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PREFACE  

This book contains selected papers  from  the 10th  International Conference on Computational Fluid 
Dynamics  in  the  Oil &  Gas, Metallurgical  and  Process  Industries.  The  conference was  hosted  by 
SINTEF in Trondheim in June 2014 and is also known as CFD2014 for short. The conference series was 
initiated by CSIRO and Phil  Schwarz  in 1997.  So  far  the  conference has been alternating between 
CSIRO  in Melbourne and SINTEF  in Trondheim. The conferences  focus on  the application of CFD  in 
the oil and gas  industries, metal production, mineral processing, power generation, chemicals and 
other process  industries. The papers  in the conference proceedings and this book demonstrate the 
current progress in applied CFD.  

The conference papers undergo a review process involving two experts. Only papers accepted by the 
reviewers are presented  in  the conference proceedings. More  than 100 papers were presented at 
the conference. Of these papers, 27 were chosen for this book and reviewed once more before being 
approved. These are well  received papers  fitting  the  scope of  the book which has a  slightly more 
focused scope than the conference. As many other good papers were presented at the conference, 
the interested reader is also encouraged to study the proceedings of the conference. 

The organizing committee would  like  to  thank everyone who has helped with paper  review,  those 
who promoted the conference and all authors who have submitted scientific contributions. We are 
also  grateful  for  the  support  from  the  conference  sponsors:  FACE  (the multiphase  flow  assurance 
centre), Total, ANSYS, CD‐Adapco, Ascomp, Statoil and Elkem. 

                Stein Tore Johansen & Jan Erik Olsen 
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ABSTRACT 
An advanced numerical model able to predict 
transiently the multiphase flow, heat transfer and 
solidification in a Continuous Casting mould based on 
the Volume of Fluid Method (VOF) in combination 
with the tracking of bubble trajectories during argon 
injection through a Discrete Phase Model (DPM) is 
presented. This methodology allows studying the effect 
of Argon injection on process stability; particularly, it 
investigates the influence of the bubble stream on 
steel/slag flow dynamics. Thus, different injection 
parameters such as bubble diameter and gas flow-rate 
were combined with specific casting practices to 
emulate industrial cases. As a result, the model makes 
possible the identification of stable or unstable flows 
within the mould under a variety of casting conditions 
(casting speed, nozzle submergence depth, etc.). 
Application to the industrial practice in a European 
Research Fund for Coal and Steel project is an ongoing 
task and preliminary results are illustrated. These results 
are fully applicable to explain the effect of gas injection 
on the behaviour of mould level fluctuations in the 
mould. Moreover, the predicted flow behaviour and 
bubble trajectories demonstrate good agreement with 
observed level changes, standing waves and gas 
departure positions observed on a physical model based 
on liquid metal and industrial observations. Ultimately, 
the increased process knowledge is used to optimize gas 
injection to provide a smooth distribution along the 
mould that benefits process stability. The robustness of 
the model combined with physical model observations 
make possible the description of phenomena difficult to 
observe in the caster, but critical for its performance and 
the quality of final products. 
 
Keywords: Bubble dynamics, Argon injection, 
Discrete Phase Modelling, Volume of Fluid, 
Multiphase, Casting and solidification. 
 

NOMENCLATURE 
Greek Symbols 

  Volume fraction 
 Dynamic viscosity 
 Density 
  Surface tension 

 
Latin Symbols 
 

  Non dimensional coefficient 
  Bubble diameter 
 Gravity 

  Eotvos Number 
  Force 
  Gravitational constant 
  Pressure 
  Temperature 
  Velocity 
  Volume 

 
Sub/superscripts 
 

 Bubble 
 Drag 
 Lift 

 Virtual mass 

INTRODUCTION 
Argon injection is used during continuous casting to 
improve the removal of inclusions, which are 
transported by the argon-bubble stream to the slag bed; 
to be later assimilated in the liquid slag pool. A good 
deal of research has been done on this subject in the past 
20 years, with mainly 2 numerical approaches to 
address the gas injection phenomena; namely Euler-
Euler approach and Euler-Lagrangian approach (Cross 
et al., 2006; Díaz et al., 2008; Olmos et al., 2001). The 
Euler-Euler approach requires tracking of two different 
sets of equations, one for the continuum phase (i.e. 
steel) and one for the dispersed phase (i.e. argon). The 
phases are solved as non-interpenetrating, immiscible 
media with their own material properties (density, 
viscosity, thermal conductivity, etc.) (Zhang et al., 
2006); thus, a complete set of flow equations (Navier-
Stokes) is solved for each phase. In contrast, in the 
Euler-Lagrangian approach; the fluid is treated as a 
continuum by solving the Navier-Stokes equations, 
while the dispersed phase is solved in a “superimposed” 
way by tracking the bubbles through the calculated flow 
field. The dispersed phase can exchange momentum, 
mass, and energy with the fluid phase; but the 
trajectories of bubbles or particles are computed 
individually at specific intervals (i.e. particle or flow 
time step) during the continuum phase calculation.  
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Both methods have advantages and limitations. The 
Euler-Euler method is very accurate and normally 
favoured for analyzing flow columns with high volumes 
of gas (i.e. slug or annular flows, where the calculation 
of individual bubbles cannot be resolved or is not of 
particular importance, Figure 1).  
 

 
Figure 1: Different flow-gas regimes after Ghajar 
(Ghajar, 2005). 

On the negative side, the Euler-Euler method is already 
computationally expensive for 2 phases and becomes 
unrealistically time consuming for a multiphase system 
such as the continuous casting process where slag, metal 
and argon are present. In contrast, the Euler-Lagrange 
method allows individual tracking of the bubbles at 
lower gas fractions, but former versions of the model 
used to be inaccurate when the dispersed phase 
occupied a large volume fraction (∝���� ���). 
However, improved versions of this approach are 
readily available in CFD codes such as ANSYS- 
FLUENT; which make it possible to account for higher 
gas fractions. These are called Discrete Phase Model 
(DPM) and Dense DPM model (ANSYS-Inc., 2013). 
 
The DPM model allows more flexibility when coupled 
to other models such as turbulence, heat transfer and 
solidification. Moreover, DPM can be efficiently 
coupled to the Volume of Fluid (VOF) method to track 
the metal level (free surface) in a transient or steady 
mode. This VOF approach has been used successfully to 
track the evolution of the slag/metal interface on a 
model recently developed by the authors (Ramirez-
Lopez et al., 2010; Ramirez Lopez et al., 2010). 
Nevertheless, the addition of a dispersed phase (argon) 
to the multiphase system (metal-slag) by DPM has not 
been tested before in CC modelling. Prior work has 
been done by Thomas et al. (Thomas et al., 1997) and 
Pfeifer et al. (Pfeiler et al., 2005) to use the DPM 
approach to simulate argon injection within the CC 
mould, but lacks the calculation of the free metal 
surface. Consequently, it was not possible to directly 
determine the effect of the gas on metal level stability or 
initial solidification at the meniscus. Recent application 
of the DPM technique combined with the VOF method 
to study metallurgical processes should be attributed to 
Cloete et al. (Cloete et al., 2009; Olsen et al., 2009) who 
applied the technique to analyze the stirring of steel 
ladles with argon. However, the slag phase is absent 
from the calculations. The use of the DPM+VOF 

technique in this work is based on such work, but has 
been extended to account for the slag phase.  
The fundamentals behind the DPM model can be found 
elsewhere and will not be reviewed in this manuscript. 
Instead, the present text is focused on the description of 
the modelling technique for adding argon injection to a 
multiphase-multiscale CC numerical model developed 
by the authors and validation of these predictions 
through experiments on a physical model with liquid 
metal and industrial observations.  

BASE CONTINUOUS CASTING MODEL 
The “base” CC model developed by the authors couples 
a multiphase steel-slag approach with heat transfer, 
mould oscillation and resultant solidification within the 
mould. The model uses the commercial code 
ANSYS-FLUENT v.14.5 to solve the Navier-Stokes 
equations together with the Volume of Fluid (VOF) 
method for calculation of the phase fractions (steel or 
slag) and the Continuum Surface Force (CSF) to 
account for surface tension effects in the meniscus 
(Brackbill et al., 1992; Liow et al., 2001). The κ-ε RNG 
turbulence model is used to capture flow turbulence, 
while heat transfer is solved through the Fourier 
equation. Heat extracted through the mould is calculated 
by a constant convection heat transfer coefficient based 
on the Nusselt number using typical water flow rates 
measured in the plants and a free stream 
temperature of 20°C. The heat flow through the slag bed 
is solved explicitly by addition of casting powder on top 
of the metal bulk and the calculation of the standard 
energy equation for a multiphase system in the VOF 
model. The boundary condition for powder feeding at 
the mould top depends on the industrial practice, being 
an air inlet if the slag bed does not fill the mould 
entirely; otherwise, a powder inlet is used. The slag-bed 
surface temperature measured with a thermal-camera is 
used as boundary condition at the mould top. 
Consequently, the thicknesses of the powdered, sinter 
and liquid slag layer are determined by the thermal 
conductivity of the slag as a function of temperature. 
Full details of the solution method have been published 
elsewhere (Ramirez-Lopez et al., 2010; Ramirez Lopez 
et al., 2010) and Figure 2 shows the boundary 
conditions used for the base model and argon injection.  
 
Predictions include the calculation of the metal flow 
pattern inside the mould, the metal level height 
(i.e. metal-slag interface) as well as the behaviour of 
slag in the bed. The withdrawal of the solidified shell 
drags liquid slag into the gap to produce a slag film 
(i.e. lubrication or infiltration). The interfacial resistance 
between the solid slag and the mould or contact 
resistance due to the slag film as described by Spitzer et 
al. (Spitzer et al., 1999) has been computed as a 
function of the powder’s basicity (Ramirez Lopez, 
2010). This process is affected by casting conditions 
such as mould oscillation, powder composition, mould 
level control, rim formation, etc. Metal flow pattern 
predictions are shown in Figure 2b. These reveal typical 
flow structures such as jet and rolls but also the 
formation of a standing wave at the meniscus resulting 
from the particular SEN design. 
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a) 

 
b) 

Figure 2: Numerical model for Continuous Casting, a) 
Boundary conditions used for base model and argon 
injection and b) Schematics of multiple phases present 
during casting (left) and typical metal flow predictions 
(right) after P.E. Ramirez Lopez et al. (Ramirez Lopez 
et al., 2013) 

MODELLING ARGON INJECTION THROUGH 
THE DPM+VOF APPROACH 
Although the fundamentals behind the DPM model can 
be found in the ANSYS-FLUENT v. 14 theory guide 
(ANSYS-Inc., 2013), some specific extra source terms 
(e.g. buoyancy, drag, lift, virtual mass and turbulent 
dispersion) were added as User Defined Functions 
(UDF’s) (Cloete et al., 2009; Cloete et al., 2009; Olsen 
et al., 2009). Then, the momentum equation for the 
DPM model becomes: 

���
�� �

�������
�� � ���� � ��� � ��� � ���� � ����

where � is the velocity in �, � or � axis;�� and �� are 
the density of the bulk flow and bubbles and ��, ��� 
and �� are the source terms for drag, virtual mass and 
lift, respectively.  
 

The drag source term is defined as:  

�� � ���
�����

����
�� ��� � � � � ����

where �� � �������� �⁄ , which is a function of the 
Eotvos number. The virtual mass and lift source terms 
are defined as: 

��� � �
�
�
�� �

��
�� �

���
�� �� � � � � ����

�� � ��������� � ��� � �� � ���� � ����
Different approaches have been used and a variety of 
experiments have been performed to determine the 
evolution of drag and lift for bubble columns and single 
bubbles (Tomiyama, 2004); however, such discussion is 
beyond the scope of this work. The present approach is 
based on a combination of coefficients as suggested by 
Olsen et al. (Olsen et al., 2009). Regarding turbulence, 
prior work has highlighted deficiencies on early κ-ε 
formulations for tracking bubbly flows since turbulence 
is scaled on mean flow gradients rather than bubble size 
(Johansen et al., 1988). The random walk model was 
used to address this issue. This approach is a type of 
“eddy lifetime” model that describes the effects of 
small-scale turbulent eddies on bubbly flows by using a 
Gaussian distribution for the turbulent fluctuating 
velocities and a characteristic timescale for the eddies 
(ANSYS-Inc., 2013). The bubble size is determined 
from experiments by Iguchi et al. (Iguchi et al., 1995), 
where diameter of gas bubbles in liquid iron was proven 
to depend on the inner diameter of the injection pipe for 
stagnant flow conditions. The robustness and accuracy 
of the DPM+VOF technique was validated by 
comparing to an experimental benchmark (Deen et al., 
2001; Zhang et al., 2006). The benchmark consists of a 
quadrangular base column of water, where air is 
supplied at the bottom with a given velocity, mass 
flowrate, bubble size, etc. Details of the benchmark are 
presented on Figure 3.  

           
a)       b) 

Figure 3: Bubble column experiment after (Deen et al., 
2001; Zhang et al., 2006), a) Experiment dimensions, 

b) schematics of gas plume for experiments and simulations 
by Zhang et al. (Zhang et al., 2006). 
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PRELIMINARY RESULTS AND VALIDATION 
2D Simulations show that injected argon bubbles travel 
rapidly to reach the SEN ports (~2 s), while the bubble 
distribution along the SEN bore is considerably 
irregular along most of the nozzle height. However, 
before leaving the nozzle, the bubbles accumulate 
around the upper port and are dragged into the mould by 
the metal as it leaves the nozzle.  
 
After leaving the port, the bubbles are entrained by the 
discharging jet for a distance clearly related to the 
bubble size and argon-flow rate. A variety of tests were 
carried out to compare FLUENT’s built-in drag and 
numerical schemes (accuracy control, two-way 
turbulence coupling, tracking scheme selection, etc.). 
Some of these predictions are shown in Figure 6. 
 

 
a) 

 
b) 

 
c) 

Figure 6: Fully developed bubble distribution for 
DPM+VOF model: a) DPM+VOF with Non-spherical-
drag laws, bubble =2000 m, b) DPM+VOF with 
Spherical-drag laws, bubble =2000 m, and 
c) DPM+VOF with drag laws via UDFs’, 
bubble =2000 m. 

Results demonstrate clearly that the only approach 
producing a realistic spreading of bubbles is the 
DPM+VOF+additional UDF’s approach (Figure 6c). 
In contrast, the non-spherical drag laws cause total 
entrainment of bubbles along the discharging jet 
(Figure 6a), whereas the spherical laws cause departure 
of most bubbles close to the nozzle (Figure 6b). 
Simulations were performed to explore the influence of 
bubble size and different gas flow-rates in the 
calculations. For instance, Figure 7 shows the predicted 
velocity fields and bubble distribution for 4 and 5 lt/min 
at constant casting speed; which shows clear differences 
in bubble departure positions and flow behaviour. The 
4 lt/min case produces a more even distribution of 
bubbles, which are entrained deeper into the melt by the 
discharging jet (Figure 7a). Thus, lower velocities close 
to the SEN are observed for the 4 lt/min case. In 
contrast, the 5 lt/min case leads to bubbles rising closer 
to the SEN due to coalescence and enhanced buoyancy 
and drag forces. Hence, bubbles leave “high velocity 
traces” when escaping the jet and reaching the surface.  
This creates higher departure velocities close to the SEN 
(e.g. dark red area adjacent to ports); and weakening of 
the discharging jet, which is also shorter and more 
distorted for the higher argon flow-rate (Figure 7b). 

 
a) 

 
b) 

Figure 7: Simulated gas distributions and velocity 
fields for DPM+VOF model: a) Gas distribution for 
bubble =4mm and 4 lt/min and b) Gas distribution 
for bubble =4mm 5 lt/min. 

This has deep implications when compared to the 
industrial praxis. Not incidentally, a transition from 
stable to unstable flow is detected when increasing the 
argon flow rate higher than 4.5 lt/min on industrial 
casters (which is the maximum gas flow rate employed 
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Figure 4: Velocity comparison along a centreline at 
y=0.25 m and present model with DPM+VOF 
approach for different drag and turbulence conditions. 

The main validation process consisted on predicting 
flow velocities along a transversal centreline (  axis) at 
different  positions (height positions); and compare 
them to the experimental benchmark. The DPM+VOF 
model showed good overall agreement at a transversal 
line; y=0.25m, when compared to PIV experiments in 
the benchmark, with a peak in positive  velocity 
(upwards) at the centre of the bubble column that 
decreases towards the exterior and switches to negative 

 velocity values (downwards) along the walls 
(Figure 4).  
 
Furthermore, the standard spherical and non-spherical 
drag functions in FLUENT were compared to the 
VOF+DPM model with extra source terms added as 
UDF’s. These are shown with the corresponding Figures 
from the benchmark for a variety of turbulence and flow 
conditions in Figure 5. The spherical drag law provided 
closer results to experiments when compared to the non-
spherical approach with 0.5 and 0.75 shape factor 
coefficients. However, native spherical and non-
spherical laws still under predict the spreading of the 
bubble column (Figure 5a-left and centre). The addition 
of modified drag, lift and virtual mass forces provided a 
better agreement with the benchmark; with minor 
differences in velocity magnitude, but capturing 
satisfactorily the bubble column spread and overall 
intensity (Figure 5b). This is due to the fact that the 
built-in spherical and non-spherical drag laws produce a 
more closely packed column; whereas, the modified 
drag law provides a more realistic spreading of bubbles. 
Consequently, the combination of DPM+VOF with 
modified source terms was used as base to simulate 
argon injection within the mould during continuous 
casting. 
 
Once validated, the DPM technique was coupled to the 
“base” model developed previously by the authors. The 
model runs in transient mode until a stable flow is 
achieved (approximately 100-200 seconds after argon 
injection). This “stable period” is representative of the 
flow at a constant casting speed, fixed SEN immersion 
depth and constant cooling conditions (i.e. no casting 
speed ramping or SEN immersion depth changes). 

 
a) 

 
a) 

 
b) 

Figure 5: a) Comparison of bubble column spreading 
for different drag laws: a) Numerical simulations with 
several turbulence models after (Deen et al., 2001; 
Zhang et al., 2006) and b-c) Comparison of bubble 
column spreading for different drag laws: b) This 
work with standard functions (from left to right): Non-
spherical with shape factor=0.5, Spherical and 
Additional source term; c) Column velocities and 
spreading for additional terms case. 

Boundary conditions for argon injection (DPM model) 
are as follows:  

- Inlet: single point at the nozzle top-centre 
- SEN walls and solid surfaces: reflection 
- Mould top and outlet of numerical domain: 

escape 
- Metal-slag interface and slag bed: not 

preconditioned (free transit between 
boundaries) 
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calculations. For instance, Figure 7 shows the predicted 
velocity fields and bubble distribution for 4 and 5 lt/min 
at constant casting speed; which shows clear differences 
in bubble departure positions and flow behaviour. The 
4 lt/min case produces a more even distribution of 
bubbles, which are entrained deeper into the melt by the 
discharging jet (Figure 7a). Thus, lower velocities close 
to the SEN are observed for the 4 lt/min case. In 
contrast, the 5 lt/min case leads to bubbles rising closer 
to the SEN due to coalescence and enhanced buoyancy 
and drag forces. Hence, bubbles leave “high velocity 
traces” when escaping the jet and reaching the surface.  
This creates higher departure velocities close to the SEN 
(e.g. dark red area adjacent to ports); and weakening of 
the discharging jet, which is also shorter and more 
distorted for the higher argon flow-rate (Figure 7b). 

 
a) 

 
b) 

Figure 7: Simulated gas distributions and velocity 
fields for DPM+VOF model: a) Gas distribution for 
bubble =4mm and 4 lt/min and b) Gas distribution 
for bubble =4mm 5 lt/min. 

This has deep implications when compared to the 
industrial praxis. Not incidentally, a transition from 
stable to unstable flow is detected when increasing the 
argon flow rate higher than 4.5 lt/min on industrial 
casters (which is the maximum gas flow rate employed 
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Figure 10: Properties of MCP 137 alloy vs steel and viscosity 
at operational temperatures 

 
A variety of probes have been tested in order to find the 
most suitable tools to characterize the flow within the 
mould. Silicon oil was used to simulate the behaviour of 
liquid slag on top of the melt, while argon was supplied 
through the stopper-SEN (Figure 11).  

Observations of the metal level in CCS-1 at various 
flow-rates used typically during casting show that in all 
cases the bubbles have the following behaviour 
(Figure 11): 

 Bubbles actually leave the metal bulk through the 
surface (opposite to results in Figure 6a). 

 Bubbles are distributed along the whole metal 
surface (opposite to results in Figure 6b). 

 Bubbles exit the metal surface along the whole 
mould width; with a higher amount bursting close to 
the SEN (in line with results on Figure 6c). 

 
This demonstrates that the VOF+DPM approach with 
extra source terms is predicting realistically the 
behaviour of argon in the Casting Simulator and 
industrial practice. Furthermore, it is possible to deduct 
that the effect of higher argon flow-rates (e.g. from 
4lt/min to 5lt/min) is an evident increase of instabilities 
in the mould due to bubble coalescence and augmented 
drag. In other words, the grouping of bubbles around the 
nozzle at higher argon loads would favour their collapse 
into larger bubbles, which offer a higher resistance to 
the discharging jet and reduce the number of smaller 
bubbles entrained deeper into the mould. This 
mechanism was observed by taking video sequences 
during tests in CCS-1 for the same argon flow rates: 
4lt/min and 5 lt/min (Figures 12 and 13). 

 
Figure 11: Top view of the metal level and oil simulating slag in CCS-1. 

 

 
Figure 12: Video snapshots of the metal slag interface during argon injection tests at CCS-1 (taken every 10 seconds for a 
total time of 1 minute) for an argon mass flow rate=4 lt/min. 
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by operators for this particular case to avoid a “boiling 
effect” at the metal surface). Such boiling effect is 
known to be detrimental to mould level control due to 
unstable metal flows and produce more surface defects 
in the final product such as deep oscillation marks and 
cracks. This effect is a limiting factor since higher argon 
flow rates are desirable to improve flotation of 
inclusions but not at the expense of process stability. A 
key point on the simulations is the use of slag as 
secondary phase for the VOF model with properties that 
make it possible to distinguish between the liquid phase 
(slag pool), sintered layer and loose powder bed. The 
test runs with the improved model show that argon 
bubbles can reach the slag-metal interface, travel across 
it and exit the bed through the powdered layer with a 
corresponding change in bubble rising velocity through 
each of the slag layers due to viscosity changes 
(Figure 8). 

 
Figure 8: Argon bubble distribution and displacement 
through the slag-metal interface and through the slag 
with DPM+VOF embedded into existing CC model. 

COMPARISONS WITH CASTING SIMULATOR 
(CCS-1) 
Predictions of the average behaviour of the flow and 
bubbles once the flow stabilized were taken as basis for 
comparisons with a Continuous Casting Simulator 
(CCS-1) at Swerea MEFOS (Ramirez Lopez et al., 2012 
). Designed and built between 2004-2007 during a 
RFCS project (Higson et al., 2010), the model is 
equivalent to a continuous casting machine with 
tundish, stopper, Submerged Entry Nozzle (SEN) and 
mould. Hot metal is transported continuously from the 
tundish to the mould which is connected at the bottom 
to a heated tank/reservoir. A submerged pump sends the 
metal back from the tank to the tundish closing the flow 
loop (Figure  9). A low melting point alloy (58%Bi-
42%Sn), is used as working media to simulate the steel 
flow, with properties described on Figure 10. The 
surface tension was defined as a function of temperature 
after (Aqra et al., 2011; Man, 2000; Yuan et al., 2002). 
Such alloy was chosen due to its close resemblance on 
fluid properties to steel and its non-toxicity. Electrical 
properties of the alloy are also close to liquid steel, 
which make it an ideal candidate for testing Electro-
Magnetic Stirring (EMS) or Electro-magnetic Breaking 
(EMBr) devices as well as Electromagnetic sensors. The 
alloy’s melting point is approximately 135°C. Hence, 
temperature in the simulator is maintained within a few 
degrees to avoid solidification in the pump as well as 

ensuring a smooth flow control by a stopper, which is 
controlled through a laser system. The simulator can use 
replicas in stainless steel of the stopper/SEN or the 
actual ceramic versions used on real casters. Stable 
operation for casting speeds between 0.6 to 1.4 m/min 
for a mould 900 x 200 mm size can be achieved. Higher 
casting speeds (c.a. 1.5-1.8 m/min) are possible by 
scaling the mould. Argon is supplied through the 
stopper tip for testing injection up to 8 lt/min. 

 
a) 
 

 
b) 

Figure 9: Continuous Casting Simulator CCS-1; a) Sensors 
and control schematics and b) Actual Continuous Casting 

Simulator at Swerea MEFOS  
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Figure 15: Numerical model of Continuous Casting 
simulator (CCS-1). 

Tracking of the bubbles bursting at the metal surface 
was performed by counting the number of bubbles 
departing at different positions along the mould 
thickness and width (Figure 14). Statistics after 100 
seconds show that approximately 60% of the bubbles 
depart close to a central plane parallel to the wide faces; 
while the rest burst randomly closer to the mould walls. 
It was also observed that more than 50% of the bubbles 
burst close to the SEN. These observations are in line 
with experiments in CCS-1 and previous plant 
experiences. This demonstrates that the 2D model is not 
far from the 3D case as long as slight corrections to the 
argon flow rate and bubble frequency are performed. 
This has significant implications for nozzle design and 
finding optimal argon flow rates for improved process 
windows. Analysis of these effects are ongoing tasks by 
means of parametric studies, further tests in CCS-1 and 
plant trials in a EU funded project (Ramirez Lopez et 
al., 2013).  

CONCLUSIONS 
A numerical technique able to predict the multiphase 
(steel/slag) flow dynamics coupled with argon injection 
within the CC mould has been presented. The technique 
is based on the coupling of the DPM Lagrangian 
approach, which allows individual tracking of gas 
bubbles in a continuum phase; together with the Volume 
of Fluid method for calculation of free surfaces on 
multiphase flows.  

The model has been developed with the aim of 
analysing industrial practices (e.g. argon injection) by 
comparing results with physical modelling in a 
Continuous Casting Simulator (CCS-1) and industrial 
observations. The following conclusions can be drawn 
from the application of these models: 

 The coupling of the DPM technique to an existing 
CC model based on the multiphase VOF method has 
proven possible. This includes predictions of the 
displacement of bubbles across the slag-metal 
interface and through the slag bed covering the melt. 

 The modified DPM+VOF model with additional 
source terms is capable of describing realistically the 
distribution of bubbles as seen in the casting 
simulator and industrial practice. 
 

 Both the numerical and physical models presented 
are capable of matching phenomena observed in the 
industrial practice such as the “boiling effect” at 
excessive argon flow rates and standing waves 
which are detrimental to process stability as well as 
the typical double roll pattern seen in most casters. 

The combination of predictions with the model 
developed and observations in CCS-1 allow a deeper 
understanding of the mechanisms responsible for 
achieving stable or unstable flows during casting. 
Findings provide enough evidence to consider the 
DPM+VOF technique as reliable for analysis of argon 
injection in the Continuous Casting process. 
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Figure 13: Video snapshots of the metal slag interface during argon injection tests at CCS-1 (taken every 10 seconds for a 
total time of 1 minute) for an argon mass flow rate=5 lt/min. 

 
Differences in stability of the metal surface are easily 
noticeable by comparing the image-sequences. Lower 
argon flow rates produce a more stable flow pattern at 
the surface, with evidence of the well known “double 
roll flow pattern” (Ramirez-Lopez et al., 2005) (e.g. 
upper roll pushing constantly the oil layer towards the 
nozzle). 
In this case, argon bubbles depart uniformly along the 
mould width with smaller bubbles bursting closer to the 
narrow face; while slightly larger bubbles burst next to 
the SEN.  

In contrast, a higher argon flow rate produces an 
unstable metal surface (e.g. random oil distribution) 
with some medium size bubbles bursting at random 
positions and large bubbles exploding close to the SEN.  
Comparison between 2D numerical models and CCS-1 
are only qualitative. Therefore, 3D runs were performed 
to analyse the bubble distribution along the metal 
surface in a full numerical model of CCS-1 
(Figures 14 and 15). 
 

 

 
Figure 14: Snapshots every 0.5 s for a total of 3 s for 3D DPM+VOF model at 4lt/min and vc=1.2 m/min.
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