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ABSTRACT 

Small, intensive metallurgical reactors are becoming more desirable because 

of their high relative production rates and rapid process kinetics. At 

pyrometallurgical operating temperatures, chemical reactions are virtually 

instantaneous. Therefore intensive processes require intensive mixing of the 

molten material, and intimate contact between reacting phases, to maximize 

mass and heat transport phenomena. The present work represents a study of 

the mixing and slag entrain ment behaviour of lightly, and intensively stirred, 

metallurgical processes through the use of physical modelling. Two 

immiscible fluids were mixed in a model reactor having an aspect ratio of 

0.33, and equipped with a single centrally located tuyere, through which air 

was blown. The thickness of the upper, lessdense liquid layer varied up to 1/4 

of the depth of the bulk liquid. Scaling of air flowrates between the model 

and prototype reactors was achieved using a modif,ed Froude number 

modelling criterion Dye injection was used to monitor and characteriz~ the 

mixing behaviour, whlle the entrainment of the upper phase was measured 

by continuously extractmg liquid from the model and passing the fluid 

through an optical sensor system designed and constructed for the study 

For low energy input systems, it was found that the thickness of the second 

liquid phase can significantly affect the mixing time of the bulk phase by 

altering the fluid flow pattern of the liquid. At higher gas 'ilowrates, the 

thickness of the upper phase does not greatly affect this behaviour. The 

entrainment of the upper phase into the lower phase was also affected by 

the thickness of the upper phase, as weil as by the intensity of bath agitation. 

At low flowrates, the number density of entrained droplets was constant 

with time, increasing with increasing agitatIon and thickness of the layer. For 

the intensively stirred cases, the number density of entrainec~ droplets 

increased with time until a very hlgh density of small droplets was redched, at 

which time the number of droplets once again became constant. The air flow 

required for the transition in the entrainment behaviour increased with an 

increase in the thickness of the upper phase. 



--------

ii 

R~SUM~ 

Les petits réacteurs métallurgiques de haute intensités ont récemment ~voqué 

beaucoup d'int~rêt dû à leur taux de productivité relativement élevé et à leurs 

cinétiques rapides. Les réactions chimiques. aux températures des opérations 

pyrométallurgiques, sont quasiment instantanées. Alors, ces p.ocessus i"ltenses 

nécessitent le malaxage intense des matières en fusion. Un intime contact entre les 

phases réagissantes est requis pour maximiser les phénomènes du transport de masse 

et de chaleur. Ce travail ré présente une étude des caractéristiques du malaxage et de 

l'entraînement du scorie dans un procédé métallurgique, d'après un modèle physique. 

Deux liquides immiscibles étaient mélangées dans un modèle I~.~ réacteur ayant un 

rapport d'allongement de 0.33, et pourvu d'une tuyère fixé au centre du modèle. 

L'épaisseur de la couche de liquide supérieure (moins dense) varie jusqu'à 1/4 du 

hauteur de la liquide inférieure (plus dense). Le facteur d'échelle, pour calculer le débit 

d'air du modèle correspondant à celui du prototype, était déterminé utilisant comme 

critère un numéro de Froude modifié. L'injection de la tenture était utilisée pour 

surveiller et caractériser le malaxage. L'entraînement de la phase supérieure était 

mesuré par l'extraction continue de liquide. Cette liquide était envoyée à un senseur 

optique concu pour cette étude. 

Pour les systèmes avec une faible puissance d'entrée, l'épaisseur de la couche 

de la phase liquide supérieure influence d'une façon significative l'écoulement et le 

refo}Jlement de la liquide, et ainsi le temps de malaxage. Par contre, à des débits d'air 

élevés, l'influence de l'épaisseur de la couche est minime. L'entraînement de la phase 

supérieure dans la phase inférieure est influencé par l'épaisseur de la couche supérieure 

et par l'intensité d'agitation du bain. A des débits d'air faibles, la densité de nombre 

des gouttelettes entraînées était constante avec le temps mais augmentait avec 

l'agitation croissante et avec l'épaisseur de la couche supérieure croissante. Pour les 

systèmes très bien agités, la densité de nombre augmentait avec le temps jusqu'au 

point où une très haute densité de petites gouttelettes est atteinte. A ce moment-ci le 

nombre de gouttelettes devient constant. le débit d'air requis pour la transition du 

tenue de l'entraînement augmente avec l'accroissement de l'épaisseur de la couche de 

la phase supérieure. 
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1 INTRODUCTION 

1 1 Evolution of Gas InJection Metallurgy 

Throughout the development of pyrometaliurglCal processes, the 

forced injectIon of gas Into furnaces has been the keystone to many 

advanc~s. This IS clearly demonstrated tn the evoll .• tlon of steelmakl ng when, 

in the 1800's, both Bessemer and Thomas dlscov2red that aIr InJected Into a 

bdth of molten plg Iron produced a steel of hlgher qualtty much faster than 

the conve:.tional technIque uStng puddle furnaces A.t the tlme It was unclear 

as to why forced air injection had a heatlng, rather than a coollng, effect on 

the melt and why the product was of greater and more consistent qualtty 1 

However, as the levels of knowledge and technology Increased, It became 

understood that InJected gases could be used for two purposes. (a) as a 

reactant and a powerful source of heat, and (b) as a stlrrtng agent productng 

increased process klnetlCs and Improved homogenelty. This understand;ng 

then led to rapld progress ln the production and reflntng of not only steel but 

also of non-ferrous metals produced pyrometallurglcally 

ln the area of Iron and steelmaklng, process Improvements, through the 

control of bath stlrrtng, have been applled to almost every reactlon liessel 

Kato2 has revlewed the changes ln the prtmary steelmaktng process from the 

Open Hearth furnace to the top blown converters and subsequently to the 

Q - BOP and comblnatlon blown converters The author concluded that 

Improved mlxmg 1') responslble for these advances and that su bmerged 

injection produces the most effICient stlrrtng Submerged gas injectIon 

through tuyeres and var/ous deSigns of porous plugs has also redeflned the 

purpose of the ladle and led to the growth of secondary reflnlng ln the 

steelmaklng sequence The ladle has evolved from betng Just a transfer to 

belng a reactlon vessel for the removal of inclUSions, the addition of alloytng 

and deoxidation elements and, with the use of vacuum syst(?ms, the removal 

of deletertous dlssolved elements.3 Proccsses for the bath '~melttng of Iron 

ore fines using submerged gas tnJectlon are currently betng developed 4 Such 

smelting processes allow for smaller scales of production, as compared to the 

conventlonal large blast furnaces, and could ald ln the growth of smaller 
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ironmaking facilities to decentralize the production and distribution of virgin 

steel. 

For the production of non-ferrGus metals, submerged gas mjection is 

being used m new smeltmg and convertmg processes. Durtng the past two 
decades, bath smeltmg techniques have ansen to replace conventional blast 

and reverberatory furnaces for the smelting of coppers. These bath smelters 

mclude the Noranda and Mitsubishl processes which use submerged gas 

injection m to contmuous reactors. More recently, the OS and OSl reactors 

have come onto the scene as channel reactors, mcorporating submerged gas 

injection, for the continuous production of copper and lead, respectlvely. 

Not ail new non-ferrous processes are contmuous. Both the Sirosmelt and 

Kaldo operations are batch processes. In the Sirosmelt reactor, used for the 

two stage production of copper, lead and tin, air or oxygen IS inJected via a 

partially submerged lance into a molten bath held in a stationary vertical 

cylindrical vessel.6 The Kaldo operation uses a top blown rotary converter 

(TBRe) to intially flash smelt the concentrate, followed by further bath 

smelting. As with developments in the steel industry, these new processes 

aim to Improve productlvity through the use of forced gas injection. 

ln 1975, Rlchardson7 compared old and new metallurglcal processes on 

the basis of thelr volumetrie intensit~, defined as the mass of product 

extracted from a reactor per unit time per unit volume of the reactor. Table 

1.1 summarizes some of the results. A comparison of the values of the 

volumetrie mtensities for the reverberatory furnace and the Noranda process, 

as weil as for the open hearth furnace and the O-BOP converter, shows that 

increased bath agitation greatly increases product throughput. These 

improvements are a result of enhanced stirring (for effective thermal and 

chemical homogenization) and of increased interaction between the vartous 

phases in the vessel (which improves process kinetics). A study by Berg et al.8 

on desulphurization in steelmaking ladies also concluded that process 

efficiency can be signifieantly affected through stirring and increased contact 

between the metal and slag phases. 

From the description of recently developed and emerging processes, it 

would appear that submerged gas injection, via elther tuyeres or a partially 



Table 1.1 Volumetrie Intensity for Various 
Pyrometallurgieal Processes 7 

Process Volumetrie Intensity 
(t/m3/min) 

Reverberatory Furnace 0.0007 

Open Hearth Steelmaking 0.002 

Copper Converting 0.004 

Noranda Proeess (Enriched Air) 0.005 

Anode Refining of Copper 0.008 

Harris Lead Refining 0.03 

Basie Oxygen Furnaee for Steel 0.05 

Bottom-Blowmg Oxy?en 
Converter for Stee 

0.07 

Spray Steelmaking 0.10 

Spray Degassing of Steel 0.15 

3 
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submerged lance, has become the method of choice for stirring a molten 

bath or mtroducing reactants mto a vesse!. Therefore, m order to analyze 

new and existlng pro cesses on su ch a basls, It is important to gain some 

understandlng of the fluld floW5 generated ln the reactlon vessel and the 

Interactive behavlour of the dlfferent phases present. 

1.2 The Dynamics of Gas Inlectlon Processes 

The subJect of flUld dynamics is very Important to proces5 efflClency 

since the flow of molten matenal, largely as a result of inert gas strrring, will 

control the chemical and thermal homogenlzation of the molten materral 

and the efficient use of alloy additions. Also, process klnetics are dependent 

on the efficient transport of reactants to, and products away from, reactlon 

zones near ga5 plumes and at slag-metal, or slag-matte, Interfaces. Many 

studies have shown that the dispersion of material 15 influenced by both 

macroscopic convective currents and localized turbulent dlffuslon.9, 10, 11 

ln an ongoing attempt to understand the Many variables affecting the 

dynamics of gas stirred vessels, previous rnvestigators have used physical and 

mathematical modelling techniques to study the structure of gas plumes, and 

its relation to fluid flow. The nature of the flow then influences the 

efficiency of overall bath mixrng and the interactions between phases. 

1.2.1 Analysis of the Gas Plume and Fluld Flow 

When studying processes involvrng submerged gas injection it is 

essential to understand the nature of the buoyant plume and how It 

generates a recirculatory flow within the the vesse!. Gas exiting a submerged 

lance, nozzle, or porous plug, breaks up Into a stream of bubbles. As gas 

bubbles rise surrounding liquid is dragged upwards in their wake, producing 

a buoyant plume compnsed of gas and liquid. As the plume rrses, it expands 

to form a somewhat comcal share. Extensive measurements of the structure 

(Le. gas fraction) of turbulent plumes were perlormed by Castillejos and 

Brimacombe. 12 They concluded that for virtually the entire plume a 

relatively simple equation describes the normalized gas voidage, a/amax, at 

any given normalized radial position, r/ramax/2' within the plume: 
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(1.1) 

The term Qmax refers to the ma~imum gas fraction 10 any glven honzOl1tal 

cross-section of the plume, which occurs at the center of the plume. 

The authors also presented more compllcated expressions for Qmax and 

rOmaK/2 as functlons of the modified Froude number and axial position along 

the plume length. An area-wise averagrng of the normallzed gas fraction 

shows that the average gas fraction in any given honzontal plane of the 

plume IS approxlmately 16 percent of the maximum vOldage ln that plane 

Using an average maximum gas fraction ln the aXial direction, from the 

authors' empirical equatlons, it was found that the average gas vOldage ln 

the plume ranges from 2 to 6 percent of the total plume volume, dependrng 

upon the modlfied Froude number (i.e. gas flowrate) used. The results of thls 

analysls agree weil wlth the values of total gas fraction of 2 to 10 percent 

reported by Sahai and Guthrie13 who estimated the gas voidage by dlvldrng 

the volume of gas in the plume by the total plume dimenSions The plume 

volume was calculated assummg that the plume was cyhndncal, the dlameter 

of which was the mean dlameter of the more realistlC conlCal plume The 

volume of gas in the plume was calculated accordrng to the equatlon 

h 
V =Q *= 

g g u (1.2) 

The gas flow rate, Qg, was corrected for temperature and pressure and the 

vertical plume velocity, ü, was related to the nse velocity of a bubble ln IlqUid. 

Therefore, the entrainment of liquld by the rismg plume is slgnlficant and IS 

responsible for the generation of bulk convection wlthin the bath. 

According to the results of studies by Hussam and Siegel' 4 of gas 

injection through a single centrally located tuyere in the bottom of an 

vertical cylindrical vessel, the entrainment of liquld rnto the two-phase plume 

by the rising gas bubbles accounts for less th an 1 percent of the mass of the 
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pumped liquid and that IIquid-liquid entrainment IS the dominant mode of 

fluid pumplng. At the pOint of gas InJection, some liquld IS put Into motion ln 

the wake of the nSlng bubbles. Subsequently, addltional fluid is entralned, 

not by the gas bubbles but by the now movlng Ilquid ln the plume. 

According to CastllleJos and Brimacombe liqUid entrain ment IS greatly 

enhanced after the value of Qmax falls below approxlmately 70 percent. 

As the plume reaches the free surface of the bath, the hqUld whlch was 

pumped upwards is dlverted radially outwards towards the vessel wall, where 

it is again redlverted downwards along the wall. In this manner a 

recirculatory flow is generated, as deplcted ln Figure 1.1. 

Hussam and Siegel also derived an empirical relation between the mass 

flowrate of liquid in the plume being pumped to the free surface and the 

mass flowrate of injected gas. 

(1.3a) 

Introduclng the densltles of the liquid and gas phases, this eq uatlon 

becomes: 

Q oc QO.4 L 1.4 ( P g )04 
1 g P , 1 

(1.3b) 

The rate at which hqUld IS pumped by the plume 15 dlrectly related to the 

speed of recirculation of the bulk flUld, which in turn is related to the time 

required for chemlcal or thermal inhomogenelties wlthin the fluid to be 

reduced. An average recirculation time of the bath fluid can be defmed as 

the total volume of the bath divided by the volume flow rate of liquid 

pumped by the plume. Sano and Mori15 have stated that ln order for a 

sudden addition of a tracer matenal to be complete/y, and evenly, dlstnbuted 

throughout the bath, an average of three circulations of the bath IIqUid IS 

required. This tlme for homogenization was defmed as the mlxmg tlme. 

From the findings of Hussein and Siegel, together with the definltion of the 
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recirculation time, it can be shown that this mixing time IS related to the 

volumetric flowrate of injected gas according to the equation: 

V 
L = 31. = 3 ~ = kQ-04 

mlJe reclrc Q g 
1 

(1.4) 

where k is a constant of proportlonality. This equation offers some Inslght 

into the mixing process in an upright cylindrical tank as derived from an 

analysis ofthe structure ofthe centrally located rrslOg two-phas2 plume. 

1.2.2 Mixing Behavlour 

Smce bath mlxmg IS an Important feature 10 process operations and 

global!y characterlzes the fluld motion in a vessel, many investigations have 

been camed out to determlne the relationship between gas flowrate and 

mixlng tlme in vanous metaliurglCal vessels usmg physlCal modelling 

techniques. Rather than measuring the pumping rate of the plume, bath 

homogenization IS monitored dlrectly by measurlng "the tlme required to 

reduce a suddenly created concentration difference between two pOints to 

an IOslgnificant value". 16 

Various techniques for measunng the mlxlng tlme have been 

developed, and are discussed in more detall in the next chapter. These studles 

have concluded that for upright cylindrkal vessels wlth a single centrally 

located tuyere or submerged lance the mixmg tlme is related to the 

volumetrlc gas flowrate accordmg to the relatlonshlp: 

( 1.5) 

where k and n are positive, non-zero constants. Many values for the gas 

flowrate exponent, n, have been quoted, ranglO9 trom 0.19 to 0.49 A 

summary of experimentally determlned values of n is given m Table 1.2, 

along wlth values of n derived from mathematlCal models. As can be seen 

from these results, the average value of the flowrate exponent agrees weil 



Table 1.2 Values for the gas flowrate exponent, n, with 
respect to the mixing time, t, for various systems 

Technique Flowrate Exponent (n) Reference 

Mathematlcal . -0.33 10 
Modelhng - 0.337 15 

Pilot or Full -0.25 17 

Scale Tests -0.40 18 

-0.40 19 

-0.2 20 

- 0.23 CHIO = 0.25) 21 

Physical - 0.19 (H/O = 1 .0) 

Modelling* -0.32 22 
(Single Fluid) -0.32 23 

-0.34 10 

-0.39 24 

-0.46 25 

- 0.49 CHIO = 0.5) 26 

- 0.262 (no slag) 
27 

Physical - 0.243 (with slag) 
Modelling* - 0.31 (no slag) 
CSlag layer 19 
Simulated) - 0.42 (with slag) 

- 0.32 (no slag) 
28 

- 0.43 (with ~Iag) 

* Unless otherwise indicated, the aspect ration CHIO) used in 
the study was approximately 1.0 

9 

.-. 
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with the empirical value of 0.4 determined by Hussain and Siegel based upon 

their analysis of the pumping capacity of a two-phase plume. 

However, a fundarnental dlfference eXlsts between the analysls of 

Hussain and Siegel and the direct measurement technique used by others. As 

was mentloned, mixtng and dispersion in a stirred melt IS controlled by 

convective flow and turbulent diffusion. After extensively studying mixlng tn 

gas stirred steelmaklng ladies, Mazumdar and Guthrie 10 concluded that 

mixing cannot be characterized entlrely by elther of these two modes. The 

definltlon of the mlxing time as described by equatlon 1.4 was based upon 

the measurement of Itquid flow ln a plume and the concept of overall bath 

turn-over and does not consider turbulence within the bath nor the shape of 

the vesse!. It would appear, therefore, that equatlon 1.4 describes the mlxing 

behavlour excluslvely ln terms of bulk convection. In contrast, in the direct 

measurement process, mixing is mOnltored at one or more pOints ln the bath 

Therefore, the combmed influence of convection and diffusion is measured 

and the two modes cannot be easily separated quantltatlvely 

Many pyrometallurgical operations tnvolve the injection of gas Into a 

reactor containing two Immiscible Irqulds. However, desplte the extensive 

Investigations of mlxlng in submerged gas injection processes which have 

been undertaken in the past, most of whlch seem to concentrate on ladle 

operations, very little Information IS avarlable on the tnfluence of a less dense 

second Itquid phase, such as a slag layer in ladies, on mlxlng behavlours. 

Mazumdar, NakaJlma and Guthrie29 have shown, that the presence of an 

upper layer of hquld results in a slight alteration in flUld flow patterns and a 

reduction in the fraction of the input energy used to generate flUld flow. 

Accordtng to the authors, some of the energy Input to the system by the 

Injected gas is dlsslpated by the creation and entralnment of droplets of the 

upper phase and a distortion of the liquld-liquld (slag/metal) Interface, wlth 

the latter dissipatlng by far the greatest fraction of energy The loss of 

energy causes a general increase in the mixing time 19•28, but does not appear 

to greatly affect the flowrate exponent ln equ~tlon 1.3, as 15 indlCated by the 

results quoted in Table 1.2. The values quoted, however, were determlned 

over the narrow range of energy inputs aS50ciated with ladle metallurgy 

operations and may not be applicable to tntenslvely stirred reactors, such as 
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converters. Under intensive stirring conditions. the level of turbulence IS 

much higher and mlxlng should be greatly enhanced. regardless of the 

presence ofthe second phase. Unfortunately. data on mlxmg in such reactors 
are scarce. 

1.2.3 Mass Transfer and Interactions Between Phases 

Gas Injection IS not only used for chemical and thermal 

homogenlzation. but also to transport reactants to, and products from. 

reactlon interfaces. such as slag-metal, matte-slag and bubble-laquld contact 

areas. Using dlfferent chemical systems. varrous Investlgators have modelled 

the mass transfer of vanous tracer chemlcals across Interfaces between 

immisclble fluids.28.30-32 The results of liqUld-liquid mass transfer studies 

indicate that the Interphase mass transport coefficient IS correlated to the 

volumetric gas flowrate accord mg to the power law: 

(1.6) 

where the product, kA, IS termed the "capaclty coeffICient" or the "mass 

transport conductance" and n IS a positive constant Mataway et al 30 

reported a value of 1.0 for n, while Kim and Fruehan 28 concluded that the 

'/alue of n changes dramatlCally from 0.6 to 2.51, and aga ln to 1 43 The shlfts 

in the value of n occur at speCific critlcal gas flowrates and are belleved to be 

due to the generatlon and entralnment of droplets of the upper phase lOto 

the more dense phase, thereby IncreaslOg the area avallable for mass 

transfer. 

Berg et al.8 measured the desulphunzatlon of steel ln a ladle under the 

influence of both gas and Inductive stlrrlng. They also notlced a sudden 

increase in the value of n at a speClflC gas flow, but no comparable shlft when 

Inductive stlrrlng was used. The change in behavlour was concluded ta be a 

result of slag entrain ment lOto the steel when gas stlrnng was employed, 

which is not likely ta occur when the bath is IOductlvely stlrred. Kim and 

Fruehan attempted ta calculate the Interfaclal surface area from 

measurements of the capaClty. kA. and average values of the mass transport 

coefficient, k, determmed for thetr speclfic chemlCal system. They then 
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compared these values to the planar Interfacial area between the Immlscible 

phases. A reproduction of thelr results (Figure 1.2) shows that as the flowrate 

increases, the estimateu total mterfaclal area mcreases and greatly exceeds 

the cafculated planar area. The reductlon m area wlth Increaslng gas 

flowrate is a result of an mcreasmg plume diameter. As the plume dlameter 

increased, the amount of the upper phase cleared from the eye of the plume 

at the bath surface Increases, thereby reducing the planar mterfacial area. 

The material cleared away may elther be entrained 10 the bath or simply 

displaced to produce a sllghtly thicker upper layer No attempt was made by 

the authors, however, to measure the slze or distribution of entramed 

droplets to verlfy thelr estlmated valueli. 

A modelling study of combmatlon blown steelmakmg converters by 

Tanaka33 has shown that slag droplet entrainment lOto molten steel IS a 

result of the submerged gas mjectlon and that gas Impmgement from above 

the melt does not generate such droplets. Figure 1.3 deplcts one possible 

mechanlsm for droplet formation and entramment. As the flUld ln the two­

phase plume is redlrected at the slag/metal interface, the sheanng action 

between the two liqUlds, cou pied wlth the OSCillation of the Interface, 

produces slag ligaments whic.h are subsequently separated from the 51ag 

layer. Bulk fluid motion then disperses these droplets throughout the bath 

Tanaka devised an Electric Sensing Zone system for detectmg the 

presence of, and estlmatlng the size of, entralned 011 d roplets 1 n h 15 

modelling expenments. From measurements of droplet slze dlstrrbutlons, 

the author showed that the area of the dispersed upper phase partlcles doe5 

increase wlth an increase ln bottom gas flowrate and, for the range of 

flowrates used, is proportlonal to the flowrate to the power 0.66. Unllke Kim 

and Fruehan, Tanaka dld not report the occurrence of a cntlcal gas flowrate 

for particle formation and entrainment, possibly smce such rates were not 

within the range of flows used m the study. 

1.3 Purpose of the Present Study 

With the increased use of submerged gas injection in pyrometallurgical 

operations, it is important to understand the influence of rising gas plumes 



13 

on process efficiency. As was IOdicated prevlously, most prlor physlcal 

modelling studles of such systems have only consldered the bulk hqUld phase 

and have ignored the mfluence of a second, less dense IIquld phase on 

process efflClency However, vl"rtually ail operations do contam two Ilqu!ds, 

either metal and slag, or matte and slag phases. Therefore, ln the present 

study, the Influence of a second IIqUid on the dynamlCs of gas stlrred 

processes will be analyzed through the use of a room temperature physlCal 

model. 

The flrst part of the present study will concentrate on the fluld flow 

patterns and mlxlng behaviour in the bulk IlqUid whlle subJected to 

submerged gas inJection. The modell\Og study covers a wlde range of stlrnng 

intensltles, from gently stlrred vessels, such as ladies, to strongly agltated 

converters The range of gas flowrates IS also extended to IOcorporate 

mtenslvely stlrred reactors, su ch as sorne of the emerglng non-ferrous 

processes 10 whlch emulslons and foams are promment. 

Follow\Og thlS, an analysis of the entramment behavlour of the upper 

phase \Oto the bulk IlqUid is made, as this phenomenom has been shown to 

greatly affect process kmetlCs. It IS hoped that thls mformatlon will help to 

fill in some of the gaps ln the scarce data involvlng multlphase operations 

and ald ln the understandlng of current process dynamlCs, as weil as glve 

some Inslght \Oto the efflClency of emerglng pyrometallurglcal processes 
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2 EXPERIMENTAL PROCEDURES AND EQUIPMENT 

The pre'ient study involved the physical modelling of gas stirred 

metallurgical reactors containmg two immiscible liquids. The variables 
considered were: a) the mlxmg behavlour, i.e. mixlng tlme as a function of 

gas flowrate, and b) the entrainment behaviour of the upper lIqUid Into the 

lower "qUid. The entramment behaviour was descrlbed ln terms of the 
number and sizes of entrained droplets, over a range of gas flowrates. 

ln the pyrometallurglcal industry there are many dlfferent shapes and 

sizes of reactors and these are stirred by various means. However, as 
mentioned in the previous Chapter, submerged gas injection through tuyeres 

or porous plugs is becoming a very common method of bath agitation. Also, 

many of the reactor designs can be descrlbed as upnght cylmders. This study 

will not be direct~d towards the modelling of any particular process, but, for 

simpliClty, will concentrate on modelling a range of upright gas stlrred 

cylindrical vessels. The range of gas flowrates used was chosen so as to 

encompass equipment su ch as a gently stirred ladies and highly agitated 
converters. 

2.' Principles of Physical Modelling 

PhyslCal modelling mvolves the use of one system of matenals and 

eqUipment, with experimeats typically performed at room temperature, in 

order to depict the events occurring in another system ln whlCh expenments 

are difficult to perform. Sorne reasons for these difficulties Include hlgh 

operating temperatures, opacity of liquids restricting the visualizatlon of 

fluid flow, and possibly the presence of highly corrosive or tOXIC substances. 

Therefore, by substituting a room temperature model system for the real 

system, the measurement of desired parameters can become more 
manageable. 

However, in order for the model to accurately describe the events 

occurring ln the real system, it is Important that certain conditions be 

satisfied. The two systems must be geometrically, mechanlCally and 

chemically similar. For geometric similarity, ail dimensions of the model, such 
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as vesse 1 diameter and bath depth, must be related to the real system 

according to the same Imear scaling factor, À, which is defined as the ratio of 

corresponding lengths between the model and the full scale system 

Mechanical simllarlty may be dlvlded into three catagones: statlc, 

kinematic and dynamlc simJlanties. For the system under investigation ln this 

study, static similanty, which IS important when modelling the behavlour of 

structures, is not considered to be significant. The condition of kmematic 

similarity is satisfled when the paths traced out by corresponding partlcles m 

the two systems are geometncally simllar for a correspond mg tlme mterval.34 

This offers a means of scaling time and was used by Kulunk35 to scale the 

feeding rate of alumlnum wire in a study of alumlnum dispersion ln gas 

stirred steelmaking ladies. 

The third form of mechanical slmilarlty, which 15 the m05t Important in 

the present study, is dynamic similarity. In gas stirred systems, flUld motion is 

created as a result of rising gas bubbles, the speed of which IS determmed 

through the interaction of buoyancy, Inertial and VISCOUS forces. In addition, 

for systems contammg two immiscible liqUlds, the mteractlon between the 

liquids is affected by the interfaClal surface tension ln order for the cnte non 

of dynamlC si milaflty to be assured, it is necessa;-y for the ratio of 

corresponding dominant forces to be equal between the full scale and model 

systems. 

Chemical similarity Implies that the concentration of ail chemlCal speCies 

in the model must bear a fixed relation to the full scale operation. This is 

important when modelling the distribution and reaction of constltuents 

already present in a melt and any alloy additions made to the melt whlle the 

bath is being stlrred. Chemical concentrations are controlled by initiai 

concentrations, reactlon rates, bulk fluid motion and molecular diffUSion. As 

mentioned prevlously, bath homogenization, as measured by mlxing 

behaviour, is regulated by bulk motion and eddy diffUSion, and as such 

should be modelled according to a chemical slmllanty crlterlon. This cnterlon 

also requires that kinematic similarity be satisfled. 
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2.2 Modelling Criteria 

ln order to determtne the operatmg parameters of a model, one must 

determme rules on whlch to base the parameters. One popular method 15 to 

specify Important dlmenslonless quantlties, contalning the physical 

propertles of the model and full scale systems, whlch describe the model in 

terms of the geometnc and mechanlcal simllarities hsted above. Thus, in 

terms of the present system, the veloclty of a liqUid ln buoyancy drlven flUld 

flow is governed by the denslties of the gas and bulk liquid, the VISCOSlt)' of 

the bulk liquid, the depth of the bath and the acceleratlon due to gravity. 

The interfaclal surface tension between two liquids, as weil as the densitie5 of 

the IlqUlds, affect the nature of liquid/liquid interactions U5lng these 

important quant.ties and such techniques as the Buchingham n Theorem, It 

can be shown that the predominant forces involved in the system understudy 

can be described by the following dimenslonless ratios: 

inertial force P g U
2 

modified ~'roude number = = 
buoyancyforce (P/-P

g
) gL 

(2.1) 

inertial force pUL 
Reynoldsnumber = ---- = -

viscous forœ !lI 
(2.2) 

inertial force pU2 L 
Weber number = - -

surface tension force 0 
(2.3) 

The best possible physlCal model is one ln which the values of ail 

corresponding dimenslonless quantities are equal for the model and the full 

scale systems. However, ln virtually ail cases, the scale of the model and the 

cholCe of the simulation materials dictate that not ail equalities can be 

maintained. For example, consider the case of argon injection Into a ladle 

containing only molten steel being simulated by a 1/4 scale model of air 

injection into water. The physical properties of ail substances involved are 

listed in Table 2.1. In this example the Weber number is not consldered to be 

of slgnificance slnce only one fluid is under investigation. It is necessary, 

then, to determine the required scaled gas Jet velocity to be u5ed in the 

model based upon the two remainmg criteria. For a typical 150 tonne ladle 



-, 

'.-

19 

stirred by an argon flow of 1.88xl0-2m3/sec Issuing from a 20.28mm 

diameter nozzle36, the modlfled Froude and Reynolds numbers for the full 

scale ladle are 0 023 and 35386, respectively To calculate these values, the 

velocity, U, was deflned as the average gas veloclty at the tlp of the nozzle 

and the charactenstlc length, L, was taken to be the bath depth For the 

calculated Froude number, an air flow of 2 41x 1 0 - 4m 3/sec would be 

necessary in the model However, the Reynolds number for the model at thls 

flowrate would be 10895 Simllarly, modelling based on an equlvalent 

Reynolds number would result ln a Fraude number of 0.243 for the model 

Therefore, for the simple model system chosen, It IS Impossible to satlsfy both 

criteria 

Table 2.1 Materlal Propertles for Real and Madel Systems 

Steel Argon Water Air 

Denslty 
(kg/m3) 

7000 1.65 1000 1 20 

ViSCoSltr 64x10-3 - 10x10-3 -(kg/m s 

Hence, It IS Important to determme on whlCh basis the operatlng 

parameters of the model should be ascertalned. ThiS IS accompllshed by 

defining the dommant forces acting in the system. A companson of the 

Reynolds and modified Froude numbers calculated for the 150 tonne lad le, 

which are the ratios of mertlal to VISCOUS and buoyancy forces, respectlvely, 

indicates that the buoyancy force greatly exceeds the viscous force. On thls 

basis, it would seem appropriate that for gas stlrred baths the modlfled 

Froude number should be used as the modelltn9 criterlon, from whlch the gas 

flowrate for the model can be calculated. 

As stated above, the 9as velocity at the tip of the tuyere as the air enters 

the bath was chosen as the characterlstlC velocity ta be used in the calculatlon 

of the dimenslonless quantitles. For bouyancy drlven flows thls veloclty will 

not always be a representative quantlty since much of the kmetlC energy of 

the gaslslost on entry Into the bath. The result 15 Froude numbers whlch Will 
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be slightly higher than which strictly represents the nature of the mduced 

flow. The use of a superflcial gas veloclty, defined as the gas flowrate divlded 

by the cross-sectional area of the bath generates Froude numbers whlch are 

exceptlonally low. An alterr~ative IS ta use the average plume veloclty. This 

velocity more adequately describes the nature of the system. However, this 

veloclty 15 difflcult to determme. Therefore, for slmplicity, and smce no 

particular proce5S 15 bemg modelled ln thi5 study, the tuyere gas velocity was 

chosen for ail calculatlons. It is believed that the use of this velocity will 
provide a good range of model conditions. 

2.2.1 Scaling of the Input Gas Flowrate 

Smce this 5tudy dld not concentrate on the modelling of any particular 

process, but rather consldered the influence of a second IIquid layer on 

mixing and entrain ment behaviour over a wide range of gas flowrates, it was 

necessary to determine upper and lower limlts for the flowrate. The range of 

values should encompass the modelling of gas stirred ladies and converters. 

The Froude modelling criterlon was used to determme the range of air 

flowrates necessary to model submerged gas Injection into va nous 

steelmaking vessels. The modified Froude number for a 240 tonne Q-BOP, 

with 0.70m3/sec of air mjected through each of SIX 36mm diameter nozzles, is 

6.36. ThiS value, together with the value of 0.023 for an argon stlfred ladle, 

was used to set the range of gas flowrates used ln the experiments. 

One model was bUilt to study these greatly varymg processes. Ali the 

vessels considered could be simulated byan upnght cylindrical model havmg 

a fiat base. Therefore, the linear scale factor, A., for the various systems were 

not equal (i.e. A. = 1/20 for a Q-BOP and 1110 for a ladle). The aspect ratio of 

the model (0.33), defined as the ratio of the bath depth to the vessel 

diameter, was chosen to have an intermediate value between that of ladle 

(0.7) and converter (0.23) operations. This was considered to be adequate 

slnce this study was concerned with the behavlour of Ilquld/liqUid 

interactions in a general manner. 

The model used for this study was constructed of a 300mm diameter 

upnght plexiglass cylinder, with a height of 300mm. A square plexiglass box 
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was also built around the cylinder. Water was used to model the bulk flUld 

since Its kinematlC Viscosity 15 very close to that of molten steel The water 

bath was 100mm dee~ and was stirred by air mJected through a single 1 Smm 

diameter nozzle centrally located ln the fiat bottom plate of the vessel. For 

the modelllnQ system chosen, a modlfled Froude number of 0 023 can be 

translated into an air flowrate of 7 66x 10 - 6m3/sec (0.46I1mln). Simllarly, a 

value of 6.36 corresponds to 1.27xl0 - 4m3/sec (7.61/mm) of air A range of 

7.66xl0-6 to 4.17x10-4m3/sec was selected for the study of mlxlng and 

entrainment behavlour for gently and Intenslvely stlrred reactors contalnlng 

two IlqUids. Table 2 2 lists the flowrates used, together wlth thelr 

correspondlnQ modlfled Froude and Reynolds numbers, as calculated by 

equatlon 2.1 and 2.2. 

Table 2.2 Range of Gas Flowrates Used 
ln Expenments 

Gas Flowrate Modlfed Reynolds Froude (litre/min) Number Number 

046 0.023 532 

1 42 0.22 1607 

2 36 0.61 2671 

5.0 2.72 5659 

100 10.9 11318 

15.0 24.5 16976 

20.0 43.5 22635 

25.0 68.2 28294 

2.2.2 Selection of a Slag Simulation fluid 

The mechanical Interaction between two agltated ImmlsClble fluids, 

and the associated entrain ment of one fluid into the other, is controlled 

largely by the densitles of the two IIquids, the Interfacial surface tension 

between the liquids and the flUid velocity at the interface. This 15 descnbed 

numericallv by the Weber number, as stated bV equatlon 2.3. The Bond 
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number, which is the ratio of buoyancy and interfacial surface tension forces 

could also be used as a possible criterion. The Bond number is described by 

equation 2.4. This criterion does not contain a velocity term, and therefore 

may be easier to apply since the velocity to be used is difficult to identify. 

Most oils have a density of 900-980 kg/m3, as compared to 1000kg/m3 for 

water. The respective values for slag and steel are 3000 and 7000 kg/m3. 

With slag and steel having a typical equilibrium surface tension of 1.10N/m,37 

the modelling system would have to have an interfacial tension of 

appoximately 1.0 x 10 - SN/m to have an equivalent Bond number as the full 

scale system. This value is much lower than typical values for most oils and 

water, which are in the vicinity of 3 x 10 - 2N/m.3S 

2 
buoyancy {orce (pu - P,2) dg 

Bond Number = = --
surface tension 0 

(2.4) 

Gaye et al.39 have reported that the surface tension between slag and 

steel can decrease as low as O.3N/m for oxygen saturated steels during gas 

injection. The low value, which can even reach values close to zero, is 

thought to be a result of high mass transfer rates between the two phases. 

Therefore, the low value calculated for the model would have to be even 

lower. The use of a higher density bulk liqUld, such as mercury or carbon 

tetrabromoethane, would produce higher values of interfacial tension in the 

model, but this option was rejected since the volume of liquid required for ail 

experiments would have been too great. 

The selection of a second liquid phase was based upon a similarity of 

physical properties, namely the kinematic viscosity, of slag and oil. Common 

Si02-CaO-FeO-Fe203 slags have viscosities of 2 x 10- Sm2/s, however the 

viscosity can range from 2 x 10 - 5 to 5 x 10 - 4 m2/s.3S Chemical inertness 

with water was another factor considered in the selection since chemical 

reactions tend to change the mterfacial properties of liquids. A dimethyl 

siloxane polymer, trade name Dow Corning® 200 Fluid, was selected. This oil 

is available in a wide range of viscosities (6.5 x 10-7 to 0.10m2/s) with the 

specifie gravit y remaining constant at 0.96 throughout this range. The 

interfacial surface tension between water and this oil is also constant at 
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3.0 x 10 - 2N/m. Two 0115 having dynell.llC viscositles of 2 x 10- 5 and 
5 x 10- 5m2/s were used in the study 

'} .2.3 Experimental System 

The physical model developed conslsted of a 300mm dlameter water 

bath, 100mm deep, covered wlth a layer of the silicon oil. The thlckness of 

the upper phase was varied up to 25mm dUring the course of the 

expenments. This system was stlrred usmg a single air Jet, wlth a flowrate 

ranging from 7.66x10-6 to 4.17x10- 4 m3/sec, Issumg upward from the 

bottom surface of the vessel. Measurements of mlxlng tlme and entrain ment 

of oilln the water were carned out The following sections will descnbe the 

eqUipment developed for these purposes. 

2.3 Measurement of Mlxmg Behavlour 

During studles of mlxing behavlour by other mvestlgators, many 

techniques have been developed for measuring the mlxmg time ln vessels 

Bath homogenization IS appralsed by monitoring the disperlson of a tracer 

materlal, typically a hqUld, whlch 15 InJected lOto the bath Each of the 

measurement techniques developed exploits a physlcal or chemlcal 

difference between the bulk fluid belng stlrred and the Injected flUld. By 

monitoring the variation of the chosen property at one or more locations 

withln the bath, It IS possible to determme when the measured quantlty 

ceases to change. At thts point the bath 15 con51dered to be completely mlxed 

The time for complete mlxing IS dlfflcult to mea5ure, though, becau5e the 

homogenlzation is approached asymptotlcally and not suddenly. Therefore, 

the mixlng time is deftned as the tlme requlred for the measured property 

change to remain wlthtn a specified margtn of the final total change ln thls 

studya ± 5% band was selected. ThiS concept IS deplCted tn Figure 2.1, whlCh 

shows a normalized property change as a functlon of tlme. 



24 

1.1 

1.0 

0.9 
--::: 

ta 0.8 .~ .-c .-
V 0.7 1 

Mixinl) Time, tmlx 

-ta 
C 
~ 0.6 

V 
"-"" 
~ 0.5 ...-.. -la .-
~ 0.4 .-c .-

V 
1 0.3 V 

"-"" 

0.2 Time of Tracer 
Injection 

0.1 ! 0.0 

0 
lime 

Figure 2.1 Schematic Representation of Mixing Time Response Curve 

( 



25 

2.3.1 Previously Developed Techniques 

Some of the more commonly used systems for measuring tracer 
dispersion monitor properties such as: 4o 

a) temperature: 

The tracer matenal, typlcally the same as the bulk flUld, IS at a 

different temperture than the bulk. Mlxlng IS followed by 

monitoring the bulk temperature wlth a thermocouple. 

b) electrical conductivity: 

An electrlcally conductlve IiqUid (eg. potassium chlonde solution 

or concentrated hydrochloric aCld) is InJected 1 nto a less 

conductlve bath (eg. water) and the electncal conductivlty at 

vanous locations withln the bulk IS monitored. 

c) index of refraction: 

This technique reqUires a relatlvely large volume of InJected 

liquid, wlth a refractive index different from that of the bulk 

hqUld, to ensure accu rate measurements. As the two IlqUids 

blend, the local refractlve index of the bath changes. ThiS 

technique is known as the Schheren method. 

d) pH-value and chemlcal decolounzation: 

Monitoring of the redox potential of the bath uSlOg a pH meter, 

after the addition of an aCld, is simllar to the electrlcal 

conrluctlvlty method. When using decolounzatlon, a soluble pH 

indicator IS mixed into the bath priilr to the addition of the 

tracer, typlcally an acid. As the tracer disperses, the redox 

potentlal of the bath changes and the liqUid undergoes a colour 

change; usually it becomes colourless. The tlme reqUired for 

complete colour change, as detected visually, can be measured 

using a stop watch. 

e) dye tracer injection: 

a small volume of concentrated dye is Injected lOto the bath and 

the distribution of the color concentration IS monltored elther 

visually or photoelectrically. 

The majority of these techniques, including the commonly used 

conductivity method, measure the local mulÎng behaviour slnce a small sensor 
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is located at one position m the bath. Many studies in which local mixmg was 

measured concluded that when employing such techniques the positIon of 

both the sensor and the tracer addition are cntical on the mixing t.me 

measured.9,25,41 Usmg a three dlmensional mathematlcal model for gas 

stirred systems, Joo and Guthrie demonstrated a dramatlC change ln mlxlng 

behaviour during the chemical homogenizatlon of alloy addItIons when the 

injection position of the alloy is changed only slightly from a central 

position.42 Therefore, unless the different mvest.gators use Identical 

techniques in physical modelling studies, It '5 difflCult to d.rectly compare 

their results. Even the accurate scale-up of results from a model may be 

questionable. The local m.xing time is useful, however, in analyzmg the 

effects of changes in operating parameters on general qualitative behaviours 

within the scope of a g.ven study. 

Due to the non-Intrusive nature of the decolourization and dye 

mJectlon techniques, they typically do not measure mixmg at a single given 

location. Instead, global mixing throughoutthe vessells assessed. Therefore, 

sensor location is no longer as sens.tive since a larger volume, If not the entire 

bath, IS being monitored. However, the location of the tracer Injection IS still 

important. 

2.3.2 Systems Used in Study 

Due to its ease of application, the measurement of electncal 

conductivity is the most widely used technique when studying 

homogenization. Another advantage IS the possiblllty of multIple 

expenments in the same initiai volume of water before the accuracy of the 

measurements d.minishes as a result of a high electrolyte concentr~tion. 

However, this technique was not feas.ble in th.s study due to the presence of 

the oil phase. At low stirring energies, no problems were encountered, but 

when the bath was highly agitated signlficant entrainment of the 011 

occurred deep within the bath. When the oil droplets came into contact with 

the electrodes of the sensor the measured response deterrorated quickly and 

became erratic. Therefore, another technique was needed, one whlCh was 

not aftected by the 0.1 phase. The dye injection technique was chosen slnce 

photoelectric measurements could be carried out without submerging the 
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sensor in the liquids. The dye also allowed the visualization of the flow 

pattern of the bl.Jlk Ilquid dunng ItS first Circulation 

The monitoring system developed for thls study consisted of two CdS 

photoresistors (Figure 2.2), approximately 10mm in dlameter, placed on the 

outer surface of the square plexiglass tank bUilt around the cyllndncal model 

The sensors, symmetncally arranged on the front surface, were located at 

approximately the mid-radiUS pOSition and SOmm below the oll/water 

interface. Two sensors were used ln order to monitor the evenness of the dye 

dispersion on opposite halves of the vesse!. Figure 2.3 shows a schematlc of 

the layout of the apparatus used for these measurements. A 2S0W hght 

source was placed on the opposite slde of the tank from the sensors A 

diffusion plated was mserted between the IIght source and the tank to 

provlde an even distribution of light across the face of the tank ln order to 

limit the amount of IIght transmitted to the sensors, a black plate was then 

placed between the diffusion plate and the tank. Two holes, whlch were 

atigned with the sensors, were made ln thls plate to allow Iight transmission 

ln this manner, two beams of light passed through the vessel mstead of the 

entire volume being IIlumlnated. Flnally, the space between the cylmdncal 

and square tanks was filled wlth water to reduce the light refractlon at the 

curved surfaces. 

After the bath had been stirred for a sufflclent length of tlrrle to 

establish a steady flUld motion, one milliliter of water soluble dye was 

injected into the center of the rislng two phase plume usmg a lance 

submerged to a depth of 30 to 40mm below the oll/water Interface As the 

dye dispersed through the water, the amount of light transmltted through 

the narrow light beams to the sensors was dlmlnished. The voltage output 

from the photoresistors, which were powered by a SV De source, then 

increased and the change was mOnltored uSlng a digital chart recorder The 

data was also transferred to a host computer for storage and future analysls 

The amount of dye used was selected so as to not saturate the voltage 

readings. Figure 2.4 is the result of calibration tests whlch showed that wlth 

2ml of dye the change in the recorded voltage reached a plateau, whereas 

lml resulted in a voltage response ln the most senSitive portion of the 

calibration curve. 



( 

{ 

Figure 2 2 Photograph of the CdS OptlCal Sensor for 
Monitorrng the Mixing Behavlour 
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Other investigators have used photoelectric techniques for mOnitoring 

mixing.43 However, their studies were mostly concerned wlth channel 
reactors or otherflow-through vessels. This study was concerned wlth mlxmg 

within a closed system and the rehablhty of the dye injection technique has 

never been analyzed under such conditions. With the volume of liqUid in the 

detection zone being greater than for localized mOnitoring sensors, It was 

expected that the mixlng tlmes may be as much as 3 to 6 times shorter than If 

measured by electrical conductlvity.44 To test the reliabllity of the 

photoelectric system, experiments were performed ln whlCh no 011 was 

present, leaving the surface of the water free. Mixing tlmes were measured 

uSlng both the dye injection and electrical conductivity techniques. The 

conductlvity probe was constructed of two 1.0mm dlameter stalnless steel 

electrodes, with an exposed length of 20mm and separated a distance of 

4mm. The probe was positloned at the mid-radius, half-depth position in the 

bath so as to measure within the zone monltored by the optlCal sensor. Two 

milliliters of 2M KCI solution was IOjected into the center of the plume, ln the 

same manner as the dye. Typlcal response curves from the two sensors, for 

expenments involving agas flowrate of 3.93x10- sm3/sec, are compared ln 

Figure 2.5. The two apparent mlxmg behavlours were simllar, but the dye 

injection technique did indeed generate shorter values for the tlme of 

homogemzation ofthe tnJected tracer. 

The measure of light transmitted through the water decreases as the 

dye mixes in the tank. Therefore, an overall nature of the mlxmg behavlour IS 

being monitored uSlng this technique, as opposed to the locallzed behavlour 

detected by the conductivity probe. In this manner, thls devlCe may be 

considered to be an averaging devlCe of ail the locahzed behavlours present 

in the beam of light passlng through the mode\. 

Figure 2.6 shows the variation of mixtng time wlth gas injection rate, as 

determined by the two sensors. As expected, the local mlxing behavlour is 

slower than the more global measurement. More Importantly, the vanatlon 

of mixtng time with gas flowrate IS vlrtually identical for the two systems. 

Therefore, it would appear that the dye tracer system IS reliable ln 

demonstrating the mlxing behaviour, as long as one remembers that the 
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magnitude of the mlxlng times are at least 3 times as low as for other 

techniques, which agrees with the comments made prevlously. 

2.4 Measurement of Entramment Behavlour 

ln prevlous studles of entrain ment ln agitated liqUld-liquid systems, two 

methods of analyzmg the slze and number of entramed droplets have been 

tYPlcallyemployed. The simplest involves the extraction of a small sample of 

flUld from the vesse 1 using a vacuum device.45 The sample contalnmg 

entramed droplets IS then held statlc m a long clear tube, or other holdmg 

system and photographs are taken. The photographs are subsequently 

analyzed to determl ne droplet sizes. The other method involves the use of 

electronlc detectlon and counting devices, such as the eoulter counter, for 

the contlnuous analysls of extracted samples.46 Tanaka developed a sllghtly 

different electronlc devlce for in-situ measurements of entramed 011 droplets 

in water 33 The sensor contamed two closely spaced platmum electrodes 

posltloned in a sampllng tube. Fluld, contammg entramed 011 droplets, was 

contmuously drawn from the model through the tube and when the 

entramed 011 droplets passed between the two wlres a detectable voltage 

response was generated. That technique was attempted m thls study, but 

very erratlc voltage responses were recorded as the wlres became 

mcreasmgly contammated by the 011, m the same manner as for the 

submerged mlxing tlme sensors. Also, the system was only capable of 

mdlcatmg the presence of a phase whlch was not the same as the bulk phase. 

ln strongly agitated gas stirred systems the detected phase could be elther 

entramed 011 or entrained air bubbles, and therefore It IS Important to 

distlngUish between ail three phases mvolved. 

For this study another in-situ system was developed whlch was not 

hampered by either of these problems. The system was based upon the 

detection of the dlfference in the index of refractlon of the three phases 

mvolved: oil, water and air. The values for air, water and 200 FIUld are 1.00, 

1.33 and 1.40, respectlvely. A peristaltlc pump contmuously drew a sample of 

the bulk flUld at a constant rate through a 1.19mm internai dlameter 

transparent flexible tube. The tubing was inserted into a sensor assembly 

containmg a hght emltting diode (LED) and a phototransistor. The sensor 
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was located between the vessel and the pump to ensure that entralned air 

bubbles and 011 droplets were not broken as a result of passlng through the 

pump. As the different phases passed between the photoelectnc devlces a 

different voltage output was reglstered for the corresponding phase, 

dependlng upon ItS Index of refractlon A voltage reading of 3.0V was 

recorded for water while 011 and air had readmgs of 2.5 and 1 OV, 

respectlvely A bell shaped nozzle was attached to the input end of the 

samphng tube to facliitate easy entrapment and extraction of oil droplets 

from the bath. The flUld was withdrawn at a rate of between 40 and 

GOml/min. The rate was vaned in an attempt to wlthdraw the flUld at the 

same veloCity as the surroundlng bath ln order to not blas the extraction of 

droplets. Entrainment behavlour was monitored at nlne locations in the 

bath, whICh are indicated ln Figure 2.7. 

2.4.1 Entrainment Sensor 

Presented in Figure 2.8 are a photograph of the photoelectric devlCe 

used and a schematic of the complete sensor assembly. Installed in the space 

between the LED and the phototransistor was a hollow stainless steel holder. 

ln order to allow Iight from the LED to pass through the transparent sample 

tube, which was Inserted through the ngld steel holder, a slot 1 6mm wlde 

was cut in the holder Dlrectly opposite this slot was another slot, O.5mm 

wlde, whlCh allowed light to pass to the transistor. The slot on the slde of the 

LED was made wlde to allow sufficlent light to enter the clear tube. The 

other slot, however, had to be maintamed narrow ln order to enhance the 

accuracy in detectlng the starting and tra"lng ends of the entralned droplet 

passlng through the sensor, yet wlde enough to allow sufflCient Itght 

transmiSSion for adequate accuracy ln the output. 

2.4.2 ElectronlCs used for Entralnment Detection 

The counting of entralned droplets was accomplished by passmg the 

voltage response from the sensor through an electron CIrCUit contamlng a 

voltage peak helght analyzer. This is the same equipment used by NakaJlma 
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for the detection of non-metallic inclusions in steel. A detailed description of 

the equipment can be found elsewhere.47 The system is capable of countmg 

voltage peaks of vareable helght, wlth respect to a steady baseline voltage, 

supplied to a digital oSCilloscope. From the voltages IIsted above, If water 15 

the bulk fluid, the bas>;·line would be set at 3.0V and the passage of either 011 

or air through the sensor would produce a voltage peak. However, the 

counting system is not capable of distmguishmg between the two entrained 

phases and would glve a total count of entrained 011 and air. Therefore, a 

pre-processing CIrCUit was built to allow the electronic Identification of the 

two phases. 

The pre-processlng CIrCUit was used ta dlvide the single channel output 

from the sensor into a dual channel output. The response of each channel 

was either 0 or S volts, dependmg upon the settmgs of the electronlc voltage 

triggers contained ln the Circuit. A schematic of the Circuit 15 presented ln 

Figure 2 9. It contained two independent variable voltage triggers compnsed 

of vanable reslstors. When the voltage from the sensor is at 3V both treggers 

would open and the readings from the two output channels would both be 

SV (see Figure 2.10). When the input voltage drops below the set pOint of the 

first trigger, which was set at 2.8V, the first channel would be turned off, but 

the second remains open. The output of the first channel would be OV whlle 

the second remains at SV. When the input voltage is below the second 

trigger set point of 2 3V both triggers would close and both outputs would 

read OV. By monltonng the two output channels wlth an oscilloscope, the 

phase passing through the sensor can be determined; both channels at the 

SV basellne mdicates water, a voltage of zero on one channel and flve on the 

other indicates a passmg 011 droplet, and a zero voltage reading on both 

channels Indicates an air bubble. By countlng the inverted peaks on each 

channel, the number of air and oil droplets entrained in the bulk flUld can be 

determined. 

As a result of the configuration of the preprocessing unit, the output 

voltage peaks tended to be in a square wave form, as indicated in Figure 2.11, 

which schematically shows the passing of an oil drop closely followed by an 

air bubble. The length of a peak on the :»scilloscope corresponds to the 

elapsed time of the entramed droplet passing through the senslng zone. 
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Hence, the accuracy ln determining the starting and trading ends of the 

droplet tube is important. An estimation of the size of the entramed phase 

can be made by uSing the elapsed detection time and the velocity of the flUld 

through the collection tube. It IS Important to note that If the droplet 

diameter was greater than the tube diameter (I.e >, .19mm) It wou Id 

become elongated ln the tube. This elongation must be consldered ln the 

estimation of droplet size Example calculations for droplet determmatlon 

are presented in Appendlx A. An estimation of the size distribution of 

entrained oil droplets was made from several of the elapsed sensing tlmes 

measured trom the oSCilloscope responses. A contmuous monitoring of 

droplet size was not attempted. 
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3 RESULTS AN~ r, SCUSSION 

3.1 Mixing 8ehaviour 

The mixmg behavlour of agas stlrred system was characterized ln terms 

of the mlxing tlme of the bulk hqUld as a function of the gas flowrate and the 

thlckness, and VISCOSlty, of an overlying 011 layer. Visualizatlon of the fluld 

flow patterns in the bulk liqUld, whlch govern the mlxlng beh3vlour, was also 

attempted. In order to understand the influence of the 011 layer on the 

mlxmg behaviour, comparlsons were made with an oll-free system and a 

system containing a ngld wood en plate floating on the bath surface 

3.1.1 Flow Visualizatlon 

Very fine alumlnum flakes were added to the agltated water whlle the 

tank was IIlummated by a slot lamp Installed along its central plane. In thls 

manner, only the flakes tracmg out the flow pattern ln the narrow plane of 

light were visible producing a two-dimenslonal Image. Ail photographs of 

the flow field presented ln this study show one ha If of the vessel wlth the 

plume to the rlght and the tank wall to the left. Figure 3.1 a shows the 

general counterclockwlse recirculatory flow ln the left slde of the oll-free 

bath generated by the mjected gas. In this case, the gas flowrate was 

1.42I/mm. The alumlnum powder streaks reveal the presence of the center of 

the recirculation loop near the vessel wall at approximately half depth, and 

the flow of liquid mto the two-phase plume reglon. 

Rigid versus free surface conditions for lower phase gas stlrred systems 

Figures 3.1 b, c and d show the flow patterns for the same gas flowrate 

but with the water covered by: a) a 10mm thlCk wooden plate, b) a 10mm 

and 3) a 25mm oil layer, respectively. It should be noted that a hoie, the 

diameter of the exposed plume eye, was cut Into the center of the wooden 

plate to allow the inJected gas to freely escape wlthout becommg entrapped 

under the plate. For a low gas flowrate, the presence of a thm upper layer, 

either 011 or wood, does not appear to slgnificantly Influence the overall flow 

pattern. The same conclusion was made by Mazumdar, Nakajlma and 
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(a) Free Surface (b) Wooden Plate 

(c) 10mm Oil Layer (d) 25mm Oil layer 

Figure 3.1 Flow Visuahzatlon in the Water Model for Different 

Test Conditions and with an airflow of 1.41/min. 
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Guthrie29 who used a grid of silk threads to visualize the flow pattern. 

However, the authors concluded that the presence of a second phase results 

in a slight alteration in the velocity profile at the interface between the 
upper and lower liqUids. 

ln the system containing only water, the veloclty at the free surface IS 

strictly horizontal, as was described in section 1.2.1. The presence of the 

second phase creates a slight vertical component in the veloclty ln the water 

at the interface between the water and the overlymg matenal. A closer 

comparison of Figure 3.1a and c reveals that the oil layer does produce a 

slightly different profile in the upper region. The eye of the rotation moves 

lower down and further from the side wall in the presence of an upper layer, 

as compared to the oll-free case. In the upper region, dlrectly below the 

liquid-liquid interface, the fluid appeared to be more turbulent, wlth small 

eddies present. 

Effect of upper phase thickness 

A substantlal change ln the flow field profile did occur when the 

thickness of the oil layer was increased to 25mm (figure 3 1d). For low gas 

flowrates, the rotational direction of the recirculatory flow became reversed, 

as compared to the thln layer. In addition, the average fluid veloCity was 

greatly reduced as mdicated by the relatively low concentration of entramed 

aluminum flakes. A schematic of the flow field shows that for thln 011 layers 

the liquid from the plume, and in the Interface reglon, IS directed radlally 

outwards with a shght downward component, as mentloned by Mazumdar et 

al. (see Figure 3.2) As the upper layer becomes thlCker, the downward 

component is increased due ta an mcreased redlrective Influence of the 

interface between the oillayer and the plume. The downward flow of water 

from the oil/plume interface eventually resulted ln the formation of a two­

zone pattern with the recirculatory flow in the zones movmg ln opposite 

directions. The vertical component of velocity contmues to mcrease ln the 

plume/ail region as the thickness of the upper layer was further tncreased 

until complete downward redirection occurs. The change in the flow pattern 

as a result of an increase in the thickness of the upper layer 15 demonstrated 

in Figures 3.2a arid 3.2b. This was the case for the system contalnlng a 25mm 
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thick oil layer, depicted in Figure 3.1d. Viscous and momentum forces are 

then responsibJe for the generation of a slow recirculatory flow in the bulk 
liqUid ln the opposite rotational direction to the tight recirculatory flow near 

the plume. 

Role of gas flowrate 

The completely vertICal redirectlon of liquid by the oil layer was only 
possible when the energy input by the inJected gas was not sufficient to 

cause the coherent oillayer to break into droplets. At the low flowrate, the 

oil in the plume region was displaced, but otherwise the integrity of the layer 

was malntained. When the air flowrate was Increased to SI/min, no 

qualitative changes occurred in the flow patterns. However, beyond this 

value, it was noted that the energy input attained a level sufflCient to cause a 

substantlal break up of the 011 layer into a layer of large 011 spheres, 

resembling a coarse emulslon. Figures 3.3a, b, c and d show the flow patterns 

for the free surface, wood covered, th ln oillayer and thick 011 layer systems, 

respectlvely, for agas flowrate of 151/min. 

For the oil-free system, the pattern is qualitatlvely simllar to that for the 

low flowrate case. Increased turbulence ln the upper reglon was noted as a 

result of bath oscillations and splashing. This simple recirculation pattern was 

seen over the entire range of gas flowrates used in this study. Even though 

the recirculation pattern ln the vertical plane was consistent, changes to the 

movement of the plume did occur in the oil-free system as the gas flowrate 

was Increased. Inltially, greater gas injection rates resulted ln an increase in 

the level of splashing and oscillation of the free surface of the water. Further 

increases in the fiQwrate resulted ln the onset of plume rotation about the 

central axis of the cyhndrical vessel. This swirling action of the plume could 

be envisaged as generating a conical shape in the bath, wlth the tuyere being 

at the tip of the cone. Krishna Murthy et al.48 also studied this behaviour of 

the plume and reported that the abllity of a plume to rota te is greater for 

shallow bath s, such as used in this study, than for deeper baths. 
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Figure 3.2 Schematic representations of the bulk flUid motion ln gas stirred 

vessel with varying thickness of a less dense upper layer . 
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(a) Free Surface (b) Wooden Plate 

(c) 10mm Oil Layer (d) 25mm 011 Layer 

Figure 3.3. Flow Visualization in the Water Madel for Different 

Test Conditions and with an airflow of 15.0 I/min. 
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For the wood covered system, however, a notable change occurred. 

Although the recirculatory pattern was still present, the level of turbu lence m 

the bath appears to have increased dramatically, partlcularly in the near-wall 

region below the wooden block. It would appear that the mcreased mput 

energy could not be dlssipated by bath oscillation, as ln the free surface case, 

and therefore was responsible for increasing the overall bath turbulence 

below the wood. Simllar results were found for the bath covered bya thln 011 

layer (figure 3.3c). The tlJrbulence appears to be sllghtly lower since some 

energy is dlssipated through a distortion of the oll/water Interface, whlle the 

free surface of the oil remalned relatively calm. 

ln the presence of a wood surface, or a second liquld layer of hlgher 

viscosity than the bath, the rotation of the plume noted at hlgher gas 

flowrates for the smgle fluid tests was not noticed. Krishna Murthy et al 

reported that the presence of a spout breaker, which reduced the oscillations 

of the bath surface, extended the range of the gas flowrate before plume 

rotation occurred. The cyhndrical spout breaker ln thelr study was not 

situated on the surface of the bath but rather was he Id a distance of 2Smm 

above the surface. Therefore, It would appear that the presence of a second 

phase across the sruface of the bath results in a reductlon of the OSCillations 

of the bath surface, whlch appears to elimmate plume rotation 

The results of the thlck oil layer system showed the greatest change as 

the flowrate was Ircreased past SI/mm. As mentioned, beyond thls level 

sufficient energy was available to break up the oillayer. Slnce the Integnty 

of the oil layer was degraded, the redlrective capabliity of the oll/plume 

interface was also greatly reduced. As a result, the direction of reCirculatlon 

was changed to match that of the other systems whlch contalned no 011, or a 

thin oillayer. Also, as the oillayer broke up mto a collection of droplets, the 

thickness of the upper layer Increased. 

Conclusions 

The visualizatlon experiments have given sorne msight into the general 

flow patterns in the bulk liquid, which controls the rate of chemlcal and 

thermal homogenization. These results will be used to help explaln the 
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mixing behaviours observed and which are discussed in the following 

sections. 

3.1.2 Mixlng Time Versus Gas Flowrate 

To start the investigation of how operatln9 parameters affect mlxing 

behaviour, the Influence of the input gas flowrate on the mixing tlme was 

considered. As was dlscussed in chapter 1, a simple power law relatlonship 

has been found to eXlst for systems containing one liqUld, or for systems 

contalnln9 two liqUids over a narrow range of flowrates. As a standard for 

comparison, thls relatlonshlp was studled ln the present model contaln,"g 

only water for the series of flowrates outlined in Table 2.2. The results are 

presented in Figure 2.2. As is shown, a single relationshlp, ln the form of 

equation 1.4, does eXlst over the entire range of flowrates wlth a value of 

- 0.19 for the flowrate exponent, n. The form of the relatlonshlp agrees with 

other investigators but the value of n IS at the lower end of the spectrum of 

values determined in other studies. The value is close to that of Helle21 who 

used a model wlth an aspect ratio similar to the current system, whlch was 

0.33. 

Another standard for comparison was a system contalnlng a wooden 

plate floating freely on the surface of the water. The results for thls 

configuration are presented in Figure 3.4. It can be clearly seen that one 

expression no longer describes the mixing behaviour of a covered system over 

a wide range of 9as flowrates. The mixing process seems to be greatly 

enhanced at higher flowrates as compared to the more gently Stl rred 

systems. 

Before any further analyses were undertaken, the behavlour described 

ln figure 3.4 was venfied uSlng the electrical conductivlty technique, as was 

previously done for the free surface configuration. The verification was 

deemed necessary to confirm that this trend was not a result of some 

phenomenon of th~ photoelectric technique employed. Conductivity 

measurements were made at two locations in the bath; near the wall and at 

mldradius. Bath locations were at the ha If depth position. The results of the 

two measurements were vlrtually identical, with the times measured near the 
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wall being slightly longer. The results of the conductivlty measurements at 

the mid-radius and those of the photoelectric technique are compared m 

Figure 3.5. The dye injection technique produced much shorter tlmes, but 

more Importantly, the two techniques both show the sudden change m 

mixing behaviour at agas flowrate of 101/mln. Therefore, the trend 

presented in Figure 3.4 would appearto be a result of a change in the mlxlng 

process at hlgher flowrates and not a result ofthe measurement process 

Figure 3.6 shows the mlxing results for systems contammg 011 layers of 

10 and 25mm thickness, respectlvely The oil used had a dynamlC VISCOSlty of 

5 x 10 - 5 m 2/s. Agam, both lines show the sudden change m the value of the 

gas flowrate exponent from an initiai value of - 0.2 to - 0.30 to a value of 

- 0.8 to - 1.1. These values are simllar to the values of - 0 13 and - 1 0 

determined for the tests involvlng the floating wood en block. Experiments 

involving the lower VISCOSlty oil were also performed and the values of n 

determlned for these tests, as weil as those for the oil-free, wooden plate, 

and higher viscosity oil systems are presented in Table 3.1 From the values 

hsted ln the table, the flowrate exponent increases shghtly as the thlckness of 

the oillayer IS increased. For ail expenments Involvlng an 011 layer, regardless 

of its thlCkness or VISCOSlty, the flowrate at which the value of n changes was 

approxirnately SI/min. 

The seemingly sudden increase in the influence of the Input gas 

flowrate on homogenization is believed to be related to a change ln the state 

of the flow pattern in the water. As was stated in chapter 1, mixlng IS 

governed by convective and diffusive mass transport. The rate of convective 

transport is linked to the velocity of the fluid, which ln turn is controlled by 

the entrainment of hquid into the central two-phase plume and the slze of 

the convection !oop. Diffusion of a tracer through the bath IS strongly 

influenced by the level of turbulence wlthln the flUld Chemlcal 

homogenlzation in a vessel in which the level of turbulence IS low would 

require the completion of a greater number of convective loops, and 

therefore longer times, than if the diffusive component were greater. 

Therefore, a change in elther of these transport processes may be responslble 

for the noted shift in the value of the flowrate exponent. 
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Table 3.1 Summary of Mixing Time Equation 
Exponents 

Flowrate Exponent 
Upper Surface 
Con fig u ration lowQ HlghQ 

«SI/min) (> lOI/min) 

Free Surface -0.19 -0.19 

1.0cm 20cs -0.25 -0.76 
SOcs -0.19 -0.83 

1.6cm 20cs -019 -0.51 
SOcs -0.25 - 1.3 

2.5cm 20cs -0.34 -0.97 
SOcs -0.29 - 1.1 

1 Ocm Wooden -0.13 -1.0 
Surface 
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An expenmental Investigation of fluid mixlng ln gas stlrred cyllndncal 

vessels performed by Knshna Murthy et al. 48 showed somewhat slmllar 

changes in the value of n as those presented here. However, ail tests 

performed by the authors contalned gas injection mto a single IIqUid. A thln 

upper layer was not Included. For a bath depth equal to that used ln thls 

study the authors reported a change in the value of n from 0 138 to 0.438, 

with the shlft being assoclated wlth the onset of plume sWlrllng. This IS ln 

contrast to the observation made in thls study ln whlch the mlxlng tlme curve 

remained linear over the entire range of gas flowrates selected when only 

one liquld was bemg stirred. The onset of plume rotation dld not appear ta 

cause a change ln the mlxing behavlour of the bath. Instead, the shlft ln the 

mixing tlme curve occurred in the presence of a second phase on the surface 

of the bath. Under these conditions, as noted earller, plume rotation dld not 

occur ln the range of gas flowrates tested. 

From the flow vlsuallzatlon expenments, It was found that ln the case of 

the oil-free system no slgnlficant qualitative dlfference was found ln the flow 

pattern of the water over the entire range of gas flowrates employed. The 

pattern remained as a single reclrculatory loop encompasslng the whole field 
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of view. Therefore, the mixmg time would be expected to decrease 

monotonically as the speed of reclrculatlon increased. This is borne out by 

the stralght Ime relationship shown m Figure 2.2. 

For the 011 covered systems, the photographs of the flUld flow field 

indicate that beyond a threshold flowrate, changes ln both the level of 

turbulence, as indlcated by an increase in the chaotlC nature of the flUld flow 

patterns, and the shape and number of recirculation Icops, occurred. For 

relatlvely thin 011 layers, the flow pattern IS comprlsed of a single convection 

loop, but after a flowrate of 5-10I/mln, the level of turbulence seemed to be 

signlficantly mcreased. Therefore, at hlgh flowrates the dlffuslve component 

of the mlxlng IS increased and the mlxlng time decreases at a rate greater 

than that for a strictly reclrculating flow. 

ln the presence of a thicker 011 layer multiple convection loops were 

generated and the diffusion of matenal across the boundary between the 

zones led to slow homogemzatlon. When the gas flowrate was hlgh enough 

to impart sufficient energy to break up the 011 layer, the multiple zone 

configuration was replaced bya larger main zone incorporatlng the plume 

region and a smaller zone near the wall close to the oll/water Interface. 

Assoclated with this redirection of flow was an rncrease ln turbulence. 

Therefore, mlxing at higher flowrates would be expected to be much faster, 

leading to the sudden transition ln mixing behaviour, as show." in Figure 3.6. 

The variation of mlxmg time wlth gas flowrate IS expected to mcur 

another change as the flowrate IS increased beyond the range stlpulated for 

this study. For extremely high volumes, the InJected gas would begm to 

channel through the bath producmg a plume of lower volume fraction of 

water. Kato et al.49 have derived an empirical relatlonship for the" blow-by" 

gas flowrate as a functlon of bath depth and tuyere diameter. Th~ authors 

reasoned that for a gas Jet, or plume, to remain contlnuous at ail points ln the 

bath the dynamic pressure of the jet must be greater than the static pressure 

of the bath at any location, assummg no reactlons occur between the gas and 

the surrounding fluid. If a continuous jet passes through the bath the 

conditions for blow-by to occur will have been attained. The pressure 

balance is glven by equation 3.1 
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(3.1 ) 

where u IS the gas veloclty at the vertical position y, ln a bath of depth H. The 

empirical model used by the authors to describe the gas veloclty ln a flSlng 

plume IS given by equations 3.2 a and b. 

u = U (yo/y) (32a) 

Yo = 6.2 d (3.2b) 

where U is the gas velocity at the tuyere tlp and d is the tuyere diameter. 

Combining these equations gives the following: 

(3.3) 

For the equation z(y) = 0 to have only one negative real root, the authors 

determined that: 

(34) 

Therefore, the cntical bath height,H, for a glven flowrate, Q tnJected 

through a tuyere of diameter d, is glven by equation 3.5, where aIl quantltles 

are given in appropriate SI Unlts. 

(3.5) 

Using this formula, for a bath depth of 125mm, including a thlck oillayer, the 

blow-by gas flowrate for the present model would be 3. 99x 10 - 4m 3/s 
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(241/min), which was at the upper end of the range of flowrates used. 

Therefore, gas blow-by would be expected to be present at flowrates slightly 

higherthan those used 

The reduced volume fraction of water in the plume would result in a 

possible reduction, or stablizatlon, of the convective component of mass 

transport, which may or may not be off-set by an increase in the level of 

turbulence in the bath. Also, the additional gas would simply by-pass the 

system and its energy input would not be Imparted to the fluid Therefore, It 

is believed that any further increase in gas flowrate would not produce a 

significant decrease m the mixmg tlme and a lower "mit of thls variable 

would be expected. 

3.1.3 Mixing Tlme Versus Slag Thlckness 

The previous analysls has considered the influence of the gas flowrate 

on the trend of mixing tlme. Figure 3.7 shows the effect of the thickness of 

the upper layer on the mixing time for various gas flowrates. Again, the 

mixing behavlour can be divlded into two groups wlth SI/min belng the 

transition flowrate. For low gas flowrates. the mixing tlme dld not change 

slgniflCantly as the oil layer thlckness was Increased to 7mm Beyond thls 

value the mixing tlme mcreased rapldly. Mazumdar, NakaJima and Guthne29 

showed that the presence of a second Immlsclble IIqUid mcreases the tlme for 

homogenization by reducing the fraction of input energy avallable for the 

generation of flUld flow. The consumptlon of energy was concluded to be a 

result, mostly, of potentlal energy losses associated wlth the distortion of the 

oil/water Interface and, to a lesser degree, from energy losses associated wlth 

oil droplet formation and entrainment. However, ln this low range of gas 

flow there was no appreciable mcrease ln the interface distortion as the 

thickness of the oil layer was increased. The sharp increase ln mlxlng time 

shown in Figure 3.7 was a result, rather, of a change in the bulk flow pattern. 

Thus, a thicker upper layer, and an energy input msuffiCient to break up the 

layer, results in the formation of multiple recirculatory zones, as shawn in 

figures 3.1d and 3.2. The transport of an added tracer across the boundary 
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between the zones is accomplished by diffusion, which is a slow process. 

Therefore, the multiple zone configuration causes slower mlxrng. The 

increase ln mlxlng tlme then reaches an upper limlt as the layer thlCkness 

rncreases further past approxlmately 20mm, dependrng on the gas flowrate 

Any further Increase ln the thlCkness does not create any more change 1 n the 

general flow pattern of the tlght reClrculatory loop near the plume. 

The second flowrate range, I.e. >5I/min, IS relatively insensltlve to slag 

thickness. The energy Input appears to be hlgh enough to break up the slag 

layer and prevent the formation of multiple recirculatory zones Also, the 

increase ln mlxing tlme as a result of energy consumptlon through 011 

entralnment and Interface distortion seems to be offset by the sharp 

decrease in mlxlng tlme through enhanced turbulence, as dlscussed 

prevlously. At extremely hlgh flowrates, thls off·settlng characterrstlC even 

results ln mlxlng tlmes lower than that measured for the free su dace 

configuration. The rncrease ln turbulence also enhances diffusion even If 

multiple zones are created, thereby reducing the effect of such zones 

The Influence of slag thickness on the mlxing behavlour IS most 

signiflCant ln gently stlrred vessels which contaln a slgnlficant layer of slag. In 

such configurations the vertical redirection of fluld pumped by the two­

phase plume is more prevalent than if elther the layer were thinner or the 

energy level of the slag/metal Interface was hlgh enough to cause a loss of 

slag layer integrrty. This was also noted by MatwaySO who remarked that the 

presence of a thlCk 011 layer produced a turbulent zone near the plume and a 

relatlvely calm bath outslde of thls zone. 

To the extent that the energy level at the rnterface 15 Important, It 

would seem logical that the depth of the bulk fluld would be another 

variable to be consldered when studying the redrrectlve capabliity of a slag 

layer. The system studled had a rather shollow bath, having an aspect ratio 

of 0.33 For a deeper bath a greater volume of fluld would be entralned mto 

the plume, thereby rncreaslng the momentum of the plume. However, thls 

would be counter·balanced by the dissipation of energy as the plume rose 

through the bath. The effects of bath depth on mlxing, for a glven thickness 
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of the upper layer, would have to be studied using mixing tlme 

measurements and flow visuahzation experlments. 

3.1.4 Effect of 011 Viscosity 

The viscosity of the upper layer had an affect on the mlxmg tlme, but 

only at a thickness greater than 10mm, and only at low gas flowrates As IS 

shown ln Figure 3.8, a less VISCOUS 011 produced slightly longer mudng tlmes 

A close study of the interaction of the plume and the upper layer by Matway 

showed that lower viscosity olls tended to produce smaller plume-eyes 

Therefore, the tight reclrculatory loop generated near the plume will be 

sm aller for such systems and hence slower recirculatlon and mlxlOg 10 the 

remainder of the bath. This is displayed by the longer mlxlng tlmes for the 

system contalOlng the lower viscosity oil. 
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3.2 Entrainment Behavlour 

The entrainment behaviour of the gas stlrred system was I~onitored at 

nine locations in the bath and was charactenzed by the number of entralned 

oil droplets and air bubbles per unit volume of flUld as a functlon of the gas 

flowrate and thickness of the overlymg layer. Only one viscosity of 011 was 

used in this section of the study. 

3.2.1 Behavlour of the Upper Layer and Droplet Size 

It was found that the nature of the 011 layer was dependent on the gas 

flowrate and the length of tlme that stirrmg was matntatned. At low 

flowrates, the tntegrity of the layer was not altered, except that the 011 ln the? 

central region was dlsplaced by the two-phase plume. This dlsplacement 

exposed the water to the air. The mterface between the rematnlng layer and 

the water was quiescent, as was the free surface of the 011, wlth low 

amplitude ripples adjacent to the plume. This configuration remamed 

constant over extended stirring tlmes. At slightly hlgher flowrates, around 

SI/min, a portion of the oil layer began to break up tnto large droplets, 

approxlmately 10-20mm in diameter, and mlgrate towards the wall of the 

vesse!. The large 011 droplets remained very close to the IIqUid/llquld 

interface as the flUld veloclty was tnsufflclent to entrain them to any 

significant depth. 

Tanaka used the concept of the Helmholtz stabihty cntenon to estlmate 

the maximum stable droplet diameter produced by the sheanng action at the 

interface between the two liquids.33 The author presented the followtng 

equation relating the droplet slze to a cntlcal Weber number for the system. 

{3 6} 

where 
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(3.7) 

The author also presented a value of 1.2 for the cntical Weber number. The 

term 1 is the input energy, in Unlts of Wm - 3s - 1. The energy is supplied by 

the injected gas and IS comprised of two components; buoyancy and kinetic 

energy. For the system under study, these equations can be rearranged to 

give the following equation relating the droplet Slze, wlth the units of 

meters, explicitly as a function of the energy mput. 

d = 0.0898 E-
040 (3.8) 

nuu 

At low flowrates the buoyancy energy is dommant whlle the kmetlC 

energy is dominant at hlgh flowrates, if no energy is lost dunng the initiai 

expansion of the plume as the air enters the bath. These energy terms are 

calculated usmg equatlons 3.9 and 3.10, respectively. 

371QT ( 9.8 PII L) 
c = ln 10+ ---
bouyancy V p 

o 
(3.9) 

1 Pg Q3 
E = - --

IUtletlc 2 V A 2 
(3.10) 

The Stoke's rismg velocity equation can be used to estlmate the size of 

droplets which would be maintained in the lower phase due to the flUld 

motion. The maximum dlameter of a droplet is expressed by equatlon 3.11 

(3.11 ) 
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where U is taken as the mean speed of recirculation of the bath. To estimate 

the mean speed of reCirculation, the equations developed by Sahal and 

Guthrie to calculate the mean plume veloclty wlth a correlation to the mean 
fluid speed, Wl:/e used.13.51 

(3.12) 

u p 
U=o 18-

R U3 
(3.13) 

Comblning the equatlons yields 

L 1/4 QU3 

U = 0 754 2I'J 
R 

(3.14) 

where the dimensional constants are expressed ln SI unlts. 

Studies of gas stirred ladies by Krishna Murthy et a1. 52, and Halda and 

Brimacombe53 showed that only a fraction of the kinetic energy of the input 

gas stream IS transmitted to the bath, wlth estimates of 20 percent belng 

suggested. Therefore if only the bouyancy energy IS considered, by replacing 

the quantity Q by the energy input, using equation 3.9, the maximum droplet 

diameter in the model system can be expressed by equation 3 15 for the 

bouyant energy dominated range. 

d =1153XlO- 3 ·c1/6 
max 

(3.15) 

The dimensional constants in equatlons 3.8 and 3.15 were calculated by 

substituting the values for the model system into the equatlons from which 

they were derived. Ali quantities used ln the calculations, and the variables ln 

the equations, were ln the appropnate SI units. 

If equations 3.8 and 3.15 are plotted together, as shown ln Figure 3.9, It 

is possible to compare the stable size of droplets produced and the maximum 
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droplet diameter whlch can be entrained. Ali droplets in the region below 

the Stoke's rising veloclty li ne will be entrained ln ail reglons of the bath. The 

droplets in the region below the Helmholz stabllity Ime will be readlly 

generated. Therefore, the double shaded reglon represents the slze of 

droplets, below the maximum stable Slze, whlCh will be entralned mto the 

bath. The larger droplets m the single shaded reglon above thls section will 

only be cmtralned into zones of high velocity downwards flUld motion, such 

as near the mterface of the two IlqUids. The other slgnlflcant zone IS the 

single shaded region sltuated to the right of the intersection of the two Ilnes. 

This region represents the energy levels m whlch ail of the droplets 

generated Will be entralned mto the entire bath volume 

At a low flowrate of 0.471/min, the energy mput IS of the order of 

1.0 kg m - 3 sec - 1 whlle at a flowrate of SI/min, the energy IS around 

2Skg m - 3 sec -1. For these flowrates, the estimated maximum stable droplet 

would be 90mm and 2Smm, respectlvely. The value of 25mm corresponds 

weil to the visual estimations of the size of the large droplets seen ln the 

model at a flowrate of SI/min. As blowlng continued at thls rate, the slze of 

the droplets was reduced to a constant size of approxlmately Smm after 15 

minutes of operation Ali dimenSions were approxlmated by visuai 

exammation of the model dunng the course of the expenments. For the 

upper end of the flowrates tested, an estlmate of 4mm IS predlCted by the 

Helmholtz's stabllity crlterion, whlch also corresponds weil to visuai 

observations of entramed droplets. 

At very high flowrates, the dislntegration of the otllayer was very rapld 

and the size of the droplets was constant wlth tlme at approximately 3-5mm 

in diameter. Similar observations were made by lui, Kaiwen and Tlng54 

during expenments mvolvlng mass transfer between two liqUids phases ln 

gas stirred reactors. The lose of Integrety of the 011 layer was accompanled by 

an Increase ln the thickness of the overlying layer. As the layer broke down 

an emulslon, ln kind, was formed wlth the water thereby mcreaslOg the 

thickness of the layer. At higher gas flowrates, the emulslon was further 

thickened by the downward motion of the bulk flUld. 
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Using the procedure outlined an the Appendix of this study to calculate 

the slze of the droplets as measured by the electronlc sensor, It was éound 

that a large number of smaller droplets were detected throughout the vessel 

at ail gas flowrates. An attempt at estlmating a droplet slze dlstrrbutlon was 

made. The maJorrty of the sensor readings were approxlmately 10msec rn 

length, rndlCatrng a droplet diameter of roughly 2.Smm. A range of sensor 

responses from 3 to 50msec was measured. This tra'1slates rnto a range of 

droplet diameters from 1.5 to 5.0mm 

3.2.2 Entrarnment versus Gas Flowrate 

ln order to analyze the effect of the gas flowrate on the entrain ment of 

oil droplets, one samplrng location, sltuated at mldradlus near the bottom of 

the vessel, was used Two thicknesses of 011 were consldered for tests at 

flowrates of 5, la, 15 and 25l/min. Figures 3 10 and 3 11 show the 

concentration of 011 droplets, speClfied by the number of droplets counted via 

the photoelectrlc sensor per litre of fluld drawn from the sampltng location, 

as a function of tlme after the initiation of gas injection for a system 

contarnrng a 10mm thlCkness of 011. For the lower flowrates, a constant 

degree of entrarnment was measured almost Immediately after the start of 

gas injection. The values are approxlmately 325 droplets/lrtre at a blowtng 

rate of SI/mm and 700 dropletsllitre at lOI/min. 

As is seen rn Figure 3.11, beyond a flowrate of lOI/mm, the 

concentration of entralned droplets rncreased dramatlCally wlth the 

continuation of blowrng. ThiS rapld Increase then stops wlth the 

concentration, or number density of droplets, levelling out at approxlmately 

17500 dropletsllitre. ThiS extremely hlgh concentration of droplets near the 

bottom of the vessel could only be possible If the droplets were small enough 

to resist the buoyancy and convective forces of the clrculatrng water. From 

the diSCUSSion of the mlxrng behavlour, It was noted that at hlgh flowrates, 

the level of turbulence ln the bulk Irquld increased greatly. ThiS rncrease rn 

energy would also appear to be responslble for the continuai break-up of 

larger entrained droplets rnto smaller ones. The dislntregratlon of droplets 

would eventually be offset by the coagulation of small droplets when the 

concentration became too great. Therefore, as was meac;ured, a new 
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equilibrium level of droplet concentration was attamed when the energy 

level of the bath is very hlgh. 

Simllar results were obtained for a thicker 011 a layer. Figures 3 12 and 

3.13 show the concentration versus time measurements for a 25mm 011 layer 

at the same gas flowrates. By comparmg these figures to the prevlous two, It 

can be seen that the droplet concentration levels at the lower flowrates are 

slightly higher for the thicker 011 layer. The mcrease m dropet entramment 

with the thlCkness of the overlying layer was also noted by Tanaka. ThiS IS 

possibly due, m part, to the increased volume of 011 dlsplaced from the eye of 

the plume during gas mjection. Another mteresting feature to note IS that 

the ftowrate at whlch the concentration shlfts trom constant to rapldly 

increa~mg IS greater for the thlcker 011 layer It appears, however, that the 

upper level of the droplet concentration attamed IS roughly the same 

regardless of the thlCkness of the upper layer 

3.2.3 Distribution of Entramed Phases 

Presented m Figures 3 14 to 3.17 are entramment distribution profiles 

of air and oil in the water for systems contammg la and 25mm 011 layers 

subjected to gas flows of 1.42 and SI/mm. These flowrates were chosen smce, 

as was se~n m the prevlous section, the entramment behavlour IS constant 

wlth tlme at flowrates below lOI/mm. MonitOring was camed out at nme 

locations m one half of a vertical cross section of the vessel, as mdlcated 1 n the 

figures. Droplet counts were camed out over a samplmg tlme of 300 sec, 

with 8 tests performed at each location 

At the low flowrate, the distribution of entramed oiliS closely Imked to 

the flow pattern of the bulk flUld. As was discussed ln section 3.1 1, a thlcker 

upper layer results m a system of multiple recirculatory zones wlth the 

strongest and narrowest zone located near the plume. By comparlng Figures 

3.14 and 3.15, it IS seen that the concentration of 011 droplets IS lower ln the 

majonty of the bath for a thick layer wlth sharp mcreases near the plume For 

a thin 011 layer, the concentration of droplets IS somewhat more evenly 

distributed m the upper reglon, as would be expected ln a system contamlng 

a single reclrculatory zone. The entrainment of air appears ta follow the 
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same trend as the 011. The concentration of air bubbles under the thick oil 

layer IS negligible slnce the velocity of the bulk fluid is too slow in the large 

second recirculation loop to maintain the entrain ment of air. Somewhat 

surprismg IS the extremely low levels of air entramment m the tlght, higher 

velocity primary reclrculatmg loop near the plume 

When the gas flowrate is increase to SI/min (Figures 3.16 and 3.17) the 

concentration profiles for the two 011 thicknesses were simllar, although the 

magnitude of entramment was greater, especlally near the oll/water 

interface, for the thicker layer. The flow behavlour of the bulk flUld IS 

expected to have been similar at this flowrate, as was discussed ln an earher 

section. 



71 

1 

5000 1 1 1 

• SI/min , 
101/min 

. 
..-. 

4000 
0 1 

CU - . -... 
1SI/min 1 +J ~ . - . - .1 ~ 

=tt:: 1 ......,. 
C 1 

0 3000 - 1 -.-
+J 1 ~ ... ~,. . 
+J 
C 1 CU 
U / 
C 

2000 . / 0 r- -. 
U / 
+J / 
CU / - ... ' "". • C-
O ' . 6. _, _.-... ._----
C 1000 r- • 0 -

0 
0 0 

~ ... 0 n n 
u • 0 De 0 w 

~ 0 • 
0 

--'- - --. ---- ---13- - _ .. - .. - --,...~ .. --. . - . 
0 1 I- I 

0 250 500 750 1000 

lime After Start of Gas Injection (sec) 

Figure 3.10 ConcentratIon of Entramed Droplets, 1cm 011: 
Gentle AgitatIon 



:( 

20000 

18000 

Qi 16000 ... 
+J .­----~ 14000 

c 
o .-+J 
tU ... 
+J 
C 
QI 
u 
C 
o 
U 
+J 
QI -Co 
o ... 
C 

12000 

10000 

8000 

6000 

4000 

2000 

1 

1 

1 . 
1 •• 1 . 

1 

" 1 . 
1 . 

.. 1 . 
1 . 

1 . 
1 . 

1 . 
1 . 

1 

~ . , 
Cl 

.,," 
.-.--­. .... _. - ... -. - . ..... -- - .. 

• lOI/min 

o 151/mln 

• 251/min 

~_--1:r-..... .,.r-''''--;e-;.~ • • •• ____ ._~---------a---• o ----~~----~~~----~~~~~~~~ 

72 

o 250 500 750 1000 

Time After Start of Gas Injection (sec) 

Figure 3.11 Concentration of Entrained Droplets, 1 cm Oil: 
Intense Agitation 



73 

5000 1 1 1 

• 51/mm 

4000 - o 10llmm -

• 151/mm 

g 3000 - -.-..., 
(Q 
~ ..., 
C 
<U u 
C 
o 
u ..., 
<U -C-
O 
~ 

Q 

2000 -
• • • • • - • - • - • - • - • - • - • - • - • Â • - • -Il - . - . - . - . - . - ... ... . • • Â 

0 • 0 
0 0 0 

1000 - u - 0 w 

0 • 0 • • • IJ 

~ - - - - - - - - - - - - .. - ... - - - - __ - et - - ,- - .. 

•• •• • ••• ~ 

o 1 1 1 

o 250 500 750 1000 

Time After Start of Gas Injection {sec} 

Figure 3.12 Concentration of Entrained Droplets, 2 Sem 011: 
Gentle Agitation 



74 

( 

20000 1 1 1 

• 18000 1- • 101/min . '" -,.. , Â 

Cl 151/min 
,.. 

........ 16000 Â 
Â' CIl -,.. 

r- • 251/mm Â • .; ..., .-- .-' -- ;' 

=tt:: 14000 1- -...... ~ ..... • 
~ / . 

c 
12000 f-

/. 0 • • Â 
Â -.- 7 ..., 

tU . 
r- Â/ ..., 

10000 f-
. 

c::: / -
CIl / \.1 
c::: 8000 ~ ~ -0 

U 1 ..., 
1 CIl 6000 1- --C- I Â 

0 . r- i C 4000 - -
1 

2000 -,., .n ,., n 0 QJ -
LoI U Cl ~ - • u u 

- -iI- - - ~ ._'- .. - - -'- - .. - - - t.. - - - - .. -.t - -• • • o l , I! I! ", .-'--

o 250 500 750 1000 

Time After Start of Gas Injection (sec) 

Figure 3.13 Concentration of Entrained Droplets, 2.Scm 011: 
Intense Agitation 



1500 
Il 011 droplets 

~ air bubbles 

1 000 - - ------- ---------------- -----------------

.-... 
CU 500 ------------------------------------------... ..., .­--.. 
~ 0 

c 
o 1500 .-..., 
", ... 
..., 1000 
C 
CU u 
C 
o 
U ..., 

500 

~ 0 
c. 
o ... C 1 500 - - - -- ---- - ----- - - - ------ - - ---- - - - - ---- - ---

1 000 - - ---------------------- - ------- ----------

500 - - ----------- ---- ----- --- ------ - - ---- -- ---

2.0 

5.0 

o 9.0 

near 
plume 

midradius near 
wall 

-""""" 
E u ...... 
CU u 
fV 
't-... 
CU ..., 
C -

C" -.. ... 
CU ..., 
fV 

~ 
~ 
0 
CU 
ca 
CU u 
C 
fV ..., 
'" .-
C 

Figure 3.14 Distribution of Entrained 011 Droplets, 1 cm 011 and 
1.421/mm Air 

75 



( 

1500 

1000 

lfil oil droplets 

~ air bubbles 

QI 500 
~ .., . --i 0 2.0 

c 
o .-.., 
10 .. .., 
c 
CU u 
C 
o 
U 
+r4 
(U -a. 
o .. 
C 

1 500 - - ----- ---- ---------- --------- - ------ -- ---

1000 ------------------------------------------

500 ------------------------------------------

o 5.0 

1 500 - - ----- ------------- ---------- - ---- -- --- --

1000 - - ----- ---- --- --- ---- --- ------ - ----- - --- --

500 ------------------------------------------

o 9.0 
near 

plume 
midradius near 

wall 

Figure 3.15 Distnbutlon of Entramed Oil Droplets, 2.5 cm Oil 
and 1.421/mm 

76 

....... 
E u 

"-'" 

CU u 
ta 
~ .... 
CU ..., 
c -
0 ........ .... 
QI ..., 
ta 
3: 
~ 
0 
CU 
ca 
CU u 
C 
ta .... 
'" .-
C 



,t 

1500 

1000 

~ 

QI 500 ... 
+01 .---... 
~ 0 

c 
o 1500 .-

+01 
ta ... 

+01 1000 c 
QI u 
C 
o 
U 
+01 

500 

~ 0 
Cl. 
o 
C 1500 

1000 

li 011 dloplets 

~ air bubbles 

~liJ.....I 2.0 

.............. 5.0 

500 ------------------------------------------

o 9.0 

near 
plume 

midradius near 
wall 

~ 

E u 
""-" 

-
.-o -... QI ..., 
ta 
~ 
~ o 
QI 
ca 
QI 
u 
C 
ta ..., 
'" .-
C 

Figure 3.16 Dlstnbutlon of Entrained 011 Droplets, 1 cm 011 and 
SI/min Air 

77 



{ 

..--.. 
CV 
~ ..., .---.. 

:et ......, 
c: 
0 .-..., 
ta 
~ ..., 
c: 
CV 
u c: 
0 
U ..., 
cv -a. 
0 ... 
C 

-[ 
• 

1500 

1000 

500 

0 

1500 

1000 

500 

0 

1500 

1000 

500 

0 
near 

plume 
midradius 

il 0" droplets 

~ air bubbles 

near 
wall 

2.0 

5.0 

........ 
E u 
~ 

CU u 
tU 
~ .. 

CU ..., 
c: -.-
0 ....... .. 
CU ..., 
tU 

~ 
~ 
0 -CU 
~ 

QI 
u 
c: 
tU ..., 
VI .-
C 

Figure 3.17 Distribution of Entralned Oil Droplets, 2.5 cm 011 
and SI/min Air 

78 



79 

3.3 Application to Industrial Operations 

Since thls study dld not concentrate on the modelling of a partlcular 

process the results can only be applled ln a qualitative manner Also, as was 

mentloned m Chapter 2, the mterfaclal surface tension between a slag and a 

metal phase may vary greatly dunng a treatment process. Therefore, the 

droplet slze and number cannot be dlrectly transferred to an mdustnal 

practlCe However, several Important general conclUSions can be drawn 

about the Influence of a less dense IlqUid phase on the operation of agas 

sti rred vessel 

The modifled Froude number for vanous pyrometallurglcal operations 

were calculated to compare wlth the range of values used ln the study The 

processes are shown ln Figure 3 18. Aiso mdlCated are the three zones of 

stirrmg mtensltles used ln the model. gentle, intensive and a transition 

range. The transition zone corresponds to gas flowrates where the mlxlng 

time behaviour and the effect of the upper layer changed. 

For gently stlrred vessels, such ,iS ladies used for reflnmg operations, 

two strategies can be used If It IS deslfë.'ble to Increase reactlon klnet.cs 

between the bath and the slag The number of entralned slag partlCles can 

be mcreased by mcreaslng p'~her the thlckness of the slag layer or the rate of 

gas mput. Thlcker slag layers generate more entralned droplets because the 

amount of material removed from the eye of the plume IS greater, whlle 

greater gas flowrates provlde more energy to create and entrain slag 

partlcles. However, thlCker slags Increase the mlxlng tlme of the bath whlle 

Increased gas flowrates decrease the mlxlng tlme It was also noted that slags 

of hlgher VISCOSlty ald m reducmg the mlxlng tlme. 

Systems falling wlthln the Intermedlate range of Fraude numbers are at 

the transition of mlxlng tlme and slag droplet entramment behavlour For 

such operations a thmner slag will ald m Increasmg the degree of entamment 

for a glven gas flowrate by reducmg the flowrat~ reqUire to attaln the 

transition behavlour. A thinner slag will also ensure that the fastest mlxlng 

pOSSible IS achieved. Processes ln thls range may be at the level of energy 

input where the slag thlckness has a strong influence on the mlxmg tlmes 
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Therefore, It would be advisable that for thicker slags that as hlgh an energy 

input as possible be used to ensure that the transition pOint IS passed and the 
reactlon klnetlcs maxlmlzed. 

The good agreement between the slze of the droplets seen m the 

model and the size predicted by the Helmholz stability crlterlon suggests that 

this criterlon mcy be used to estimate the slze of slag droplets whlch may be 

found ln an mdustnal operation. Equations 3.8 and 3.15 were recalculated 

for a 150 ton argon-stlfred steel reflnlng ladle. The slag was assumed to have 

a denslty of 3000 kg/m3 and an interfaclal surface tension wlth the molten 

steel of 1 10N/m The respective equations for the Stoke's and Helmholz 

formulae become: 

(3.16) 

d =0133c- 040 (3 17) 
mcu: 

These equatlons are plotted m Figure 3.19, together wlth the Imes for 

the water/oll system for comparison The energy input to the steel, as a result 

of the- injection of argon, IS m the order of 103W/m3. From the figure It can 

be estlmated that there IS sufficlent energy to generate droplets of 6mm 

diameter. However, according to the terminai veloClty equatlon only slag 

droplets of 1mm dlameter would be found ln the bulk of the bath. The larger 

droplets would only be found ln reglons of the bath where the fluld flow IS 

greater than the average bulk veioCity 

For a higher intenslty vessel, such as the Q-BOP, where the energy mput 

is in the range of 105W/m3, the energy level IS sufflcient to break up slag 

droplets to a slze of 1 mm dlameter. This is smaller than the slze of partlcles 

which can be entrained, suggesting that these droplets would be dlspersed 

thorughout the molten steel. 
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This analysls IS consistant wlth the observations of the partie/es 

generated in the mode!. At low eneregy anputs larger partlCles were seen an 

the top reglons of the bath wlth a few smaller droplets m the lower reglons, 

whlle at high energy levels many very small partlcles were seen thorughout 

the bath. 

One note to be made IS that the Q-BOP operation may react dlfferently 

than the model sance the full scale operation mvolves more than one tuyere 

Therefore, the interaction of the various flow patterns may result ln 

enhanced slag entramment and more effICient mlxlng. whlch was not seen ln 

the simple model 

At the extreme case of gas stlrnng are the very antenslvely stlrred 

operations. As small, hlgh energy processes develop the mlxlng and 

entramment charactenstlCs studled will become Important It was seen that 

the thlCkness of the slag layer does not slgnlficantly affect the mlxang 

behavlour of the lower phase. This IS valld only for the range of slag 

thicknesses modelled The results also mdlCate that very rapld reactlon 

kinetlCs can be expected due to the entraanment of a large number of very 

small slag droplets 

Fanally, for ail situations studled It was found that the presence of an 

upper IIquid layer retards the generatlon of a sWlrllng motIon of the plume 

Therefore, it would seem apparent that the slag an the vessels of an andustnal 

operatIons would help to mamtain a steady plume . 
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4 CONCLUSIONS 

Physlcal modelling of upright cylindrical vessels contalning two Immisclble 

Ilquids was perfromed A modlfied Froude number modelling cnterlon was 

used to select the operatmg parameters for the experiments The IIqUids 

were agltated by a single centrally located tuyere in the fiat bottom of the 

model A range of agitation levels was employed. The goal was to determme 

the mfluence of a second IIqUid phase on the mlxmg and entralnment 

behavl,our ln gently and Intenslvely stlrred reaction vessels 

The results of the experlments IndlCated that for a vertICal cyllndncal 

vessel filled to a helght of O.lOm and wlth an aspect ratio of 0.33 that: 

1) for low levels of energy Input, the thlCkness and viscosity of the upper 

phase influences the mlxmg behavlour. Thlcker slags increase the mlxlng 

tlme by altenng the fluld motion in the lower phase. For thln layers, the a 

single reClrculatmg flow pattern IS establlsed, whlle multiple Clrculatmg 

zones are generated as the thickness of the layer IS Increased. Less VISCOUS 

layers were seen ta also mcrease the mlxmg tlme. 

il) for mtenslvely stirred vessels, the thickness and viscoslty of the upper 

IIqUid did not slgnlflCantly alter the mlxlng behaviour Sufflcient energy 

was supplied by the InJected gas to break up the upper layer, thereby 

reducing the effects on flUld motion seen at the lower energy levels. 

iii) a transition in the mlxmg behavlour occurs between the gentle and 

Intensive systems. For lower flowrates the mlxmg tlme vaned wlth the 

flowrate to the power - 0.2 to - 0.3. At hlgher flowrates the exponent 

changed to - 0.75 to - 1.0. The transition occured at a modlfled Froude 

number of approxlmately 3 to 4. 

IV} at low energy mputs, the degree of entrainment of the upper layer IS 

constant for a glven flowrate, and mcreases with mcreasing flowrate and 

thickness of the layer 
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v) the distribution of entrained droplets at low flowrates mlrrors the flUld 

motion: for thin layers, the droplets are dlstnbuted throughout the bath, 

whlle for thlCker layers, where a tlght flow loop 15 generated near the 

plume, the maJonty of partlcles are trapped near the plume. 

VI) as the flowrate tncreases past a cntlCal pOint, the number denslty of the 

entrained droplEts mcreases rapldly The transition flowrate was found to 

,"crease wlth Increasmg thlCkness of the upper layer. 

vli)the presence of a less dense second hqUld retards the generatlon of a 

swirling motion by the plume. The precession of the plume seen the 

model, when no upper phase was present, could be descnbed as formlng 

a conlCal shape wlth the tuyere at the bottom of the model located at the 

apex. 

Dunng the development of the expenments used ln th 15 study It was 

found that dye mjectlon and photoelectric sensmg could be used to monitor 

the mixmg behavlour of a model system The time for mlxmg IS conslderably 

shorter than the commonly used electncal conductlvlty technique slnce a 

global, rather than local, mlxtng behavlour IS bemg monitored. 

A system using refractlve ,"dldes and electronlc clrcultry was developed to 

effectlvely monitor the entramment behavlour of one hqUld mto another. 

The system was also used successfully to differentiate between the 

entrainment of liqUid droplets and air bubbles. The Clrcuitry allowed for the 

size of the entramed droplets to be estimated. 
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APPENDIX 

CALCULATIONS OF DROPLET SIZE BASED UPON SENSOR 
REPSONSE TIME 

Example 1. Droplet diameter is less than or equal to the internai 

diameter of the collection tube. 

ln this case, the droplet remains sphertcal in the tube and the length of the 

droplet, as measured by the sensor, will be equal to its diameter. 

Assumptlons: 

Internai Dlameter of Tube = 1.19mm 

Fluid Extraction Rate = 40 ml/mm 

Sensor response time = 1 msec 

Fluid Extraction Rate 
Mean Fluid Velocity = -------­

Tube Cross sectiona 1 A re:,i 

( 
40 crn

3 
)( 4 ) = = 599.4 mm/sec 

60 sec n W.119cm)2 

1 
Droplet Diameter = CFluid Velocity • Response Tirne) = (599 4 • --) = 0 60 mm 

1000 

89 
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Example 2. Droplet diameter is greater than the internai dlameter of the 

collection tube. 

ln this case, the droplet Will be elongated and have rounded ends. The 

diameter of the elongated section is assumed to be equal to the interna1 

dlameter of the tubrng 

Assumptlons: 

Internai Diameter of Tube = 1.1 9mm 

Fluid Extraction Rate = 40 ml/mrn 

Sensor response time = 10 msec 

Droplet is Cylandrical an Shape (i.e. ignore rounded ends) 

Fluid Extraction Rate 
MeaD Fluid Velo!'ity = . 

Tube Cross sectlOna 1 Arca 

(
40 cm

3 \1 4 ) = -- 1 = 599 4 mm/sec 
60 sec " n (0 119cm)2 

10 
Droplet Length = Wluid Velocity • Response 'rime) = (599 4· --) = 5 99mm 

]000 

') 

11(1 19mmr 1 
Droplet Volume = (Droplet Length * Tube Area) = (5 99mm * 4 ) = 666mm' 

(
6. VIJlumc )'/3 (6. 666 )"J 

Equivalent Droplet Uiameter = n ' = Il = 2 33mm 
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The following graphs shows the droptet diameters calculated for a 

range of response times at two different fluld extraction rates, namely 40 and 

60 ml/mln. 

...-.- 3 
E 
E 

"-'"' ... 
41 .... 
41 
E 2 
ta o-
C .... 
41 -a. 
0 ... 
C 1 

o __ ~~~~~~~~~~~~~~~~~~~~ 
o S 10 1S 20 

Sensor Response Time (msec) 


