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Abstract 

    The bubble formation processes in a water model experiment were measured by a high-speed 

camera. Nozzle diameters of 0.5 mm, 1 mm and 2 mm were investigated under both wetting and non-

wetting conditions. The bubble sizes and formation frequencies as well as the bubbling regimes were 

identified for each nozzle size and for different wettabilities. The results show that the upper limits of 

the bubbling regime were 7.35 L/h, 12.05 L/h and 15.22 L/h under wetting conditions for the 0.5 mm, 

1 mm and 2 mm nozzle diameters, respectively. Meanwhile, the limits were 12.66 L/h, 13.64 L/h and 

15.33 L/h for the non-wetting conditions. In addition to experiments, numerical modeling was 

performed. The Volume-of-Fluid (VOF) method was used to track the interface between the gas and 

liquid. The simulation results were compared to experimental observations from an air-water system. 

The comparisons show a satisfactory good agreement between the two methods (maximum difference 

is 0.029 s during a bubble formation period). Simulations from the argon-steel system show that the 

effect of the nozzle size on the bubble formation is insignificant for the current studied metallurgical 

conditions. The upper limits of the bubbling regime were approximate 60 L/h and 80 L/h for a 2 mm 

nozzle for wetting and non-wetting conditions, respectively. In addition, a poor wettability leads to a 

bigger bubble size and a lower frequency compared to a good wettability, for the same gas flow rate. 

    The fundamental aspects of rising argon bubbles in molten metal flow were investigated by 

numerical simulations. The results show that 3~10 mm bubbles rise in a spiral way with strong 

instabilities which cause them to change their instantaneous shapes. In addition, 10~20 mm bubbles 

rise rectilinearly and their shapes are kept almost steady. All these bubbles’ terminal velocities are 

around 0.3 m/s, which are in accordance with literature data. The simulation results of bubble bursting 

at the liquid surface show that when the surface tension is 1.4 N/m, the critical bubble size is 9.3 mm. 

Also, the ejection is found to increase with an increased surface tension value, unless a critical bubble 

size is reached. The single bubble passage through the liquid-liquid interface was numerically 

simulated. The calculation results show that the passing patterns at the steel-slag interface are 

oscillation-pass, oscillation-breakup, oscillations-pass, pass and pass-breakup for the 3, 5, 7, 10 and 15 

(20) mm bubbles, respectively.  For a 5 mm bubble, it was found that an increase of the interfacial 

tension from 0.04 to 0.8 N/m results in a delayed bubble passage time. The results also show that the 

bubble experiences an oscillations-breakup process if the interfacial tension value is up to 1.15 N/m. 

However, a higher interfacial value (1.8 N/m) can make the bubble pass again but with a longer 

passage time.  

    The inclusion removal mechanism due to a bubble wake flow was studied using a water model and 

using a three dimensional numerical model. The individual particle motion was tracked by the discrete 

phase model (DPM). The average bubble velocity and particle velocity from simulation are of 2.5% 

and 28.9% differences compared to the water model experimental results. The predictions in an argon-
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steel-inclusion system show that the removal rate per bubble is increased with an increased bubble size. 

However, the inclusion removal rate per unit bubble volume can be improved by decreasing the 

bubble size. Also, the particle rising zone was found to be 1.625 and 5 times of the bubble size in 

width and height, respectively. It is also shown that the bigger inclusions are more easily removed 

compared to the smaller ones.  

    The Euler-Euler two-phase simulation model was used to investigate gas stirring in a ladle. In 

addition, water model experiments were carried out to validate the predicted flow field by using the 

UVP velocity measurement method. The simulation results show a maximum 0.04 m/s difference in 

axial velocity compared to the experimental observations. The flow patterns under different gas flow 

rates were obtained. Simulations for 120 s without the stochastic turbulent motions show that more 

than 30% of the 400 m light inclusions can be removed. Also, that the 1100 m light inclusions 

have their highest removal percent for a 3 m
3
·h

-1
 gas flow rate. The size (1100 m) of heavy 

inclusion shows little effect on the inclusion removal percent. The 400 m heavy inclusions are harder 

to remove compared to the smaller inclusions when the gas flow rate is or higher than 2 m
3
·h

-1
. Also, 

the inclusion transport behavior with the stochastic turbulent motions shows that both light and heavy 

inclusions are removed by up to 94% with a 1 m
3
·h

-1
 gas flow rate after 40 s. When the gas flow rate is 

3 m
3
·h

-1
, the inclusion removal percent can be improved from 77% to 90% after 20 s and it reaches to 

almost 99% after 40 s. A further increase of the gas flow rate reduces the inclusion removal percent 

slightly. 

Key words: CFD; water model; bubble formation; bubble rising; bubble bursting; droplet; interface; 

bubble wake; inclusion;  liquid steel; slag  

  



vii 
 

Sammanfattning 

    I denna avhandling har bubbelbildningsprocesser i vattenmodellexperiment uppmätts med en 

höghastighetskamera. Dysdiametrar med storlekar på 0,5 mm, 1 mm och 2 mm undersöktes vid både 

för vätande och icke-vätande förutsättningar. Bubbelstorlekar och formationsfrekvenser samt 

bubbelområden identifierades för varje storlek och vätningsgrad för dysorna. Resultaten visar att de 

övre gränserna för den bubbelområden var 7,35 L/tim, 12,05 L/tim och 15,22 L/tim för vätande 

förhållanden för respektive dysdiameter av storleken 0,5 mm, 1 mm och 2 mm. Samtidigt var 

gränserna 12,66 L/tim, 13,64 L/tim och 15,33 L/tim för icke-vätande förhållandena. Förutom 

experiment så har även numerisk modellering utförts. ”Volume-of-Fluid” (VOF) metoden användes 

för att spåra gränssnittet mellan gas och vätska. Dessutom så jämfördes simuleringsresultaten med 

experimentella observationer från ett luft-vattensystem. Jämförelserna visar en tillfredsställande god 

överensstämmelse mellan de två metoderna (en maximal skillnad på 0,029 s för 

bubbelbildningsperioden). Simuleringsresultaten för systemet argon-stål visar att effekten av dysans 

storlek är obetydlig för de aktuella studerade metallurgiska förhållandena. De övre gränserna för 

bubbelområdet var ungefär 60 L/tim och 80 L/tim för en 2 mm dysdiameter för vätande och icke-

vätande förhållanden. Dessutom leder en dålig vätbarhet till en större bubbelstorlek och en lägre 

frekvens jämfört med en god vätbarhet, för samma gasflödeshastighet. 

Vidare undersöktes de grundläggande aspekterna för stigande argonbubblor i metallsmälta med 

användande av numeriska simuleringar. Resultaten visar att 3~10 mm bubblor stiger på ett 

spiralformat sätt, inkluderande starka instabiliteter som får dem att momentant ändra sina former. 

Dessutom så stiger 10~20 mm bubblor rätlinjigt och deras former hålls nästan konstanta. Alla dessa 

bubblors terminala hastigheter är omkring 0,3 m/s, vilket är i enlighet med litteraturdata. 

Simuleringsresultaten för bubblor som spricker vid vätskeytan visar att när ytspänningen är 1,4 N/m så 

är den kritiska bubbelstorleken 9,3 mm. Dessutom ökar utstötningen av vätska, ur bubblan då den 

brister, med en ökad ytspänning såvida inte en kritisk bubbelstorlek har uppnåtts. Utöver detta så 

studerades en ensam bubblas passage genom vätske-vätske-gränssnittet genom användande av 

matematisk modellering. Beräkningsresultaten visar att följande olika transportsituationer genom stål-

slagg gränssnittet kunde identifieras: svängning-passera, svängning-upplösning, svängningar-passera, 

passera och passera-upplösning för bubblor som har en storlek av 3, 5, 7, 10 och 15 (20) mm 

respektiove. Resultaten för en 5 mm bubbla, visade att en ökning av ytspänningen från 0,04 till 0,8 

N/m resulterar i en fördröjd passeringstid för bubblan vid slagg/stål gränssnittet. Dessutom så visar 

resultaten att bubblan upplever en svängning-upplösningsmönster om ytspänningen är upp till 1,15 

N/m. Däremot så kan ett högre värde (1,8 N/m) göra att bubblan passerar igenom gränsskiktet, men 

med en längre passeringstid. 
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Mekanismen för inneslutningars avlägsnande på grund av då de följer med i kölvattnet bakom en 

bubbla studerades med hjälp av en vattenmodell och en tredimensionell numerisk modell. Den 

individuella partikelns rörelse spårades med hjälp av en diskret-fas-modell (DPM). Den 

genomsnittliga bubbelhastigheten och partikelhastigheten från simuleringarna visade en 2,5 % till 

28,9 % skillnad jämfört med vattenmodellresultaten. Predikteringarna gällande ett argon-stål-

inneslutningssystem visar att avlägsnandet per bubbla ökar med en ökad bubbelstorlek. Däremot så 

kan inneslutningarnas avlägsnande per bubbelvolymsenhet förbättras genom en minskning av 

bubblornas storlek. Resultaten visade också att partikelns uppstigningsområde var 1,625 respektive 5 

gånger bubbelstorleken i bredd- respektive höjdled. Det visas också att de större inneslutningar är 

lättare att avlägsna i förhållande till de mindre innesltningarna.  

Euler-Euler två-fas simuleringar användes för att undersöka gasomrörning i en skänk. Dessutom så 

utfördes vattenmodellexperiment med en ”Ultrasonic Velocity Profiler” utrustning för att validera 

predikteringarna. Simuleringsresultaten visar en maximal skillnad på 0,04 m/s i axiell hastighet 

jämfört med de experimentella observationerna. Förutom hastigehter så erhölls även flödesmönstren 

för olika gasflödeshastigheter. Simuleringsresultat för en 120 s omrörning där stokastiska turbulenta 

rörelser inte togs hänsyn till, visar att mer än 30 % av de lätta 400 m inneslutningarna kan avlägsnas. 

De lätta inneslutningarna med diametrar mellan 1100 m har sin högsta avlägsnandeprocent för en 3 

m
3
·tim

-1 
gasflödeshastighet. Tunga inneslutningar med en storlekar mellan (1100 m) vpåverkas 

endast marginellt av olika gasflödeshastigheter. Därför drogs slutsatsen att 400 m tunga 

inneslutningarna är svårare att separera från en metallsmälta jämfört med de mindre inneslutningarna 

när gasflödeshastigheten är högre än 2 m
3
·tim

-1
. Slutligen så undersöktes transportbeteendet hos 

inneslutningarna när hänsyn togs till stokastiska turbulenta rörelser. Resultaten visar att både lätta och 

tunga inneslutningar avlägsnas med upp till 94 % med en 1 m
3
·tim

-1 
gasflödeshastighet efter en 40 s 

gasomrörning. När gasflödeshastigheten är 3 m
3
·tim

-1
, så kan avlägsnandet av inneslutningar förbättras 

från 77 % till 90 % efter en 20 s omrörningstid och den når till nästan 99 % efter 40 s omrörningstid. 

En ytterligare ökning av gasflödeshastigheten har endast en liten inverkan på avlägsnandet av 

inneslutningar. 

Nyckelord: CFD; vatten modell; bubbelbildning; bubbla stiger; bubbla spricker; liten droppe; 

gränssnitt; bubbla wake; inneslutning; flytande stål; slagg 
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Chapter 1 Introduction 

1.1 Background 

    Bubbles play an important role in process metallurgy. They are often generated by a gas 

injection through tuyeres or porous plugs in metallurgical processes such as during ladle 

treatment, RH degasing, and continuous casting (CC).
[1]

 It is well known that the injected gas 

increases the thermal and chemical homogenization of the melts as well as helps to remove 

inclusions from the steelmaking vessels.  

    The bubble formation from the gas injection devices plays an important role in a variety of 

steelmaking operations such as the gas-stirred ladle; the investigation of the gas stirring effect 

relies much on the ability to predict the bubble dynamics. Therefore, it is necessary to 

understand the evolution of the bubble formation in the molten steel for both academic 

researchers and industrial engineers. Studies on the bubble formation in molten steel bath 

have been conducted by several researchers. Leon et al.
[2]

 investigated the air bubble 

formation in water and in mineral oil, based on stroboscopic and photographic observations. 

A model based on two step mechanism of bubble formation under constant flow conditions 

was proposed by Ramakrishnan et al.
[3]

 Also, an experimental approach utilizing noises 

generated by bubbles in tin, lead or copper melts was used to determine the bubble formation 

frequencies and bubble rising velocities by Andereini et al.
[4]

 In addition, Davis et al.
[5]

 

reported the individual bubbles rising through a low temperature metallic alloy through the 

use of X-ray cinematography. Irons et al.
[6]

 studied the size of gas bubbles formed at nozzles 

in liquid pig iron by measuring the frequency of the bubble formation with an acoustic device. 

They
[7]

 also studied the bubbling behavior in molten metals with non-wetted nozzles at low 

gas flow rates. Also, Mori et al.
[8]

 observed the behavior of nitrogen injection into a mercury 

bath through a transparent bottom plate by using a high speed cinecamera. Iguchi et al.
[9]

 

observed the formation of bubbles at a nozzle and the subsequent rising behavior of them in a 

molten iron bath at 1250C by using a high-voltage X-ray fluoroscope and a high-speed video 

camera. Furthermore, Iguchi et al.
[10]

 developed a two-needle electroresistivity probe to 

measure the bubble characteristics in a molten iron bath at 1600C. A water model study of 

the bubble formation under reduced and elevated pressures was also carried out by Iguchi et 

al.
[11]

 

    For a relatively low gas injection rate, bubbles are generated separately. The analysis of 

single bubble behaviors have been carried out by a number of researchers, especially for the 
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air-water system.
[12]

 Experimental studies on such transparent systems are often assisted by an 

imaging technique with a high-speed camera. Yang et al.
[13]

 studied the effect of a bubble 

wake flow on the inclusions removal based on water model experiments. Furthermore, the X-

ray attenuation techniques
[14-16]

 have been employed to study the non-transparent metal 

systems.  

    When a gas bubble leaves the molten metal surface, metal droplets will be dispersed into 

the surrounding atmosphere. This is called a bubble bursting phenomenon or a liquid 

entrainment process. The phenomenon caused by the bubble motion from the molten metal 

into a slag is of great importance due to the enhancement of heat and mass transfer between 

the two phases in many metallurgical systems. It represents a significant step for the 

accomplishment of an equilibrium between multi-phases. Particularly, a critical bubble size
[15]

 

has been found for an argon-iron system, which corresponds to a maximum ejection rate. 

During vacuum treatment, it has been estimated that the decarburization from the ejected 

droplets could be responsible for as much as one third of the total removed carbon content.
[17]

 

Also, dust formation due to the bursting of CO bubbles in the Electric Arc Furnace (EAF) 

operation is the source of as much as 60% of the final EAF dust.
[16]

 The passage of an air 

bubble through the water-oil system has been studied by a high-speed camera.
[18]

 Furthermore, 

the experiments based on the molten metal have also been studied with the assistance of the 

X-ray fluoroscopy or other techniques.
[15, 19-21]

 The bubble bursting phenomenon in gas-metal-

slag systems was reported by Han et al.
[15]

 Also, Song et al.
[21]

 observed three types of 

formation modes of metal emulsions in the argon-alloy-molten salt systems. The mechanisms 

of the formation of various types of metal droplets in slag due to gas bubbles were illustrated 

during desulfurization.
[22]

  

    Computational Fluid Dynamics (CFD) simulations are widely used to study metal flows, 

especially where the experimental measurements are difficult or impossible to carry out due to 

the extreme operating environment. The development of the CFD technology has provided a 

convenient, effective and inexpensive tool to study multiphase flows in process metallurgy. 

This represents a complement to experimental measurements. The fluids inside a secondary 

steel-making vessel are usually referred to as multi-scale and multi-phase problems. The 

dimension of a typical ladle can be as long as several meters. It has been predicted that the 

average equivalent size of bubbles is between 10 to 20 mm in secondary steel-refining 

processes and about 5 mm in continuous casting molds.
[1]

 An inclusion can be as small as a 

few microns. The multiphase simulation methods can be categorized from the point of these 
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scales. For a macroscopic industrial scale system, the Euler-Euler method is suitable.
[23]

 For a 

meso-scale or intermediate scale system, the Euler-Lagrangian method is favorable.
[24]

 To 

account for the micro scale system, the interface tracking method is employed.
[25]

 However, 

several interface tracking methods exist with their own advantages and disadvantages.
[26]

   

    A full scale simulation can be carried out at the cost of some detailed information is lost, 

because it is a huge computational work to calculate to the smallest scale using the industrial 

reactor dimensions. Therefore, the bubble related researches in metallurgical processes are 

mainly focused on the bubble plume characteristic, which simulates an industrial macro scale 

system. Lou et al.
[23]

 simulated a gas-stirred ladle, where bubbles were considered by an 

Euler-Euler approach and inclusions were described by a population balance model (PBM). In 

the simulations of Liu et al.,
[27]

 a Lagrangian method was used to track the bubble behavior in 

the argon-stirred ladles, where the bubble trajectories could be given. Llanos et al.
[28]

 used a 

VOF model to simulate the bubble plume in the bottom argon bubbling of ladle operations. 

However, a rather coarse mesh resolution was used to predict the bubble characteristics. The 

bubble dynamics provide a micro-scale or meso-scale basis to the full-scale gas related 

metallurgical vessels. However, there are few simulation results in a molten metal systems 

focusing on the individual bubble and individual inclusion behaviors.  

2.2 Aim of this Thesis  

    The main purpose of this thesis is to increase the knowledge of bubble and inclusion 

behaviors in a liquid steel bath and to provide guidance for the design and operation in the 

related industrial systems. The main work of this study can be summarized as shown in 

Figure 1.1. 

Supplement I: 

    In the first part of this paper, a gas bubbling water model is established and the bubble 

formation rules with different operating conditions are explored. A three-dimensional 

mathematical model is applied to simulate the bath with gas injection, in which simulations 

are validated with the water modeling results. Finally, the validated mathematical model is 

applied to investigate the bubble formation processes in argon-steel systems.  

Supplement II: 

    The fundamental aspects of a rising argon bubble in molten metal were investigated 

numerically; the bubbling dynamics inside the liquid phase was studied in terms of the 
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bubble’s trajectory, shape and terminal velocity over a wide range of bubble diameters. A 

two-dimensional axisymmetric VOF model was established to explore the bubble bursting 

phenomenon at the liquid metal surface.  

 

Figure1.1 Outline of the present work 

Supplement III: 

    The phenomenon caused by the bubble motion from the molten steel into a slag was 

simulated by the two-dimensional axisymmetric VOF model. A parametric study has been 

done to determine how the bubble diameter and the interfacial tension influence the bubble 

movement.  

Supplement IV: 

    The inclusion removal mechanism due to a bubble wake flow was studied by using a water 

model and a three dimensional numerical model. In the numerical model, the bubble induced 

fluid dynamics in the liquid was simulated by the VOF method. Also, the individual particles’ 

motion was tracked by the DPM model. Calculations were also extended to an argon-steel-

inclusion steelmaking system. 

Supplement V: 

    The Euler-Euler two-phase simulation model was used to investigate the gas-stirred ladle. 

The water model experiment was carried out to validate against the predicted flow field by 

using the UVP velocity measurement method. The flow patterns under different gas flow rates 

were obtained. The inclusion transport phenomena in the ladle were tracked using a 

Lagrangian approach based on the predicted flow fields. 
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Chapter 2 Methodology 

2.1 Water Model Experiments 

    To validate the simulation results, several water model experiments were designed and 

performed. In all the experiments, gas injection was supplied to a water bath from the bottom. 

Then, the measurements were different depending on the focuses of each study. One of the 

measuring instrumentations is the high speed camera (MotionBLITZ® Cube4), which is used 

with a sample frequency of 1010 frames per second. It is used for recordings of fast-moving 

objects (bubbles, particles) as individual images in a short time onto a storage medium. After 

recording, the stored images can be analyzed in slow-motion. Figure 2.1 shows the photo of 

the experiment apparatus including the high-speed camera. 

 

Figure 2.1 Photo of the experimental apparatus with the high-speed camera. 

 

Figure 2.2 Photo of the experimental apparatus with the UVP measurement. 
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    Another measuring method is the Ultrasonic Velocity Profiling (UVP). The principle of 

UVP is the measuring of an instantaneous velocity profile in liquid flow along the ultrasonic 

beam axis by detecting the Doppler shift frequency of an echoed ultrasound as a function of 

time. Figure 2.2 shows the photo of the experiment apparatus including the UVP equipment. 

In order to make the UVP transducer to be carefully fixed in the flow, a self-design holder 

was printed by the 3D printer (see Figure 2.2B).  

    In the study of the bubble formation (supplement I), the high speed camera was used to 

record the bubble formation processes from the nozzle into the water. In the study of the 

bubble wake flow on the inclusion particle removal (supplement IV), the high-speed camera 

was used to record the bubble movement and the inclusion behavior connected to the flow. In 

supplement V, the UVP was used to measure the axial water velocity in the column. The 

detailed experiment procedures and operating conditions and properties of fluids are described 

in each supplement. 

2.2 Mathematical Models  

2.2.1 VOF model (supplement I-IV) 

    By using the VOF model, the conservation equations are solved under the assumption of a 

laminar flow. Here, all phases are treated as incompressible flows with constant physical 

properties. Also, the temperature is constant in the bath and no chemical reactions are taken 

into account. The mass and momentum conservation equations for the incompressible 

Newtonian fluids can be written as follows:  

Continuity equation: 

                                                               ∇ ∙ (𝜌𝐮) = 0                                                                (1) 

Momentum equation: 

                     
𝜕

𝜕𝑡
(𝜌𝐮) + ∇ ∙ (𝜌𝐮𝐮) = −∇𝑝 + ∇ ∙ [𝜇(∇𝐮 + ∇𝐮𝑇)] + 𝜌𝐠 + 𝐅𝒔                                (2) 

where 𝐮  is the velocity vector, 𝜌  and 𝜇  are the fluid density and dynamic viscosity, 

respectively. Furthermore, p and 𝐠 are the pressure and gravitational acceleration, respectively. 

The parameter 𝐅𝒔 represents the surface tension force. 

Volume fraction equation: The tracking of the interface between different phases is achieved 

by solving the continuity equation for the volume fraction. For the q
th

 phase (q = 0, 1 or 2 

represent different phases), this equation is given as follows: 
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𝜕𝛼𝑞

𝜕𝑡
+ 𝐮 ∙ ∇𝛼𝑞 = 0                                                           (3) 

    The primary-phase volume fraction is computed based on the following constraint: 

∑ 𝛼𝑞

2

𝑞=0

= 1  (4) 

    The calculating method of density and viscosity of a mixed fluid in a computational cell 

can be written as follows: 

𝜌 = ∑ 𝜌𝑞

2

𝑞=0

𝛼𝑞 (5) 

𝜇 = ∑ 𝜇𝑞

2

𝑞=0

𝛼𝑞 (6) 

Continuum surface force model: 

    In Eq. (2), the surface tension force term is considered by using the continuum surface 

force (CSF) model.
[29]

 The expression for a multiphase system is given by the following 

expression: 

𝐅𝒔 = ∑ 𝜎𝑝𝑞

𝛼𝑝𝜌𝑝𝜅𝑞∇𝛼𝑞 + 𝛼𝑞𝜌𝑞𝜅𝑝∇𝛼𝑝

0.5(𝜌𝑝 + 𝜌𝑞)
𝑝<𝑞

 (7) 

where 𝜅𝑞 = ∇ ∙ �̂�𝑞 , �̂�𝑞 =
𝐧𝒒

|𝐧𝒒|
,   𝐧𝒒 = ∇𝛼𝑞. 

    In the simulations of bubble formation, the liquid wetting on solid surface was taken into 

account in conjunction with the surface tension model. If one cell is adjacent to the wall, then 

the surface normal is given by the following relationship: 

�̂� = �̂�𝑤𝑐𝑜𝑠𝜃 + �̂�𝑤𝑠𝑖𝑛𝜃                                                       (8) 

where �̂�𝑤  and �̂�𝑤  are the unit vectors normal and tangential to the wall, respectively. The 

parameter 𝜃 is the contact angle of the liquid wetting the solid as shown in Figure 2.3. Note, 

that the wettabilities mentioned in this thesis are defined using the same definition. 

 

Figure 2.3 The liquid contact angle during a gas bubble formation. 
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2.2.2 DPM model (supplement IV&V) 

    The particles are tracked by the discrete phase model (DPM). The trajectory of an 

individual particle is calculated by integrating the forces on the particle within a Lagrangian 

reference frame. This force balance equates the particle inertia with the forces acting on the 

particle, which can be shown as follows: 

𝑑𝐮𝑝

𝑑𝑡
= F𝐷(𝐮 − 𝐮𝑝) +

𝐠(𝜌𝑝 − 𝜌)

𝜌𝑝
 (9) 

where 𝐮 is the liquid velocity in the column, 𝐮𝑝 is the velocity of the particle, 𝜌 is the density 

of the liquid, 𝜌𝑝 is the density of the particle. Furthermore, the term F𝐷(𝐮 − 𝐮𝑝) is the drag 

force per unit particle mass. This in turn can be expressed as follows: 

F𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
 

(10) 

where 𝑑𝑝 is the particle diameter, the parameter 𝑅𝑒 is the relative Reynolds number, which is 

defined as follows: 

𝑅𝑒 =
𝜌𝑑𝑝|𝐮 − 𝐮𝑝|

𝜇
 (11) 

    The drag coefficient 𝐶𝐷 is calculated by: 

𝐶𝐷 = 𝑎1 +
𝑎2

𝑅𝑒
+

𝑎3

𝑅𝑒2
 

(12) 

where 𝑎1, 𝑎2 and 𝑎3 are constant parameters depending on the Re value, which have been 

proposed by Morsi and Alexander.
[30]

 It is noted that the DPM model is acceptable with the 

limitation that the discrete phase volume fraction is less than 12%.
[31]

 In this study, the 

particle volume fraction lies well below the constraint. 

    The “random walk” model is used to incorporate the contribution of instantaneous turbulent 

velocity fluctuation to a particle motion.
[31]

 In this model, the instantaneous velocity 

fluctuation is dependent on the Gaussian-distributed random number () and the turbulent 

kinetic energy (𝑘), which is changing with time. This instantaneous fluid velocity can be 

described by following equations: 

𝑢 = �̅� + 𝑢′                                                                    (13) 

𝑢′ = √𝑢′2̅̅ ̅̅ = √2𝑘/3                                                          (14) 
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where �̅� is the mean fluid velocity, 𝑚/𝑠; 𝑢′ is the random velocity fluctuation, 𝑚/𝑠;  is the 

random number. 

2.2.3 Eulerian model (supplement V) 

    In the Eulerian model, the mass and momentum balance equations are used separately for 

each phase. The conservation equations for q
th

 phase in the Eulerian model are given as 

follows: 

            
𝜕(𝛼𝑞𝜌𝑞)

𝜕𝑡
+ ∇ ∙ (𝛼𝑞𝜌𝑞𝐮𝑞) = 0                                                       (15) 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝐮𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞𝐮𝑞𝐮𝑞) = −𝛼𝑞∇𝑝 + ∇ ∙ [𝛼𝑞(𝜇𝑞 + 𝜇t,𝑞)(∇𝐮𝑞 + ∇𝐮𝑞

𝑇)] + 𝛼𝑞𝜌𝑞𝐠 + 𝐅𝑞 (16) 

where Fq represents the interaction force between the phases. The turbulent viscosity 𝜇𝑡,𝑞 can 

be specified as follows: 

𝜇𝑡,𝑞 = 𝜌𝑞𝐶𝜇
𝑘𝑞

2

𝜀𝑞
                                                                  (17) 

    The k–𝜀  turbulence two-equation model is employed in the calculations. The transport 

equation for the turbulent kinetic energy, 𝑘𝑞 and the turbulent dissipation, 𝜀𝑞 are described as 

follows: 

           
  𝜕(𝛼𝑞𝜌𝑞𝑘𝑞)

𝜕𝑡
+ ∇ ∙ (𝛼𝑞𝜌𝑞𝐮𝑞𝑘𝑞) = ∇ ∙ (𝛼𝑞

𝜇t,𝑞

𝜎𝑘
∇𝑘𝑞) + 𝛼𝑞𝐺𝑘,𝑞 − 𝛼𝑞𝜌𝑞ε𝑞                     (18)  

  𝜕(𝛼𝑞𝜌𝑞ε𝑞)

𝜕𝑡
+ ∇ ∙ (𝛼𝑞𝜌𝑞𝐮𝑞ε𝑞) = ∇ ∙ (𝛼𝑞

𝜇t,𝑞

𝜎𝜀
∇ε𝑞) + 𝛼𝑞

ε𝑞

𝑘𝑞
(𝐶1𝜀𝐺𝑘,𝑞 − 𝐶2𝜀𝜌𝑞ε𝑞)                 (19) 

where 𝛼 is the phase volume fraction, u is the velocity vector, ρ and μ are the fluid density 

and dynamic viscosity, respectively. Furthermore, p and g are the pressure and gravitational 

acceleration, respectively. The parameter Fq represents the interaction force between the 

phases. The turbulent viscosity 𝜇𝑡,𝑞 can be specified as follows: 

𝐺𝑘,𝑞 = 𝜇
t,𝑞

(∇𝐮𝑞 + ∇𝐮𝑞
𝑇) ∶  ∇𝐮𝑞                                                (20) 

    The values of five empirical constants in the standard k–𝜀 turbulence model are given as 

follows: 𝐶1𝜀 = 1.44 , 𝐶2𝜀 = 1.92 , 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3 .  

2.2.4 Simulation strategies 

    For the simulations of the bubble formation, the computational domain (Figure 2.4(a)) has 

the same dimension as the experimental apparatus, as shown in Figure 2.1. For the 

simulations of the bubble rising, the schematic diagram of the computational domain is shown 
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in Figure 2.4(b). The dimensions of the computational domain have a relationship with the 

bubble diameter. The geometric model was partitioned into hexahedral cells. The meshes 

were only refined in the central region of the column where the bubble was presented to 

reduce the computational time.  

 
 

(a)                     (b) 

Figure 2.4 Schematic diagram of the bubble formation (a) and bubble rising (b) computational 

domains and meshes. 

    The size of droplet caused by bubble bursting is much smaller than the bubble itself. The 

film droplets are found to have sizes between a few microns to 0.5 mm in diameter; while the 

jet droplets are several millimeters in diameter.
[15, 32]

  It means that the study of droplet should 

be done on a smaller mesh scale than the simulation of a bubble. In order to give a much finer 

grid by using an affordable amount of computational resources, a two-dimensional 

axisymmetric computational domain was used to study the bubble bursting at the liquid 

surface and the bubble passage at the liquid-liquid interface (see Figure 2.5). (Supplement 

II&III) 

 

(a)                                                      (b) 

Figure 2.5 Computational domain of a single bubble bursting phenomena at the free surface (a) and 

the passage of a single bubble through the liquid-liquid interface (b). 
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    The computational domain was made up of a 4040120 mm
3
 square column in the 

simulations of the influence of a wake flow on the inclusion removal (Supplement IV). For 

the simulations of the gas stirred flow, the computational domain had the same dimensions as 

the experimental apparatus, as shown in Figure 2.2. The argon-steel system was 10 times of 

the water model. (Supplement V) 

    In all simulations, the governing equations were solved by using the commercial CFD 

package ANSYS Fluent 14.5
®
, which is based on a finite-volume method. No-slip boundary 

conditions were used at the walls. For the VOF simulations, a pressure outlet condition was 

employed at the outlet. In addition, the pressure-based method was used to separate and solve 

the model equations; the pressure–velocity coupling was solved using the pressure-implicit 

with splitting of operators (PISO) method.
[33]

 A geometric reconstruction scheme was applied 

to track the free surface shape between the gas and the liquid. For the E-E simulations, a 

degassing condition was employed at the outflow. The pressure–velocity coupling was solved 

by a coupled scheme. The convergence criteria were set to 110
-3

 (or 110
-5

) for the residuals 

of all dependent variables in all the simulations. In order to maintain a stable solution, the 

time step should be restricted. Therefore, a time step of 110
-3 

s (or smaller) was used in the 

simulations, which corresponds to a maximum Courant number of 1. The particle tracking 

time step was 110
-2

 (or 110
-4

) s. The calculation times and the mesh sensitivities can be 

referred to each supplement. 
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Chapter 3 Results and Discussion 

3.1. Bubble Formations in Liquids 

3.1.1 Bubble formations in the water model experiments 

    The gas was supplied at a constant flow rate from the bottom of the vessel. Also, the 

nozzles were made of stainless steel. In addition, the contact angle was approximate 802 in 

the air-water systems, which corresponds to a good wettability.
[34]

 After the nozzles were 

coated with wax (paraffin), the contact angle was increased to about 110, which led to a poor 

wettability.
[35]

 The bubble size was measured just after its detachment from the nozzle, 

because a regular ellipsoidal or spherical bubble shape was found at this stage. The frequency 

of the bubble formation, f, was obtained by counting the number of bubbles generated from 

the recorded images within one second.  

   

(a) (b) (c) 

Figure 3.1 Three different gas flow regimes for a 2 mm diameter nozzle. 

 (a) the bubbling regime, (b) the transition regime, and (c) the jetting regime. 

    The results show that gas injection can be classified into three gas flow regimes (Figure 

3.1). That is, the bubbling, transition and jetting regimes. In the bubbling period, the bubble is 

formed and rising independently under a relatively low gas flow rate as is shown in Figure 

3.1(a). A further increase of the gas flow rate leads to the collision of bubbles, due to the 

influence of the wake of the previous bubble (See Figure 3.1(b)). Moreover, the collided 

bubbles can be coalesced under some conditions. In Figure 3.1(c), the bubbling regime 

transits into a jetting regime. In this part, the bubble formation was explored with three 

different nozzle diameters under both wetting and non-wetting conditions.  

3.1.1.1 Bubble formation under wetted condition 

    Figure 3.2 shows the bubble diameter and bubble frequency versus the gas flow rate in the 

bubbling regime under the wetted nozzle condition. In the case of a 0.5 mm nozzle diameter 
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without wax (wetted), its bubbling regime is in the range of 0~7.35 L/h. This period is 

characterized by discrete bubbles and the interactions between bubbles are negligible. 

Specifically, in the lower part of this flow rate regime (0~2.5 L/h), the bubble diameters are 

almost constant. However, an increasing bubble frequency can be found for an increased gas 

flow rate. While for the upper part of the regime (2.5~7.35 L/h), the bubble diameters grow 

remarkably with an increased gas flow rate. However, the growth rate of the frequency is 

much lower compared to the case described in the previous part (0~2.5 L/h). The bubbling 

regimes are 0~12.05 L/h and 0~15.22 L/h for the 1 mm and 2 mm nozzle diameters, 

respectively. Again, the regimes experience a constant bubble volume stage and an 

approximately constant bubble frequency stage. In the constant volume regime (static force 

balance regime), the buoyancy force and surface tension force dominate. The bubble volume 

can be expressed as 𝑉𝐵 =
𝜋𝑑𝑁𝜎

𝜌𝑔
.
[6]

 Hence, the bubble volume is determined once the fluid 

properties are constant, which is not related to the flow rate.  As the gas flow rate is increased 

above a certain limit, the bubble volume has an approximate proportional relationship with 

the flow rate, which is due to the gas momentum flux.
[6]

  

  

(a) (b) 

Figure 3.2 Bubble equivalent diameter (a) and bubble frequency (b) as a function of flow rate in the 

air-water system. (no wax) 

    A further increase of the gas flow rate exceeds the bubbling limit and initiates the transition 

regime. This regime is characterized by the fact that strong interactions can be found between 

two or more bubbles. The bubble wake effect can’t be ignored and the following bubble is 

trying to catch up with the previous one. Figure 3.3 shows the initial transition characteristics 

for the wetting condition. For the 1 mm and 2 mm nozzle diameters, the collisions occur away 

from the nozzles (see Figure 3.3(b) and (c)). However, in the case of a 0.5 mm nozzle 

diameter, the bubble transition period shows a distinct characteristic. The first bubble 
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collision happens at the nozzle together with the process of the following bubble formation, as 

is shown in Figure 3.3(a). Moreover, the collision leads to an immediate coalescence of the 

bubbles. Then, the coalesced bubbles rise individually in the liquid. As is shown in Figure 3.2, 

it is of the highest bubbling frequency for the 0.5 mm nozzle diameter. Thus, both the time 

and distance intervals are quite short between two neighboring bubbles. Therefore, the bubble 

collision occurs at the nozzle.  

   

(a) dN=0.5 mm (b) dN=1 mm (c) dN=2 mm 

Figure 3.3 The initial transition characteristics for the wetting condition at three different nozzle 

diameters. 

3.1.1.2 Bubble formation under non-wetted condition 

Figure 3.4 shows the bubble diameter and bubble frequency versus the gas flow rate in the 

bubbling regime for a non-wetting nozzle condition. It demonstrates that the effect of the 

nozzle diameter on the bubble size is quite small for the same gas flow rate. Particularly, a 

smaller nozzle produces a little bit larger bubbles when the gas flow rate is relative low. 

However, at increased gas flow rates, the bubble volumes for the three different nozzle sizes 

are almost the same. Also, the distinctions of a constant bubble volume stage and an 

approximately constant bubble frequency stage are not obvious under the non-wetted 

conditions. At the same time, they show a similar maximum bubble frequency, which is 

approximate 20 s
-1

. The upper limits of the bubbling regimes are 12.66 L/h, 13.65 L/h and 

15.33 L/h for nozzle diameters of 0.5 mm, 1 mm and 2 mm, respectively. It can be concluded 

that the effect of the nozzle size on the bubble size and bubble formation frequency and the 

bubbling regime is insignificant for the non-wetted cases. 

The initial transition characteristics for the non-wetting condition are shown in Figure 3.5. 

For each case, the bubble collision occurs away from the nozzles. The results indicate that the 

bubble collision characteristic is changed for the 0.5 mm nozzle diameter from a wetting to a 

non-wetting condition. The reason is due to that the wettability influences the bubble size and 

the bubble frequency dramatically for the 0.5 mm nozzle diameter. 
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      (a) (b) 

Figure 3.4 Bubble equivalent diameter (a) and bubble frequency (b) as a function of the gas flow rate 

in the air-water system. (waxed) 

      

(a) dN=0.5 mm (b) dN=1 mm (c) dN=2 mm 

Figure 3.5 The initial transition characteristics for the non-wetting condition at three different nozzle 

diameters. 

3.1.1.3 Discussion of the experimental results 

    The bubbling regimes are summarized in Table 3.1. It can easily be found that the bubbling 

regime is largely extended with a 0.5 mm nozzle diameter, when the contact angle is 

increased from 80 (a wetting condition) to 110 (a non-wetting condition). The trend is 

weaker when the nozzle size is increased. Especially, the bubbling regimes are almost the 

same for both the wetting and non-wetting conditions for a 2 mm nozzle diameter. 

Table 3.1 The bubbling regimes for different air-water system cases. 

nozzle size 0.5 mm 1 mm 2 mm 

80 0~7.35 L/h 0~12.05 L/h 0~15.22 L/h 

110 0~12.66 L/h 0~13.64 L/h 0~15.33 L/h 
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    The bubble formation processes for the different conditions are shown in Figure 3.6. In 

each case, the upper limit of the bubbling regimes was chosen as the gas flow rate. The first 

row of Figure 3.6 represents the moment (t=0) when the bubble is going to detach and the 

next bubble starts to be generated from the nozzle. The bubble is formed with a period of T in 

the bubbling regime. The second row and the third row of Figure 3.6 demonstrate the instants 

of the bubble formation at the moment of T/3 and 2T/3, respectively. 

dN=0.5 mm dN=1 mm dN=2 mm 

=80 =110 =80 =110 =80 =110 

      

t=0 

      

t=T/3 

      

t=2T/3 

(a) (b) (c) (d) (e) (f) 

Figure 3.6 The instants of bubble formation in the air-water system with different nozzle diameters 

and different wettabilites. 

    In Figures 3.6(a) and (b), the bubbles are formed from a 0.5 mm nozzle diameter. At the 

moment of t=0, the bubble is in an elliptical shape under the wetting condition. However, the 

bubble changes to a diamond shape for the non-wetting condition. In the growing stage, the 

triple (air, water and nozzle) contact line at the nozzle plate is trying to spread outside the 

nozzle for the non-wetting condition. On the other hand, the contact line is locked within the 

nozzle for the wetting condition. This is the reason why the bubbling regime is largely 

extended with a 0.5 mm diameter nozzle, when the contact angle is increased from 80 to 

110. The same trend can also be found in the case using a 1 mm nozzle (See Figures 3.6(c) 

and (d)). However, the bubble sizes are bigger than in the previous cases. In addition, the 

bubbles are approaching a spherical shape instead of an elliptical shape or a diamond shape.  

In Figures 3.6(e) and (f), the bubbles have nearly the same shape and size. It means that the 
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effect of the wettability on the bubble formation is insignificant, because the spreading of the 

contact line is not a dominating factor for the bubble formation in this case.  

    In the air-water system, the experimental results show that the collided bubbles can rise up 

together in the bath without experiencing coalescence. Even if two bubbles collide, they are 

still separated by a liquid film of a thickness of h. A typical example is the stopped bubbles at 

the liquid surface; they always stay there for a while before bursting. The effective 

coalescence happens only after the thinning of and the rupture of that film. It has been 

estimated that the final film thickness is 10
-8

 m for air bubbles in water.
[36]

 It should be noted 

that collisions involving three bubbles, four bubbles or more can also happen. Initially, 

smaller bubble sizes and longer coalescence times result in bubbles with lower rising 

velocities. Furthermore, it gives rise to larger interfacial areas and gas hold-ups in the gas-

liquid baths. 

3.1.2 Simulation validation of bubble formation 

    The validation was carried out by comparing simulation and experimental results of the 

bubble formation processes in the air-water system for the same conditions. Six cases are 

shown in Figure 3.7, including both experimental and simulation results. In each case, the 

bubble formation process is demonstrated by two bubble formation periods (2T) and at three 

instants of each method. Every experimental instant is followed by the corresponding 

simulation result. Figures 3.7(a), (c) and (e) represent cases using wetting (=80) conditions. 

In contrast, the wettability (=110) is poor in Figures 3.7(b), (d) and (f). The nozzle sizes in 

Figures 3.7(a)-(b), Figures 3.7(c)-(d) and Figures 3.7(e)-(f) are 0.5 mm, 1 mm and 2 mm, 

respectively.    

In Figure 3.7(a), the simulation results show the characteristic of small bubbles and short 

distance intervals between two neighboring bubbles. These results are similar to the 

experimental observations. In Figure 3.7(b), the diamond-shaped bubble was observed in the 

experiment and the same bubble shape was also predicted by the simulation method. The 

experimental results show that the bubble increases in size from Figure 3.7(a) through (e) for 

the wetting condition. Also, the bubble formation period shows an increasing trend. Clearly, 

similar results can also be obtained from the numerical simulations. The bubble formation 

processes for the non-wetting condition (Figures 3.7(b), (d) and (f)) show that similar bubble 

sizes can be observed. This indicates that the nozzle size is insignificant and that the same 

conclusion can be drawn from the simulation results.  
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dN=0.5 mm dN=1 mm dN=2 mm 

=80 =110 =80 =110 =80 =110 

      

t=0s t=0s t=0s t=0s t=0s t=0s 

      
t=0s t=0s t=0s t=0s t=0s t=0s 

      
t=0.025s t=0.053s t=0.028s t=0.051s t=0.038s t=0.046s 

      
t=0.045s t=0.055s t=0.045s t=0.065s t=0.05s t=0.075s 

      

t=0.05s t=0.106s t=0.056s t=0.102s t=0.076s t=0.092s 

      
t=0.085s t=0.11s t=0.085s t=0.13s t=0.1s t=0.15s 

(a) (b) (c) (d) (e) (f) 

Figure 3.7 The experimental and simulation results of the bubble formation in the air-water system for 

different nozzle diameters and wettabilites. 
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    The quantitative comparisons show that the maximum difference of one bubble formation 

period is 0.029 s for case six (Figure 3.7(f)), while the minimum difference could be found in 

Figure 3.7(b). The latter corresponds to only 0.002 s. It means that there are some differences 

between the two research methods. The reasons may be as follows. First, the mathematical 

model is based on the assumptions stated earlier, which for example includes the assumption 

of a laminar flow. Second, the gas flow rate is unstable in the experiment, due to limitations 

of the gas control device. Third, numerical errors exist during the calculations. 

    Overall, the predicted bubble shapes and bubble formation periods are in a satisfactory 

qualitative agreement with the experimental results. Therefore, it is concluded that the bubble 

formation processes can be well predicted by the 3D numerical simulations.  

3.1.3 Bubble formation in the argon-steel system 

    The bubble formation processes in the air-water system have been simulated and the 

predictions have been compared to the experimental results with a satisfactory good 

agreement. Therefore, the mathematical model was applied to simulate the bubble formation 

processes in an argon-steel system. The properties of the fluids are shown in Table 3.2.  

Table 3.2 Parameters used in the simulation of the argon-steel system. 

        𝜌g (kg/m
3
) 𝜌l (kg/m

3
) 𝜇g (kg/m·s) 𝜇l (kg/m·s) σ (N/m) 

1.6228 7100 2.12510
-5

 0.006 1.8 

        Nozzle diameters of 0.5, 1 and 2 mm were studied. A neutral wettability (90) was used 

to investigate the influence of the nozzle size on the bubble formation process. Both wetting 

(80) and non-wetting (110) conditions were considered for the identification of the bubbling 

regimes. During a test, the gas flow rate was increased stepwise from a value of 5 L/h until 

the bubbling regime could not be found.  

3.1.3.1 Influence of the nozzle size 

    The effect of the nozzle size on the bubble formation process was studied by keeping the 

other parameters constant. Table 3.3 shows the results of the bubble diameters and bubble 

frequencies for three different nozzle sizes. The average bubble diameter is 9.69 mm and the 

average bubble formation frequency is 5 s
-1

. The maximum difference of the bubble diameter 

is 0.18%, while the maximum difference of the frequency is 4%. It can clearly be seen that the 

values of bubble diameters and as well as the bubble frequencies are similar. It means that the 
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effect of the nozzle size is insignificant on the bubble size and frequency, for the current 

research conditions.  

Table 3.3 Simulation results when the flow rate is 8.55 L/h and the contact angle is 90 for an argon-

steel system. 

Nozzle size (mm) 0.5 1 2 

Bubble diameter (mm) 9.68 9.52 9.86 

Frequency (s
-1

) 5 5.2 4.8 

3.1.3.2 Influence of the gas flow rate and the wettability 

    In the water model experiment, it was found that the gas injection can be classified into 

three gas flow regimes, namely, bubbling, transition and jetting. Here, it is assumed that the 

same phenomenon is supposed to be observed in the argon-steel system.  

 

      (a)                                                                 (b) 

Figure 3.8 Bubble equivalent diameter (a) and bubble frequency (b) as a function of gas flow rate with 

a 2-mm nozzle. 

In Figure 3.8, the upper limits of the bubbling regime are about 60 L/h and 80 L/h for the 

wetting and non-wetting conditions, respectively. At the same time, the bubble formation 

frequency is about 14 s
-1

 for the wetting condition, while it is 10 s
-1

 for the non-wetting 

condition. The bubble diameters increase in the range from 8 mm to 15 mm as the gas flow 

rate is increased within the bubbling regimes. For the same gas flow rate, a poor wettability 

leads to a bigger bubble and a lower bubble frequency. A constant bubble volume stage is 

distinguished, when the gas flow rate is 10 L/h for the wetting condition. However, this 

phenomenon is not obvious for the non-wetted condition.   



 

21 
 

3.1.3.3 Discussion of the simulation results 

    A basic prediction of the bubble formation in a metallurgical reactor is obtained by 

numerical simulations. The bubble formation is quantitatively given in the argon-steel system 

for the current research conditions. The simulation results demonstrate that the bubbling 

regime is extended in the argon-steel system compared to the air-water. In addition, the 

bubble size is bigger and the frequency is lower (see Figure 3.8). However, the bubble 

variation trends by changing the wettability are the same. More specifically, a decreased 

wettability leads to a large bubble size and a low bubble frequency. Also, a constant bubble 

volume stage can be found for the wetting condition for each system. In fact, the gas injection 

in the metallurgical operations is much more complicated than in the air-water system. 

Specifically, the effects of a high temperature, chemical reactions and the inclusions, etc. are 

needed to be considered to make more realistic predictions.  

3.2 Bubble Rising in the Molten Metal 

3.1.1 Bubble rising trajectory and shape 

    The bubble rising behavior is size dependent. It is shown that, in an air-water system, a 

bubble smaller than 1.4 mm is rising rectilinearly, a ellipsoidal bubble larger than 1.4 mm is 

moving in a spiral or zigzag way, and the rectilinear path way reappears again for bubble in 

cap shape.
[37]

 These bubble shapes are related to three dimensionless parameters, i.e., the Eo, 

Mo, and Re numbers, which are defined as: 

     𝐸𝑜 =
𝑔(𝜌𝑙−𝜌𝑔)𝑑𝐵

2

𝜎
                                                            (21) 

𝑀𝑜 =
𝑔(𝜌𝑙−𝜌𝑔)𝜇𝑙

4

𝜌𝑙
2𝜎3                                                             (22) 

    𝑅𝑒 =
𝑑𝐵𝑢𝑇𝜌𝑙

𝜇𝑙
                                                               (23) 

where dB is the bubble diameter, uT is the bubble terminal velocity. Clift et al.
[12]

 generalized a 

regime of bubble shapes based on these parameters. However, for the argon-metal system, it 

is out of the regime because no experimental data exists. Here, the simulation results of the 

bubble rising trajectories and shapes in the molten metal with different bubble sizes are given 

in Figure 3.9. Furthermore, the bubble shape information is summarized in Table 3.4.  
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                          (a)                                                   (b)                                                        (c) 

                

                          (d)                                                   (e)                                                        (f) 

Figure 3.9 Predicted bubble rising trajectories for bubble sizes varying from 3 to 20 mm.  
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 Table 3.4 Bubble conditions and the corresponding detected shapes. 

dB (mm) Eo Mo Re shapes 

3 0.35 3.0710
-13

 1249 sphericalirregularoblate ellipsoid wobbly 

5 0.97 3.0710
-13

 1890 
sphericalellipsoidal spherical cap oblate 

ellipsoidwobbly 

7 1.90 3.0710
-13

 2575 spherical spherical cap ellipsoidal wobbly 

10 3.87 3.0710
-13

 3578 spherical spherical cap ellipsoidal ellipsoidal cap 

15 8.70 3.0710
-13

 5143 spherical spherical cap ellipsoidal ellipsoidal cap 

20 15.47 3.0710
-13

 7186 spherical spherical cap ellipsoidal cap 

    Figures 3.9(a)-(c) show that the bubbles rise in a spiral way. Also, these bubbles undergo 

several shape changes. Finally, they obtain a wobbly shape which result in a spiral-shaped 

rising path. It can be concluded that bubbles of a 310 mm size are relative unstable during 

their movement. It should be noted in Figure 3.9(a), at the very beginning (0~0.04 s), the 

bubble undergoes an irregular shape changing. This may be caused by the “spurious currents” 

around the interface. It has been proved that it is hard to simulate a 1mm air bubble in the 

water due to the “spurious currents” problem.
[38]

 Figures 3.9(d)-(f) show that the bubble 

movement is relative stable. Their rising trajectories are almost rectilinearly. The bubble 

shapes experience less steps and finally they obtain an ellipsoidal cap shape. Overall, it is very 

hard to describe the bubble shape by a simple geometry, when its size is between 3 mm to 10 

mm. For a bigger bubble (10~20 mm), its movement is more stable and its shape is relatively 

steady. 

3.1.2 Bubble terminal velocity 

    The bubble terminal velocity obtained by the VOF model is shown in Figure 3.10. The 

results
[1]

 calculated by the no slip model and the zero shear model (the no-slip or zero shear 

boundaries are imposed at the bubble surface) are also given in Figure 3.10. All these models 

indicate that the bubble terminal velocities are around 0.3 m/s for the current conditions. 

Specifically, the VOF model gives a higher value (0.35 m/s) for the 3 mm bubble, while the 

remaining sizes are almost constant. It should be noted that smaller bubbles oscillate in the 

liquid and their rising velocities are not steady. Therefore, the bubble rising velocities were 

averaged over a time interval to calculate the terminal velocities.  
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Figure 3.10 Bubble rising terminal velocities calculated by the VOF model, 

 zero shear model
[1]

, and no slip model
[1]

.  

    The single bubble dynamics provide a micro-scale or meso-scale basis to the full-scale gas 

dynamics related metallurgical vessels. One of the benefits with this approach is that the drag 

coefficients can be deduced. Specifically, Cd can easily be extracted based on the balance 

between the buoyancy force Fb and drag force Fd, which can be expressed as follows: 

𝐹𝑏 =
(𝜌𝑙−𝜌𝑔)𝑔𝜋𝑑𝐵

3

6
                                                           (24) 

𝐹𝑑 =
1

2
𝜌𝑙𝐶𝑑𝑈𝑇

2𝐴                                                           (25)    

where A is the maximum cross sectional bubble area perpendicular to the flow, so the drag 

coefficients Cd can be calculated using Fb = Fd, which is: 

Cd =
(ρl−ρg)gπdB

3

3ρlUT
2 A

                                                          (26) 

3.3 Bubble Bursting 

3.3.1 Bubble bursting process 

    The metal droplet formation from a bubble bursting on the free metal surface has been 

observed by an X-ray imaging experiment.
[15]

 However, in the current study, a CFD 

simulation method is used to investigate such a phenomenon. To simplify, the bubble rising 

process was ignored. Initially, a 9.3 mm bubble was assumed to be located 1 mm below the 

liquid surface (for all cases unless noted otherwise in Section 3.3). Figure 3.11 shows the 

evolution of the bubble bursting. 
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(a) t=0 s (b) t=0.0175 s (c) t=0.02 s 

   

(d) t=0.025 s (f) t=0.0275 s (g) t=0.03 s 

Figure 3.11 Simulation results of bubble bursting when dB=9.3 mm, σ=1.8 N/m. 

    From Figures 3.11(a) to (b), the bubble is moving upwards. As the upper surface of the 

bubble approaches the interface, a thin layer appears between the two surfaces. Figure 3.11(c) 

illustrates that the thin layer is broken while the bubble continues to rise. At the same time, 

film droplets are formed (it is not shown here because it is too small to simulate by using a 

continuum CFD method). Thereafter, the rest of the bubble cap begins to collapse in Figure 

3.11(d), followed by a jet emerging from the central line. The jet continues to grow from 

Figures 3.11(f) to (g). At t=0.03 s, the first jet droplet is produced. Thereafter, the jet droplet 

rises upwards with a certain velocity. In this case, the velocity is large enough to carry the 

droplets out from the domain. This is similar to what was found in the experimental results of 

Han et al.
[15]

, where a ceramic plate was used to collect droplets on the top of the bath. The 

size of the jet droplet is about 1.3 mm, which is in accordance with the experimental 

observation (several millimeters).
[15]

 

3.3.2 The effect of bubble size on droplet 

    With a certain surface tension, the amount of ejections is controlled by the bubble size. It 

has been found that a critical bubble size exists, which produces a maximum amount of 

ejections. Figure 3.12 shows the mass of ejection produced by bubble bursting versus the 

bubble diameter; for a surface tension value of 1.4 N/m. The amount of escaped ejections is 

calculated based on the size of the droplets. Here, the value of the amount by simulation is 
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expanded one hundred times to match the experiment results, because the droplets were 

collected after 100 argon bubbles had been injected.
[15]

 

 

Figure 3.12 Effect of bubble size on the mass of ejections, when the surface tension is 1.4 N/m.
[15]

 

    Obviously, a maximum value exists in Figure 3.12 for both the experiments and the 

simulations when the bubble diameter is 9.3 mm. The simulated and experimental data show a 

good qualitative agreement. However, overall the simulation values are higher than the 

experimental data and the biggest mass deviation of ejection is 2 g/100 bubbles. 

3.3.3 The effect of surface tension on droplet formation 

It has been reported that the surface tension of the liquid phase has a strong influence on the 

bubble bursting tendencies.
[15]

 In the molten liquid system, the surface tension can be 

modified by changing the oxygen content. Han et al.
[15]

 carried out bubble bursting 

experiments. Specifically, 1.2 N/m, 1.4 N/m and 1.8 N/m surface tension values were 

obtained for the corresponding oxygen contents of [O]~10 ppm, [O]~200 ppm and [O]~500 

ppm, respectively. In the present simulation, the same surface tension values were used in 

order to compare the numerical and experimental results. 

    The effect of the surface tension on the droplet is summarized together with the 

experimental results in Figure 3.13(a), when the bubble size is 9.3 mm. It can be seen that the 

simulation values are higher than the experimental data and within a 2 g mass deviation of 

ejection per 100 bubbles. However, the variation trends are almost the same, where a 

maximum value exists for both methods. As mentioned in the previous section, when the 

surface tension is 1.4 N/m, the critical bubble size is 9.3 mm. It implies that the bubble droplet 

ejection decreases with an increased surface tension value. 
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(a) (b) (c) 

Figure 3.13 Effect of surface tension of the molten metal on the mass of ejection produced from 

bubble bursting where (a) dB=9.3 mm, (b) dB=11.5 mm, (c) dB=12.5 mm.
[15]

 

    In Figures 3.13(b) and (c), the effects of a surface tension value on the droplet mass are 

studied for 11.5 mm and 12.5 mm bubble sizes, respectively. Both cases show an increasing 

trend for the mass of the ejection with an increased surface tension value. In this case, a 

higher surface tension value leads to a higher ejection rate. Here, the experimental data are 

still lower than the simulation results, except for at a couple of non-ejection locations. The 

non-ejection locations in the simulation represent those cases where the droplets are too small 

to be captured by the current mesh resolution. 

    In the experiment
[15]

, the mass of the molten metal decreases after one bubble bursting. 

Thereafter, the coming bubble experiences a different environment. Also, the transient motion 

of the molten metal in the bath is likely to affect the results of the subsequent bubbles. 

However, in the simulation it is assumed that each bubble experiences the same environment.  

This causes the simulation values to be higher than the experimental data, but overall the 

results are satisfactory. 

3.4 Bubble Passage from Steel to Slag 

3.4.1. Effect of bubble diameter 

    It has been reported that the bubble size is about 5 mm in the continuous casting mold and 

that it is between 10 and 20 mm in the secondary steel-refining processes.
[1]

 Therefore, six 

different bubble sizes were studied individually, namely 3, 5, 7, 10, 15 and 20 mm.  

    For a 3 mm bubble, the bubble crossing process at the steel-slag interface is shown in 

Figure 3.14. The variation of the bubble position with time in the steel-slag system is 

summarized in Figure 3.15. Note, that the initial time (t=0 s) used in Figure 3.14 is the 

bubble release time from the bottom of the column. However, time 0 s used in Figure 3.15 
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corresponds to the moment when the top surface of the bubble first touches the steel-slag 

interface. These definitions are also applied in the following part of section 3.4.  

(a) t=0.06 s 

 

(b) t=0.085 s 

 

(c) t=0.115 s 

 

(d) t=0.135 s 

 

(e) t=0.145 s 

Figure 3.14 Passage of a single bubble through a steel-slag interface when dB is 3 mm. 

 

Figure 3.15 Variation of the 3 mm bubble position with time in the steel-slag system. 

    Figure 3.14(a) shows that an elliptical bubble is below the interface. The bubble has 

touched the interface and a thin steel layer is formed over the bubble in Figure 3.14(b). Then, 

the bubble is forced to move downwards due to the presence of the steel layer (see Figure 

3.14(c)). Thereafter, the bubble continues to rise upwards again. From Figures 3.14(d)-(e), it 

can be seen that the bubble has broken the thin steel layer and moved into the slag. At the 

same time, a steel jet is formed that follows the bubble into the slag layer. Finally, the jet 

collapses into droplets in the slag. Figure 3.15 shows that the 3 mm bubble experiences a 

backward process at the interface and that the maximum depth below the interface is 0.06 cm. 

    For a 5 mm bubble, the bubble crossing process from the steel-slag interface is shown in 

Figure 3.16. The variation of the bubble position with time in the steel-slag system is 

summarized in Figure 3.17. Similar to the results for the 3 mm bubble, the 5 mm bubble also 

experiences an oscillating motion before it penetrates the interface. It is found that the 

oscillating behavior is longer compared to the 3 mm bubble (see Figure 3.17). It means that 

the bubble oscillates in this particular situation. However, the oscillations of the bubble are 

unstable and it finally breaks into a toroidal shape as is shown in Figure 3.16(e).  
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(a) t=0.08 s 

 

(b) t=0.12 s 

 

(c) t=0.18 s 

 

(d) t=0.36 s 

 

(e) t=0.64 s 

Figure 3.16 Passage of a single bubble through a steel-slag interface when dB is 5 mm. 

 

Figure 3.17 Variation of the 5 mm bubble position with time in the steel-slag system. 

    For a 7 mm bubble, the bubble crossing process from the steel-slag interface is shown in 

Figure 3.18. The variation of the bubble position with time in the steel-slag system is 

summarized in Figure 3.19. The results show that the 7 mm bubble also experiences several 

oscillations, as is shown in Figure 3.19. After the oscillations, the bubble can cross the 

interface and continue to rise upwards in the slag (see Figure 18(e)) In addition, the bubble 

shape is more oblate compared to the cases with 3 or 5 mm bubbles. When the bubble 

oscillates at the steel-slag interface, the interface motion produces a surface wave (see Figure 

3.18(d)).  

 

(a) t=0.14 s 

 

(b) t=0.18 s 

 

(c) t=0.26 s 

 

(d) t=0.5s 

 

(e) t=0.64 s 

Figure 3.18 Passage of a single bubble through a steel-slag interface when dB is 7 mm. 
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Figure 3.19 Variation of the 7 mm bubble position with time in the steel-slag system. 

    For a 10 mm bubble, the bubble crossing process from the steel-slag interface is shown in 

Figure 3.20. The variation of the bubble position with time in the steel-slag system is 

summarized in Figure 3.21. From Figures 3.10(a)-(b), it is seen that the bubble width is 

changed from a wide shape to a narrow shape and that the height shows an opposite trend. In 

Figure 3.20(c), the thin steel layer is formed over the spherical cap bubble. In this case, the 

bubble does not rebound and it breaks the film directly. The bubble continues to rise up in the 

slag. A steel jet is formed and goes into the lighter phase. Figure 3.21 also shows that the 

bubble passes the interface without experiencing an oscillation movement.  

 

(a) t=0.18 s 

 

(b) t=0.26 s  

 

(c) t=0.3 s 

 

(d) t=0.38 s 

 

(e) t=0.42 s 

Figure 3.20. Passage of a single bubble through a steel-slag interface when dB is 10 mm. 

 

Figure 3.21 Variation of the position of a 10 mm bubble with time in the steel-slag system. 
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    For the 15 and 20 mm bubbles, the bubble passage processes are shown in Figure 3.22 and 

the variation of the bubble position with time is shown in Figure 3.23. These results are 

discussed together, because these two bubble sizes behave similarly for the current conditions. 

The results show that the bubbles pass through the steel-slag interface directly. With the 

increase of the bubble size, the bubble tends to adopt a flat shape and with large a surface area. 

Therefore, they are more unstable. After the crossing of the interface, the bubbles break into 

toroidal shapes in the slag phase.  

 

(a) t=0.26 s 

 

(b) t=0.42 s 

 

(c) t=0.46 s 

 

(d) t=0.54 s 

 

(e) t=0.66 s 

 

(f) t=0.38 s 

 

(g) t=0.56 s 

 

(h) t=0.62 s 

 

(i) t=0.72 s 

 

(j) t=0.76 s 

Figure 3.22 Passage of a single bubble through a steel-slag interface when dB is 15 mm (a-e) and 20 

mm (f-j). 

 

(a) 

 

(b) 

Figure 3.23 Variation of the position of a 15 mm bubble (a) and a 20 mm bubble (b) with time in the 

steel-slag system. 

    It has been reported that there are three types of inclusion behaviors at the steel-slag 

interface, namely remain, oscillate or pass.
[39]

 However, the bubble has different physical 
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properties compared to an inclusion. The simulation results show that the passage of a bubble 

through the steel-slag interface may mainly experience the processes of oscillation(s) and pass. 

Breakup may also happen depending on the bubble size. If the bubble is small enough, it is 

possible that it remains at the interface as reported by Bonhomme et al.
[40]

  

3.4.2 Effect of interfacial tension 

    The interfacial tension force is trying to prevent the passage of the bubble from the steel to 

the slag.
[41]

 Figure 3.24 shows the effect of the interfacial tension on the passage of a 5 mm 

bubble through a steel-slag interface. It can be seen that the bubble is rising to its highest 

position with the smallest interfacial tension (see Figure 3.24(a)). Also, a long steel jet is 

following the bubble which experiences no collapse. The bubble rises to a lower and lower 

position with an increasing interfacial tension, as is shown in Figures 3.24(b)-(c). At the same 

time, the formed steel jet is more unstable and has collapsed. It results in that the steel 

droplets are formed in the slag phase. It has been found that when the interfacial tension is 

1.15 N/m, the 5 mm bubble experiences several oscillations at the interface. Therefore, the 

bubble is still locked around the interface, as is shown in Figure 3.24(d). As the interfacial 

tension is increased to 1.8 N/m, the bubble can once again pass through the steel-slag 

interface.  

 

(a) σi=0.04 N/m 

 

(b) σi=0.5 N/m 

 

(c) σi=0.8 N/m 

 

(d) σi=1.15 N/m 

 

(e) σi=1.8 N/m 

Figure 3.24 Passage of a single bubble through a steel-slag interface when dB is 5 mm and t is 0.2 s. 

    The bubble rising velocities can be deduced by the slopes in Figure 3.25. It shows that the 

interfacial tension does not influence the bubble velocity in the steel phase for the present 

conditions. Moreover, the bubble crossing time is increased with an increased interfacial 

tension from 0.04 to 0.8 N/m. The bubble is oscillating when the interfacial tension has a 

value of 1.15 N/m. However, the bubble passes the interface with a higher interfacial tension 

(1.8 N/m) and the bubble crossing time becomes longer compared to cases (a)-(c). The reason 

is that the bubble shape in the vertical diameter is enlarged at the interface and that the bubble 

gains more energy to cross the interface. Therefore, although the interfacial tension in Figure 
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3.24(e) is larger than the case in Figure 3.24(d), the bubble does not oscillate at the interface 

as in case (d). 

 

Figure 3.25 Variations of the 5 mm bubble position with time in the steel-slag system 

with different interfacial tensions. 

3.5 Bubble Wake Flow on the Removal of Inclusions 

3.5.1 Simulation validation for an air-water-particle system 

    The validation was carried out by comparing simulation and experimental results. In the 

experiments, the gas flow rate was within the bubbling regime. Moreover, the individual 

bubble was supposed to be isolated with its own induced flow field. Particles have been added 

into the water and most of them are suspended in the liquid.  A 5.2 mm bubble was formed at 

the bottom of the column. After the release of the bubble, it started to rise upward. Due to the 

bubble wake flow, some of the particles within a certain distance to the bubble were moving 

with the bubble. At one moment, a particle was found at the left side of the rising bubble (see 

Figure 3.26(a)). The following process was tracked and is shown in Figure 3.26(b)(f). Note, 

in order to make a good visualization, the other particles in the background and foreground 

were erased. At the same time, a simulation of the bubble rising process under the same 

condition was carried out. When the bubble reached the same position as it was in the 

experiment, a particle was added to the bubble’s left side. A similar scene was simulated in 

the mathematical model. The simulation results are shown in Figure 3.26(g)(l).  

    Comparisons between the experiment and the simulation results are given in Figure 3.26. 

Both of the two methods reveal the fact that the particle is moving due to the bubble wake 

flow. Specifically, the movement of the bubble and the particle can be measured and 

calculated from the results. By measuring the movement of the bubble and the particle during 

0.045 s, the average velocities of them are calculated. The measurements were done on three 
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cases of a particle movement caused by a bubble wake. The average results are given in Table 

3.5. The difference of the bubble velocities between the simulations and the experiments is 

2.5%. However, the particle velocities show a 28.9% deviation between predicted and 

measured results. The simulation of the bubble movement shows a good agreement with the 

experimental results. However, the particle modelling is less excellent. Still, the predictions 

give a satisfactory guidance on how to study the influence of a bubble wake flow on the 

particle removal behavior during injection of gas in a ladle. 

 

t = 0 s 

 
(a)  (g) 

 

t = 0.009 s 

 
(b)  (h) 

 

t = 0.018 s 

 
(c)  (i) 

 

t = 0.027 s 

 
(d)  (j) 

 

t = 0.036 s 

 
(e)  (k) 

 

t = 0.045 s 

 
(f)  (l) 

Figure 3.26 The experimental (a-f) and simulation (g-l) results of the particle’s movement caused by a 

bubble wake flow. 
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Table 3.5 The movements and average velocities of the bubble and the particle within 0.045 s. 

 Db (mm) Dp (mm) Vb (m/s) Vp (m/s) 

Experiment 8.84 3.42 0.197 0.076 

Simulation 9.1 2.45 0.202 0.054 

    Some important factors should be noted. In the experiment, a lot of particles were added in 

the water bath, but only one particle’s path was followed in the analysis. Also, the process 

took place in a three-dimensional space. However, the pictures taken from the high-speed 

camera were displayed in a two-dimensional way, the particle position in third dimension 

cannot be determined accurately. In the simulation, the particle location in the third dimension 

was assumed to be on the central axis of the bubble. Also, the parameters of the particle 

represented the average values of the macroporous resin particles used in the experiment. In 

addition, the bubble wake may be different due to the change of the bubble shape. With this in 

mind the results were deemed to be good and the model could be extended to the steelmaking 

system. 

3.5.2 Bubble wake behavior in an argon-steel-inclusion system 

The coupled VOF and DPM model has been validated with a water model by focusing on a 

single bubble and a single particle. In that way, the mathematical model was applied to a 

steelmaking system which includes the argon bubble, the molten steel and the inclusions.         

Several assumptions have been made to study the bubble wake flow in the argon-steel-

inclusion system numerically. The inclusions (with a total number of Np) are supposed to only 

be initially in the lower part of the computational domain. In addition, it is assumed that there 

is no interaction between inclusions. Also, a single spherical bubble is located below the 

inclusion region (see Figure 3.27(a)). From Figures 3.27(b)-(d), the bubble rises up in the 

bath due to the buoyancy force. During the bubble’s movement, it will experience a passage 

through the inclusion zone. Due to the effect of the bubble wake flow, some of the particles 

can rise below the bubble. Also, the distribution of the particles in Figure 3.27 shows that the 

bubble rises in a zigzag way, which is in accordance with the results from Supplement II.
[25]

   

The area of the bubble wake flow which can make the inclusions rise is defined as the 

particle rising zone.
[13]

 To study the width of the rising zone, the particles’ velocity field of 

Figure 3.27(b) is shown in Figure 3.28. The velocities are almost symmetrical in this case, 

because the bubble rises linearly during this short period. The width of the particle rising zone 

is supposed to be within the two black lines in Figure 3.28. The two black lines are drawn 
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based on the inclusions’ movement. Specifically, the inclusions which show notable 

movements are distinguished from the rest of the inclusions. The distance between the two 

lines is 26 mm, which is 1.625 times that of the bubble width (16 mm). In Figure 3.27(d), 

some particles follow behind the bubble, so the top limitation of the rising zone is supposed to 

be terminated at this bubble location. The height of the rising zone is 80 mm, which gives a 

value of 5 with respect to the height. In the study of Yang et al,
[13]

 the basic scope of the rising 

zone was found to be 1.5 times that of the bubble size in width and 5.5 times in height. Thus, 

the simulation values show good agreement with the literature results.   

    

(a) t=0 s (b) t=0.12 s (c) t=0.2 s (d) t=0.36 s 

Figure 3.27 The passing of a bubble through the inclusion zone where dB=10mm, dp=100 m, 

Np=10000. 

 

Figure 3.28  The particles’ velocity of Figure 3.27(b). 
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(a) (b) 

Figure 3.29 The velocity field and pressure field of Figure 3.27(c). 

    The velocity field and pressure field distribution of Figure 3.27(c) on a central vertical 

cross section are shown in Figure 3.29. The particle entrainment due to the bubble induced 

flow field is demonstrated. It is seen that the flow field is asymmetric and that the vortex 

appears separately. Therefore, the distribution of the moving inclusions is also asymmetric. It 

can be found that the vortex on the right hand side of the bubble is full of particles. This is due 

to the low pressure region presented in the vortex (see Figure 3.29(b)). 

3.5.3 Effect of bubble diameter in the argon-steel-inclusion system 

To quantify the inclusion removal rate due to the bubble wake, the inclusions which are 

present above the horizontal interface of the suspension are defined as the removed inclusions, 

𝑁𝑝−𝑟. These inclusions are supposed to be removed due to a bubble wake flow. Obviously, 

the removal rate per bubble 𝑅 can be calculated by dividing the total particle number with the 

number of the removed inclusions. Furthermore, the removal rate per unit bubble 𝑅𝑢𝑛𝑖𝑡 can be 

calculated by dividing the bubble volume ratio with the removal rate per bubble. 

                                                                𝑅 =
𝑁𝑝−𝑟

𝑁𝑝
      (27) 

𝑅𝑢𝑛𝑖𝑡 =
𝑁𝑝−𝑟

𝑁𝑝
/

𝑉

𝑉𝑢𝑛𝑖𝑡
 

(28) 

where V is the bubble volume and Vunit is the reference bubble volume.  

    Three different bubble diameters were studied, namely, 5 mm, 10 mm and 16 mm with 100 

m inclusions. The effect of the bubble diameter on the removal rate is shown in Figure 3.30.   

It is seen that the removal rate per bubble is increased with an increased bubble size (see 

Figure 3.30(a)). It is quite understandable that the bubble induced wake flow is stronger as 
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the bubble size becomes larger. Therefore, more inclusions can be moved by the flow if the 

bubbles are large compared to if they are small. However, the inclusion removal rate per unit 

bubble volume shows an opposite trend. As is shown in Figure 3.30(b), the highest inclusion 

removal rate per unit bubble volume is produced by the smallest bubble (here, the volume of 

the 5 mm bubble is considered as the reference bubble volume). In another way, if a big 

bubble is separated into several small bubbles, the inclusion removal rate is improved. The 

results suggest that small bubbles are preferred in real industrial operations. Possible methods 

to obtain small bubbles include a change of the type, size or the wettability of the bottom 

tuyere.
[23, 42]

 

  

(a) (b) 

Figure 3.30 The effect of the bubble diameter on (a) the inclusion removal rate per bubble and 

(b) the inclusion removal rate per unit bubble volume. 

3.5.4 Effect of inclusion diameter in the argon-steel-inclusion system 

Three types of inclusion diameters were studied, namely, 1 m, 10 m and 100 m. These 

were interacting with a 10 mm bubble. The effect of the inclusion size on the removal rate is 

shown in Figure 3.31. It can be seen that the inclusion removal rate is higher with a larger 

inclusion size. The smaller inclusions are more difficult to remove. It was shown that the 

number of inclusion particles, which were driven by a bubble to float in a unit time in the 

entire water bath, was higher for smaller inclusions.
[13]

 That is to say that the small inclusions 

are more easily controlled by the flow field, but it does not mean that the inclusions are 

removed from the steel. The effective inclusion removal means that the particles surpass a 

certain height without turning back. There are several vortices in the bubble wake flow field 

(see Figure 3.29(a)); it is also a dynamic process which may include wake shedding. The 

larger the inclusions and the stronger buoyancy force, this helps the inclusions to get rid of the 
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flow eddy. Therefore, the smaller inclusions experience high probabilities to be removed 

backwards. This is one fact that explains why smaller inclusions are difficult to be removed in 

industrial operations.  

 

Figure 3.31 The effect of the inclusion size on the inclusion removal rate. 

    All the simulation results are based on several assumptions, as mentioned in Section 3.5.2. 

The real situation is much more complex than the current system. The purpose is to study the 

single bubble wake flow on the inclusion removal behavior. This represents only one of the 

metal flow phenomena in a real steelmaking process. The results supply basic rules of this 

behavior under a simplified situation, which may not be possible in reality. However, this 

fundamental work is a necessary supplement to enable a deep understanding of the bubble 

wake flow in the metallurgical operations.  

3.6 Inclusion Transport in a Full Scale Ladle 

3.6.1 Model validation 

   The calculated flow field is validated against the experimental data. Figure 3.32(a) shows 

the measurement locations of the US transducer and Figure 3.32(b) shows the predicted flow 

field on the middle plane.  

    Three axial water velocities (12 mm, 18 mm and 30 mm away from the central axis 

respectively) were measured and compared by using both methods, as shown in Figure 3.33. 

In Figure 3.33(a), both the experimental and simulation data show that the axial water 

velocity increases dramatically from the bottom to the top of the vessel. Also, the 

experimental velocity shows strong fluctuations. This is because the axis in Figure 3.33(a) is 

closer to the center compared to the other two axes and the bubble injection produces high 

turbulence there. Figures 3.33(b) and (c) show that the highest axial velocities in each axis 

become lower and lower with position. The simulation results show the same trend as the 
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experimental axial velocity data. The maximum velocity difference between the simulations 

and experiments is 0.04 m/s, and it is found in the lower part of the bath as is shown in Figure 

3.33(b). Overall, the simulation results show an acceptable agreement between the predictions 

and the experimental observations. Thus, the numerical model can be used to predict the gas-

stirred flow. 

 

                                     (a) 

 

(b) 

Figure 3.32 Measurement and simulation result of the middle plane flow field when the gas flow rate 

is 0.24 m
3
/h in the air-water system. 

 

(a) 

 

(b) 

 

      (c) 

Figure 3.33 Comparison between experimental and simulation results of the axial water velocity on 

lines of (a) 12 mm, (b) 18 mm and (c) 30 mm away from the centerline. 
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3.6.2 Inclusion transport in the ladle 

Both experiments and simulations were carried out based on a water model ladle. The 

calculated results show a good agreement in comparison to the measured data. Therefore, this 

mathematical method was applied to study the steel flow in a large scale ladle. The ladle was 

studied by scaling up the previous water model 10 times. The argon gas flow rate per 1000 kg 

steel varies approximately from 0.05 m
3
·h

-1
 to 0.2 m

3
·h

-1
 depending on different situations.

[43]
 

In this ladle, the flow rate can be between 1.05 m
3
·h

-1
 to 4.2 m

3
·h

-1
. Here, four gas flow rates, 

namely 1.0, 2.0, 3.0 and 4.0 m
3
·h

-1
, were used to study the flow pattern.  

 

Figure 3.34 Simulation result of the middle plane flow field when the gas flow rate is 1 m
3
/h in the 

argon-steel system. 

     

Figure 3.35 The initial distribution of the 12000 inclusions and the flow field on the middle plane of 

the ladle. 
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    Figure 3.34 shows the flow field on the middle plane in the argon-steel system. It can be 

seen that there are two vortices on each side and close to the top surface. By increasing the 

gas flow rate, different flow fields can be obtained. Based on the predicted flow fields, the 

inclusion transport behaviors are investigated. Here, six different sizes of light inclusions 

(Al2O3, 3900 kg·m
-3

) and heavy inclusions (Ce2O3, 6800 kg·m
-3

), namely 1, 10, 20, 50, 100 

and 400 m were tracked by using the DPM model under the previously obtained flow 

fields.
[44, 45]

 In each case, 12000 inclusions were randomly dispersed in the whole ladle (see 

Figure 3.35). The inclusions were supposed to be removed when they touched the outlet 

boundary and they were assumed to be trapped when they touched the ladle wall.  

3.6.2.1 Inclusion transport neglecting stochastic turbulent motions 

    The inclusion removal percent for a 120 s simulation time are summarized in Figure 3.36.  

Here, the motion of the inclusions is determined by three forces, namely an inertia force, a 

drag force and a buoyancy force. For the light inclusions, the size is of great important on the 

inclusion removal. Specifically, more than 30% of the 400 m inclusions were removed when 

using a low gas flow rate (1.0 m
3
·h

-1)
. The removal percent of the other inclusions are much 

less (1%). The 400 m inclusions are of higher buoyancy force compared to other inclusions. 

Therefore, these inclusions are less effected by the flow field. When the gas flow rate is 

increased to 2.0 m
3
·h

-1
, the 1, 10, 20 and 400 m inclusions have similar removal percentages, 

namely 4.2%. However, the 50 and 100 m inclusions have a 2.6% and 1.8% removal percent, 

respectively. Also, the removal percent is improved to 6% for the 120 m inclusions when 

the gas flow rate is 3.0 m
3
·h

-1
. The removal percent for 50 and 100 m inclusions are also 

increased. However, the 400 m inclusions fall to a low removal percent (2.9%). When the 

gas flow rate is increased to 4 m
3
·h

-1
, the inclusion removal percent is decreased for the 1100 

m inclusions. But the removal rate of the 400 m inclusions is increased to 10%. For the 

heavy inclusions, the 1100 m inclusions have a similar removal percent. When the gas flow 

rate is 3 m
3
·h

-1
, all of these inclusions have the highest removal percentage (5%). The 400 

m inclusions are harder to remove compared to the smaller inclusions, when the gas flow 

rate is or higher than 2 m
3
·h

-1
. 
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(a) (b) 

Figure 3.36 The inclusion removal percent predicted without the stochastic turbulent motions model 

after 120 s. 

3.6.2.2 Inclusion transport including stochastic turbulent motions 

    The predicted inclusion removal percent with the stochastic turbulent motions model are 

shown in Figure 3.37. The stochastic tracking includes the effect of the turbulent velocities 

on the particle trajectories. The results show that the inclusion removal percent are similar for 

both light and heavy inclusions in the case with a stochastic tracking. It can be found that 

more than 94% inclusions can be removed within 40 s of stirring. It can be seen that the 400 

m inclusions are removed slightly faster (1% at 40 s) than the other inclusion sizes for a 1.0 

m
3
·h

-1
 gas flow rate. When the gas flow rate is increased to 3 m

3
·h

-1
, the inclusion removal 

percentage is improved from 77% to 90% after 20 s and it reaches to almost 99% after 40 s of 

gas stirring. In addition, the inclusion size shows little effect on the inclusion removal. When 

the gas flow rate is 4 m
3
·h

-1
, the inclusion removal percentage are similar to the case with a 3 

m
3
·h

-1
gas flow rate.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3.37 The inclusion removal percent predicted with the stochastic turbulent motions model. 

    The simulations were carried out both with and without using the stochastic turbulent 

model. It represents the results of inclusion transport under these particular conditions. It 

provides some information on how the gas flow rate and inclusion size effect on the inclusion 

removal. The results suggest that there is an optimized gas flow rate (3.0 m
3
·h

-1
) in this regard. 

The process is very complex in the real industrial case. Many other effects such as the 

inclusion deposition, free surface and inclusion distribution should be considered in order to 

make a more reliable prediction.  
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Chapter 4 Concluding Discussion 

The thesis is aimed at increasing the knowledge of bubble and inclusion behaviors in the 

steelmaking industry. Fundamental studies were carried out from the individual bubble and 

individual inclusion views based on numerical simulations. In addition, water model 

experiments were done to validate the mathematical calculations. The results provide 

guidance for the real industrial operations.   

The bubble behaviors were investigated in Supplement I, II and III. Specifically, the 

bubble formation process was studied in Supplement I. In the air-water system, the bubble 

sizes and formation frequencies as well as the bubbling regimes were identified with different 

nozzle diameters and wettabilities and both numerically and experimentally. Then, the 

mathematical model was applied to the argon-steel system. The simulation results can supply 

visual information of the bubble formation in the steelmaking process. It is benefited in the 

design of a gas injection device. 

The following bubble behavior after its formation was studied in Supplement II. The 

fundamental aspects of a rising argon bubble in molten metal were investigated numerically; 

the bubbling dynamics inside the liquid phase was studied in terms of the bubble’s trajectory, 

shape and terminal velocity over a wide range of bubble diameters. Furthermore, a two-

dimensional axisymmetric VOF model was established to explore the bubble bursting 

phenomenon at the liquid metal surface.  

    Supplement III continues to discuss the bubble behavior. The focus was the phenomenon 

caused by the bubble motion from the molten steel into a slag which was simulated by the 

two-dimensional axisymmetric VOF model. A parametric study was done to determine how 

the bubble diameter and the interfacial tension influence the bubble movement.  

    The inclusion behaviors were investigated in Supplement IV and V. The inclusion removal 

mechanism due to a bubble wake flow was studied by using a water model and a three 

dimensional numerical model in Supplement IV. In the numerical model, the bubble induced 

fluid dynamics in the liquid was simulated as well as the individual particles’ motion. 

Calculations were also extended to an argon-steel-inclusion steelmaking system. 

    In Supplement V, the Euler-Euler two-phase simulation model was used to investigate the 

gas-stirred ladle. The water model experiment was carried out to validate the predicted flow 

field by using the UVP velocity measurement method. The flow patterns under different gas 
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flow rates were obtained. The inclusion transport behaviors with and without the stochastic 

turbulent motions model were investigated, respectively. 
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Chapter 5 Conclusions 

The main conclusions can be summarized as follows:  

(1) In the air-water systems, the bubbling regimes were identified for different nozzle 

sizes and for both wetting and non-wetting conditions. The upper limits of the bubbling 

regime were found to be 7.35 L/h, 12.05 L/h and 15.22 L/h for the wetting conditions for 

the 0.5 mm, 1 mm and 2 mm diameter nozzles, respectively. Meanwhile, the limits were 

12.66 L/h, 13.64 L/h and 15.33 L/h for the non-wetting condition. 

(2) In the air-water systems, the equivalent bubble diameters and the bubble formation 

frequencies were obtained for different nozzle sizes and wettabilities. For the wetting 

condition, the bubbling experienced a stage with a constant bubble volume and a stage 

with an approximately constant bubble frequency. In addition, the bubble size was 

increased with an increased nozzle size. For the non-wetting condition, the constant 

bubble volume and the approximately constant bubble frequency stages have nearly 

disappeared. Meanwhile, the bubble size was almost unrelated to the nozzle size.  

(3) The predicted bubble shapes and the bubble formation periods and the bubble 

changing trends with different operating conditions were in accordance with the 

experimental observations. The comparisons showed that the mathematical model had a 

strong ability to simulate the bubble formation phenomena in liquids. 

(4)  In the argon-steel system, the nozzle size had almost no effect on the bubble size and 

the bubble formation frequency. The upper limits of the bubbling regime were 

approximate 60 L/h and 80 L/h for the wetting and non-wetting conditions, respectively. 

For the same gas flow rate, a poor wettability leads to a bigger bubble size and a lower 

frequency compared to a good wettability. 

(5)  The bubble rising process shows that bubbles of a 3~10 mm size rise in a spiral way, 

while bubbles of a 10~20 mm size rise rectilinearly. Smaller bubbles show a strong 

instability by changing their instantaneous shapes.  Larger bubbles tend to be stable and 

their shapes are almost kept steady. All these bubbles’ terminal velocities are around 0.3 

m/s, which is in accordance with literature data (between 0.23~0.34 m/s).  

(6)  For the bubble bursting, a typical jet droplet size was found to be 1.3 mm, which is of 

the same magnitude as the experimental measurement (several millimeters). When the 

surface tension is 1.4 N/m, the critical bubble size is 9.3 mm. Also, the ejection was found 
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to increase with an increased surface tension value, unless a critical bubble size was 

reached.  

(7)  The simulation results show that the bubble passing patterns at the steel-slag interface 

are oscillation-pass, oscillation-breakup, oscillations-pass, pass and pass-breakup for the 3, 

5, 7, 10 and 15 (20) mm bubbles, respectively.  For a 5 mm bubble, it was found that an 

increase of the interfacial tension from 0.04 to 0.8 N/m results in a delayed bubble passage 

time. The results also show that the bubble experiences an oscillation-breakup pattern if 

the interfacial tension value is up to 1.15 N/m. However, a higher interfacial tension value 

(1.8 N/m) can make the bubble pass again but with a longer passage time.  

(8)  The predictions show that the inclusion removal rate per bubble is increased from 2.3% 

to 18.9% by increasing the bubble diameter from 5mm to 16 mm. However, the inclusion 

removal rate per unit bubble can be improved by the use of smaller bubbles. The bubble 

rising zone was found to be 1.625 and 5 times of the bubble size in width and height, 

respectively. It is also shown that that smaller inclusions (6.8% to 1 m inclusions) are 

harder to remove than larger inclusions (8.1% to 100 m inclusions).  

 (9)  The flow patterns of an argon stirred steel ladle were predicted. The inclusion 

transport behavior without the stochastic turbulent motions after 120 s show that more 

than 30% of the 400 m light inclusions can be removed by gas stirring. Also, that 1100 

m light inclusions have their highest removal percent for a 3 m
3
·h

-1
 gas flow rate. The 

inclusion size below 100 m show little effect on the heavy inclusion removal. The 400 

m heavy inclusions are harder to be removed compared to the smaller inclusions, when 

the gas flow rate is or higher than 2 m
3
·h

-1
. 

 (10)  The inclusion transport behaviors with stochastic turbulent motions show that both 

light and heavy inclusions are at least removed to 94% for a 1 m
3
·h

-1
 gas flow rate after 

40 s. The inclusion removal percent can be improved from 77% to 90% after 20 s and it 

reaches to almost 99% after 40 s with a 3 m
3
·h

-1
 gas flow rate. A further increase of the 

gas flow rate cannot improve the inclusion removal percentage. 
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Chapter 6 Future Work 

The future work should focus on more realistic situations found in the steelmaking 

processes. Experimental studies of the bubble behavior in the argon-steel system are 

suggested for the further study. Experiments on the inclusion behaviors are expected to be 

carried out by other advanced measurements such as PIV.   

In the current study, two-dimensional axisymmetric simulations were used for the bubble 

bursting and penetration. However, this is a simplification for the real processes. Thus, it is 

suggested that three-dimensional calculations should be carried out. Attentions should be paid 

on the inclusion behavior at the steel-slag interface, both experimentally and numerically. 

Specifically, the inclusion deposition at the interface is important to consider in the modelling.     
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