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ABSTRACT 
 
 
A study on the slag dispersion in bath smelting converter was undertaken. The aim 

was mainly to investigate the behaviour of the dispersed slag phase at high gas flow 

rate and low slag volume (10%) systems. For simulations purposes, water; paraffin-

oil and air were used in a one fifth model of the commercial 100 ton Creusot-Loire-

Uddeholm converter to represent bulk steel, molten slag and gas respectively. 

Emulsion samples were collected by means of the specially made syringe. The 

experimental results revealed that the dispersed slag phase decreased with the vertical 

distance from the original interface between the liquid phases. The dispersed phase 

decreased also with the radial distance in the water plume zone towards the wall side. 

The holdup was apparently much observable on the right side than on the left side. 

Four dimensionless numbers defined the dispersion phenomenon through the 

dimensional analysis. The modified Froude Number ensured the correlation between 

both model and prototype. The standard error of the estimate and R-squared between 

the experimental and the calculated results were 3.7 410−×  and 0.97 respectively. 
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1 INTRODUCTION 

 

1.1 Emulsions in bath smelting 

 
1.1.1 Definitions 

 
From literature survey, the word emulsion could be defined differently, according 

either to the movement of droplets or to the nature of phase [1, 2] .Emulsions are 

systems consisting of small liquid droplets or gas bubbles imbedded in a liquid 

medium when the distances separating the neighboring droplets (liquid/liquid) or 

bubbles (gas/liquid) are large enough to allow the independent movement of the said 

droplets or bubbles. When the volume of the liquid medium in a gas/liquid emulsion 

is small as compared with the volume of the gas bubbles, the medium will be present 

only in the form of thin film separating the adjacent bubbles, these cannot move 

freely and the whole system is then called foam. Hence, emulsions are dispersed 

multi-phase systems of two or more insoluble liquids. They consist of at least one 

continuous (outer) phase (e.g. water) and one isolated (dispersed or inner) phase (e.g. 

oil) [3].Thus, emulsions are heterogeneous systems formed by immiscible liquids 

closely dispersed in another in droplet form [4]. Lin and Guthrie [5] defined emulsion 

as a result of the dispersion of one liquid in another one. The size distribution of the 

emulsion is described via a typical mean diameter based on statistical moments. The 

mean surface diameter or Sauter diameter, d32, is the more relevant one in cases 

where the interfacial area is a control parameter for the mass transfer or chemical 

reaction: it is used extensively in the characterization of liquid/liquid or gas/liquid 

dispersions [4]. 
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1.1.2Types of emulsions  

 

  Emulsion can be classified according to the size of droplet and to the nature of the 

dispersed phase. 

• Based on the size of liquid drop, two types of emulsions are possible: 

(a) Macro emulsions when the particles range from 0.2 to 50 micrometers in size and 

are visible under microscope. 

 (b) Micro emulsion has particles from 0.01 to 0.20 micrometer. 

Fine drop production in gas liquid-liquid system was found to come from three 

distinct sources such as; the disintegration of liquid columns entrained by bubbling 

gas as they cross the liquid-liquid interface, drop erosion during collisions with gas 

bubbles and multiphase drop rupture  at the upper liquid-gas interface [6,61]. 

 

• Based on the nature of the dispersed phase, two types of emulsions are also 

distinguished namely:  

 (a) Oil in water; inverse (or reverse) emulsification  

 (b) Water in oil; normal emulsification. 

The type of emulsion formed by the water/oil system depends on the operating 

conditions such as; gas flow rate, the relative proportions of oil and water and much 

more on the blowing location (top, bottom or combined). 

 

Number of researchers has gathered evidence on the nature of emulsion in steel 

making converters. Tanaka and Guthrie [7] reported normal emulsification in top 

blowing process and inverse emulsification in combining blowing.  On the other 

hand, Z.Lin and Guthrie [5] observed two types of emulsion according to the nature of 

dispersion. Normal emulsion was also observed in the simulation of the LD process, 

in the top blowing. The thickness of the emulsion formed increased by positioning the 

lance nearer to the bath surface [8]. One type can be converted into another by 

manipulating operating conditions such as the height ratio of liquid phases.  
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1.1.3 Formation of emulsion.     

 

 The emulsification of metal may be due to the mechanical energy supplied by 

blowing and by decarburization. The bath agitation plays a major role in the 

formation of emulsion. The more the gas flow rate increases, the greater the speed of 

emulsification will be [8]. But the emulsion collapses when the equilibrium approaches 

because it is thermodynamically unstable [9]. 

 

In steel making with oxygen top blowing, as in the B.O.F and some C.L.U processes, 

entrainment of metal droplets in slag is caused both by the impact of the oxygen jet 

and carbon monoxide evolution from the metal bath [10,73]. Anyhow, there are three 

different ways where a metal in slag emulsion can be formed in C.L.U reactor [1]: 

• Direct dispersion of the metal in slag 

• Decomposition of a chemical compound dissolved in the slag 

• Separation, on cooling metal initially dissolved in the slag. 

 

Poggi et al [11] recognized on the other hand that the important mechanism of metal 

transport into slag is through bubbles rising across the metal/slag interface. The 

present work focuses on the first way. Generally, in the formation of emulsion, one of 

the immiscible phases is broken up into particles that are dispersed in the other phase. 

The dispersion of the inner liquid causes an increase in the interfacial area creating a 

large increase in the interfacial free energy of the system [ 1 2 ] .  

 

 E.Fritz and G.Gebert [13] argued that the emulsion in high temperatures converters is 

the result of the formation of large amounts of carbon monoxide in contact with the 

liquid slag and metal droplets. 

 



 15

1.1.4 Mechanisms of the droplet formation 

 

Z.Han and L.Holappa [14] investigated the physical phenomena occurring during the 

passage of single bubbles through the iron/slag interface by means of x-ray 

transmission technique and optical microscopy. From their observations, two 

different groups of droplets were pointed out during the passage of a big bubble 

through the iron /slag interface, namely jet and film entrainment. Lin and Guthrie [7] 

found that droplet formation was the effect of the density and the gas injection .At 

lower gas rate, droplet formation is due to the interfacial instability whereas at high 

gas flow rate, droplet birth is the result of gas bubbles with the liquid phase. Distinct 

systems were used in their investigations such as; oil/ZnCl2, oil/water. 

 

Drop formation in the CLU vessel is the consequence of liquid deformation due to the 

direct effect of uprising bubbles. Drops disintegrate into droplets during the blowing 

process due to the intensity of the following factors; swirling, waves, vortices, eddy 

size and shear stress. Frohberg and Handshuh [15] argued that the blowing time is the 

key factor in the mechanism of drop formation. On the other hand, Martin, et al [16] 

asserted that the droplet generation was governed by two factors namely the intensity 

of the movement of the gas jet on the surface of the bath, and the physical properties 

of the liquid. 

 

1.1.5 Stability of emulsions 

 

   Owing to the fact that the emulsification is an interfacial phenomena, the stability of 

emulsions in the commercial C.L.U depends a great deal on physical properties of the 

surface film between metal and slag such as [9]: 

 • High viscosity of the slag 

When the slag viscosity is high, the surface tension is considerable to such an extent 

that the entrapment of metal in slag is more important. It is known that the slag 

viscosity increases with silica content [1] 

• Adherence of solid particles to the surface of bubbles and drops 
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The stability may be due to sticking of solid particles to the bubbles surface when 

there is partial crystallization in the reactor 

• Adsorption phenomena. 

Kozakevitch [1] pointed out the adsorption of some cations at the surface film formed 

by silica in the form of an ionic double layer. 

Adsorption of any solute at the surface is given by Gibbs equation as follows: 

 

  da
d

RT
a γτ −=                                                                                   

   

Where:  Γ represents the adsorption, it is positive or negative (depletion) 

 γ, the surface tension of a liquid solvent 

 a, the thermodynamic activity of the solute in the bulk  

R is the gas constant 

T  is the absolute temperature 

 

•  Inhibition of drop movement or gas bubbles within the emulsion 

 In B.O.F. steel making and in C.L.U refining, coalescence of two droplets is 

improbable in the presence of carbon monoxide bubbles, a gaseous film preventing 

direct contact when there is large carbon monoxide evolution inside the emulsion [9]. 

However, the destruction of emulsion can be observed either by coalescence and 

sedimentation, or by complete combustion. 

• Temperature 

At constant temperature, the interfacial tension between slag and metal and the 

viscosity of the interfacial film don’t change in the nature [17]. 

•Size distribution 

An emulsion with uniform size distribution is more stable than one having a wider 

distribution with the same average, since the size distribution is a function of the 

residence time of droplets. 

 

[1] 
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1.1.5.1 Stabilization and destruction of the emulsion 

 

In aqueous modeling techniques, emulsion is generated by the effect of gas injection 

(top, bottom and combined blown) and collapses once the blowing process is stopped. 

In high temperature converters, the reaction of carbon and oxygen produces carbon 

monoxide that plays the key role in stabilizing slag-metal emulsion. Coalescence of 

droplets is quite improbable as long as carbon monoxide is adhered on the surface of 

slag or metal droplet [9]. Coalescence is the opposite effect of dispersion. Drops 

recombine when the kinetic energy of their relative motion is smaller than their 

energy of adhesion [18]. 

 

1.15.2 Instability of the original interface 

 

The original interface is the surface formed by immiscible fluids before gas injection. 

The form of the original interface depends upon the following physical factors, 

• Physical properties of the fluids 

• The hydrostatics features of fluids such as pressure of the top phase on the 

denser phase and resultant buoyancy. 

• The original interface is parallel to the nozzle side in the CLU  vessel 

 

Different types of instabilities may occur on the original interface during the 

emulsification process, depending upon the hydrodynamics of fluids [18, 68, and 71]. 

To illustrate such instabilities, the following may be cited; 

1) Tollmien-Schlichting instability that is observable when the inertial dynamical 

forces are superior to viscous forces. 

2) Kelvin-Helmholtz instability that is due to the gradient of tangential velocities of 

distinct fluids across the original interface. 

3) Rayleigh-Taylor instability that is observed when the movement of the original 

interface is directed from the lighter phase towards the dense phase. 

4) Bernard instability occurs in case of adverse density gradients of fluids. 
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1.1.6 Importance of emulsions in CLU reactor 

 
� The formation of emulsion in the CLU converter enhances the contact 

between the phases. Accordingly, mass transfer and heat transfer are favoured 
[8]. 

• The formation of a large metal/slag interfacial area responsible for the high 

reactions rates [19]. 

• The bath temperature will increase dramatically in the absence of emulsions 

reactions [20]. 

• Meyer, et al [21] estimated that almost 60 % of carbon removal occurred via 

emulsion. 

• Martin, et al [16] emphasized that an insufficient emulsion may cause an 

increase in the refining time. 

The overall reaction rate (N) is generally expressed by the following equation; 

 

CkAN ∆=                                                                                                            
 

Where, k represents the reaction rate constant. It is dependent on chemical reaction 

and liquid mass transport. 

A, is the total interfacial area. 

C∆  , is the difference of activities. 

Earlier work [22] emphasized on the fact that the interfacial area created by the gas 

injection is the major phenomena affecting the kinetics of reactions and mass transfer. 

 

During the smelting process, high heat and mass transfer rates occur as a result of the 

intense mixing and large interface developed between metal and slag [23, 24].The 

formation of slag-metal emulsions is of considerable practical importance in 

pyrometallugy particularly during the refining stage. These emulsions create large 

interfacial area between slag and molten metal resulting in rapid chemical reactions 

and mass transfer rates encountered in bath smelting, in the Basic Oxygen Furnace 

(BOF), in the Q -B.O.P. and in the commercial C.L.U converter. 

   [2] 
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The current work is divided into two parts. The first one aimed at the literature review 

of metallurgical emulsions in order to better develop a physical model of dispersion 

phenomena of the Creusot–Loire–Uddeholm (C.L.U) reactor. The second part 

outlines the experimental work. 

 

From literature survey, previous studies have been concentrated on liquid –liquid 

emulsions of low gas flow rate- low slag volume or high gas flow rate / high slag 

volume. The objective of this study was to investigate the dispersion behaviour in 

high gas flow rate –low slag volume operations. Then, the other purpose of this work 

was to build up a mathematical model of the dispersed phase in order to extrapolate 

the experimental results to the industrial scale. 

 

Similarity between the model and the prototype was ensured by the modified Froude 

number criterion. For simulation purposes, a water model of CLU converter was 

utilized in order to characterize the dispersed phase hold up in high strength bottom 

blown reactors for various injection rates and water-paraffin oil heights. 
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2 LITERATURE REVIEW  

 

2.1 AOD, CLU processes. 

 

Nowadays, stainless steelmaking is achieved efficiently through technologies like 

AOD (Argon-oxygen-decarburization) and CLU (Creusot-Loire-Uddeholm).Both 

processes are similar in their applications. The difference lies on the gaseous mixture 

used and the location of gas injection. 

 

 
 

Figure1: The commercial CLU converter 

 

The charge of the CLU or AOD converter is composed of the hot metal from the arc 

furnace, fluxes and others additions such as scrap and ferro-chromium. The hot metal 

(crude steel) contains mostly iron, chromium, nickel, carbon and other undesirable 

elements such as phosphorus, sulfur and manganese. Fluxes are salts that are added to 

the bath for the purpose of slagging undesirable elements and balancing the heat 
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within the bath at the optimum level. Hot metal is formed mostly by scrap. Fluxes are 

dependent on the chemical nature of the slag (acid or alkaline) and the refractory 

wear. 

 

The gas mixture is injected through nozzles or tuyeres located at or near the bottom of 

the vessel to promote mixing, heat transfer and mass transfer in the bath smelting. 

Under these conditions; reactions take place rapidly resulting in a higher refining rate. 

As reactions proceed, three phases are formed in the bath namely molten steel, liquid 

slag and gas. The lighter phase (slag) floats on top of the heavier phase (molten steel) 

during the refining process. The gas mixture characteristics used in AOD and CLU 

are given in Table 1. 

 

Table1: Gas injection characteristics in AOD and CLU 

 

Process Bottom gases 

 

Tuyere location 

 

AOD 

Oxygen 

Argon 

Nitrogen 

Carbon monoxide 

 

Side - bottom 

 

 

CLU 

 

Steam, 

Argon, Nitrogen Oxygen 
Bottom 

 

 

South African Columbus Steel uses the commercial CLU converter equipped with a 

top lance (combined blowing) as shown in figure1.In both processes; the ratio of inert 

gas to oxygen is enhanced to promote decarburization without excessive chromium 

oxidation [24]. 

The usefulness of the converter comes from its ability in producing low carbon 

stainless steel. Steam is used in the CLU process for thermodynamic requirement as a 
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temperature controller and for inhibiting chromium oxidation. Also; the steam is 

utilized for the sake of reducing inert gas (Ar) consumption [25, 60, and 69]
. 

 

2.2 Previous work 

 

Number of investigations on metallurgical emulsions has been performed on the 

bottom, top and combined gas blowing liquid-liquid systems. 

Tanaka and Guthrie [7] studied emulsification phenomena in liquid –liquid systems 

using water-paraffin, mercury-paraffin and mercury-glycerin systems, respectively. 

The aim of their investigation was to investigate the slag entrainment by steel during 

simulation blowing operations in steelmaking. A 1:19th scale model of 240 ton BOF 

steelmaking vessel was used in two systems; water-paraffin and mercury/paraffin. 

Normal emulsion (water droplets in the oil layer) was observed in top blown. 

Whereas in bottom blown, they reported the inverse emulsion (oil droplet in the 

water).The combination of top and bottom blowing enhances the entrainment of 

particles. 

 

Investigations on the control of reverse emulsification in a bottom blown bath were 

undertaken by means of a circular plate by S.Yamashita and M.Manachu [26]. They 

found that as the plate approached the bottom side, the dispersion of slag droplets 

increased in the whole bath and the mixing time was shortened. In case where the 

circular plate was removed, the recirculating flow diminished.  

 

Martin and M.Diaz [27, 8] investigated the hydrodynamics of gas-liquid and gas-liquid-

liquid reactors with top and bottom blowing. The reactor consisted of a cold model of 

a 250-ton industrial converter and the triple system water-Vaseline-air. The aim of 

their study was to characterize the bubbles and to determine the streamlines, the study 

of drops and emulsions formed. Their results described the fluid dynamics of the 

gaseous phase and aqueous phase. 
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R.P. Singh and D.N.Ghosh [28] carried out a cold model study of liquid-liquid mass 

transfer (Water/ benzene model) in a combined blowing converter under experimental 

conditions such as bottom gas flow rate, number of tuyeres and dimensionless radial 

positions. The modified Froude Number was adjusted for the water model to simulate 

plant scale operation. The improvement realized in the combined blowing process 

was attributed mainly to enhanced emulsification of benzene in water. 

 

Zaidi and Sohn [29] investigated liquid-liquid formed by bottom gas injection to 

characterize the drop size distribution using kerosene-water system at gas flow rates 

ranging from 54Nl/min to 282 Nl/min for a slag volume of 33-75%.A 

polycondensation technique was used to collect sample of the dispersed water drop, 

by means of a specially designed pneumatic trap. The drop-size distribution was 

found to obey the Gaudin-Schulmann equation. In light of size distribution of the 

drops, M.G.Frohberg and G.Handschuh [15] studied the emulsion in bottom converter. 

They observed that the distribution peaks changed to smaller diameters by increasing 

the blowing time. 

 

D.J.Phelan and G.Brooks [23] investigated coalescence and breakage of sulphide matte 

droplets in the slag-matte emulsions of the Vanyukov process. The gas flow rates 

ranged from 0 to 40 Nl/min.The mean droplet diameter was found to increase with 

the gas flow rates. 

 

Turkdogan [10, 30] observed photographically the phenomena of emulsion formation 

aimed at the mechanism of formation of metal droplets dispersed in slag of open –

hearth steel making processes and more importantly in B.O.F.In these processes, 

metals droplets are formed and dispersed in the slag layer due to the impinging gas 

jets, as well as rising gas bubbles. It was found that at low impinging gas jet 

velocities, no emulsification was observed, while at high jet momentum, oil and 

water layers became emulsified at the interface. 
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Wei and Oeters [31] investigated the emulsion in the injection ladle using water and 

cyclohexane to model the liquid steel and slag respectively. It was found that the 

number of droplets of slag increased with increasing stirring gas flow rate, but the 

average diameter of droplets decreased and the location of the nozzle used influenced 

the number of droplets generated 

 

W.Kleppe and F.Oeters [32] conducted model tests on the breakaway of droplets when 

blowing a gas jet onto the surface liquid. A model law describing the dispersion 

formation in basic oxygen process was defined in the absence of a slag layer. They 

asserted that the basic oxygen process takes place in atomization range. 

 

B.Deo et al [33] investigated slag-metal droplet emulsion in oxygen steelmaking. An 

emulsion number was defined on the basis of the residence time of metals droplets 

and gas bubbles found in liquid slag. The so-called emulsion number was qualified to 

be a probable tool in controlling slag formation. 

 

On the other hand, Subagyo et al [34] carried out investigations aimed to the study of 

the behavior of metal droplets in slag-metal emulsion through impinging gas blowing. 

They found out that the generation rate and size distribution of metal droplets was 

effected by the blowing number. 

 

G.Brooks et al [35] developed a model of trajectory and residence time of metal 

droplets in slag-metal –gas emulsion. Their model based on mechanics and chemical 

kinetics principles showed that the residence time of metals droplets in slag was short 

for a weakened decarburization in oxygen steelmaking. 

 

G.Reiter and K.Schwerdtfeger [36] investigated the physical phenomena occurring 

during passage of bubbles through the liquid/liquid interfaces. By means of the high 

speed photography, they observed that the bubble spends a time at the interface 

before it reaches the upper phase. On the other hand, the denser phase dragged 

upwards increased with bubble size. 
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 Z.Han and L.Holappa [14] carried out investigations on the mechanism of the 

entrainment at the iron/slag interface. They used X-ray transmission technique and 

optical microscopy. They attributed the iron entrapped into slag to jet and film 

entrainment. 

D.Poggi, et al [11] investigated the mechanisms of metal entrained in slag found in 

Noranda Processes using two systems; mercury/water-glycerin and lead /fused salt. 

They observed that matte might become entrapped either as rafts of droplets, as 

droplets suspended or as fine droplets. 

 

P.Kozakevitch [1] carried out investigations on foams and emulsions in steelmaking. 

The factors responsible of stabilizing foams and emulsions in steelmaking were 

defined. 

 

  Z.Lin and Guthrie [5] studied the emulsification behavior caused by gas bubbles 

rising through a slag/metal interface using aqueous modeling techniques. Two 

opposite patterns of emulsion were observed. The first pattern consisted of aqueous 

droplets dispersed within the oil phase. The second pattern consisted of oil droplets 

dispersed within the aqueous phase (inverse emulsion).This depended on the system 

chosen and the operating conditions. For systems of large differential density with a 

thick upper phase (e.g. in the bath smelting process), it was found that the dispersion 

of lower phase into the upper phase was more significant than the inverse process. A 

generalized model characterizing the transitional volume of entrained droplets within 

the upper phase in the emulsification process was developed. Dimensional analysis 

was used to express the volume of lower liquid carried up into the emulsion per 

bubble. 

 

Lee and Sohn [37] carried out a cold model study on the effects of various operating 

conditions on the dispersed phase holdup in liquid-liquid emulsion generated by 

bottom gas injection. They used water and kerosene to simulate the dispersion of slag 

in QSL lead making process. The variation of the hold up within the plume was 

correlated by a single equation involving a set of dimensionless numbers. They also 
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established a relation between the interfacial area and the volume fraction of the 

dispersed phase in order to estimate or correlate the mass and heat transfer rates in 

designing a reactor.  

 

 G.Akdogan and R.Eric [38, 39] carried out a physical modeling study to simulate the 

slag-metal dispersion induced by a high rate bottom gas in one-seventh model of a 

CLU converter utilized in ferroalloy refining. The dispersed phase hold up was 

determined at various axial and radial distances, gas flow rates, and tuyere 

configurations (off-center, triangular center and center).They found out that off-center 

configuration presented better dispersion than others. 

 
Most of previous investigations were basically concentrated on other features of 

emulsion such as nature of emulsion, drop size distribution and drop formation rather 

the dispersion of one phase in another. Thus, little has been done on the distribution 

of the dispersed slag phase in bath smelting with respect to the positions and side. 

 

 The choice of simulated triphase (water, paraffin and air) used in the current work 

could be justified firstly by the following reasons; 
� The need of inducing the same type of physical phenomena in both reactors 

(model and prototype)  

• To take into account the close physical similarity [27].  

• Also, the choice of room temperature model was motivated by the sake of 

visualizing the physical phenomena occurring in the commercial CLU 

converter.  

On the other hand, D.J.Phelan and Brooks [23] justified the choice of those materials 

by the physical criteria such as density, viscosity and surface tension. Fabritius et al 

[24] emphasized that the simulation of the steel phase by water in the isothermal cold 

model is founded on the nearly equal kinematics viscosity of water and liquid steel. 
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2.3 Fluid flow in the CLU converter 

 

Fluid flow plays a major role in the CLU converter since all physical phenomena 

occurring within the bath depend on fluid patterns. Fluid flows are dependent on the 

following factors; density, interfacial tension, injection regime and bath height. 

Szekely [40] classified the injection regime in submerged converters in two groups 

namely; 

1) Discrete regime:  occurs at lower flow rate, with a characteristic of discrete 

bubbles. 

2) Jet regime occurs at higher flow rate, continuous bubbles are generated. Thus, 

intensity of bath agitation or turbulence is governed by the injection regime. 

 

Interfacial tensions are forces that force two fluids to remain in contact. These surface 

tensions delay the movement of one fluid on another in the converter at low gas flow 

rate as well as in the absence of agitation. Interfacial tension is dependent on the 

physical nature of fluids (viscous or smooth). 

 

2.4 Similarity criteria and Mathematical modeling 

 
2.4.1 Physical criteria 
 

The development of a physical model of a real operating system called the prototype 

can make sense only when the model and the prototype are physically similar [40]. In 

order to achieve the goal of the present work in constructing a model of slag-metal 

dispersion in the commercial C.L.U, three states of similarity are defined as 

illustrations but only geometric and dynamic criteria are relevant in the current work. 

The states of similarity are geometric, dynamic and kinematics. 

 

(a) Geometric similarity relates to the shape of the vessel. The model and the 

prototype are geometrically similar when the ratio or scale factor of corresponding 

lengths is the same everywhere 
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Geometric similarity can be better understood through the theorem of Euclid as 

follows [41]: 

“A pair of plane polygons is similar when they have the same number of vertices and 

when both of the following conditions are satisfied: 

Corresponding angles are in a constant ratio 

Corresponding sides are in a constant ratio “ 

e.g. for 1/5 model of 100ton- C.L.U converter, the scale factor is 5. 

 

    5===
Model

CLU

Model

CLU

Model

CLU

D
D

L
L

H
H

                                                                       [3] 

 

 

Where, H, L and D represent the height, the length and the diameter of the vessel 

respectively. 

 

(b) Kinematics similarity is the analogy of motion. 

(c) Dynamic similarity  

Systems are dynamically similar when the magnitudes of forces at corresponding 

locations are in fixed ratio. There are many dimensionless numbers which are used in 

dynamic similarity. For example; Reynolds number is the ratio between the inertial 

forces to viscous force,  

 

µ
ρ LU nomg=Re                                                                                                       [4] 

 

Where gρ  is the (gas) density, nomU  is nominal velocity, L  is the length of the plume 

and µ  is the viscosity of (the gas) 

Reynolds number characterizes the laminar or the turbulent nature of the gas jet [42]. 
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Another the criterion which is of great importance in the dynamic similarity of the 

gas injection onto the liquid surface of metallurgical converter is the Weber number. 

It is defined by the following relationship 

 

σ
ρ LU

We
nomg

2

=                                                                                                  [5] 

 

Where,σ  is the interfacial tension, U is the nominal gas velocity at the nozzle exit, 

L is the characteristic length and gρ  is the gas density. 

Weber number characterizes the atomization of liquids and bubble/droplet formation 

Zaidi and Sohn [29] suggested a correlation of Sauter mean diameter (d32) against 

Weber number for liquid –liquid emulsions formed by bottom gas injection as below, 

 

( )WeaWed 248.0exp158.0
32 −=

                                                                     [6] 

 

 

Where,We  is the Weber number, a  is the interfacial area per unit volume of 

emulsion. 

The interfacial area per unit volume of the emulsion is linked to the dispersed slag  

phase ( φ )  and the mean drop size ( 32d ) by the following the relationship, 

 

32

6
d

a
φ=                                                                                                            [7] 

 

Furthermore, free surface flows are characterized by Froude number, Fr. 

The most useful dimensionless number is the Modified Froude Number (NFr); which 

characterizes the fluid flows generated by gas injection in B.O.F, A.O.D and C.L.U. 

Hence, the dynamic similarity is defined for the present model by equation: 
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gd

U
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l

g
Fr

.
2

ρ
ρ

=
                           

 

Where,  

gρ  represents the gas density ( )3/ mKg  

lρ  is the liquid phase density ( )3/ mKg  

nomgU .  is the nominal velocity at the nozzle ( )sm /  

d  is the nozzle diameter ( )m  

g  is the gravitational acceleration 

 

Numerous investigators took into account geometric and dynamic similarities to 

correlate physically model to the prototype. Both criterions are paramount in the 

framework of the current work. 

 

 (c1)    Froude Number and its applications 

 

Froude number and its modifications have been used so much with keen interest by 

several researchers in their investigation on water modeling techniques for 

correlating the model and the real system. 

 

G.Akdogan and R.H.Eric [38], M.S.Lee and H.Y.Sohn [37] used the Froude number to 

simplify the correlation of the hold up in their investigation of physical modeling of 

emulsions. In this case, the Froude number represents the combined effects of the 

gas flow rate, injector diameter, and height of the heavy phase. 

 

Numerous investigators [43-44] used the modified Froude number in their similarity 

considerations for the calculation of the gas injection rate in the model of combined 

blown steelmaking.S.Kim and Fruehan [44] defined the modified Froude number as the 

ratio of the kinetic energy of the gas injected through a tuyere to the buoyancy energy 

              [8] 
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of the gas. Then, the Froude number was considered as the similarity criteria to 

correlate the gas flow rate between full-scale model and real system. 

 

   ( ) ( )ModelFrSystemFr NN =                                                                                                                          [9] 

 

Fabritius, et al [24] pointed out the importance of the Modified Froude number for 

describing gravity, buoyancy and inertial force in A.O.D. bath. 

 

From literature survey, it was clear that the Froude number is the most important 

dimensionless number used in dynamic similarity for correlating model to the 

prototype in systems using gas injection. Hence, the following relationship may be 

applied to the current model. 

 

           ( ) ( )ModelFrCLUFr NN =                                                                       [10] 

 

(C2) Determination of the modified Froude number for the current work 

 

The modified Froude Number was used to relate the model to the prototype. A 

number of investigations have been performed on 0.2 scale model of the commercial 

CLU [39, 45, and 36]. 

 

Since the tank is open to the atmosphere and the densities of the simulated phases 

(slag and metal) are known; the pressure exerted by the fluid at the bottom of the 

tank can be calculated. Taking into account an averaged bath height of 54.5 cm, the 

pressure is calculated by means of the following hydrostatics relationship; 

 

Ll HgPP **12 ρ+=                                                                                        [11] 
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Where 1P  is the atmospheric pressure, 2P  is the pressure exerted by the liquids, LH  

is the height of the liquid phases and g is the acceleration due to gravity. Hence, 

P2=1.013+ [(1000*0.9+860*0.1)*9.81*0.54]/100000 

 P2=1.065 Bar 

 

The density of compressed air used in the model can be estimated since the pressure 

at bottom is known through the relationship: 

 

TP
P

elair

273
**29.1

1

2
mod ��

�

�
��
�

�
=−ρ

                                                               

                
293
273

*
013.1
065.1

*29.1 �
�

�
�
�

�=  

                =1.26 Kg.m-3 

 

Considering the averaged gas flow rate of 0.0145 m3/s under CLU model operating 

conditions, the gas flow rate at the nozzle tip is given by the following expression; 

 

�
�

�
�
�

�
�
�

�
�
�

�=
273
293

065.1
013.1

0145.0ActualQ
  

           =0.0148 m3/s 

 

The nominal gas velocity can be calculated through the following relationship; 

 

2*
*4

dn
Q

Unom π
=

                                                                              

 

Where, d is nozzle diameter  m3106 −×=   and n is number of nozzle  

 

[13] 
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         ( )2310*6*14.3*5

0148.0*4
−

=  

 

 =104.8 m/s 

 

Finally, the modified Froude number for the model is calculated from equation 8 as 

follows; 

 

��
�

�
��
�

�
= −3

2

10*6*81.9
8.104

986
26.1

FrN
 

        =238 

 

The efficiency of the blowing gas is a primary requirement in the homogenization of 

the bath. The metallurgical campaign is such that the less the carbon is in the molten 

steel, the longer the gas injection will last. To achieve this purpose, there is the need 

of fluctuating the gas flow rate as well as the modified Froude number (See Table 2). 

The modified Froude number is basically a function of the gas flow rate as can be 

seen in Figure2. 

 

 Table2: Ranges of modified Froude Number 

 

MODEL 
 RANGES 

Current work 
 72 – 410 

Admire and Nyoka[45,22] 
 Calculated averaged value 252 

Akdogan and Eric[39] 
 4000 – 10000 

 
Vanyukov Process[23] 0.273 – 2.14 
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2.4.2 Types of process model 

 

In modeling of a process, it is necessary to have in mind the difference between a 

simulation model and design model [46].A simulation model is written or used to 

simulate existing plant or equipment.  Outputs are calculated exactly as an existing 

plant. The design model is needed where no equipment exists and a plant design is 

required for a particular output. The current work focuses on the simulation model of 

dispersion in the 100 ton CLU reactor operated by Columbus stainless steel. 

 

Gas flow rate,m3/s 

Figure2: Modified Froude Number as a function of the gas flow rate 
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. 

Table 3: Comparison between parameters used in the prototype and the model. 

 

 

 
In Table 3 are displayed relevant parameters and operating variables used in the 

modeling of the CLU reactor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Prototype Model 

Liquid 1 

Liquid 2 

Purging gas 

Vessel material 

Nozzle diameter 

Number of nozzles 

Bath height 

Purging gas flow rate 

Modified Froude number 

Kinematics viscosity 

Density 

Temperature 

Molten steel 

Molten slag 

Steam/Argon/nitrogen/Oxygen 

Steel and refractories 

30mm 

5 

2.2;2.75;3.29m 

0.93 - 1.77Nm3/s 

72 - 410 

10-3kg/m.s 

7200kg/m3 

17000 C 

Water 

Paraffin 

Air 

Clear 6mmPVC 

6mm 

5 

0.435;0.55;0.658m 

0.01-0.019m3/s 

72 - 410 

10-3kg/m.s 

1000kg/m3 

20oC 
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2.4.3 Construction of mathematical models 

 

 2.4.3.1  Definition of mathematical models 

 

A model is basically a representation of a process [47].A mathematical model takes the 

form of a set of equations describing a number of variables. The mathematical model 

used in the present work and in most investigations previously carried out on water 

modeling techniques, expresses physical phenomenon like emulsion, mixing time, 

mass transfer and size distribution of droplets.  The mathematical equations are useful 

for further industrial applications and also to better correlate relevant parameters [38, 37, 

and 31].There are four stages in mathematical models [48]. 

 

a) Setting the objective 

 

  The purpose of this step is to make a decision on systems to model. In the current 

work, the system to model is the bath smelting of the commercial 100-ton C.L.U. 

converter. 

 

b) Choosing the equations 

 

 This stage is related to the collection of mathematical equations representing the 

system. For them to make sense, these equations must describe sufficiently the 

system in order to involve all the relevant factors. Dimensional analysis was used as a 

tool to achieve this goal in the present work. The form of the equations describing the 

dispersion phenomena could be linear or nonlinear according to the experimental 

results. 
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 c) Formulation of the model 

After getting the form of all equations describing the model, the aim of this step is to 

solve these in order to give the answer required by the model. The application of 

Buckingham pi-theorem is useful at this step. The use of particular software such as 

Datafit, Matlab and Surfer.32 was recommended in order to build up the model. 

 

d) Fitting the model 

 

The purpose of fitting is to define clearly the general trend that matches experimental 

data. Such trend may be found through either linear or nonlinear regression. 

 

2.4.3.2 Dimensional analysis 

 

Marko Zlokarnik [49] defined dimensional analysis as a tool that enables a faster 

elaboration of a dimensionless set displaying experimental parameters. As such, 

dimensional analysis is a useful technique in representing the overall effect of 

complex phenomena encountered in pyrometallurgical vessels. 

 

The purpose in the application of dimensional analysis to the CLU model, is to 

simply define the overall effect of the phenomenon studied (dispersed phase, mixing 

time or mass transfer rate) through mathematical expressions that correlate physical 

variables believed to be of key importance [50]. 

 

 There are two real problems in dealing with dimensional analysis. The first is the 

construction of a complete list of relevant parameters that describe the process. The 

second is the determination of the process characteristics and the establishment of 

real operational numbers in case of large-scale factors. 

 

Dimensional analysis was utilized by various modelers to outline the effects of 

dispersion, mass transfer, heat, fluid flow, and so on. 



 38

Lee and Sohn [37] used dimensional analysis to correlate the hold-up with the 

operating conditions and the sampling locations. K.Iyer and Sohn [51] performed 

dimensional analysis to correlate the energy of the lighter liquid to the operating 

parameters. By the way of dimensional analysis, Buckingham pi-theorem was applied 

in order to get relevant dimensionless groups after parameters involved in the process 

were defined. 

S.Ghorai, et al [50] used dimensional analysis in their modeling in order to define the 

overall effect of mass transfer through simple mathematical expression.  

 

Previous investigators [38, 37] applied dimensional analysis to correlate the dispersed 

phase to the operating conditions.Lin and Guthrie [5] used dimensional analysis to 

express the volume of lower liquid carried up into the emulsion per bubble. 

 

Buckingham pi-theorem 

 

“The number of dimensionless groups in a complete set is the difference between the 

total number of variables and the rank of the dimensional matrix.” The maximum 

number of variables in the original set that are not part of a dimensionless group 

constitutes the rank of the dimensional matrix.  

 

The dimensional analysis has been used fruitfully in the field regarding mixer design 

and scale-up [47].Mathematically [52], Buckingham pi-theorem can be formulated as 

follows: 

“Assuming that the equation f ( δγβα ,,, ) =0 is to be a complete equation, the 

solution has the form 

   g ( nπππ ,..., 21 ) = 0, 

Where the π are the n-m independent products of the arguments ,....,,, δγβα which 

are dimensionless in the fundamental units. 

. 
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 2.4.3.3 Verification of Model –Prototype tolerance 

 

  In the scope of the current work, tolerances were examined in terms of standard 

error of the estimate and R-squared. For the model to best fit, the following condition 

must be achieved 10 2 ≤< R . 

 

 2. 4.3.4 Overall correlation of the dispersed phase 

 

From literature survey, the variation of the dispersed slag phase holdup in the water 

plume or in the bath was correlated to the dimensionless operating conditions and to 

Froude Number or its modifications.  

 

For Akdogan and Eric [38], the overall correlation of the dispersed phase was found to 

be an expression of the following dimensionless parameters; axial and radial 

distances, Modified Froude Number and the bath height. The following equation was 

suggested as the overall distribution of the dispersed slag phase holdup in a one 

seventh CLU model;  
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   Where, 

centerlineφ  is the dispersed phase hold-up along the centerline 

FrN  is the modified Froude number 

oH  is the height of the organic phase 

wH  is the height of the water 

r is the radial distance  

z is the axial distance from the original interface 
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On the other hand, Lee and Sohn [37]   correlated the dispersed phase to the operating 

conditions such as injector diameter, axial and radial distance, bath height and the 

Froude Number. Then, they suggested the overall correlation of the dispersed phase 

holdup as follows: 
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Where, ( )rz ,φ  is the dispersed phase at the position ( )rz, , r  is the radial position and 

5.0r  is the radial distance where the dispersed phase is half the maximum value at the 

centerline. 

 

       [18] 
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The survey of literature emphasized that the inverse emulsion occurs in bottom blown 

converter when the lighter phase (slag) is smaller in volume than the continuous 

phase (steel).The modified Froude Number was considered as the dynamic criterion 

to correlate CLU model and CLU prototype. The dimensional analysis is a simple 

approach in modeling the dispersed phase in bath smelting.  
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3 EXPERIMENTAL PROCEDURE 

 

3.1 Experimental technique 

 

The experimental set-up comprised of a cylindrical clear PVC tank, which is a one –

fifth model of the commercial CLU converter and a flow meter for air flow regulation 

as shown in Figure 3.5. For simulations purposes; water and paraffin were used 

respectively. Physical properties of simulated phases are given in Table 4. 

 

Tapped water (simulated molten steel) and paraffin oil (simulated slag) were filled in 

to the tank at 90 % and 10 % by volume respectively. Water and paraffin heights are 

given in Table 6. The height of water was directly measured by means of the ruler 

fixed along the CLU model. The frequency of filling was such that water came first 

as dense phase and then paraffin. The reason why was to avoid deformation of the 

original interface before gas injection. During experiments the air flow rate varied 

from 0.01 m3/s and 0.019 m3/s.  Experiments were run by injecting compressed air 

into the bath through fives nozzles located at the bottom the right side (See Figure 

3.4). The axial and radial position from where the samples were taken, were recorded 

together with the gas flow rate and the heights of water and paraffin before gas 

injection. 

After a half an hour injection period, a sample emulsion was collected rapidly at a 

particular position by means of specially made syringe fixed firmly by the clamps. 

Then, the sample emulsion was transferred to the measuring cylinders. Owing to the 

fact that the measuring cylinders were motionless, the separation of phases took place 

as droplets oil coalesced upwards; due to the low density of the lighter phase.  

Oil drops gathered on top of the dense simulated metal (water) and the demarcated 

original interface appeared after complete phase separation. 
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After a half an hour, the volumes of water and oil were recorded. Samples were taken 

from the right-axis (directly above the nozzles) of the tank as well as  the left axis 

(See Figure 3.3).Sample emulsions were taken eight times at a time interval of three 

minutes and the averaged value of the dispersed slag phase was calculated by means 

of the relation: 

 

WO

O

VV
V

Dph
+

=                                                                                                     [19] 

 

Where, oV  is the volume of oil, wV  is the volume of water and Dph  is the dispersed 

phase hold up. 

 

Appendix A up to appendix D summarizes details on the dispersed phase for each 

sample emulsion collected as well as the corresponding average. All investigations 

were run at room temperature. The experimental work focused essentially on two key 

parameters; the axial measurements and the radial measurements. 

 

Table 4: Physical properties of liquid phases at 20 ° C 

 

Liquid 
Density 

( )3/ mKg  

Interfacial tension 

( )cmdyne/  

Viscosity 

( )cP  

Water 1000 1  

Paraffin- oil 865 50 55 
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3.2 Radial measurements of the dispersed slag phase  

 

Samples along the radial axis were taken in the plume region from the center and in 

the vicinity of the wall side as shown in Figure 3.2. The defined radial distances were 

0; 9.7 and 19 cm respectively covering nearly the entire bath. Sample statistics were 

as follows, 

• 36×  along the radial axis located exactly at the origin. 

• 6 × 4 along the radial axis placed at 90 degrees from the horizontal axis. 

• 6 × 4  along the radial axis located at 135 degrees 

• 6 × 4 along the radial axis situated at 45 degrees. 

Thus all sampling positions yield a total of 90 samples. During axial and radial 

measurements, the gas flow rate and the bath height were kept constants. 

 

Table5: The vertical coordinates of the samples 

 

SAMPLE 
WATER HEIGHT 

(4 0 Cm  ) 

AXIAL DISTANCE 

Z(Cm  ) 

S1 35 5 

S2 30 10 

S3 25 15 

S4 20 20 

S5 15 25 

S6 10 30 

 

 

There are 15 radial positions at each axial axis. The axis AB in Figure 3.3 represents 

the horizontal centerline, which separates the right side from the left. The distribution 

of the dispersed along the axial centerline has been investigated by taking into 

account all the sampling positions along the axis AB. 
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3.3 Axial measurements of the dispersed phase 

 

 

S1 

S2 

S3 

S4 

S5 

S6 

S1 

S2 

S3 

S4 

S5 

S6 

S1 

S2 

S3 

S4 

S5 

S6 

S1 

S2 

S3 

S4 

S5 

S6 

)a  Axial sampling positions on the right side 

)b  Axial sampling positions on the left side 

10 Cm 19 Cm 

19 Cm 10 Cm 

Figure 3.1: Side view of axial sampling positions 
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S1 

S2 

S3 

S4 

S5 

S6 

19 Cm 

19 Cm 
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The measurements along the vertical axis were carried out on different sides of the 

vessel as shown Figures 3.1 and 3.2 as follows; 

 

• At the central section, samples were collected in three axes whose distance 

from the axial centerline was 19 cm. The averaged value of the dispersed 

phase was calculated. 

• Samples were taken also along the vertical axis located at 9.7 Cm from the 

axial centerline. Six axes were considered in three different sections which 

make with the vertical axis an angle of 45, 90,135 degrees respectively. The 

averaged value of the dispersed phase was calculated for both sides of the bath 

(left and right) at the particular sector. 

• Sampling measurement was extended to the section close to the wall side 19 

Cm away from the axial centerline; for assessing the impact of the wall side 

on the dispersed phase. Likewise, six axes were considered as can be seen in 

Figure 3.1. Each side of the bath was characterized by a specific behaviour of 

the fluid flow depending on the turbulence intensity, interfacial tension 

between simulated slag and metal. In Table 5, the values of the axial distance 

from the original interface are displayed. The sampling process started 5 cm 

away from the original interface downwards. As the axial distance decreased, 

the water height decreased as well. 
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Figure3.3:  Top view of sampling positions 

Figure3.4: Top view of nozzles position 
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Figure 3.5: The Schematic representation of the experimental set-up 
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  3.4 Bath height optimization 

 

The bath was divided in to four sections located at the positions 0; 90; 45 and 135 

degrees respectively as shown in Figures 3.1 and 3.2. And at each section, samples 

were collected radially and axially. 

 

The first stage during the experimental work focused mainly on the optimization of 

the bath height in order to conduct investigations on the dispersed slag phase. Tests 

were carried out at various bath heights. The values of the dispersed phase correlate 

with the operating variables at the bath height of 43.5 cm as shown in appendix A. In 

appendix D and E, there is a discrepancy between the gas flow rate and the dispersed 

phase values. Hence, the results revealed that the bath height was optimum when it 

was lower (43.5 cm).Then; most of the results presented in the current work were 

related to the bath height optimum. 

 

Table 6: Bath height and volume total at 10 % volume slag 

 

Water 

Height 

( )m  

Paraffin 

Height 

( )m  

Bath 

Height 

( )m  

Water 

Volume 

( )3m  

Paraffin 

Volume 

( )3m  

Bath 

Volume 

( )3m  

0.40 0.035 0.435 0.078 0.009 0.087 

0.50 0.046 0.546 0.102 0.011 0.113 

0.60 0.058 0.658 0.128 0.014 0.142 

 

 

The CLU converter is composed of a conical shape at the bottom and the cylindrical 

part. The volume of the bath in the current work was defined as the sum of the 

volume of water and volume of paraffin. For 10 % by volume of simulated slag, the 

following relationship may be written, 
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1.0=
+ pw

p

VV

V
……………………………………………………………… [20] 

 

Where pV  and wV  represent the volume of paraffin and water respectively. 

 Table 6 shows the relationship of the volume of paraffin to the volume of water. 

 

As shown in Figure 3.5, the right side characterized the side where nozzles were 

situated .The water plume was mainly formed in that zone and buoyant forces were 

also much pronounced. The right side was the starting region of dispersion of oil, 

characterized by intense turbulent flow. From one position to another, eddies produce 

visible fluctuations in the flow, velocity and pressure. The left side of the set up was a 

recirculatory region that was characterized by circulating loop induced by the 

movement of the water plume. 

 
The experimental work aimed to investigate the dispersion behavior of the slag phase 

at various operating conditions namely gas flow rate and bath height as a function of 

axial distance and radial distance, as well as to shed light on the variation of the 

dispersed phase from the right axis to the left axis.Thereafter, the dispersed phase 

model was established on the basis of the experimental results and the modified 

Froude number. Operating conditions selected for the experimental work are 

summarized in Table 7. 
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4 RESULTS AND DISCUSSION 

 

Dispersion of oil into the bulk simulated metal (water) is the result of bottom gas 

injection in to the bath, which causes bubble formation in such a way that bubbles 

rising entrain a bulk liquid upwards according to the operating conditions and the 

buoyancy transferred to the liquid in the ascending movement. The deformation of 

the original interface (Rayleigh and Helmholtz instability) occurs generating a 

number of liquid drops once the three -phase bubble-water-oil reaches the free 

surface. 

 

4.1The effect of the gas flow rate on dispersed slag phase hold up 

 

4.1.1The effect of the gas flow rate on the right side 

 

The effect of the gas flow rate on the dispersed slag phase was investigated by 

maintaining the bath height constant and varying the flow rate between 0.01 m3/s and 

0.019 m3/s .The operating variables are illustrated in Table 7.Tests on the dispersed 

slag phase were carried out step by step from the plume zone towards the wall side of 

the tank. The effect of the gas flow rate on the dispersed phase on the right side is 

shown in Figures 4.1 to 4.4 on the sections situated at 90 degrees, 45 degrees and 135 

degrees. 

 

Table 7: Ranges of operating variables  

 
Variable Range 

 Gas flow rate,m3/s 0.01 – 0.019 

Height of water, m 0.40 

Height of oil, m 0.035 

Bath height, m 0.435 

Axial distance, cm 5  - 30 

Radial distance, cm 0 – 19 
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Figure4.1:  Variation of the dispersed slag phase with the gas flow rate 

on the right side (Radial distance 19= cm, 90 degrees) 
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Figure 4.2: Variation of the dispersed slag phase with the air flow rate on the right 

side (Radial distance =19 cm, 45 degrees) 
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As depicted in Figures 4.1 to 4.4, the dispersed slag phase increased with an increase 

in the flow rate in the plume zone at the radial distance of 9.7 cm from the center and 

in the recirculation towards the wall side at the radial distance of 19 cm. Such effect 

of the flow rate was observed at various axial distances from the top of the bath 

downwards. This result might be explained by the intense turbulence in the water 

plume and by the disintegration of oil drops as the gas flow rate increased. 

 

In the plume zone, oil droplets were subjected to stronger buoyancy to such an extent 

that their surface tensions as well as the gravity are weaker. Then, the circulation of 

oil droplets into the bath became faster and very turbulent at the radial distance of 9.7 

cm. The plume zone was more emulsified than the recirculation zone as can be 

observed from figures 4.1 and 4.4. An increase in the gas flow rate involved an 

increase in droplet number and a decrease in droplet diameter. 
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Figure 4.3: Variation of the dispersed slag phase with the air flow rate on the right 

side (Radial distance 7.9= cm, 90 degrees) 
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Figure 4.4: Variation of the dispersed slag phase with the gas flow rate on the right 

side (radial distance 7.9=  cm, 135 degrees) 

 

The number of oil droplets formed in bath depends on the position (axial and radial) 

as well as on the interaction of dynamic forces namely surface tension, inertia force, 

buoyancy and gravity. The intensity of those forces depend naturally on the 

turbulence effect, the nature of fluid movement (either accelerated or not) and the 

position. This result showed  good agreement with the finding of Phelan and Brooks 
[23] .They observed that coalesced droplets become unstable at higher gas flow rates 

and break into smaller droplets; as a result decreasing the mean droplet diameter. 

 

 

 

 

 

 

 

 

Axial distance 
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4.1.2 The effect of the gas flow rate on the left side 

 

The dispersed slag phase increased also with the stirring gas rate on the left side. 

Such observations were made in the region situated between the axial distance 20=z  

cm and 30=z  cm as shown in Figures 4.5, 4.6 and 4.7. Dead zones were observed at 

the free surface of the bath on the left side, especially at relatively lower gas flow 

rate, due to the weakened turbulence effect. A loop circulation was the main feature 

of flow patterns on that side .Oil phase emulsified easily into the water plume as the 

gas velocity increased at the nozzle tip. 
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Figure 4.5: variation of the dispersed slag phase with the gas flow rate on the left 

side. (Radial distance 19=  cm, 45 degrees) 
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 Previous investigators agreed on the fact that increasing gas flow rate enhances the 

rate of emulsion in the bath smelting. Most of them were focused on the water plume 

zone [38, 37, and 31]. Akdogan and Eric’s [39] investigation emphasized that increasing the 

Gas flowrate:m3/s 
 

Figure 4.7: Variation of the dispersed slag with the gas flow rate on the left side 

(Radial distance 7.9=  cm, 135 degrees) 

Figure 4.6: Variation of the dispersed slag with the gas flow rate on the left side 

(Radial distance 7.9=  cm, 45 degrees) 

Axial distance 
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 58

gas injection increased the water plume cone; resulting in enlarged plume radius at 

the surface. As a result, the plume volume was increased in the bath and the 

circulation of oil drop was enhanced in the water. The air flow rates ranged between 

0.00599 to 0.01465 m3/s. As asserted in recent investigations [22], the difference 

observed in the results of Akdogan and Eric with the current work, was attributed to 

decreasing turbulent variables in 0.2 scale CLU model as a result of stirring energy 

dissipation.  The intense emulsion observed at higher gas flow rate was attributed to 

the effect of instabilities, due to fragmented body forces on the emulsified oil layer 

[53].  

 

Admire’s [22] investigations showed that the presence of circulation cells and dead 

volumes impacted negatively on the left side of the vessel. As a result, the dispersion 

of oil slowed down in that region due to the higher surface tension between the 

simulated phases. 

 
 S.J.Buckler et al. [54] carried out investigations aimed at the measurement of the total 

interfacial area during submerged gas injection into a liquid bath. They found out that 

the total interfacial area increased with increasing the gas flow rate. Thus, increasing 

the interfacial area implied an increase in the reaction rate. In the current research, the 

effect of the flow rate was extended to the entire bath. 

 

Increasing the air flow rate in the CLU bath improved both turbulence and mixing. 

Such effects lead to the greater number of slag drops and bubbles. Accordingly, the 

more oil drops are, the greater the volumes of dispersed phase will be. Thus, an 

increase in the flow rate makes the jet continuous favouring the multiplication of 

bubbles and reduces the surface tension between the fluids. 

 

The increasing dispersed phase found when the gas flow rate increased, is in great 

part the reason that explains satisfactorily the enhanced mass transfer in the CLU 

reactor at higher gas flow rate. It goes without saying a word that the modified 
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Froude Number is directly proportional to the gas flow rate such that analogues 

trends were observable as graphed in Figure 4.8. 
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Figure 4.8: Variation of the dispersed slag phase with the modified Froude Number 

 

4.2 Specific energy input 

 

The total stirring energy supplied to the bath is the sum of the buoyancy energy (Eb) 

supplied by the gas bubbles rising in the liquid and the kinetic energy of the gas in the 

jet. The buoyancy energy is given by the following relationship [22], 

 

W
H

QTEb

1
9.1033

1log01425.0 �
�

�
�
�

� +=                           

 

Where  

Q  is the gas flow rate ( )min/NL  

T is the temperature ( )K , 

H is the bath height ( )cm , 

W  is the weight of the water ( )ton , 

bE is the stirring energy due to buoyancy ( )tonW /  

         [21] 
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The kinetic energy transferred to the bath is given by [22], 

 

2

3

2WA

Q
E g

k

ρ
=                       

 

Where 

kE  is the stirring energy due to kinetic energy of the gas in the jet ( )tonW /  

A  is the cross-sectional area of the nozzle ( )2m  

gρ  is the density of the gas ( )3/ mKg  

 

Equations [21] and [22] indicate that both the buoyancy and kinetic energy of the 

dispersed slag phase are directly proportional to the gas flow rate. Tanaka and 

Guthrie [7] argued that a higher rising plume velocity will result in a higher reverse 

flow around the rim of the upwelling fluid. This implies that the greater the rate of 

energy input into the rising plume of the lower phase liquid ,the greater will be the 

reversing downwards flow and the greater will be the size of the upper phase particles 

that can be entrained. Krishna and Mehrothra [55] on the other hand, asserted that the 

effectiveness of mixing depends on the gradient of convective velocities of the liquid 

and eddy diffusion. These two parameters are generated by breakdown of larger 

clumps of liquid into smaller ones. The progressive disintegration of eddies depends 

on the mode of stirring of the liquid bath and on the quantity of input energy. 

 

4.3 The axial distribution of the dispersed slag phase 

 

The axial dispersed slag phase was estimated by keeping the bath height at 43.5 cm 

and the gas flow rate constant (0.01m3/s). 

 

Results of the axial distribution of the dispersed phase are plotted in Figure 4.9 to 

4.12. The vertical distance starts five centimeters below the original interface and 

         [22] 
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extends to the range 30=z Cm. As can be observed the dispersed slag phase 

decreased with the axial distance from the original interface in distinct sections of the 

bath. This trend might be explained in terms of bubbles and eddy frequency as well as 

by the kinetic energy of the liquid phases.  The upper zone was the most turbulent 

and wavier than the bottom side, in which a few oil drops circulate by lack of bubbles 

and eddy. Much of the kinetic energy of the fluid is associated with the large size 

eddies. 

 

Other investigators found out that the decrease of the dispersed slag phase with the 

vertical distance was due to the loss of kinetic energy by collision and viscous friction 
[37]. Researches on the axial liquid velocity and axial gas in submerged converters 

were undertaken [56, 57, and 62]. By using electrical resistivity probes and propeller 

flowmeter, it was found that both quantities decreased as one moved away from the 

nozzle. Their observation might explain the ascending movement of the water plumes 

rather the anticlockwise motion of the dispersed oil phase. 

 

Turkdogan [10]  investigations identified the liquid phase behavior in submerged lance 

blown converter in two distinct regions; 

1) The upper level ( 15=z cm till 5=z cm) that was characterized by prevailing 

gas bubbles in liquid phase. 

2) The bottom level ( 20=z cm till 30=z cm) where liquid fragments were 

found in gas phase. 

Two physical phenomena could justify the decrease of the dispersed phase with the 

vertical distance. On the right side; the pumping action of the plume diminished the 

momentum transferred to the dispersed phase. On the other hand, the presence of 

dead zones in the upper zone of the bath created apparently a greater dispersion 

towards the top side in the recirculation zone.  In a recent investigation [22], dead 

volumes in the CLU model were observed at the bottom of the vessel as a result of 

minimal kinetic energy and bubble formation. That result was in line with the finding 

of Lee and Sohn [37].They explained the decrease in the dispersed phase by the 

decrease in the kinetic energy due to collision and viscous friction. 
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Figure4.9:  Variation of the dispersed slag phase holdup with the axial centerline 

(Gas flow rate: 0.01m3/s) 
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 Figure 4.10: Variation of the dispersed phase with the axial centerline at the gas flow 
rate 0.0145 m3/s 
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Figure 4.11: Variation of the dispersed slag phase with the axial distance  
(Gas flow rate 019.0=  m3/s) 

Figure 4.12: Variation of the dispersed slag phase with the dimensionless axial  

centerline at the gas flowrate:0.019m3/s 
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4.4 The radial distribution of the dispersed slag phase 

 

The radial dispersed phase was studied by maintaining all operating conditions 

constant and varying only the radial distance in the range 0 – 19 cm. 

In Figure 4.13 to 4.14, the dispersed phase is plotted against the radial distance at 

higher flow rate (0.019m3/s and 0.014 m3/s). 
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Figure 4.13: Variation of the dispersed slag phase with the dimensionless radial 

distance at the gas flowrate:0.019m3/s 

 

In fact, the dispersed oil phase decreased with the radial distance from the centerline 

towards the wall side of the tank, at different axial distances.  
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Figure 4.14: Variation of the dispersed phase with the dimensionless radial distance 

at the gas flowrate:0.014m3/s. 

 

 That effect could be justified by the decrease in turbulence and bubbles dispersion 

from the plume zone towards the recirculation region. There was a similarity in the 

dispersion of drops and bubbles within the bath since both were governed by the 

same principles [40].Five nozzles are located on the right side of the vessel for the 

compressed air injection into the bath that generated an intensively turbulent water 

plume zone. In the plume zone (center of the tank till the radial distance 10=r cm), 

eddies are much larger than of the wall side ( 19=r cm).Oil drops were subjected to  

stronger buoyancy in the plume zone to such extent that their surface tension and 

gravity were minimal. Much of the kinetic energy of the fluid in the CLU model was 

associated with the large eddy. In the recirculation zone, viscous forces and drag 

forces were much more significant. Bubbles were rare in that zone due to the 

discontinuity of size eddy except when the flow rate was higher [8]. 
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The presence of the top layer (simulated slag) affected the fluid dynamics. It 

weakened the turbulence motion in the axial and radial directions in the recirculation 

region but intensified the turbulence motion in the plume region. The axial turbulence 

fluctuations near the centerline became smaller as the radial distance increased in the 

recirculation region. The Reynolds shear stress vanished in that region due to the 

entrainment of oil [53] and that observation agreed well with the result of the current 

work in the fact that the turbulence intensity decreased from the water plume region 

towards the wall side. 

 

Marco and Schwerdtfeger [56] argued in their finding which focused on the 

characteristics of eccentric bubble plumes in liquids, that the flow pattern in radial 

axis is highly meandering and nonstationnary. It is mainly towards the plume at 

medium heights and bottom of the vessel. Likewise, Admire investigations [22] 

confirmed that mass transfer rates in the middle of the bath were greater as a result of 

an increase in the mean rising plume velocity. On the other hand, Lee and Sohn [37] 

pointed out that the decrease in the radial dispersed phase was due to the conical 

shape of the plume. In the CLU model, the water plume was shaped in great part on 

the right side and bent on the left side such that, bubbles frequency was less 

pronounced in that zone . 

 

However, the radial dispersed phase did not vary significantly on the left side of the 

tank because of the weakened turbulence and the formation of dead zones. Ilegusi et 

al [58] stated that the drag force slows down the bubbles and attenues the intensity of 

the recirculation flow that ensues. The turbulence on the left side was lesser such that 

the flow at the free surface was weakened, and such phenomena varied with the flow 

gas flow rate. The streamlines made by liquid phases were akin to a waterfall. 
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Figure4.15 :  Dispersed slag phase holdup at the gas flowrate:0.0145m3/s 
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Figure 4.16: Dispersed slag phase holdup at the gas flowrate:0.01m3/s. 

For simplicity reason, the dispersed phase is expressed in percentage in Figures 4.15 

and 4.16. 
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Figure 4.17: Dispersed slag phase holdup at the gas flow rate 0.019m3/s  

 

The contours displayed in Figures 4.15, 4.16 and 4.17 correlated the dispersed phase 

to the axial and radial positions. As could be observed, the top surface of the bath and 

the plume region exhibited greater dispersion than the wall side. The software Surf.6 

was used in plotting the contours. More comments are summarized in appendix G.    

 

  4.5 Variation of the dispersed phase with the height of the bath 

 

The bath height plays a key role in the mixing intensity and homogenization of the 

bath. The effect of the height of the bath on the dispersed phase was studied by 

varying the height of the bath (water and paraffin) between 0.435 m and 0.659 m 

while the gas flow was kept constant. Figure 4.18 depicts the dispersed phase as a 

function of the bath height. As can be observed from Figure 4.18, increasing bath 

height reduced slag dispersion in the tank. This may be explained by obvious reasons 

such as the decrease of the agitation and turbulence due to the reduced plume radius 

at the surface. The trend at the radial distance of 9.7 cm under the angle of 90 degrees 
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displays a sudden increase in the hold-up at the bath height of 54.6 cm as a result of 

intense turbulence in the water plume region. 
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Figure 4.18: variation of the dispersed phase with the relative height of the bath. 

( 25=z  cm;0.019m3/s) 

 

In fact, at the same gas flow rate, the plume cone was much more enlarged at lower 

bath height.Accordingly, greater circulation flows were visual at lower bath rather 

than elevated one. This result showed agreement with earlier work. Observations 

made by Akdogan and Eric [39], revealed that decreasing bath height intensified the 

dispersion of oil drops in bath .On the other hand, observations made by K.Iyer and 

H.Y.Sohn [51]
 ascertained that increasing the bath height of the light phase leads to an 

increase in the damping effect on the gas plume and to increasing cross sectional area 

of the fluid flow, leading to the reduction in the recirculatory flow. In addition to that, 

K.Murthy and Mehrothra [55] found that the plume cone increased with increasing gas 

flow rate and decreased with increasing bath height. As a result, agitation and 

turbulence diminished as the bath height increased, dead volumes increased as well. 

The higher interfacial tension made the dispersion of oil difficult at elevated bath. 

Radial distance 
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Admire [22] argued that increasing bath height implied a decrease in the bubble 

formation. In their investigations, Asai et al [59] justified the increased recircuatory 

loop length in the vessel by an increasing bath height. 

 

4.6 Dimensionless analysis 

 

The operating variables in the current work were defined by the axial distance ( z ), 

radial distance ( r ), gas velocity ( v ), heights of oil ( oH ) and water ( wH ). That gave 

nine variables once they were combined with the physical properties of the liquids. 

From experimental view point, only the operating conditions were varied such as the 

gas velocity, the height of water and paraffin, the axial and the radial distances .The 

physical properties of the liquids were kept fixed. The dispersed slag phase is a 

function of the following variables z, r, v, Hw, Ho, lρ∆ , gρ , g, µ .We have three 

dimensions; length ( L ), mass ( M ), time (T ). Therefore, by application of 

Buckingham theorem [52] we get 639 =−  dimensionless groups as shown through the 

dimensional set. Table 8 displayed the dimensional set of the dispersed phase 

 

Table 8: Dimensional set of the dispersed phase 

                 

 r  z  oH  wH  v  lρ∆  gρ  g  µ  

L 0 0 0 0 0 1 1 0 1 

M 1 1 1 1 1 -3 -3 1 -1 

T 0 0 0 0 -1 0 0 -2 -1 

1π  1 0 0 0 0 0 0.667 0.333 -0.667 

2π  0 1 0 0 0 0 0.667 0.333 -0.667 

3π  0 0 1 0 0 0 0.667 0.333 -0.667 

4π  0 0 0 1 0 0 0.667 0.333 -0.667 

5π  0 0 0 0 1 0 0.334 -0.334 -0.334 

6π  0 0 0 0 0 1 -1.001 0.001 0.001 
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Where, lρ∆  , g, µ   represent the density difference of liquid phases, acceleration due 

to gravity and dynamic viscosity. 

 

The dimensional set of the dispersed phase is composed of the following matrices, 

• A= [1 0 1;-3 1 -1; 0 -2 -1] 

• Matrix unit 

• Inverse matrix A-1 

• Matrix B 

 

A-1 = -1.0000   -0.6667   -0.3333 

         -1.0000   -0.3333   -0.6667 

          2.0000    0.6667    0.3333 

 

B= [0 0 0 0 0 1; 1 1 1 1 1 -3; 0 0 0 0 -1 0] 

 

The dimensionless group π  is found by figurating out the matrix C. 

 

( )[ ]TT ABC 1. −−=                                                                                              [23] 

 

The letter T in the equation above indicates the transposed matrix. 

 

There are six dimensionless groups that are relevant to the process, which can be 

written as follows; 

 

6667.03333.06667.0
1 ... −= µρπ gr g                                                                            [24] 

                     

6667.03333.06667.0
2 ... −= µρπ gz g                                                                              [25] 

 

6667.03333.06667.0
3 ... −= µρπ gH go                                                                           [26] 



 72

 

  6667.03333.06667.0
4 ... −= µρπ gH gw                                                                        [27] 

 

 3334.03334.03334.0
5 ... −−= µρπ gv g                                                                            [28] 

 

0001.00001.0001.1
6 ... µρρπ ggl

−∆=                                                                           [29] 

 

Dividing all the dimensionless groups by �4 yields  

 

wH
r=

4

1

π
π

                                                                                                             [30] 

 

wH
z=

4

2

π
π

                                                                                                            [31] 

 

w

o

H
H

=
4

3

π
π

                                                                                                            [32] 

 

3333.06667.03333.0

4

5 .. µρ
π
π −−= g

H
v

g
w

                                                                 [33] 

 

6667.03333.06667.1

4

6 ... µρρ
π
π −−∆

= g
H g

w

l
                                                               [34] 

 

By squaring the dimensional group [33] and combining with [34], we get the 

dimensional group called Modified Froude Number [35] 
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 Hence, the overall correlation of the dispersed phase can be defined at last as a 

mathematical function of four dimensionless groups as follows: 
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The form of the overall correlation of the dispersed slag phase may be determined 

through further fitting approaches, by either polynomial or non linear regression. 

 

4.7 Dispersed slag phase model 

 

Assuming that the dispersed slag phase is defined at the centerline of the bath by centφ , 

the corresponding rate of emulsion at any position within the bath from the center can 

be estimated through a model of the dispersed slag phase. 

 

The current model may be defined as a mathematical expression that regroups the 

value of the holdup at the centerline and all relevant dimensionless groups such as the 

axial distance from the original interface, the relative height of the liquids, the radial 

distance and the modified Froude number. In this case, the axial and radial distances 

are given as ratios to wH . Mathematically, the following expression may be written 

when the volume of the gas is ignored, 
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M.S.Lee and H.Sohn [37] investigation correlated the dispersed phase in the water 

plume zone as a Gaussian distribution. Akdogan and Eric [38] have found an equation 

that fit to a number of the present experimental data, precisely in the water plume 

zone. The main difference lies on discrepancy of the results in the vicinity of the wall 

side and their coefficient of multiple regressions was 0.87 when using the previous 

model. The following equation was used as an expression of the dispersed phase, 

 

( ) �
�
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��
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H
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rz sin1.
2

φφ                                             [38] 

 

According to the previous investigation [38], the model should fit well when the rate of 

slag emulsification increased with the radial distance. On the contrary, the opposite 

effect was observed on the right side in the current work.  The model of the dispersed 

phase was defined as shown in appendix F according to the experimental data. 

 

For reasons mentioned above, the model suggested by Akdogan and Eric was subject 

to a revision and improvement in order to establish a relationship that best fit 

experimental data of the current work. First of all, the following expression from 

earlier work is suppressed, 

�
�

	


�

�

wH
br

Sin                                                                                                                  [39] 

 The reason is that this trigonometric function increases with the radial distance. 

Secondly, the estimate initial value of the exponent a  is taken as 0.4. 

 

As can be seen from Tables 9A and 9 B, the coefficient (a) depends on the sampling 

position, on the modified Froude Number and the bath height. 

Mathematically, the coefficient a may be expressed as follows; 
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Powers m, n and p are determined by multiple regressions based on experimental 

data. 

The software Mat lab was used at this step in solving the set of equations. 

 Hence, 
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The model of the dispersed slag phase was defined as shown in appendix F by the 

following equation, 

 

2* FaY = ………………………………………………………………….   [41] 

Where, 

bFF 12 = …………………………………………………………………. .. .. .[42] 

 

2
1 1 xF −= ……………………………………………………………… . .  ..[43] 

 

The variable x represents the dimensionless radial distance ��
�

�
��
�

�

wH
r

 

By performing non linear regression, important statistical results were selected as 

listed in appendix F. The standard error of the estimate and the coefficient of multiple 

regression were 3.7 410−×   and 0.97 whilst the standard deviation averaged was 
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0.0004.That showed good agreement between the calculated and the experimental 

data with a proportion of variance of 98 % 

 

The equation of the dispersion model may be approximated by the following 

mathematical expression; 
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The above model was defined by means of the software data fit version 8.1.69. The 

coefficient of multiple regression R2=0.97 and standard error of the estimate was 

3.7 410−× .The solver was nonlinear regarding various trends found during 

experimental evaluation. Previous expression of the centerline dispersed phase was 

adopted since the relevant dimensionless groups at the centerline namely axial 

distance, height ratio of liquid phases and the modified Froude number were similar 

in both investigations. Figures 4.19, 4.20, 4.21 and 4.22 highlight how close the 

experimental results are from the calculated ones from the center towards the wall 

side. 
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Figure 4.19: The correlation of radial dispersed phase: experimental and calculated 

values ( 20=z cm) 

 

 

0.102

0.105

0.108

0.111

0.114

0.117

0 0.1 0.2 0.3 0.4 0.5
Dimensionless radial distance

D
ph

Experimental

Calculated

 
 

Figure 4.20: The correlation of radial dispersed phase: experimental and calculated 

values (z= 25 cm) 
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Figure 4.21: The correlation between experimental and calculated radial dispersed 

phase ( 5=z cm) 
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Figure 4.22: The correlation between experimental and calculated radial dispersed 

phase ( 15=z cm) 
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For the model to best fit, the R-squared might tend towards the unity value standard  

error should be as weak as possible in decimal range. Previous work [1] found the  

correlation with a coefficient of multiple regression equal to 0.94.That coefficient 

dropped to 0.87 when fitting the current data to their relationship. Figure 4.23 

illustrates a comparison between current work and Akdogan and Eric [38] work in 

terms of relationship between experimental and correlated model values of dispersed 

phase hold-up. It is clear that the revised equation used in the present work gives 

much better correlation between experimental and model values. 
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Figure 4.23: Correlation between the experimental and the calculated results 
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Table 9 A: Fitting results of dispersed slag phase holdup 

 

Bath 

height 

(cm) 

Gas flow 

rate 

( sm /3 ) 
wH

r
 ( )cm

z
 expφ  calφ  R2 a  

54.6 0.019 0 10 0.11218 0.11207   

54.6 0.019 0.2425 10 0.10887 0.10902   

54.6 0.019 0.475 10 0.09982 0.09978 0.9995  

54.6 0.019 0 10 0.11218 0.11256   

54.6 0.019 0.2425 10 0.10929 0.10941   

54.6 0.019 0.475 10 0.1123 0.11180 0.93  

54.6 0.019 0 5 0.11243 0.11081   

54.6 0.019 0.2425 5 0.10528 0.10746   

54.6 0.019 0.1745 5 0.09789 0.09732 0.93  

54.6 0.019 0 20 0.12734 0.12835   

54.6 0.019 0.2425 20 0.12535 0.12398   

54.6 0.019 0.475 20 0.11056 0.11092 0.98  

54.6 0.019 0 25 0.12626 0.12778   

54.6 0.019 0.2425 25 0.12522 0.12316   

54.6 0.019 0.475 25 0.10883 0.10938 0.96  

54.6 0.014 0 5 0.1155 0.11448   

54.6 0.014 0.2425 5 0.11123 0.11259   

54.6 0.014 0.475 5 0.10707 0.106373 0.92 0.27 

54.6 0.01 0 30 0.12153 0.12166   

54.6 0.01 0.2425 30 0.11856 0.11838   

54.6 0.01 0.475 30 0.10837 0.10842 0.99 0.45 

54.6 0.01 0 25 0.12365 0.12311   

54.6 0.01 0.2425 25 0.1174 0.11814   

54.6 0.01 0.475 25 0.10367 0.10347 0.996  

54.6 0.01 0 25 0.12365 0.12576   

54.6 0.01 0.2425 25 0.12344 0.12055   

54.6 0.01 0.475 25 0.1044 0.10519 0.94 0.7 

54.6 0.01 0 20 0.11903 0.11874   

54.6 0.01 0.2425 20 0.11611 0.11649   

54.6 0.01 0.475 20 0.10964 0.10954 0.99 0.32 
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Table 9 B: Fitting results of the dispersed slag phase holdup 

 

Bath 

height 

(cm) 

Gas flow 

rate 

( sm /3 ) 
wH

r
 ( )cm

z
 expφ  calφ  R2 a  

65.8 0.019 0 5 0.10636 0.10653   

65.8 0.019 0.2425 5 0.1057 0.10548   

65.8 0.019 0.475 5 0.10212 0.10217 0.992 0.16 

65.8 0.019 0 10 0.10654 0.10646   

65.8 0.019 0.2425 10 0.10552 0.10562   

65.8 0.019 0.1745 10 0.10297 0.10295 0.997 0.13 

43.5 0.019 0 25 0.11985 0.12020   

43.5 0.019 0.2425 25 0.11651 0.11603   

43.5 0.019 0.475 25 0.10342 0.10355 0.998 0.58 

43.5 0.019 0 20 0.11786 0.11798   

43.5 0.019 0.2425 20 0.1141 0.11394   

43.5 0.019 0.475 20 0.10183 0.10187 0.99 0.57 

43.5 0.019 0 15 0.11074 0.111082   

43.5 0.019 0.2425 15 0.10982 0.10936   

43.5 0.019 0.475 15 0.1039 0.10401  0.26 

43.5 0.01 0 5 0.1152 0.11666   

43.5 0.01 0.2425 5 0.11423 0.11225   

43.5 0.01 0.475 5 0.09862 0.09915 0.96  

43.5 0.014 0 25 0.11428 0.11506   

43.5 0.014 0.2425 25 0.11344 0.11240   

43.5 0.014 0.475 25 0.10397 0.10424 0.97 0.39 

43.5 0.014 0 20 0.12238 0.12255   

43.5 0.014 0.2425 20 0.11996 0.11973   

43.5 0.014 0.475 20 0.111 0.11106 0.998 0.38 

43.5 0.014 0 15 0.12158 0.12218   

43.5 0.014 0.2425 15 0.12021 0.11940   

43.5 0.014 0.475 15 0.11066 0.11087 0.985 0.38 

43.5 0.014 0 10 0.12184 0.12145   

43.5 0.014 0.2425 10 0.11881 0.11933   

43.5 0.014 0.475 10 0.11289 0.11276 0.989 0.3 
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4.8 Scale up of the dispersed slag phase results to the real CLU reactor 

 

Previous investigators [45, 22, and 72] used the following relation to correlate the mixing 

time in a reduced scale model to the full scale CLU converter, 

 

fsmix

mix

T

T

,

mod,2
1

=λ  

Where λ  is the scale factor. 

 

Since tests on the current work were carried in the same vessel, the similar 

relationship might be applied to extrapolate the dispersed slag phase results to the 

industrial scale as follows, 

 

( )

( ) fsrz

elrz

,

mod,2
1

φ
φ

λ =                            

 

The above equation remains valid since the modified Froude correlated the gas 

injection between CLU-model and CLU prototype.   

  

 

 

 

 

 

           [46] 
 

      [47] 
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5. CONCLUSIONS 

 

From a cold model of the CLU reactor, the dispersion behavior of slag phase was 

investigated at various operating conditions. The following conclusions were drawn; 

The dispersed slag phase increased with the gas flow rate. The dispersed phase 

decreased with the vertical distance from the original interface between liquid phases. 

The dispersed phase decreased with the radial distance .The dispersed slag phase was 

inversely proportional to the relative height of liquid phase. The dispersed phase was 

apparently much more observable on the right side than on the left side. Four 

dimensionless numbers defined the current model through in mathematical analysis. 

Amongst parameters; the modified Froude Number ensured the correlation between 

both model and prototype. The overall correlation of the dispersed simulated slag 

phase was defined by the following equation 
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 The experimental results agreed well with the correlated ones since the standard error 

of the estimate and R-squared were respectively 3.7 410−×  and 0.97 with a proportion 

of variance of 98 % and standard deviation of 0.0004. 

 

 

FUTURE WORK 

 

1. For the sake of improving agitation as well as turbulence effects on the left side 

where dead zones were observed in the upper zone of the bath, it will be worthwhile 



 84

to use the top lance. Then, further investigation on the combined blowing effect on 

the dispersed phase may be undertaken. 

2. Gas holdup and bubbles frequency in the CLU vessel have not been investigated 

yet. To better correlate the fluid dynamics to the emulsification phenomena, a study 

on such effects is recommended.  

3. The dispersed slag phase decreased with the axial distance .Photographic method 

should be applied in an attempt of gathering images of the emulsion at various axial 

distances in the water plume zone and in the recirculation zone. 
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APPENDICES 

 

 

Appendix A1: Values of the dispersed slag phase at various flow rates along the 

radial axis situated at 90 degrees (Bath height: 43.5 cm; radial distance =19 cm) 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 19 5 0.087 0.080 0.071 0.086 0.073 0.073 0.077 0.090 0.080 

0.01 19 10 0.083 0.086 0.083 0.081 0.083 0.103 0.076 0.09 0.086 

0.01 19 15 0.09 0.083 0.086 0.098 0.085 0.077 0.082 0.078 0.085 

0.01 19 20 0.073 0.070 0.088 0.089 0.080 0.083 0.069 0.082 0.079 

0.01 19 25 0.078 0.07 0.048 0.076 0.055 0.05 0.064 0.052 0.062 

0.01 19 30 0.069 0.094 0.045 0.058 0.102 0.068 0.068 0.069 0.072 

0.014 19 5 0.09 0.099 0.094 0.09 0.095 0.095 0.083  0.093 

0.014 19 10 0.096 0.104 0.1 0.105 0.100 0.096 0.089 0.095 0.098 

0.014 19 15 0.100 0.071 0.094 0.088 0.100 0.102 0.100 0.101 0.095 

0.014 19 20 0.096 0.071 0.073 0.095 0.081 0.103 0.099 0.078 0.087 

0.014 19 25 0.095 0.080 0.070 0.083 0.086 0.070 0.081 0.068 0.079 

0.014 19 30 0.074 0.061 0.067 0.078 0.068 0.069 0.078 0.057 0.069 

0.019 19 5 0.111 0.102 0.113 0.103 0.111 0.100 0.105 0.109 0.107 

0.019 19 10 0.111 0.112 0.105 0.113 0.111 0.102 0.098 0.103 0.107 

0.019 19 15 0.111 0.106 0.120 0.100 0.113 0.12 0.116 0.119 0.113 

0.019 19 20 0.106 0.113 0.097 0.109 0.105 0.112 0.114 0.104 0.108 

0.019 19 25 0.100 0.113 0.098 0.111 0.111 0.108 0.093 0.111 0.106 

0.019 19 30 0.100 0.096 0.085 0.105 0.103 0.089 0.101 0.100 0.098 

 

 

STDEV 0.07 0.08 0.007 0.008 0.012 0.018 0.005 0.005 0.011 0.013 0.009 

 0.008 0.005 0.006 0.007 0.006 0.008 0.007     

 

 

The standard deviation in row related to the dispersed phase in appendix A1.
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Appendix A2: Values of the dispersed slag phase at various flow rates along the radial axis 

situated at 135 degrees (Bath height: 43.5 cm; radial distance =19 cm) 

 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 19 5 0.089 0.101 0.100 0.104 0.109 0.108 0.095 0.083 0.099 

0.01 19 10 0.107 0.096 0.103 0.089 0.082 0.103   0.097 

0.01 19 15 0.103 0.088 0.088 0.109 0.103 0.0885 0.085 0.086 0.094 

0.01 19 20 0.085 0.086 0.096 0.077 0.088 0.087 0.086 0.105 0.089 

0.01 19 25 0.095 0.095 0.085 0.089 0.069 0.103 0.095 0.078 0.088 

0.01 19 30 0.069 0.052 0.068 0.103 0.086 0.093 0.086 0.103 0.083 

0.014 19 5 0.084 0.093 0.094 0.101 0.087 0.089 0.095 0.092 0.092 

0.014 19 10 0.095 0.100 0.108 0.105 0.104 0.109 0.106 0.103 0.104 

0.014 19 15 0.103 0.104 0.104 0.101 0.106 0.116 0.114 0.105 0.107 

0.014 19 20 0.097 0.094 0.087 0.089 0.094 0.103 0.082 0.085 0.091 

0.014 19 25 0.078 0.102 0.103 0.088 0.086 0.096 0.095 0.102 0.094 

0.014 19 30 0.076 0.086 0.086 0.069 0.068 0.103 0.078 0.085 0.081 

0.019 19 5 0.113 0.108 0.115 0.119 0.118 0.110 0.117 0.114 0.114 

0.019 19 10 0.122 0.107 0.110 0.110 0.116 0.105 0.111 0.116 0.112 

0.019 19 15 0.122 0.093 0.113 0.106 0.100 0.102 0.111 0.114 0.108 

0.019 19 20 0.098 0.105 0.100 0.095 0.108 0.097 0.096 0.109 0.101 

0.019 19 25 0.094 0.104 0.108 0.096 0.104 0.106 0.104 0.102 0.102 

0.019 19 30 0.097 0.107 0.103 0.101 0.093 0.100 0.111 0.105 0.102 
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APPENDIX A3: Values of the dispersed slag phase at various flow rates along the radial 

axis situated at 90 degrees (Bath height: 43.5 cm, radial distance 9.7 cm). 

 

 

Gas 

flow 

rate 

sm /3  

Radial 

distance 

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 5 0.114 0.101 0.106 0.118 0.115 0.113   0.111 

0.01 9.7 10 0.118 0.103 0.104 0.112 0.103 0.120 0.122 0.115 0.112 

0.01 9.7 15 0.097 0.114 0.109 0.089 0.122 0.094 0.096 0.100 0.103 

0.01 9.7 20 0.097 0.091 0.113 0.115 0.073 0.077 0.092 0.083 0.093 

0.01 9.7 25 0.102 0.090 0.090 0.070 0.073 0.086 0.070 0.071 0.082 

0.01 9.7 30 0.054 0.047 0.053 0.053 0.045 0.098 0.061 0.052 0.093 

0.014 9.7 5 0.116 0.105 0.106 0.113 0.118 0.118 0.113 0.103 0.111 

0.014 9.7 10 0.12 0.105 0.107 0.113 0.112 0.114 0.103 0.103 0.110 

0.014 9.7 15 0.098 0.109 0.125 0.118 0.102 0.111 0.104 0.115 0.110 

0.014 9.7 20 0.109 0.115 0.078 0.089 0.122 0.112 0.115 0.119 0.107 

0.014 9.7 25 0.097 0.122 0.115 0.114 0.106 0.073 0.095 0.125 0.106 

0.014 9.7 30 0.068 0.098 0.071 0.070 0.074 0.068 0.062 0.071 0.073 

0.019 9.7 5 0.114 0.123 0.129 0.108 0.118 0.117 0.113 0.108 0.116 

0.019 9.7 10 0.108 0.115 0.109 0.111 0.115 0.112 0.111 0.113 0.112 

0.019 9.7 15 0.100 0.107 0.113 0.112 0.106 0.108 0.114 0.108 0.108 
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APPENDIX A4: Values of the dispersed slag phase at various gas flow rates along the axis 

situated at 135 degrees (Bath height: 43.5 cm; radial distance =9.7 cm). 

 

Gas 

flow 

rate 

sm /3  

Radial 

distance 

cm  

Axial 

distance 

cm  

Meas1 

Dph 

 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 5 0.103 0.123 0.122 0.108 0.126 0.094 0.121 0.117 0.114 

0.01 9.7 10 0.112 0.122 0.117 0.117 0.118 0.121 0.104 0.123 0.117 

0.01 9.7 15 0.103 0.110 0.099 0.113 0.125 0.109   0.110 

0.01 9.7 20 0.102 0.092 0.110 0.104 0.085 0.100 0.117  0.101 

0.01 9.7 25 0.083 0.056 0.077 0.074 0.069 0.065 0.103  0.075 

0.01 9.7 30 0.042 0.069 0.051 0.085 0.055 0.043 0.075 0.069 0.061 

0.014 9.7 5 0.119 0.114 0.112 0.103 0.108 0.106 0.113 0.112 0.111 

0.014 9.7 10 0.113 0.122 0.119 0.116 0.119 0.122 0.112  0.118 

0.014 9.7 15 0.120 0.109 0.112 0.117 0.119 0.111 0.111 0.112 0.114 

0.014 9.7 20 0.120 0.120 0.126 0.121 0.111 0.112 0.125 0.124 0.120 

0.014 9.7 25 0.109 0.109 0.108 0.101 0.107 0.100 0.107 0.119 0.107 

0.014 9.7 30 0.112 0.108 0.109 0.104 0.108 0.108 0.109 0.104 0.108 

0.019 9.7 5 0.109 0.115 0.115 0.123 0.119 0.118 0.104 0.113 0.115 

0.019 9.7 10 0.114 0.118 0.123 0.114 0.125 0.106 0.125 0.129 0.119 

0.019 9.7 15 0.108 0.114 0.111 0.111 0.111 0.111 0.111 0.113 0.111 

0.019 9.7 20 0.120 0.117 0.118 0.128 0.118 0.115 0.115 0.111 0.118 

0.019 9.7 25 0.112 0.121 0.120 0.115 0.120 0.113 0.115 0.118 0.117 

0.019 9.7 30 0.113 0.109 0.111 0.113 0.115 0.118 0.118 0.122 0.115 
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Appendix A5: Values of the dispersed slag phase at various flow rates along the radial axis 

situated at 45 degrees (bath height: 43.5 cm) 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 20 0.103 0.103 0.069 0.086 0.085 0.121 0.069 0.085 0.090 

0.014 9.7 20 0.103 0.111 0.112 0.103 0.095 0.103 0.111 0.102 0.105 

0.019 9.7 20 0.120 0.130 0.116 0.127 0.130 0.118 0.118 0.122 0.123 

0.01 9.7 25 0.060 0.095 0.069 0.095 0.086 0.085 0.102 0.093 0.086 

0.014 9.7 25 0.115 0.118 0.121 0.103 0.115 0.121 0.102 0.112 0.113 

0.019 9.7 25 0.115 0.113 0.113 0.123 0.113 0.120 0.113 0.120 0.116 

0.01 9.7 30 0.026 0.043 0.034 0.052 0.017 0.034 0.034 0.043 0.035 

0.014 9.7 30 0.103 0.116 0.121 0.103 0.102 0.121 0.111 0.094 0.109 

0.019 9.7 30 0.112 0.106 0.113 0.112 0.105 0.112 0.112 0.113 0.110 

0.01 19 20 0.103 0.114 0.093 0.094 0.103 0.103 0.103 0.102 0.102 

0.014 19 20 0.113 0.105 0.114 0.104 0.111 0.107 0.111 0.105 0.109 

0.019 19 20 0.113 0.118 0.111 0.115 0.125 0.119 0.117 0.117 0.117 

0.01 19 25 0.121 0.121 0.103 0.093 0.112 0.103 0.103 0.102 0.107 

0.014 19 25 0.112 0.103 0.110 0.103 0.103 0.103 0.094 0.102 0.104 

0.019 19 25 0.113 0.123 0.117 0.117 0.111 0.115 0.109 0.113 0.115 

0.01 19 30 0.068 0.069 0.052 0.052 0.069 0.069 0.086 0.051 0.064 

0.014 19 30 0.086 0.086 0.086 0.068 0.079 0.077 0.060 0.085 0.078 

0.019 19 30 0.123 0.111 0.123 0.123 0.118 0.109 0.116 0.107 0.116 

 

 

r  is the radial distance 
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Appendix B: Values of the dispersed slag phase at various bath heights 

(0.019 m3/s, 25=z cm) 

 

Bath 

height 

cm  

r  

cm  

Angle 

Degrees 

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 

Av. 

43.5 9.7 45 0.115 0.113 0.113 0.123 0.113 0.120 0.113 0.120 0.116 

54.6 9.7 45 0.109 0.115 0.117 0.111 0.121 0.111 0.129 0.108 0.115 

65.8 9.7 45 0.114 0.111 0.109 0.105 0.106 0.114 0.114 0.106 0.110 

43.5 19 45 0.113 0.123 0.117 0.117 0.111 0.115 0.109 0.113 0.115 

54.6 19 45 0.121 0.118 0.115 0.103 0.097 0.121 0.117 0.119 0.114 

65.8 19 45 0.1 0.103 0.103 0.108 0.108 0.108 0.111  0.106 

43.5 9.7 90 0.120 0.115 0.115 0.128 0.122 0.115 0.121 0.117 0.120 

54.6 9.7 90 0.129 0.133 0.131 0.119 0.119 0.121 0.107 0.131 0.124 

65.8 9.7 90 0.116 0.11 0.114 0.107 0.109 0.108 0.111 0.114 0.111 
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Appendix C1: Numerical values of the axial dispersed slag phase on the left side  

(Bath height: 43.5 cm; 0.01 m3/s) 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 5 0.130 0.123 0.140 0.155 0.129 0.105 0.121 0.136 0.130 

0.01 9.7 10 0.121 0.112 0.121 0.121 0.121  0.119  0.119 

0.01 9.7 15 0.086 0.125 0.138 0.130 0.121 0.103 0.121 0.102 0.116 

0.01 9.7 20 0.103 0.103 0.069 0.086 0.085 0.121 0.069 0.085 0.090 

0.01 9.7 25 0.060 0.095 0.069 0.095 0.086 0.085 0.102 0.093 0.086 

0.01 9.7 30 0.026 0.043 0.034 0.052 0.017 0.034 0.034 0.043 0.035 

0.01 19 5 0.138 0.123 0.121 0.123 0.138 0.140 0.105 0.130 0.127 

0.01 19 10 0.125 0.123 0.121 0.140 0.103 0.110 0.121 0.143 0.123 

0.01 19 15 0.093 0.102 0.138 0.103 0.138 0.138 0.128 0.113 0.119 

0.01 19 20 0.069 0.103 0.110 0.112 0.103 0.086 0.103  0.098 

0.01 19 25 0.119  0.052 0.096 0.086 0.102 0.069  0.087 

0.01 19 30 0.096 0.096 0.043 0.034 0.069 0.086 0.069 0.076 0.071 

 

0
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Figure 4A: comparison of the dispersed phase between right and left side of the reactor 

            (Radial distance = 9.7 cm, gas flow rate = 0.01 m3/s) 
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Appendix C2: Numerical values of the axial dispersed slag phase on the right side  

(Bath height: 43.5 cm; 0.01 m3/s) 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 5 0.103 0.123 0.122 0.108 0.126 0.094 0.121 0.117 0.114 

0.01 9.7 10 0.112 0.122 0.117 0.119 0.118 0.121 0.104 0.123 0.117 

0.01 9.7 15 0.103 0.110 0.099 0.113 0.125 0.109   0.110 

0.01 9.7 20 0.102 0.092 0.110 0.104 0.085 0.100 0.117  0.101 

0.01 9.7 25 0.083 0.056 0.076 0.074 0.069 0.065 0.103  0.075 

0.01 9.7 30 0.042 0.069 0.051 0.085 0.055 0.043 0.075 0.068 0.061 

0.01 19 5 0.089 0.101 0.100 0.104 0.109 0.108 0.095 0.082 0.099 

0.01 19 10 0.107 0.095 0.103 0.089 0.082 0.103   0.097 

0.01 19 15 0.103 0.088 0.087 0.109 0.103 0.088 0.084 0.086 0.094 

0.01 19 20 0.085 0.086 0.096 0.077 0.087 0.087 0.086 0.105 0.089 

0.01 19 25 0.095 0.095 0.085 0.089 0.069 0.102 0.094 0.077 0.088 

0.01 19 30 0.103 0.103 0.102 0.077  0.069 0.086 0.103 0.094 
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Appendix D1: Values of the dispersed slag phase at various flow rates along the radial axis 

situated at 45 degrees (bath height: 54.5 cm) 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 20 0.118 0.121 0.115 0.125 0.122 0.122 0.116 0.118 0.120 

0.014 9.7 20 0.141 0.136 0.115 0.139 0.132 0.125 0.136 0.115 0.130 

0.019 9.7 20 0.106 0.117 0.133 0.129 0.133 0.129 0.129  0.125 

0.01 9.7 25 0.123 0.12 0.122 0.115 0.121 0.118 0.112 0.107 0.117 

0.014 9.7 25 0.118 0.128 0.111 0.132 0.116 0.135 0.136 0.125 0.125 

0.019 9.7 25 0.138 0.133 0.129 0.125 0.133 0.123 0.138  0.131 

0.01 9.7 30 0.12 0.112 0.124 0.114 0.116 0.113 0.111  0.116 

0.014 9.7 30 0.118 0.123 0.118 0.108 0.122 0.117 0.125 0.117 0.118 

0.019 9.7 30 0.127 0.106 0.121 0.123 0.121 0.125 0.131  0.122 

0.01 19 20 0.108 0.090 0.100 0.098 0.096 0.105 0.109 0.090 0.099 

0.014 19 20 0.102 0.109 0.113 0.105 0.117 0.115 0.113 0.114 0.110 

0.019 19 20 0.115 0.108 0.106 0.103 0.108 0.113 0.103 0.129 0.111 

0.01 19 25 0.104 0.101 0.109 0.105 0.092 0.104 0.109 0.104 0.104 

0.014 19 25 0.111 0.114 0.114 0.111 0.114 0.117 0.113 0.108 0.117 

0.019 19 25 0.113 0.103 0.120 0.119 0.102 0.119 0.097  0.110 

0.01 19 30 0.09 0.089 0.092 0.083 0.092 0.105 0.093 0.092 0.092 

0.014 19 30 0.114 0.117 0.105 0.117 0.107 0.100 0.109 0.103 0.109 

0.019 19 30 0.103 0.113 0.119 0.100 0.099 0.115 0.109 0.111 0.109 
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 Appendix D2: Values of the dispersed slag phase at various flow rates along the radial 

axis situated at 135 degrees (bath height: 54.5 cm) on the left side 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 20 0.131 0.130 0.122 0.129 0.125 0.118 0.111 0.128 0.124 

0.014 9.7 20 0.121 0.130 0.132 0.121 0.138 0.123 0.122 0.118 0.126 

0.019 9.7 20 0.129 0.113 0.113 0.121 0.133 0.133 0.119 0.117 0.122 

0.01 9.7 25 0.132 0.119 0.125 0.108 0.119 0.129 0.120 0.133 0.123 

0.014 9.7 25 0.108 0.125 0.120 0.116 0.108 0.118 0.126 0.115 0.117 

0.019 9.7 25 0.133 0.133 0.121 0.111 0.129 0.121 0.119 0.125 0.124 

0.01 9.7 30 0.104 0.118 0.114 0.104 0.111 0.111 0.121 0.118 0.113 

0.014 9.7 30 0.100 0.120 0.116 0.119 0.114 0.115 0.111 0.119 0.114 

0.019 9.7 30 0.113 0.119 0.121 0.121 0.121 0.127 0.129 0.133 0.123 

0.01 19 20 0.105 0.106 0.107 0.109 0.119 0.116 0.117  0.111 

0.014 19 20 0.101 0.119 0.109 0.122 0.119 0.109 0.106 0.114 0.113 

0.019 19 20 0.118 0.106 0.131 0.123 0.133 0.111 0.131  0.122 

0.01 19 25 0.102 0.101 0.109 0.100 0.095 0.114 0.109  0.105 

0.014 19 25 0.107 0.100 0.100 0.118 0.106 0.09 0.110 0.111 0.105 

0.019 19 25 0.113 0.121 0.125 0.119 0.108 0.111 0.117 0.119 0.116 

0.01 19 30 0.115 0.116 0.102 0.088 0.093 0.100 0.083 0.100 0.099 

0.014 19 30 0.08 0.106 0.100 0.067 0.100 0.114 0.119 0.111 0.100 

0.019 19 30 0.117 0.109 0.095 0.119 0.121 0.125 0.094 0.133 0.114 
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Appendix D3: Values of the dispersed slag phase at various flow rates along the radial axis 

situated at 90 degrees (bath height: 54.5 cm) on the left side 

 

Gas 

flow 

rate 

sm /3  

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

0.01 9.7 20 0.111 0.119 0.125 0.125 0.129 0.121 0.119 0.122 0.121 

0.014 9.7 20 0.125 0.112 0.103 0.125 0.111 0.109 0.118 0.113 0.114 

0.019 9.7 20 0.125 0.138 0.125 0.123 0.121 0.125 0.138  0.128 

0.01 9.7 25 0.125 0.131 0.125 0.131 0.108 0.125 0.121 0.120 0.123 

0.014 9.7 25 0.117 0.109 0.117 0.133 0.118 0.131 0.115 0.111 0.119 

0.019 9.7 25 0.137 0.121 0.117 0.125 0.121 0.133 0.121  0.125 

0.01 9.7 30 0.105 0.119 0.118 0.103 0.113 0.100 0.118 0.105 0.110 

0.014 9.7 30 0.133 0.117 0.150 0.125 0.121 0.131 0.130 0.152 0.132 

0.019 9.7 30 0.129 0.129 0.125 0.133 0.121 0.104 0.133 0.125 0.125 

0.01 19 20 0.116 0.114 0.107 0.098 0.100 0.109 0.116 0.093 0.106 

0.014 19 20 0.094 0.096 0.111 0.105 0.114 0.111 0.120 0.100 0.106 

0.019 19 20 0.090 0.113 0.095 0.100 0.106 0.100 0.103 0.113 0.103 

0.01 19 25 0.100 0.105 0.101 0.103 0.111 0.103 0.106 0.107 0.104 

0.014 19 25 0.100 0.106 0.106 0.103 0.111 0.090 0.113 0.099 0.104 

0.019 19 25 0.111 0.113 0.096 0.098 0.111 0.119 0.113  0.109 

0.01 19 30 0.109 0.105 0.112 0.096 0.090 0.106 0.098 0.109 0.103 

0.014 19 30 0.100 0.111 0.117 0.104 0.096 0.098 0.106 0.090 0.103 

0.019 19 30 0.116 0.115 0.111 0.103 0.109 0.119 0.103 0.106 0.110 
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Appendix D4: Values of the dispersed slag phase at various radial axis (bath height: 

54.5cm; gas flow rate: 0.01 m3/s; right side) 

 

Radial 

Axis 

Angle 

(degrees) 

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

45 9.7 20 0.111 0.116 0.112 0.120 0.117 0.100 0.112 0.100 0.111 

90 9.7 20 0.122 0.122 0.112 0.109 0.114 0.113 0.122 0.113 0.116 

135 9.7 20 0.111 0.120 0.120 0.123 0.120 0.120 0.126  0.120 

45 9.7 25 0.122 0.116 0.112 0.127 0.109 0.117 0.114 0.090 0.114 

90 9.7 25 0.111 0.125 0.111 0.120 0.122 0.119 0.118 0.125 0.119 

135 9.7 25 0.123 0.125 0.126 0.129 0.126 0.123 0.127  0.126 

45 9.7 30 0.116 0.120 0.122 0.118 0.115 0.130 0.107 0.120 0.119 

90 9.7 30 0.118 0.117 0.117 0.115 0.122 0.120 0.111  0.117 

135 9.7 30 0.123 0.113 0.122 0.119 0.122 0.113 0.115 0.127 0.119 

45 19 20 0.108 0.108 0.114 0.102 0.098 0.104 0.107 0.118 0.107 

90 19 20 0.106 0.105 0.109 0.114 0.117 0.109 0.118 0.098 0.109 

135 19 20 0.109 0.113 0.113 0.110 0.098 0.117 0.122 0.102 0.110 

45 19 25 0.106 0.111 0.114 0.106 0.109 0.108 0.114 0.098 0.108 

90 19 25 0.117 0.122 0.120 0.122 0.122 0.109 0.115 0.120 0.119 

135 19 25 0.111 0.119 0.107 0.118 0.102 0.117 0.120 0.115 0.114 

45 19 30 0.103 0.114 0.110 0.120 0.105 0.115 0.104 0.096 0.108 

90 19 30 0.116 0.118 0.120 0.120 0.112 0.117 0.118 0.117 0.117 

135 19 30 0.107 0.114 0.129 0.132 0.113 0.118 0.122  0.119 
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 Appendix D5: Values of the dispersed slag phase at various radial axis (bath height: 

54.5cm; gas flow rate: 0.014 m3/s; right side) 

 

Radial 

Axis 

Angle 

(degrees) 

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

45 9.7 20 0.111 0.109 0.122 0.116 0.109 0.116 0.111 0.111 0.113 

90 9.7 20 0.107 0.108 0.118 0.111 0.109 0.118 0.116 0.106 0.112 

135 9.7 20 0.114 0.115 0.119 0.111 0.118 0.125 0.113 0.112 0.116 

45 9.7 25 0.112 0.114 0.118 0.109 0.115 0.131 0.111 0.115 0.116 

90 9.7 25 0.108 0.119 0.111 0.105 0.125 0.122 0.119 0.114 0.115 

135 9.7 25 0.117 0.116 0.117 0.113 0.125 0.123 0.115 0.114 0.118 

45 9.7 30 0.116 0.123 0.114 0.116 0.117 0.125 0.116 0.114 0.118 

90 9.7 30 0.125 0.112 0.119 0.116 0.111 0.100 0.118 0.105 0.113 

135 9.7 30 0.130 0.127 0.128 0.120 0.117 0.127 0.126 0.122 0.125 

45 19 20 0.111 0.119 0.122 0.115 0.116 0.113 0.114 0.108 0.115 

90 19 20 0.118 0.120 0.109 0.116 0.118 0.116 0.117 0.111 0.116 

135 19 20 0.119 0.117 0.118 0.118 0.106 0.113 0.094 0.114 0.112 

45 19 25 0.109 0.113 0.118 0.112 0.109 0.116 0.109 0.114 0.113 

90 19 25 0.113 0.120 0.118 0.111 0.113 0.113 0.108 0.116 0.114 

135 19 25 0.108 0.114 0.128 0.119 0.111 0.114 0.119 0.123 0.117 

45 19 30 0.111 0.119 0.115 0.105 0.113 0.116 0.122 0.111 0.114 

90 19 30 0.117 0.114 0.108 0.106 0.107 0.123 0.121 0.117 0.114 

135 19 30 0.111 0.125 0.121 0.122 0.113 0.122 0.129 0.120 0.120 
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Appendix D6: Values of the dispersed slag phase at various radial axis (bath height: 

54.5cm; gas flow rate: 0.019 m3/s; right side) 

 

Radial 

Axis 

Angle 

(degrees) 

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

45 9.7 20 0.108 0.113 0.114 0.117 0.109 0.138 0.121 0.115 0.117 

90 9.7 20 0.118 0.121 0.123 0.121 0.121 0.122 0.115  0.120 

135 9.7 20 0.115 0.115 0.125 0.117 0.121 0.125 0.117 0.121 0.119 

45 9.7 25 0.109 0.115 0.117 0.111 0.121 0.111 0.129 0.108 0.115 

90 9.7 25 0.137 0.121 0.117 0.125 0.121 0.133 0.121  0.124 

135 9.7 25 0.113 0.118 0.117 0.133 0.123 0.125 0.117 0.121 0.121 

45 9.7 30 0.133 0.125 0.113 0.138 0.121 0.119 0.115 0.115 0.122 

90 9.7 30 0.129 0.129 0.125 0.133 0.121 0.104 0.133 0.125 0.125 

135 9.7 30 0.121 0.121 0.123 0.118 0.133 0.133 0.127 0.129 0.126 

45 19 20 0.101 0.103 0.103 0.107 0.103 0.115 0.103 0.103 0.105 

90 19 20 0.121 0.117 0.125 0.123 0.117 0.129 0.133 0.133 0.125 

135 19 20 0.097 0.100 0.109 0.133 0.100 0.119 0.133 0.115 0.113 

45 19 25 0.120 0.119 0.115 0.103 0.097 0.121 0.117 0.119 0.114 

90 19 25 0.137 0.133 0.113 0.122 0.113 0.112 0.133 0.117 0.124 

135 19 25 0.129 0.111 0.115 0.133 0.129 0.119 0.125 0.115 0.122 

45 19 30 0.120 0.119 0.100 0.138 0.121 0.118 0.107 0.119 0.118 

90 19 30 0.127 0.137 0.129 0.129 0.109 0.115 0.119 0.109 0.122 

135 19 30 0.127 0.111 0.129 0.121 0.125 0.109   0.120 
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Figure 3F: Fluid flow in the CLU model 

 

 

 

Figure 3G: Air flow rate equipment for the CLU model 
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Appendix E1: Values of the dispersed slag phase at various radial axis (bath height: 

65.9cm; gas flow rate: 0.019 m3/s; left side) 

 

Radial 

Axis 

Angle 

(degrees) 

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

45 9.7 20 0.116 0.111 0.116 0.112 0.111 0.119 0.113 0.109 0.113 

90 9.7 20 0.116 0.109 0.108 0.121 0.117 0.111 0.114 0.113 0.114 

135 9.7 20 0.119 0.111 0.111 0.114 0.115 0.116 0.106  0.113 

45 9.7 25 0.128 0.131 0.122 0.113 0.125 0.123 0.122 0.122 0.123 

90 9.7 25 0.109 0.111 0.103 0.103 0.118 0.114 0.120 0.102 0.110 

135 9.7 25 0.114 0.117 0.114 0.112 0.125 0.122 0.112  0.117 

45 9.7 30 0.111 0.119 0.119 0.136 0.116 0.106 0.107 0.108 0.115 

90 9.7 30 0.111 0.119 0.119 0.136 0.116 0.106 0.107 0.108 0.115 

135 9.7 30 0.102 0.105 0.111 0.106 0.122 0.106 0.119 0.108 0.110 

45 19 20 0.107 0.103 0.111 0.108 0.114 0.111 0.103 0.114 0.109 

90 19 20 0.107 0.103 0.111 0.108 0.114 0.111 0.103 0.114 0.109 

135 19 20 0.114 0.119 0.113 0.125 0.122 0.120 0.109 0.122 0.118 

45 19 25 0.108 0.090 0.106 0.103 0.114 0.118 0.104 0.115 0.107 

90 19 25 0.108 0.090 0.106 0.103 0.114 0.118 0.104 0.115 0.107 

135 19 25 0.111 0.100 0.113 0.107 0.105 0.119 0.111 0.103 0.109 

45 19 30 0.099 0.100 0.109 0.107 0.101 0.102 0.104 0.100 0.103 

90 19 30 0.108 0.117 0.103 0.118 0.114 0.111 0.100 0.108 0.110 

135 19 30 0.108 0.118 0.103 0.118 0.114 0.111 0.100 0.108 0.110 
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Appendix E2: Values of the dispersed slag phase at various radial axis  

(Bath height: 65.9 cm; gas flow rate: 0.019 m3/s; right side) 

 

Radial 

Axis 

Angle 

(degrees) 

r  

cm  

Axial 

distance 

cm  

Meas1 

Dph 

Meas2 

Dph 

Meas3 

Dph 

Meas4 

Dph 

Meas5 

Dph 

Meas6 

Dph 

Meas7 

Dph 

Meas8 

Dph 
Av. 

45 9.7 20 0.108 0.103 0.108 0.108 0.106 0.113 0.100 0.105 0.106 

90 9.7 20 0.118 0.114 0.122 0.117 0.103 0.118 0.114 0.111 0.115 

135 9.7 20 0.116 0.117 0.116 0.103 0.109 0.118 0.108 0.118 0.113 

45 9.7 25 0.114 0.111 0.108 0.105 0.106 0.114 0.113 0.106 0.110 

90 9.7 25 0.116 0.110 0.114 0.107 0.108 0.108 0.111 0.114 0.111 

135 9.7 25 0.111 0.111 0.103 0.114 0.111 0.113 0.116 0.118 0.112 

45 9.7 30 0.113 0.110 0.112 0.114 0.119 0.118 0.113 0.118 0.115 

90 9.7 30 0.113 0.109 0.119 0.111 0.106 0.111 0.115  0.112 

135 9.7 30 0.111 0.117 0.117 0.116 0.113 0.125   0.117 

45 19 20 0.107 0.110 0.098 0.105 0.100 0.113 0.109 0.113 0.107 

90 19 20 0.115 0.111 0.106 0.109 0.114 0.100 0.106 0.113 0.109 

135 19 20 0.101 0.106 0.118 0.104 0.097 0.103 0.103  0.104 

45 19 25 0.100 0.103 0.102 0.108 0.108 0.108 0.111  0.106 

90 19 25 0.118 0.108 0.111 0.111 0.105 0.111 0.102 0.100 0.108 

135 19 25 0.102 0.111 0.111 0.116 0.118 0.109 0.121 0.105 0.112 

45 19 30 0.103 0.111 0.111 0.115 0.115 0.116 0.105 0.112 0.111 

90 19 30 0.113 0.109 0.119 0.111 0.106 0.111 0.115  0.112 

135 19 30 0.113 0.106 0.110 0.105 0.110 0.095 0.100 0.097 0.104 
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    Appendix F1: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 9  

Residual tolerance = 0.0000000001  

Sum of Residuals = 2.632E-07  

Average Residual = 8.770E-08  

Residual Sum of Squares (Absolute) = 4.41E-07 

Residual Sum of Squares (Relative) = 4.410E-07 

Standard Error of the Estimate = 6.641E-04  

Coefficient of Multiple Determination (R^2) = 0.989 

Proportion of Variance Explained = 98.935%  

Adjusted coefficient of multiple determination (Ra^2) = 0.9787 

Durbin-Watson statistic = 2.84686325597767  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.121 5.37E-04 226.1 

b  0.290 3.03E-02 9.55 
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F2: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -9.374E-07  

Average Residual = -3.125E-07  

Residual Sum of Squares (Absolute) = 1.76E-06 

Residual Sum of Squares (Relative) = 1.76E-06 

Standard Error of the Estimate = 1.329E-03  

Coefficient of Multiple Determination (R^2) = 0.973 

Proportion of Variance Explained = 97.3%  

Adjusted coefficient of multiple determination (Ra^2) = 0.946 

Durbin-Watson statistic = 2.852  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.115 1.08E-03 106.76 

b  0.386 6.52E-02 5.9192 
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F3: Fitting information 

 

 

 

 

Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -3.479E-08  

Average Residual = -1.159E-08  

Residual Sum of Squares (Absolute) = 4.365E-08 

Residual Sum of Squares (Relative) = 4.365E-08 

Standard Error of the Estimate = 2.089E-04  

Coefficient of Multiple Determination (R^2) = 0.997 

Proportion of Variance Explained = 99.7%  

Adjusted coefficient of multiple determination (Ra^2) = 0.994 

Durbin-Watson statistic = 2.841  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.114 1.685E-04 676.4 

b  0.188 1.000E-02 18.9 
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F4: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -3.717E-06  

Average Residual = -1.239E-06  

Residual Sum of Squares (Absolute) = 3.104E-06 

Residual Sum of Squares (Relative) = 3.104E-06 

Standard Error of the Estimate = 1.762E-03  

Coefficient of Multiple Determination (R^2) = 0.978 

Proportion of Variance Explained = 97.8%  

Adjusted coefficient of multiple determination (Ra^2) = 0.955 

Durbin-Watson statistic = 2.867  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.101 1.438E-03 70.4 

b  0.663 0.103 6.4 
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F5: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -2.240E-06  

Average Residual = -7.468E-07  

Residual Sum of Squares (Absolute) = 6.013E-06 

Residual Sum of Squares (Relative) = 6.013E-06 

Standard Error of the Estimate = 2.452E-03  

Coefficient of Multiple Determination (R^2) = 0.933 

Proportion of Variance Explained = 93.3%  

Adjusted coefficient of multiple determination (Ra^2) = 0.867 

Durbin-Watson statistic = 2.855  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.117 1.990E-03 59.9 

b  0.439 0.119 3.68 
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F6: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -8.950E-07  

Average Residual = -2.983E-07  

Residual Sum of Squares (Absolute) = 3.310E-07 

Residual Sum of Squares (Relative) = 3.310E-07 

Standard Error of the Estimate = 5.753E-04  

Coefficient of Multiple Determination (R^2) = 0.997 

Proportion of Variance Explained = 99.7%  

Adjusted coefficient of multiple determination (Ra^2) = 0.995 

Durbin-Watson statistic = 2.861  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.113 4.685E-04 241.5 

b  0.570 2.965E-02 19.2 
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F7: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -1.845E-06  

Average Residual = -6.151E-07  

Residual Sum of Squares (Absolute) = 4.652E-06 

Residual Sum of Squares (Relative) = 4.652E-06 

Standard Error of the Estimate = 2.157E-03  

Coefficient of Multiple Determination (R^2) = 0.937 

Proportion of Variance Explained = 93.7%  

Adjusted coefficient of multiple determination (Ra^2) = 0.873 

Durbin-Watson statistic = 2.854  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.109 1.750E-03 62.5 

b  0.425 0.112 3.8 
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F8: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = -4.107E-08  

Average Residual = -1.369E-08  

Residual Sum of Squares (Absolute) = 1.675E-07 

Residual Sum of Squares (Relative) = 1.675E-07 

Standard Error of the Estimate = 4.09E-04  

Coefficient of Multiple Determination (R^2) = 0.983 

Proportion of Variance Explained = 98.3%  

Adjusted coefficient of multiple determination (Ra^2) = 0.967 

Durbin-Watson statistic = 2.839  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.115 3.298E-04 350.1 

b  0.146 1.922E-02 7.6 
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F9: Fitting information 

 
Data Fit version 8.1.69   

Results from project "Untitled1"   

Equation ID: bifuraha1   

Model Definition:   

F1 = 1-x^2    

F2 = F1^b    

Y = a*F2    

    

Number of observations = 3   

Number of missing observations = 0  

Solver type: Nonlinear   

Nonlinear iteration limit = 250   

Diverging nonlinear iteration limit =10  

Number of nonlinear iterations performed = 3  

Residual tolerance = 0.0000000001  

Sum of Residuals = 1.300E-08  

Average Residual = 4.333E-09  

Residual Sum of Squares (Absolute) = 1.837E-08 

Residual Sum of Squares (Relative) = 1.837E-08 

Standard Error of the Estimate = 1.356E-04  

Coefficient of Multiple Determination (R^2) = 0.998 

Proportion of Variance Explained = 99.8%  

Adjusted coefficient of multiple determination (Ra^2) = 0.996 

Durbin-Watson statistic = 2.838  

    

Regression Variable Results   

Variable Value Standard Error t-ratio 

a  0.116 1.092E-04 1061.1 

b  0.143 6.33E-03 22.6 
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Appendix G: Surface mapping system (win 32) 

 

The software Surfer32 has been used in the plotting of the dispersed phase contours. 

Description 

Open the file Surf by double click 

Open a new file, three options appear .Then, click on worksheet to open that file. 

Fill in data of the radial distance, axial distance and the corresponding value of the 

dispersed phase 

Save that worksheet and close it. 

Thereafter, open a new file and select Plot  

Click on the command map and select contours 

In that option, select the file where the previous worksheet has been saved. 

Click on ok, the dispersed phase contour appears 
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        AB: original interface between the liquid phases 
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Figure 5C: Sampling points along the axial centerline 


