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Abstract 

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

numerical simulations. The process of a bubble rising in the molten metal includes two steps, 

one is the bubble rising inside the liquid, and the other one is the bubble rising across the 

liquid surface. 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. The 

flow was assumed to be laminar. 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. 

For a bubble with a specific size, small metal droplets can be formed due to the bubble 

bursting which takes place at the free surface. In a situation when the top surface of the 

bubble is ruptured, the remains of the bubble will collapse and jet droplets may be formed. 

Therefore, the simulations of jet droplets were qualitatively analyzed. The results 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 bubble formation during gas injection into liquids was studied by using a water model 

and a three-dimensional numerical model. In the experiment, a high-speed camera was used to 

record the bubble formation processes. 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 the numerical model, the Volume-of-Fluid (VOF) 

method was used to track the interface between the gas and liquid. The simulation results 

were compared with the experimental observations in the air-water system. The comparisons 

show a satisfactory good agreement between the two methods. The mathematical model was 

then applied to simulate the argon-steel system. Simulation results show that the effect of 

nozzle size 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 and for 
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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. 

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

liquid steel 
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Chapter 1 overview 

1.1 Introduction 

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

injection through tuyeres or porous plugs in metallurgical processes such as 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 steel bath.  

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 air-

water system.
[2]

 Experimental studies on such transparent systems are often assisted by an 

imaging technique with a high-speed camera. Yang et al.
[3]

 studied the effect of bubble wake 

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

attenuation techniques
[4-6]

 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. It represents a significant step for the accomplishment of an equilibrium between 

multi-phases. Particularly, a critical bubble size
[5]

 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.
[7]

 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.
[6]

 Several numerical methods (Boundary element method, Marker-chain 

method, Coupled LS-VOF) have also been used to study the bubble bursting at a free surface 

in an air-water system or in similar flow systems.
[8-10]

 

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 scientific 

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

been conducted by several researchers. Leon et al.
[11]

 investigated the air bubble formation in 

water and in mineral oil, based on stroboscopic and photographic observations. A model 
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based on two step mechanism of bubble formation under constant flow conditions was 

proposed by Ramakrishnan et al.
[12]

 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.
[13]

 In addition, Davis et al.
[14]

 

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

use of X-ray cinematography. Irons et al.
[15]

 studied the size of gas bubbles formed at nozzles 

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

They
[16]

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

gas flow rates. Also, Mori et al.
[17]

 observed the behavior of nitrogen injection into a mercury 

bath through a transparent bottom plate by using a high speed cinecamera. Iguchi et al.
[18]

 

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

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

camera. Furthermore, Iguchi et al.
[19]

 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.
[20]

 

In general, the application of different measurement methods is limited due to the high 

temperatures and non-transparent liquids of the industrial melts. Fortunately, numerical 

simulations represent a promising method to provide information on the bubble behaviors. 

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 the 

continuous casting mold.
[1]

 An inclusion can be as small as a few microns. The multiphase 

simulation methods can be categorized from the point of these scales. For a macro industrial 

scale system, the Euler-Euler method is suitable.
[21]

 For a meso-scale or intermediate scale 

system, the Euler-Lagrangian method is favorable.
[22]

 To account for the micro scale system, 

the interface tracking method is employed.
[23]

 There are several interface tracking methods 

with their own advantages and disadvantages.
[24]
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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. Luo et al.
[21]

 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.
[25]

, 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.
[26]

 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 system 

focusing on the individual bubble behaviors. 

2.2 Aim of this thesis 

The main purpose of this thesis is to study the bubble behaviors in a liquid steel bath. The 

bubble rising and the bubble bursting and the bubble formation processes in the melts were 

investigated. The main work of this study can be summarized as shown in Figure 1.1. 

 

Figure1.1 Outline of the present work 

Supplement I: 

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. This provides a first step towards a more complete 

model, where inclusion and steel carry-over to the slag can be predicted.  

Supplement II: 

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. A prediction of 

gas injection would be useful to improve the production quality and to reduce the producing 

cost in steelmaking. 
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Chapter 2 Mathematical model 

2.1 Numerical Assumptions 

The following assumptions were made when developing the mathematical model: 

A. Gas and liquid are incompressible Newtonian fluids; 

B. The physical properties are constant; 

C. No chemical reactions take place; 

D. The temperature is constant in the bath; 

E. The flow is considered to be laminar.  

2.2 Model description 

The mass and momentum conservation equations for the incompressible Newtonian fluids can 

be written as follows:  

Continuity equation 

                                         𝛁 ∙ 𝐮 = 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 

In the VOF model, the method of tracking the interface between different phases is achieved 

by solving a volume fraction continuity equation for one phase. For the gas phase, the volume 

fraction equation is: 

𝜕𝛼𝑔

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

The liquid-phase volume fraction is computed based on the following constraint: 
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𝛼𝑔 + 𝛼𝑙 = 1                                (4) 

where 𝛼𝑔 is 0 for the full liquid cell and 1 for the full gas cell. For a cell involves interface, 𝛼𝑔 

should be between 0 and 1. 

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

follows: 

𝜌 = 𝛼𝑔𝜌𝑔 + (1 − 𝛼𝑔)𝜌𝑙                        (5) 

𝜇 = 𝛼𝑔𝜇𝑔 + (1 − 𝛼𝑔)𝜇𝑙                        (6) 

Continuum surface force model 

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

(CSF) model.
[27]

 The expression for a two-phase system is given by: 

𝐅𝒔 = 𝜎
𝜌𝜅∇𝛼𝑙

0.5(𝜌𝑔+𝜌𝑙)
                              (7) 

where 𝜅 = ∇ ∙ �̂�, �̂� =
𝐧

|𝐧|
,   𝐧 = ∇𝛼𝑔. 

In addition, 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 2.1. Note, 

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

 

Figure 2.1 The liquid contact angle during a gas bubble formation. 
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2.3 Boundary conditions and numerical simulation strategies 

For the simulations of the bubble rising, the schematic diagram of the computational domain 

is shown in Figure 2.2(a). Figure 2.2(b) shows the mesh, which is based on the grid 

independence checking in the following section. The parameters used in the simulation are 

given in Table 2.1. 

 
 

(a) (b) 

Figure 2.2 Schematic diagram of the bubble rising computational domain and mesh. 

Table 2.1 Parameters used in the bubble rising and bursting simulations 

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 

 

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.
[5]

 It means that the study of droplet should be in 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. In addition, a physical description of film droplet is out of 

the scope of continuum fluid mechanics.
[8]

 Thus, the study of jet droplets was the principal 

topic in this part of the thesis. 

For the bubble bursting, the geometry of the argon–metal system was a cylindrical bath. An 

axisymmetric computational domain (R=15 mm, H=50 mm) with cylindrical coordinates (r, z) 

is shown in Figure 2.3. Here, hexahedral cells with a 0.1 mm size were generated by the 
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ANSYS Workbench, based on the control of grid independence. An argon bubble was located 

1mm below the liquid surface. Initially, the mass of the metal was 150 g for all simulation 

cases. Also, the top atmosphere above the metal surface was considered as argon. The 

physical properties of the fluids are summarized in Table 2.1. An axisymmetric boundary 

condition was applied at the axis of symmetry. The other boundary conditions are the same as 

for the 3D simulations. 

 

Figure 2.3 Computational domain for a single bubble bursting phenomena at the free surface on a (r, z) 

plane. 

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

the same dimensions as the experimental apparatus, as shown in Figure 3.1 in the next 

chapter. 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. Figure 2.4(b) shows the meshes on a vertical plane from the axis of the 

cylinder. Figure 2.4(c) shows the meshes on the bottom plane. A magnified view of the 

refined meshes on the bottom plane is demonstrated in Figure 2.4(d), where it can be seen 

that the circular gas inlet is located at the center of the refinement.  
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(a) (b) 

 
 

(c) (d) 

Figure 2.4 Schematic diagram of the bubble formation computational domain and meshes. (a) the 

overall vision, (b) meshes on the vertical plane, (c) meshes on the bottom plane, (d) a magnified view 

of the bottom plane. 

In all simulations, the governing equations were solved 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. Also, a pressure outlet condition was employed at the 

outflow. 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.
[28]

 A geometric reconstruction scheme was applied to track the 

free surface shape between the gas and the liquid. The convergence criteria were set to 110
-3

 

for the residuals of all dependent variables in the bubble rising and bursting simulations. The 
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value was set to 110
-5

 in the bubble formation simulations. In order to maintain a stable 

solution, the time step should be restricted. Therefore, a time step of 510
-4 

s (or smaller) was 

used in the present simulations, which corresponds to a maximum courant number of 1.  

2.4 Grid independence 

In the bubble rising simulations, the effect of the mesh size on the simulation results was 

checked by simulating a static bubble with a 20 mm diameter that rises in a quiescent molten 

metal bath. The instantaneous rising velocity and size aspect ratio (width/height) of the bubble 

under different mesh sizes are compared in Figure 2.5. The solution domain size in the radius 

direction was taken as D=8dB, so that the effect of the side wall on the bubble behavior could 

be ignored. The height H of each cylinder tube was also taken as 8dB, so that the bubble could 

reach the terminal velocity. In addition, the spherical bubble was located at a distance of 0.5dB 

from the bottom wall along the central axis. Hexahedral cells were generated by the ANSYS 

Workbench.  A local refinement was applied to a central cylinder which had a 4dB diameter 

and of the same height as the original geometry. The grid in the remaining part of the 

calculation domain was twice as big. Van Sint Annaland et al.
[29]

 showed that 16-20 

computational cells (in each direction) were typically required to correctly predict the bubble 

characteristics. Here, 12, 16 and 20 cells in an initial spherical bubble were tested to check the 

grid independence and the corresponding mesh size were dB/12, dB/16 and dB/20, respectively. 

  

(a) (b) 

Figure 2.5 Simulation results of bubble rising with different mesh sizes. (a) The instantaneous rising 

velocity of bubble, and (b) the aspect ratio of rising bubble. 

In Figure 2.5(a), the velocity variations of a bubble with 16 and 20 cells have quite similar 

trend and values. However, the result of a 12 cells bubble shows an obvious distinction. It can 

be seen that the maximum velocity deviation of the coarsest grid from the finest grid is around 
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22%, but it is only 8% for the predictions using 16 cells. The same conclusion can also be 

found from the curves of the bubble aspect ratios (see Figure 2.5(b)). These results indicate 

that a bubble with 16 cells is fine enough to predict its characteristics. Hence, a mesh size of 

dB/16 was chosen in the following bubble rising calculations.  

In the bubble formation simulations, the mesh sensitivity was referred to Zhang et al.
[30]

 They 

studied the grid independence for this kind of simulations. The results showed that a grid 

independence could be reached with a mesh size of 0.5 mm. Therefore, a mesh size of 0.5 mm 

in the refined region is believed to be reasonable in predicting the bubble formation 

characteristics. In addition, the mesh at the gas inlet is finer and it corresponds to 93 cells for 

a 2 mm nozzle. 
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Chapter 3 Experimental apparatus 

A schematic diagram of the experimental apparatus is shown in Figure 3.1. The cylindrical 

vessel is made of plexiglass with an inner diameter of 150 mm. During the experiment, water 

was filled in the vessel to a height of 75 mm. In order to eliminate the impact of optical 

distortions on the visual measurements, a square vessel made of the same material was built 

outside the cylindrical bath. A high speed camera (MotionBLITZ® Cube4) with a sample 

frequency of 1010 frames per second was used to record the bubble formation processes from 

the nozzle into the water. Note, that it was necessary to use a strong illumination because the 

camera is light sensitive.  

 

 

Figure 3.1 Schematic diagram of the experimental apparatus. (1) square column; (2) cylindrical vessel; 

(3) gas nozzle; (4) regulating valve; (5) rotameter; (6) high speed camera; (7) personal computer; (8) 

illumination. 
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Chapter 4 Results and discussion 

4.1 Bubble rising in the molten metal 

4.1.1 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.
[31]

 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
                           (9) 

𝑀𝑜 =
𝑔(𝜌𝑙−𝜌𝑔)𝜇𝑙

4

𝜌𝑙
2𝜎3                             (10) 

      𝑅𝑒 =
𝑑𝐵𝑢𝑇𝜌𝑙

𝜇𝑙
                           (11) 

where dB is the bubble diameter, uT is the bubble terminal velocity. Clift et al.
[2]

 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 4.1. Furthermore, the bubble shape information is summarized in Table 4.1.  

Table 4.1 Bubble conditions and corresponding 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 
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                          (a)                                                   (b)                                                        (c) 

                

                          (d)                                                   (e)                                                        (f) 

Figure 4.1 Predicted bubble rising trajectories.  

Figure 4.1(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 
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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 4.1(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.
[32]

 Figure 4.1(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. 

4.1.2 Bubble terminal velocity 

The bubble terminal velocity obtained by the VOF model is shown in Figure 4.2. 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 4.2. 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 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.  

 

Figure 4.2 Bubble rising terminal velocities calculated by 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 



 

16 
 

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
                     (12) 

𝐹𝑑 =
1

2
𝜌𝑙𝐶𝑑𝑈𝑇

2𝐴                      (13)    

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

                      (14) 

4.2 Bubble bursting 

4.2.1 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.
[5]

 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). Figure 4.3 shows the evolution of the bubble bursting. 

   

(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 4.3 Simulation results of bubble bursting when dB=9.3 mm, σ=1.8 N/m. 
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From Figure 4.3(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 4.3(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 a 

continuum CFD method). The rest of the bubble cap begins to collapse in Figure 4.3(d), 

followed by a jet emerging from the central line. The jet continues to grow from Figure 4.3(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.
[5]

, 

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

the simulated ejections and the collected ejections in the experiments are compared. The size 

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

(several millimeters).
[5]

 

4.2.2 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 4.4 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 

expanded one hundred times to match the experiment results, because the droplets were 

collected after 100 argon bubbles had been injected.
[5]

 

 

Figure 4.4 Effect of bubble size on the mass of ejections, when the surface tension is 1.4 N/m. 
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Obviously, a maximum value exists in Figure 4.4 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. 

4.2.3 The effect of surface tension on droplet 

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

bubble bursting tendencies.
[5]

 In the molten liquid system, the surface tension can be modified 

by changing the oxygen content. Han et al.
[5]

 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 

simulation and experimental results. 

   

(a) (b) (c) 

Figure 4.5 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. 

When the bubble size is 9.3 mm, the effect of the surface tension on the droplet is summarized 

together with the experimental results in Figure 4.5(a). 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. 

In Figure 4.5(b) and (c), the effects of a surface tension value on the droplet mass are studied 

for 11.5 mm and 12.5 mm bubbles, respectively. Both cases show an increasing trend for the 
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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 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
[5]

, 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, we assume 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. 

4.3. Experimental results of bubble formation 

The gas was supplied at a constant flow rate. Also, the nozzles were made of stainless steel. In 

addition, the contact angle is approximate 802 in air-water systems with good wettability.
[33]

 

After the nozzles were coated with wax (paraffin), the contact angle was increased to about 

110, which led to a poor wettability.
[34]

 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 4.6 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 identified by three gas flow regimes (Figure 4.6). 

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 



 

20 
 

4.6(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 4.6(b)). Moreover, the collided 

bubbles can be coalesced under some conditions. In Figure 4.6(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.  

4.3.1 Bubble formation under wetted condition 

Figure 4.7 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 

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 the increase of the gas flow rate. However, the rising of the frequency is low. 

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 a 

constant bubble frequency stage. In the constant volume regime (static force balance regime), 

the buoyancy force and surface tension force dominate. 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.
[15]

  

  

(a) (b) 

Figure 4.7 Bubble equivalent diameter (a) and bubble frequency (b) as a function of flow rate in the 

air-water system. (no wax) 
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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 bubbles or more. The bubble wake effect can’t be ignored and the following bubble is 

trying to catch up with the previous one. Figure 4.8 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 4.8(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 

collision happens at the nozzle together with the process of the following bubble formation, as 

is shown in Figure 4.8(a). Moreover, the collision becomes coalescence immediately. Then, 

the coalesced bubbles rise individually in the liquid. As is shown in Figure 4.7, 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 4.8 The initial transition characteristics for the wetting condition at three different nozzle 

diameters. 

4.3.2 Bubble formation under non-wetted condition 

Figure 4.9 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 a 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 
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on the bubble size and bubble formation frequency and the bubbling regime is insignificant 

for the non-wetted cases. 

  

(a) (b) 

Figure 4.9 Bubble equivalent diameter (a) and bubble frequency (b) as a function of the gas flow rate 

in the air-water system. (waxed) 

The initial transition characteristics for the non-wetting condition are shown in Figure 4.10. 

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.  

   

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

Figure 4.10 The initial transition characteristics for the non-wetting condition at three different nozzle 

diameters. 

4.3.3 Discussion of the experimental results 

The bubbling regimes are summarized in Table 4.2. 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 
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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 4.2 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 

  

The bubble formation processes for the different conditions are shown in Figure 4.11. In each 

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

Figure 4.11 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 4.11 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 4.11 The instants of bubble formation in the air-water system with different nozzle diameters 

and different wettabilites. 

In Figure 4.11(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 

bubble base line is trying to spread outside the nozzle for the non-wetting condition. On the 

other hand, the bubble base 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 
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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 Figure 4.11(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 Figure 4.11(e) and (f), the bubbles have nearly the 

same shape and size. Also, the spreading of the bubble base line is not dominating compared 

to the nozzle size and the bubble size. Note, that the effect of the wettability on the bubble 

formation is insignificant in this case. 

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

together in the bath without experience a 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 rapture of that film. It has been 

estimated that the final film thickness is 10
-8

 m for air bubbles in water.
[35]

 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 gas-liquid 

baths. 

4.4 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. It should be noted 

that the validations were within the bubbling regime, because the simulation model was 

restricted to only a laminar flow. Here, the upper limit of the bubbling regimes was also 

chosen as the gas flow rate.  

Six cases are shown in Figure 4.12, including both experimental and simulation results. In 

each case, the bubble formation process is demonstrated by two periods and at three instants. 

Every experimental instant is followed by the corresponding simulation result. Figures 

4.12(a), (c) and (e) represent cases using wetting (=80) conditions. In contrast, the 

wettability (=110) is poor in Figures 4.12(b), (d) and (f). The nozzle sizes in Figures 

4.12(a)-(b), Figures 4.12(c)-(d) and Figures 4.12(e)-(f) are 0.5 mm, 1 mm and 2 mm, 

respectively.  
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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 4.12 The experimental and simulation results of the bubble formation in the air-water system 

for different nozzle diameters and wettabilites. 

In Figure 4.12(a), the simulation results show the characteristic of small bubbles and short 

distance intervals between two neighboring bubbles. These results are similar to the 
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experimental observations. In Figure 4.12(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 shows that the bubble increases in size from Figure 4.12(a) to (c) and to 

(e) for the wetting condition. In contrast, the bubble formation period shows a decreasing 

trend. Clearly, these results can also be obtained from the numerical simulations. The bubble 

formation processes for the non-wetting condition (Figure 4.12(b), (d) and (f)) show the 

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

the same conclusion can be drawn from the simulation results.  

The quantitative comparisons show that the maximum deviation of the bubble period is 0.026 

s for the case six (Figure 4.12(f)), while the minimum deviation could be found in Figure 

4.12(b), which is 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 

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

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

4.5 Bubble formation in the argon-steel system 

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

with 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 4.3. 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.  

Table 4.3 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 
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4.5.1 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 4.4 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 deviation of the bubble diameter 

is 0.18%, while the maximum deviation 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 

effect of the nozzle size is insignificant on the bubble size and frequency, for the current 

research conditions.  

Table 4.4 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 

4.5.2 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 4.13 Bubble equivalent diameter (a) and bubble frequency (b) as a function of gas flow rate 

with a 2 mm nozzle. 
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In Figure 4.13, 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.   

4.5.3 Discussion of the simulation results 

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

simulations. The bubble information 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 4.13). 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.  
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Chapter 5 Conclusions 

A numerical model of an argon bubble rising and bursting in molten metal has been presented. 

A water model was established to study the bubble formation processes in air-water system 

with the aid of a high-speed camera. In addition, a 3D mathematical model of gas injection 

into a liquid bath was applied. The simulations were validated by experimental results. 

Thereafter, the mathematical model was used to study the bubble formation processes in an 

argon-steel system. The main conclusions can be summarized as follows:  

(1) 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).  

(2) For the bubble bursting, a typical jet droplet size was found to be 1.3 mm, which is 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 to increase with an increased surface tension value, unless a critical bubble size 

was reached.  

(3) 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 are 12.66 L/h, 13.64 L/h and 15.33 L/h for the non-wetting condition. 

(4) 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 a 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 

constant bubble frequency stages have nearly disappeared. Meanwhile, the bubble size 

was almost non-related to the nozzle size.  

(5) The predicted bubble shapes and the bubble formation periods and the bubble 

changing trends with different operating conditions were in accordance with the 
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experimental observations. The comparisons showed that the mathematical model had 

a strong ability to simulate the bubble formation phenomena in liquids. 

(6) 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.  
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Chapter 6 Future work 

The future work will focus on the more realistic situations in the steelmaking processes. The 

interaction among the bubble, liquid steel and the slag is very important to these operations. 

The process of a bubble rising through the melt into the slag and then into the gas is expected 

to be investigated. An industrial gas injection plug will be studied by both water experiments 

and numerical simulations. The interaction between bubbles and inclusions is going to be 

investigated in the liquid steel.   
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