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between the two phases on the droplet birth rates. For the slaglliquid iron system of

primary interest in this work, one may use the fol1owing physical properties: J.lm=5 x 10-3

kg/mis. ~s=0.45 kg/mis, Ps=3000 kg/m3
, ~p=3800 kg/m3

, to obtain the prediction shown

in Figure 2.11. As seen, the results for an equivalent slaglliquid iron system would fall

between the oiUzioc chloride and the oiUmercury systems.

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

volume of droplets lifted ioto the upper phase per unit time. ThUS., given:

RB
(2-25)

( (2-26)

(

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 bet\veen the t\'l0 liquids, and with bubble

size. Based on Equation 2.26. the dependence of RB on the physical properties of the two

liquids in sorne extreme cases can also be appropriately interpreted. First, in the case of

very small density differences, such as the silicone oiUwater system, Equation 2.26

predicts that large amounts of lower liquid would be drawn up so as to fonn 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 ioto smaller droplets
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and an inverse emulsian tends ta farm in this system. This was the case abserved for the

silicone oiUwater 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 aImost zero in this case. Once again.. this confinns 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.

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

In the AISI and the DIOS processes~ two saurces of iron droplets appearing within

the slag phase can he 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 senle do\\n to

the iron bath. Second, iron droplets can aIso be generated by bottom blo\\ing, v.·hich

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 employed in the AISI and the DIOS

smelting operations in order to shield the iron bath from direct contact \\'ith the top-blown

oxygen jet. Consequently, the top-blown oxygen jet does not contribute to the droplet

generation in these particular cases.

The droplet hirth rate related to bottoIn blo\\ing may be estimated \\ith Equation

2.26. For example, for the AISI's pilot triais on a 10 tonne conyerter with a production

rate of 4.5 tonslhr, the bottom blowing flow rate \\'as 160 Nm3/hr. By assuming an

average bubble size of 0.1 In and taking the physicaI properties of slag and metaJ used to
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predict the slag/iron system ln Figure 2.11, one can calculate the droplet birth rate
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.(

(

resulted from bottom blowing as:

1873
.~ ..~ 160x 298

RB = 0.94x(5x 10.3)x(3000)x(0.45) J x(3800) J x 0.1x3600

-6
= 52.0 x 10 ml 1 s

Here, it should be noted the effect of bottom blowing on the in-bath smelting

process is not ooly limited to droplet generation. In fact, the introduction of bottom

blowing will enhance the kinetic mass transfer coefficient for sIag-char and slag-melal

reactions due to ils 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 volumetrie rate of production of iron. i.e.
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4.5x103

3600x6800
= 183.8x10-6 ml 1 s

RB' =

Of the droplets generated by iron ore reduction, two sources of droplets may be

involved. First, through sIag-char reactions, thin films of iron may be forrned 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 sIag, thus augmenting the sizes of these droplets through slag-metaI

reaction. Such freshly generated iron droplets and decarbonized droplets can he 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 aImost carbon saturated. usually 50/0, this means that most of the iron droplets

must be saturated with carbon before they faH into the iron bath. This cao 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 rnean diameter and the mean residence time

of droplets. is needed in addition to the droplet birth rate. A preliminary analysis of sorne

slag samples from the AISI pilot trials indicates the existance of a large number of

carbon-free small droplets, usuaIly less than 20 J.1m, as sho\vo in Figure 1.1, and sorne

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 Ilm (2x1O·s 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. SimilarIy, one can work out the

residence time for a droplet of 1 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 ta 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

lime 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 emu1sion were observed: a) aqueous droplets dispersed within the ail phase,

and b) ail 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 generaIized model characterizing the transitional volume of entrained

droplets within the upper phase in the emulsification process was developed. The model

is a1so of general significance ta 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 he quantified.

3). Dimensional analysis was used ta 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 behavior.r 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 Metbod

As slag foaming can be considered as being a two phase bubble-liquid flow

phenomenon, low temperature modelling techniques cao 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 thraugh a porous metal disc (2 J.1m pore size. 75 mm diameter) set at the

base of the column of plexiglass. In the experiment, the height of foam bed (h+ôh. m)

\vas recorded by video. at different gas flow rates (Qg, m 3/s). Corresponding bath height

increments Ml. m) were readily detennined by measuring the difference in the height of

the foam bed and the height of the initialliquid (h, m), as illustrated in Figure 3.1. While

this experiment does oot perfectly represent the "self-foaming" slag conditions that apply

in the "in-bath" smelting, in which much of gas is generated v,;thin the slag itself. rather

than passing completely through the bulk of the slag phase, it represeots a reasonable

average.

3.2 Experimental ResuUs

3.2.1 Modes of Bubble Formation and Classification of Flow Regimes

Based on observations made with the video recorder, three regimes ofbubble

62



(
CHAPTER 3 ModeUing of Slag Foaming

foam

o 01'~O.0 oo~ ° q, 0

~~~o ~C:8 °0
0() ~go9, 0 0 cP, ° 0 0

Q)o& ooW&3~i~
_" h co 000 0 ·0

odbe~oofrP%o ~
coo~oo~o~~

liquid odb qoO" 0 0

O()o~oa~~~*0008 0Që" 0 ° a

(
, ~ ~b99'~O~~O03° 0.0 0a;c 0 000 ·0

0·°0 000olrP~o(5~
coo~ 0~~~93

1 a cP. 0 o~ CI 0 0"
1

coo~~a~?~~o1

:h 0 0 ~ °0°. 0

~ o.9-#/>~~8~
00 ~OO~C09~O~
000 %~Ç} Cf08 00

0

(a) (b>

Figure 3.1 Illustration of slag foaming

(a) initial status at QI =0; (b) steady status at QI> 0
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fonnation were observed. These, in the order of increasing gas flow rate, are:

a). Ouiescent 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. lncreasing the gas flow rate in this regime increased the number of

pores in operation together with a concurrent increase in foam height. In 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 Wlstable in the presence of large coalesced bubbles.

This regime corresponds to the transition zone in two-phase bubble flo\v 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 be1ow.

c). Blanketting

At higher gas flow rates, the homogeneous dispersion of gas through the parous

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 sho\\n in

Figure 3.3, trus 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, Jl =48 mPa·s, Q =1.5 SLPM)
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Figure 3.3 Blanketting in silicone ail/air system

(h =400 mm, J.L =48 mPa-s, Q =1.5 SLPM)
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a).

3.2.2

(

(

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 beeame agitated and the foam height collapses. Given the oon­

wetting eharacteristics 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 tlow rates [54].

Foam Height

Effee! of Superficial Gas Veloeitv

Figure 3.4 shows measured bath height increment for an air/water system. Three

different types of foaming behaviour eould be observed follov.-ing the transitions in the

modes of bubble fonnation just deseribed. As seen from Figure 3.4, foam height

inereased linearly \vith gas rate in the regime of bubbly tlow in whieh quiescent bubble

fonnation 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 predieting [oam height is only valid in the bubbly

flow regime, where bubbles are spherical or ellipsoidal and relatively small (usually less
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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 ofLiguid

As aiso 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 Iiquid (~ 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

phenomen~ previous high temperature work [41-43] was limited to very small sIag

thiekness in eomparison with those pertaining to actual bath smelting vessels (e.g. 0.3-0.6

ml. Therefore~ it seems likely that sueh 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 effeet of initial Iiquid depth.

e). Effect of Liquid Viseosity

In order to examine the effeet of liquid viseosity on foaming behaviour~

experiments were also conducted in silicone ail/air systems for comparison with water/air

system. As shown in Figure 3.5~ foam height increased with liquid viseosity in the bubbly

f10w regime. However~ in such higher viscosity systems~ the bubbly flow regime was

only possible at smaller gas flow rates than thase for systems of lower viscosity. This
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May be explained in terms of the effects of viscous forces on transitions between modes

of bubble fonnation.

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 ta increases in foam height., according to

continuity:

(3-1 )

(

where. .ôh (m) is the bath height increment and A (ml) 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:

vg = (number of bubbles in foam bed)xVb (3-2)

where. Vb (m}) is the volume of a single bubble ofaverage bubble size. Since,

number ofbubbles in foam bed = (frequency ofbubble formation)

x(mean residence time of bubbles in foam bed)
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(3-3)

(3-4)

where~ Us is the average slip velocity of bubbles in the foam bed. The last tenn on the left

side represents the rnean residence time of bubbles in the foam bed. Since Qg = Ug.A. we

can combine Equation 3.1 and Equation 3.4 to show:

M=
u

g ·h
Ur-Ug

(3-5)

(

(

Equation 3-5 was derived from volume continuity. It signifies (unlike Equation

1.2) that the foam height is not ooly dependent on the superficiaI gas velocity (UJ, but

aIso the average slip velocity of bubbles (UJ in the foam bed and on the initial depth of

liquid Ch). The average slip velocity of bubbles could be further influenced by the sizes of

bubbles~ the physicaI properties of the liquid and interaction among bubbles. For

example. if the sizes of bubbles are smaII~ such as those encountered in beer or milk

foams, their corresponding average rise velocity is aIso 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 chum-turbulent flow regime.
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(

(

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 he 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:

(3-6)

where, e=M1ILlh+h), is, by definition, the average holdup of gas within the foam and Ug,

the superficial gas velocity. Equation 3.6 is the same as that derived by Nicklin [55]. 115

physical significance is that the average slip velocity of bubbles is equal to the interstitial

gas velocity in a fraction, E, of the cross sectional area of the foam bed.

Figure 3.6 shows gas holdup in foaming slags for sorne of the AlSI pilot trials

(No.25-29) for the smelting reduction of iron ores, which were calculated from measured

levels of foaming slag and estimated amounts of slag 'Nithin the vesse!. The superficial

gas velocity was calculated by GOll et al [56] from rePOrted coal charging rate in the

Universal Pilot Plant. As seen in tbis figure, gas holdups or the volume of gas within all

the slags were practically constant (E=:O.8), even though superficial gas velocities

increased from 2.0 mis to 4.0 mis. This can probably anributed to the coalescence of

srnaller bubbles into larger, faster moving ones. However, Ogawa et al have reported

different fmdings [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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(

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 ofbubbles in the foaming slag can

be readily estimated using Equation 3.6. The results are shown in Figure 3.7. As seen in

the figure. the average slip velocity of bubbles, Us, must necessarily increase in

accordance with Equation 3.6, if E is to remain constant with increase in Ug• In addition,

one can note that the average slip velocity of bubbles in the foaming slag was very high,

ranging from 2.8 mis to 5.0 mis. 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 severa! 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 \lfithin 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 sorne large CO bubbles in the slag. Third, the

reaction between large O2 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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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 (U5' f;). 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 tenninal rise velocity of a

single bubble of average bubble size. UT (mis) 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 fonn:

{
Us = U T(1 - E )m./

In the above equation, Wallis suggested m=2 for small bubbles [59], i.e.

Ur = U r (1-E)

(3-7)

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=Q [59]. Thus,

Equation 3.7 reduces to:

(3-9)

(

As indicated by the above equation, the slip velocity of a large bubble in a foam

bed is larger than its tenninal velocity in a large extent of stationary liquide This May he

attributed to the acceleration of the bubble flowing into the wake of its predecessor.
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When a single bubble rises through a large body of stationary liquid., its tenninal

velocity can be readily obtained by equating the drag force and buoyancy force. i.e.

(3-10)

Since AI:=7td/14, one can show that:

Ur
(3-11)

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

coefficient CD=24~b' In this case, Equation 3.11 reduces to Stokers solution:

{
Ur =

(P.. -Pg)gd,/

18 f.1 .. (3-12)

{

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 ta reach a constant (C D=8/3) for large spherical cap

bubbles in liquids of viscosity less than 200 mPa-s. For liquids of higher viscosity, such

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

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

between 400-500 mPa-s [42], it is reasonable to take Co==8/3 for thase large spherical cap
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bubbles in slags. As a resu1~ Equation 3.11 reduces to:

1

l../ r = (O.5gd"i:

3.3.4 Estimation of Average Bubble Size in Foarning Slag

Modelling of Slag Foaming

(3-13)

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

flo\v, can be expressed as:

(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:

2 1-&
-(-u)
g & g (3-15)

(

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 a1so 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 ofFoam Height

Modelling of Slag Foaming

In intensively stirred metallurgical reactor systems., where large spherical cap

bubbles would he 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:

&=
(3-16)

(

(

Equation 3.16 predicts tha~ 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 ta bubble coalescence.

Based on Equation 3.16, the effect of increased gas pressure in smelting fumace on slag

foaming can also he 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 sIag foaming process is characterized by

small sphericai 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. [n generaI, a different form of

relationship to that proposed for large commercial fumace operations can then be

anticipated.

Finally, it is interesting ta rearrange Equation 3.16 in tenns of the Foaming Index

defined by [to and Fruehan [42]. Based on Equation 3.16, one can show:

(3-17)

(

Equation 3.1 7 indicates that the Foaming Index (L) 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, ta describe chum-turbulent foaming phenomena in

tenns of a slag Foaming Index, even though its simplicity may have certain practicai

merits for a set of specifie operating conditions.
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3.4 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 M1=Utv(Us-Ug). 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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CHAPTER4

MODELLING M1XING BEHAV10UR 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 iota molten Metal from a

shrouded tuyere installed on the side wall of the converter. Top oxygen blowing is

implemented in sorne plants to reduce AOn processing cast and increase productivity

[66].

Currently, about 800/0 of the world production of stainless steel is accomplished

through use of the AOn converter. This is due ta 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 cast can be used as charge rnaterials. Nevertheless, a significant proportion

of chromium and other valuable alloying elements are oxidized aJong with the carbon
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C02 + C-2CO
H20 + C-CO + H2
3C02 + 2Cr­
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Figure 4.1 Schematic diagram of AOn 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 0/0

Cr20 3 (typical chemical changes during refining period are indicated in Figure 4.1). For

the process ta he economical, the valuable element that has heen oxidized needs ta he

recovered. The recovery of chromium and other valuable alloying elements (e.g. Ni, V

etc.) is normally achieved by adding 75FeSi, together with some tluxing agents ioto 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% Cr20 3[67]. The typical reduction

reaction of oxidized chromium in the slag by ferro-silicon alloys can he expressed as

follows:

2 Cr:!03 (in slag) + 3 Si = 3 Si02 ( in slag) + 4Cr (4.1 )

(

Therefore, the kinetic and thermodynamic efficiencies of chromiurn 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

vesse!. However, if all other variables are held constant for a given AOO operation, any

difference in the perfonnance 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 fOnD 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 ta 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 AOO

operations is not a major concern as inert Ar is utilized for purging and stirring, it is still

desirable to have these alloy additions weIl mixed in the fluid for fast melting and

dissolution. Thus~ the reduction reaction for maximum chromiurn recovery can he

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, ladIes and transfer vessels for the purpose of Metal extraction or refining has

become cornmon 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. ta eliminate thennal and/or

composition gradients, to remove inclusions, and 50 on. Similar parallei 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 Mazurndar and Guthrie in a recent

review [72]. Thanks to the success of these model1ing work, great improvements in the

design and optimization of gas stirred ladIes 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 ioto a copper converter,

Themelis et al derived an equatioo 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 ofair jets

in copper mattes were also predicted. However, in a later study to iovestigate the general

physical behaviour of an air jet injected horizontally ioto 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 Fraude number ranging from 20.5 to 288) in mercury was

aIso 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

AOD vessel, little work is known in these areas, primarily due to the great difficulty 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, AOO operations employ side blown jets at much higher flow rate ( 0.4 to 1. 2

Nm3/min·t in an 85 tonne AOO vessel [67] versus 0.001 to 0.015 Nm3/min·t in a ladle

[72]). The paucity of infonnation to give a prior specification of the field distribution of

gas volume factor in the rising gas/plume, makes it impossible to numerically 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.

Furthennore, 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 ladIes, numerical, as weIl as most

physical models of such systems has so far tacitly ignored the presence of any overlying

slags. Mazurndar et al once carried out a study in order to identify the possible effects of

upper slag phases on the fluid dynamics of gas stirred ladIes [75]. By extensive flo\\"

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 sigffificant portion of the input energy to a gas stirred

ladle cao 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 ln 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 arder to

optimize industrial AOn 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 AOn operations 50 as

to ensure maximum recovery of chromium in the slags and to reduce refractory wear

during slag reduction periode AIso, it is believed that the results of such a study shaH 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 AOO vessel is to inject the process gases (02• ArIN! )

through a cIuster of 4 to 7 submerged , side-mounted tuyeres of 3/8" to 5/8" LD..

Although a recent modification introduces a top oxygen lance. the configuration of

submerged side way injection of argonlnitrogen-oxygen mixture remains the principle

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

The AOn operations that were simulated was for an 85 tonne vessel, with

dimensions as shown in Figure 4.2. In order to detennine the equivalent gas flow rates

needed for the modelling experiments on a one fifth scale mode!., one has to consider the

modelling criteria for similitude of fluid behaviour.

Sorne authors have used equivalent specifie 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

specifie energy input is (see Appendix 1):

(4-3)

(

where. Q = gas flow rate at normal pressure and 273K, NmJ/s

= weight of hot metal, kg

= temperature of hot metal, K

= room temperature, K

= pressure of injected gas at bath surface, Pa

= pressure of injected gas at tuyere exit, Pa

= density of gas at normal pressure and 273K kg/m3
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Figure 4.2 Typical85 tonne AOD vessel dimensions

(5 tuyeres, tuyere dia. 12.2 - 15.3 mm)
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Pg•• = density of gas at the pressure at tuyere exit and 273K, kg/m]

~ = number of tuyeres

do = tuyere diameter, m

By considering the fol1owing typical industrial conditions for the 85 tonne

prototype AOD vessel,

Q = (0.4 Nm3/min·t to 0.8 Nm3/min·t) x 85 t = 0.567 to1.134 Nm]/s

TI = 1873 K

Ta = 298 K

P:! = 101.3 X 103 Pa

= P:! + p,gh\ == 101.3 X 103 + 6800 x 9.8 x 1.67 = 212.6 x 103 Pa

= 1.784 kg/m3 (Ar)

~ 212.6 X 103
3

= p:! Pg = 1013 X 103 x 1.784 =3.744 kg / m

=5

= 1.27 X 10.2 m

one can work out that the above conditions represent a range of specifie energy input

from 8.41 to 23.30 Wlkg. UnJike a ladle system. where the kinetic energy input is usually

less than 50/0 and negligible [72], it is noted that the contribution of kinetic energy can

take up to 37% of the total specifie energy input in the prototype AOD vesse!. This

95



(
CHAPTER 4 Modelling Mixing Behaviour of Ferro.Ooy Additions in AOn Vesseb

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 he further explained with the

following analysis.

For fluid behaviour ln submerged gas-liquid systems" the modified Fraude

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

,
PgJU-

Fr =-----
(P, - PgJ)gL

(4-2)

{

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 he 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:!

L

= 101.3 X 103 Pa

= P:! + p\gh\ = 101.3 X 103 + 6800 x 9.8 x 1.67 = 212.6 x 103 Pa

= 1.784 kg/m3 (Ar)

PI 212.6 X 103

= -P = x 1.784 =3.744 kg 1m3

P,- g 101.3 x 103

=6800 kg/m3

= 1.67 m

=5
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Q = (0.4 NrnJImin·t to 0.8 NrnJ/min·t) x 85 t =0.567 to 1.134 NrnJ/s

u

(

(

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 sarne 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.

[t 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 sIag/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 fuIly

emulsified, regardless the gas flow rates derived from the equivaIent modified Fraude

number or specifie 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 arder to ensure a
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correspondence between model and prototype systems. Since the hydrodynamïc

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 ta be considered, and therefore how to set

about modelling mixing behaviour of alloy additions.

In reference to Figure 4.3, one can apply Nev..1on's second law of motion on the

particle moving in a liquid and obtain the following equation.

( where,

(4-4)

(4-5)

(4-6)

(4-7)

(4-8)

(

Among the above forces, the only force worthy of extra comment is the added

mass force FA' 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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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 CA' the added mass coefficient.. is O.5~ and

du,.
F = -o.5p V -

.~ p dt (4-9)

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

can write the fol1owing differential equations:

or,

(4-10)

(4-11 )

or,
du,. _ (pp - P )g
dt - (pp + C.-cp)

3Plur lu r CD

4dp (pp + C.-cp)
(4-12)

du,. (r -1)g

dt = (r +C.-c)

3Iu,.lu"cD

4dp (r +C.4 )

(4-13)

or, simplifying, and reducing to dimensionIess form.

d p du,. (r-1)gdp 3C
D

u; dt = (r + C.4 lu; - 4(r + C.4 )

(4-14)

(

For the ferroalloy in liquid steel to be modelled by a particle travelling through an

aqueous liquid, this general equation must apply to bath 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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{

C..u = K.~C.u

One can write for system 1:

and for system 2 in tenns of 1:

(4-15)

(4-16)

(4-17)

(4-18)

(4-19)

(4-20)

(4-21 )

(4-22)

(

For Equations 4.21 and 4.22 to be numerically identical as required for a perfect

model, we need KA = 1. Kc = 1, K., = l, K, = 1, and K/Ku/ = 1. Consequently, provided

the added mass coefficient is identical for both large and small spheres, the drag

coefficient Co is numerically equivalent (true provided Reynolds number - 104 or more),

the solidlliquid density ratio is the same, and Froude number is the same, and KJKu/ =

(~./~.l)/(Ur}/llr./) = 1, one can achieve a perfect correspondence between model and

prototype, in which times are equivalent, as weIl as particle trajectories.
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Summarizing, for a model of scale factor À." the particles entering the aqueous

analogue have ta be scaled, together with entry velocities and density ratio as fol1ow:

d p.l = À. d p.l

Y2 = YI

1

U,..l =À. : u,.,l

4.3.2 Two Dimensional Slice Madel

(4-23)

(4-24)

(4-25)

(

(

In arder ta visuaiize 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 AOO 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/mJ
)

to a depth of 500 mm for simulating the mixing behaviour of 7SFeSi alloys in a slag free

steel melt and with zinc chloride solution (p = 1700 kg/m3
) covered by SO mm thick

silicone oil ( p = 970 kg/mJ
, J.1. = 340 mPa-s) on top in order to approximate the situation

of slag covered steel me1t. Wooden particles were added to the water or zinc chloride

solutions during these experiments, to simulate the addition of 7SFeSi 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 ADn process. These wooden particles representing

75FeSi alloy were prepared with correct density ratios of the alloy to steel (y =P75FcSi /Psteel

= 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 modet 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 mode!. 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 modelied by installing one 4 mm diameter

pipe horizontally on the side of the vessel al 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 rnixing behaviour of 75FeSi alloys in a two dimensional

slice model as depicted above, one major concem was that the flow patterns established
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in the slice model might he such as to severely modify the nature of gas phase-liquid

interactions and the attendant behaviour of particles. There was also sorne 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. 115 purpose was to provide a one-fifth scale model of

an 85 tonne ADD steelmaking vessel (Figure 4.2). It was fitted with 5 tuyeres (LD. 4

mm), whose nozzles pointed towards the central axis of the vessel. The total angle

subtended by the 5 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/m3
) to a depth of 520 mm for simulating the

mixing behaviour of 75FeSi aBoys in a slag free melt, and with zinc chloride solution to a

depth of 420 mm (p = 1700 kg/m3
) covered by 50 mm thick silicone oil (p =970 kg/m3

,

Jl = 340 mPa-s) on top. in order to approximate the situation of slag covered steel melts.

Ta 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 faIl gives an

entry velocity of 3.7 mis 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 nonnally charged from the mouth of the vessel (3.5 m high above the bath

surface) and have an entry velocity of 8.3 mis. It should be noticed only air was used to

simulated process gases in the three dimensional model experiment.

4.4 Experimental Results

4.4.1 Two-dimensional Slice Madel

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 blo\m into the vessel at various flow rates

in the range of 20 to 120 SLPM. üwing 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 visuaJization. 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 mode!.

The fOlV/ard penetration of the side blo~ air jet into the reaction vesse! was not

great. Although an increased air flow rate tended to increase the fOI"\vard penetration

somewhat, the overall horizontal fOlV/ard penetration was limited to the range of 50 to

150 mm from the top of the tuyere. As saon as the gas exited the tuyere, the gaslliquid

plume rose quickly. However, the rising plume \\l'as bent back towards the adjacent side

wall of the vessel due ta liquid recirculating back to the plume from the bulle of the
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Figure 4.6 Schematic of fluid tlow and mixing behaviour of

simulated ferroalloy particles in water filled vessel
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vessel. The deflected gaslliquid plume rose quicldy 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

gaslliquid plume. However, sorne 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 gaslliquid plume, the major zone of

mixing occurred in an area defined by the rising gaslliquid 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 ta the upper corner, opposite to the gas injection point, was persisted.

Ta 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

\vithin the main mixing zone with their higher buoyancy forces. The larger particles

tended to reduce the chance of smaller particles becoming entrainecL 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.) Slag Covered Steel Model

In order to simulate typical industriaI 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 \\-;th silicone oil 50 mm thick to simulate slag cover.

Air was blown into the vessel al 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 aIso 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 ll phase and emulsified

"slag/metal" region. Air injection resulted in the generation of many droplets of zinc

chloride (steel) and silicone ai! (slag) and mixed them thoroughly to fonn emulsions.

As with the single phase (slag free steel melt) experiments, the same gaslliquid

plume behaviour and asyrnrnetric mixing zones were observed. The horizontal (forward)

penetration of the injected air was small and limited ta 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 Scbematic of tluid tlow and mixing behaviour of

simulated ferroaUoy particles in the vessel filled

with ZnCl1 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 gasl1iquid plume than that with air. As with the slag free model, the

gaslliquid plume in the present slag covered steel modd 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 retum 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 100 clockwise. Equivalent modification of recirculation patterns in

commercial AOO vessels may have a significant impact on the control of refractory

eroslon.

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 emuIsified phase on top of simulated steel melt. The

emulsified phase extended beyond the original "slag/metal" interface, fonning an

extensive emuIsified zone on top of "steel melt". The existence of an interface between

the emulsified phase and the "steel melt" resulted in two different recircuIating 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 f10w 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 weil 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 shawn 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 ta 120 SLPM, the scope of recirculation flows was significantly enlarged, and

entrained particles became more widely dispersed.

4.4.2 Three-dimensional Madel

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 l, the particles added were found to

resurface quickly (-Q.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 ta much enfolding of liquid, and gas bubbles
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Figure 4.8 Top view of three-dimensional water modelling

experiment, 5 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 1 28.3 5 <4 = 17.7 mm. Pp = 530 kg/mJ

Case 2 56.6 5 Same as Case 1

Case 3 84.9 5 Same as Case 1

Case 4 28.3 1 Same as Case 1

Case 5 42.5 1 Same as Case 1

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 nu-bulence, 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 ofview, 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 tenns of particle behaviour were comparable

to the results for the five-tuyere experirnent, Case 1. However, the penetration of the jet

was significantly increased owing ta 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 ta the tuyeres.

Under these circumstances, as shawn 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 ta the change in flow pattern.

b). Slag Covered Steel Madel

In these experiments, a zinc chloride bath depth of 420 mm was employed, with a

50 mm thick of silicone ail atop. Sorne wooden spheres of 14.2 mm diameter were used

to simulate 75FeSi alloy. These particles were significantly more dense than pre\tious

particles, their density being 800 kg/mJ
• 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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Figare 4.9 Occasional subsurface entrainment of particles during

three-dimensional experiments, 5 tuyeres, Q = 28.3 SLPM
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Figure 4.10 Movement of "dead" zone to the sidewall oftuyeres due to

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

OiUZnC12 (50 mm /420 mm) Flowrate No. of Particles

Experiments (SLPM) tuyeres

Case 1 28.3 5 ~ = 14.2 mm, Pp = 800 kg/m]

Case 2 28.3 1 Same as Case 1

Case 3 42.5 1 Same as Case 1

Case 4 56.6 5 Same as Case 1

In the tirst 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 ta 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 ail-zinc chloride emulsion.

A top view of the oil phase (Figure 4.11) showed that it was transformed ioto 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 oillZnClz modeUing

experiment, 5 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 weil rnixed 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 ta 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. O\\'ing to the intensity of the reactions. fine droplets of zinc chloride were emitted

from the vessel such that a Iid had to be placed over the vessel to avoid a total eruption of

the vessel's contents. Nonetheless, the zinc chloride fumes proved to he 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 specifie energy input to the
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Figure 4.12 Top view of the tbree-dimensional oillZnCl2 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 inta 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 specifie gas flow rate, Qm' is aIso included for

companson.

Table 4.3 Comparison of Modelling Criteria for Flow Behaviour

Criteria Prototype Madel

Fr' 6.08-24.32 0.91-3.64

Em, w!kg 8.41-23.30 1.39-11.01

Qm' Nm3/s/kg 6.67x 10-6-13 .34x10-6 3.77x 10-6-7.54x 10-6

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

of modelling criteria for the model vesse!.

(

Q = 28.3 to 56.6 SLPM = 4.71xlO~ to 9.42xlO~ Nm3/s

,= 125.15 kg
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=298 K

=298 K

(

p,

p,

L

u

= 101.3 X 103 Pa

= 1.29 kg/m3 (Air)

PI 107.4 x 103
3=-p = x 129 = 137 kg / m

P2 g 101.3 X 103

= 1700 kg/ml

=5

=0.45 m

P2Q

= PI 70.7 -141.4 ml s
tr 2

no x 4do

{

In the present experiments. higher gas flow rate was not pennitted due to the

heavier emulsification and foaming of the oiVZnC12 system than that expeeted for the

slag/metal system. Nevertheless, as seen from Table 4.3, the numerical values of the

modified Fraude number, specifie energy input, and specifie gas flow rate have aimost

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 cao be

expected to cause severe refractory errosion above the line of the tuyeres. This is

commonly observed in practice. The problem May presumably he 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 vesse!. The other larger main rnixing 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 cao be expected to be entrained and participate in the reduction.

Therefore.. the mixing efficiency ot: 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 he justified. Based on the

experimental observations, one basic conclusion to the present work is that 75FeSi alloy
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additions cao he easily entrained in the slag phase and have subsurface melting in the

ADn operations. This cao he further illustrated with the following analysis.

Similar to the derivation of Equations 3.11 and 3.12. one can readily show the

fol1owing 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 Reynolds number flow,

respectively.

and.

46.pgdp ~

u,. = ( 3pCD r~ (iVewton' s flow regime)

6.pgd~
u = (Stoke' s j/ow regime),. 18,u

(4-26)

(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:

= 2900 kg/m3

(

p = 3000 kg/m3

= 100 kg/m3

=0.4 [70]
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(
J..L = 0.35 kg/mis [77]

g = 9.8 rn/s2

For steel bath:

Pp = 2900 kg/m3

P = 6800 kg/m3

ôp = 3900 kg/m]

Co = 0.4 [70]

J..L = 5.0 X 10-3 kg/mis [771

g =9.8 mJs2

(

(

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 sIag 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 experimentai observations. In the experiment with small

partieles, it was found these particles were very well entrained in the emulsified slag

phase and became widely dispersed.

This Figure aIso suggests it is difficult to get 75FeSi alloy entrained in a steel bath

unIess 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

aUoy 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. Sueh studies are of help in

illustrating the role of a solid' s thennal properties.. sueh as thennal 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 ioto whieh they are immersed, would generally frrst 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 reaehed the melting temperature of steel.

At the high specifie gas flow rates used in AOD steelmaking (0.4 NmJ/minJton ta

0.8 NmJ/minlton), considerable amounts of steel are ejected from the vesse!. In addition..

ferroalloys are nonnally 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 faH into the slag bath.

Thus, similar melting behaviour to the work just cited [68-70] can he 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 ta

match the total enthalpy requirements needed to mise the addition up to the melting point
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of steeL, i.e.:

(4-28)

where Pp is density, Vp volume, Cp heat capacity, Tm melting point of steel, Ta

room temperature, ôHm heat of melting, he heat transfer coefficient, A" surface area of

particle., dTsuperlleat degree of super heat of steel, and dt melting time. lbis analysis

represents a limiting case for situation in which the Biot number is low (about 0.1) and

Tm. fcrroalJoy < Tm. steel' The above equation shows that for varying ferrosilicon sizes and

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

linear function ofV! ~:

{ (4-29)

(

Based on above Equation, it is readily to show that, for spherical particles, the

melting time is linear ta 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 SOoC superheat, ta be 35 s. From these infonnatio~ K = 5.51 s/mm is

estimated for 500e super heat.

It should be noted, depending on the location of alloy addition into the bath, sorne

alloy particles may have a shell of slaglsteel emulsion freezed on their surfaces if these

particles faIl iota the emulsified slag/steel phase directly. Uoder these circumstances, the
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melting behaviour of ferroalloy is expected to he quite different from the case with steel

shell as just discussed. First of all, since the melting point of slag (-1200oC [77]) is lower

than that of 75FeSi (1300oC [77]), the slag component of the freezed slag/steel shell will

rernelt prior to the melting of the ferroalloy, with unmelted steel component rernained on

the surface of the ferroalloy. As a result., unlike the case with a frozen steel shell, 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 ADD vesse!. The

ascending gaslliquid plwne created two asymmetric mixing zones; a smaller mixing zone

near the side wall fitted with tuyere and the larger main mixing zone away from il. The

reaction in ADn process takes place in this larger main mixing zone, and the processing

efficiency during the reduction period is govemed by the thermal hehaviour of ferroalloy

as weIl as the mixing efficiency in the main mixing zone.
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Because of small density ditference between ferroalloy and slag, ferroalloy

additions can be very weil 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 tilted so as to bring the rising curtain

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

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

1) 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"l"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 model

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 frrst time that

difficulties associated with previous studies on slag foaming were addressed.

3) It is the frrst time that the effect of the slag layer on mixing behaviour of alloy

additions in AOn vessels was qualitatively studied. The experimental fmdings

suggest the formation of emulsified "slaglmetal" phase modifies flow pattern in

the AOO vessel and allows alloy additions to he readily entrained within the

recirculatiing flow.
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Appendix 1 Specifie Energy Input in a Submerged Gas-liquid System

The energy input in agas stirred system can he considered as follow:

i). Power through Expansion at Unaltered Pressure

If agas with a certain temperature Ta (K) and a certain pressure PI (Pa) is injected

into a molten bath, the gas is immediately heated to a temperature Tl' This results in an

expansion of the volume of the gas from Va to VI' During the expansion, the gas will do

the following work:

{ The energy input 'Nill he :

n Ta
& =- R7: (1 - -)

1 t 1 7:
1

where nit =number of the kg-moles/s.

(A-l)

(A-2)

{

According to Avogadro ~ s hypothesis 1 kg-mole of a gas takes up a volume of

22.4 m3 at 273K and 101.3 kPa. The gas constant can he detennined as follow:

101.3 x 103 x 22.4 = 1 x R x 273

:. R = 8312

The relationship between number of kg-moles/s, nit, and gas flow rate Q,

reckoned at nonnal air pressure and 273K (Nm)/s), is determined by insertion in the gas

law:
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n
101.3 x 103 x Q=- x 8312 x 273

t

n- =0.0446Q
t

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

A·2 gives:

ii). Power thraugh Isothermal Expansion

(A-3)

(

The bubbles formed upon exiting from the tuyere will move upwards in the melt,

and the pressure of the gas will gradually decrease to P2, which causes the bubbles to

expand. The volume of a certain amount of gas will then increase from VIto V2- The

temperature will remain unaltered and equal to that of the mell. The work done by this

isothennal expansion can he expressed as:

v: p.
W2 = JPdV =nR1; lnt

~ 2

Similarly, the corresponding energy input is:

n ~ ~
&, = - RT.ln- = 371Q7: ln-
- t J P

2
1 P

2

iii). Kinetic Energy Input of Incoming Gas

(A-4)

(A-5)

(

The work dane by incoming gas due to its kinetic energy cao be expressed as:
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Thus. the kinetic contribution of energy input is:

(A-6)

(A-7)

(

where~ Pg

Q

Since~

where, Ilo

== density ofgas at nonnal air pressure and 273K, kg/m3
;

== gas flow rate al normal air pressure and 273K, Nm)/s;

== exit velocity of gas al tuyere, mis;

== number of tuyeres;

(A-8)

Pg; == density of gas at the pressure at tuyere exi4 kglmJ
;

do == tuyere diameter, m;

By inserting above expression into Equation 4.8, one ean get

(A-9)

Based on above eonsiderations~ the total specifie energy input in a gas-stirred

system is:

(

Q3 3
e +e +e T. T,. P.

& = l 2 3 =371R..L({1--!.)+ln-']+0811 Pg

m T. p . 2d 4 2m/ m/ 1 2 m/no OPgJ
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