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Abstract

This work presents a fluid dynamics model of a continuous caster mould region, including
the transient behaviour of the steel/slag interface. The research was carried out in
collaboration with ArcelorMittal Research (AMR), based in Maizieres-les-Metz in France.
The industrial objective of the thesis was to understand the factors affecting the transient
behaviour of the liquid slag layer covering the steel and its interaction with the Submerged
Entry Nozzle (SEN) jet supplying the steel from the tundish to the Continuous Casting (CC)
mould. The study includes the very complex phenomenon of argon bubble transport which
also affects the behaviour of the slag layer and SEN jet. The model developed in this study is
based on the finite volume method with the liquid regions (steel, slag) solved in an Eulerian
scheme on a fixed unstructured mesh. The interface behaviour is modelled using a number of
VOF type schemes, including the time-efficient Counter Diffusion Method (CDM). A
coupled Lagrangian particle tracking scheme is used to represent the presence of argon
bubbles and their influence on the flowfield (mainly due to buoyancy) in conjunction with the
fluctuating surface dynamics. The bulk of the research concerns comparisons against
flowfield and interface data obtained from an experimental water/oil study of the process.
However, the model is extended to include predictions of heat transfer and phase change in
the steel and flux powder regions in an industrial CC unit and validation against available
data. The three-phase model is developed making use of the unstructured mesh multi-physics
finite volume code PHYSICA [1].

As stated, the main goal of this particular work has to do with the study of the dynamic
behaviour of the steel/slag interface, including the effects of casting speed and injected gas.
Because of the great difficulty in physical experiments with a real caster, the research is
supported with water model experiments and mathematical simulation. Comparisons of
observed interface profiles, measured and predicted mean and fluctuating velocities, gave an
insight to the degree of coupling between interface behaviour and the fluid dynamics within
the mould region. In particular, a spectral analysis of the dominant fluctuation frequencies in
the water/oil experiment suggests a strong link between the upper and lower recirculation
loops generated by the SEN jet as it splits after contact with the narrow face for the mould.

The presence of gas bubbles alters the spectral picture, since the buoyancy induced in the
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flow affects the behaviour of the jet, leading to the one/two loop behaviour known from

experiments. Good qualitative and quantitative agreement was achieved between the

numerical results and water-model experimental data. The main observations drawn from the

water model simulation and experiment are as follows:

An increase in casting speed, which is equivalent to an increase in SEN velocity leads

to an increase in the amplitude of interfacial fluctuations.

At the highest SEN velocities, the oil layer is pushed away from the narrow ends of

the mould, exposing the water surface to air.

When there is no oil on top of the water surface, the surface remains for all practical

purpose flat.

Air entering through the SEN influences the flowfield in the mould and also disturbs

the oil/water interface when it passes through it.

The ratio of water to air flow rate seems to be the most important parameter, with
high air/water flow ratios leading to a change in flowfield at the top of the mould as
the gas buoyancy lifts the SEN jet towards the surface.

To achieve a good correlation between the experiments and the simulations a number of

factors in the numerics were found to be important. These are:

The quality of the mesh used, especially in the complex transition from the SEN
geometry — essentially a cylinder with two outlets set at a specific angle of 20° to the
vertical, to the thin rectangular geometry of the mould which is designed to cast flat

products.

The turbulence model, which was initially found to suppress interface oscillations
whenever an oil layer was introduced. Various approaches were followed to overcome
this problem, (a)removing the turbulence model from the oil layer, (b) using a low
frequency filter to remove resolved turbulence kinetic energy from the k-& model,
(c)opting for the high order SMART numerical scheme in preference to the default
Hybrid.
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- The interface tracking algorithm used as a default in the code PHYSICA is essentially
a VOF technigue with options for a Van-Leer (TVD) scheme [2] or alternative the
popular Donor Acceptor scheme [3,4], both options work well but they are explicit
and therefore extremely expensive computationally. Due to the size of the mesh and
the CFL limit for stability, timesteps as small as 10”s become necessary, meaning a
600s simulation could take up to 8 weeks! To overcome this, the implicit CDM
scheme [5] was used, which allows the interface to spread by diffusion but then
pushed back against the gradient to re-sharpen at the end of each timestep. With this
scheme, timesteps up to 2 orders of magnitude larger become possible, the limit then

governed by the frequency range to be resolved.

A non-standard approach to the Lagrangian particle tracking scheme was adopted in the

simulation with the following characteristics:

- The amount of gas entering was divided into packets of equal bubble diameter and
then each packet was further divided into individual tracks. The transport of 1000 and

more particles tracks was used to ensure a realistic dispersion.

- Tracks were updated at regular time intervals (but not necessarily at each Eulerian

timestep) and then followed until they exited the calculation domain.

- The residence time of particles in each cell provided information for the gas content
of the cell and therefore its density. With this approach, the Navier-Stokes equations

then solve for mixture (gas and liquid) and lighter cells are influenced by buoyancy.

- The bubble tracks are affected by the mean velocity of the surrounding fluid and also
by a stochastic component derived from the turbulence model. However, there is no

direct feedback to fluid turbulence from the bubbles.

To extend simulations to a real caster, heat transfer and phase change were introduced in the
model, in addition to the property changes (water to steel, oil to slag, air to argon). Of
importance here was the development of a solidified skin of steel on the water-cooled mould
walls and also the melting of flux powder into a liquid layer on the top surface. This last
component of the research was introduced to enable comparisons against plant data obtained

by AMR. Of particular interest in this study was the transition from a double to a single roll
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recirculation in the top section of the mould, as a function of the relative quality of argon

entering the SEN. The model was able to reproduce this behaviour for the cases studied.

Although much has been done in developing this model of the continuous casting process it is
evident that much more research is needed, especially in the case of a real caster. For
example, the thermophysical property variations in the slag due to temperature, composition
and mass transfer were ignored. A very simple approach was used for the phase change in
steel and flux powder, although since the PHYSICA framework is modular, more
sophisticated alternatives can be easily introduced. The boundary conditions for heat transfer
remain uncertain and the values used in this study were obtained from the industrial partner

from earlier experiments.

In spite the aforementioned limitations, the model is very useful, especially in understanding
the dynamic interactions between the SEN jets, and the slag/steel interface and in this respect

in advance of other models used by industry.
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Nomenclature

A area m
Ainlet SEN inletarea m?
Aoutlet mould outlet area m?

Col specific heat of liquidus phase (steel, slag) J/kg K

Cps specific heat of solidus phase (steel, slag) J/kg K

Cyq drag coefficient

C1, Cu, C2 turbulent constants

dp Particle diameter m

ds Shell thickness m
Dsen SEN diameter m

Fr Froude number

g gravity vector m/s?

H enthalpy kJ

h heat transfer coefficient W/m?K

Ngap heat transfer coefficient in the gap W/m?K

K permeability coefficient

k turbulent kinetic energy m?s™

Ks Steel conductivity W/m K
ks Flux Conductivity W/m K
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Chapter 1

Introduction

Chapter I

1 Introduction

The continuous casting method for plate steel production presents one of the most difficult

problems to solve considering its complexity. It attracts a lot of people involved in industrial
research and also numerical CFD practitioners in its development and optimisation. The main
research effort has to do with the improvement of product quality and reduction of cost by
understanding the complex phenomena occurring in the entire process of CC. There have

been many studies since the 1950s [6, 7, 8] attempting to explain several phenomena
presented in CC as illustrated in Figure 1.1. A comprehensive knowledge of the problem and
software implementation in CFD provides significant time and cost savings in comparison to
physical testing methods and measurements. Consequently, the increase in computer power

has forced process engineers to model the continuous casting process; however, there are
several issues that require additional research.
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Figure 1.1: Slab casting phenomena (courtesy B.G. Thomas, Univ. lllinois)

Two main problems that may occur in CC concern (1) breakout due to insufficient lubrication

at the steel-mould contact region, or insufficient heat transfer leading to a weak solidifying
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skin and (2) carbon boil and oxygen reaction with carbon in the steel to form CO [9]. For
these reasons, control of the temperature in the mould (and the ladle) and the addition of a
slag layer at the top of the mould are important. The casting nozzles tend to get clogged
considering the presence of inclusions and additions of aluminium and/ or silicon in the steel.
To prevent this effect, argon gas is added to the SEN during CC which also affects the flow
pattern in the nozzle and, as a result, in the mould. For these reasons, CC becomes a three-

phase flow problem.

Keeping in mind the high cost and physical risk of actual casting measurements,
mathematical modelling and water model experiments are extremely important tools in order
to understand and improve the CC process. In this research a numerical model is developed to
describe the turbulent flow pattern in the CC mould region, starting with detailed validation
against water model experiments. In these experiments water represents molten steel, a top
layer of silicon oil the slag, and air the argon gas. Emphasis is given to understanding the
dynamic behaviour of the water/oil interface as a function of SEN jet velocity, recognizing
interfacial turbulence as a source of inclusions. The air bubbles, modelled using a particle
tracking technique, influence the flowfield in the mould and alter the interface behavior.
Since the model has to also represent a real industrial process, heat transfer and phase change
in the steel and flux regions are also included and the model predictions are compared to

available industrial process data.

1.1 Objectives and study framework

The industrial objective of this thesis is to improve the quality of the steel plate, through a
deeper understanding of fundamental phenomena relevant to the process of continuous
casting of steel. For this purpose, a comprehensive 3D, validated, transient model of the CC
process mould region is to be developed (that is excluding regions far downstream of the
mould). The model will be based on the Finite Volume CFD framework, as provided by the
Greenwich code PHYSICA. In the simulations, special emphasis is to be given to the
slag/steel interface modelling and its unsteady behaviour. Consequently, a key objective is
that of the comparison between experimental water model configuration data (provided by
AMR) and the mathematical model used. In reality, this problem is a three-phase one, since

gas is usually injected together with the molten steel into the caster. To address this
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phenomenon, a Lagrangian tracking algorithm is used to track air bubbles (instead of argon)
flow, through the SEN and which are seen in the experiments to disturb the water/oil

interface.

Several new objectives appeared during model development and validation: Free surface
tracking was initially investigated using the Donor-Acceptor method, one of the Volume of
Fluid [3, 4] methods available inside PHYSICA and then using improved tracking fully
implicit method (Counter Diffusion Method-CDM) [5]. This new method speeds up the
computation as bigger time-steps can be used, without violating the stability limits imposed
on explicit methods by the Courand-Freidrick-Levy (CFL) criterion. In addition, the study
aims to increase the understanding of the interaction of the slag/steel (oil/water) interface
with the SEN jet and the influence of the buoyancy forces of gas. Consequently, the slag (oil)
surface was coupled with a computationally efficient Lagrangian tracking scheme, hence to
the development of a three-species transient model. Good qualitative and quantitative

comparisons were achieved using the CDM method either with gas or without.

A k-g¢ turbulence model suitable for transient simulation was implemented during the
operation of numerical simulation avoiding the LES model due to high computational cost.
Previous results [5] indicated that the use of the standard k-e¢ model in transient RANS
computations leads to the rapid suppression of the oil/water interface oscillation. To
overcome this problem, a ‘filter’ [10] in the Kolmogorov-Prandtl equation was introduced,
reducing the computed effective viscosity by removing the resolved low frequency content of
the turbulent kinetic energy k. A better amplitude of surface oscillation and qualitative results
that are more in accordance with experimental data were obtained with this method but the
mean value of the velocity was adversely affected. Since the filter has an adjustable length
scale parameter related to the SEN jet diameter, a more systematic study of this parameter is
needed in the future. Since numerical diffusion can also be a problem in FV discretization, in
parallel to turbulence model improvements, the application of a second order accurate
scheme in PHYSICA was examined. The quadratic upwind bound scheme SMART [11] was
found to give the best qualitative (visualization, observation) and quantitative (mean values,
standard deviation, spectrum analyses) results. A detailed description of the numerical

difficulties encountered and methods used to overcome them is presented in Chapter 4.
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Validation of numerical results against LDA measurements is critically important to establish
confidence for future plant trial simulations. Detailed investigation of numerical and LDA
measurements helps to explain several observed phenomena and raises awareness of the
effects of the different process parameters. The findings of this work include fundamental
understanding of the dynamic behaviour of oil/water interface and main characteristics of
metal flow. In addition, the model successfully predicts the modifications of flow and notably

disturbed interface due to buoyancy forces of the air injection.

The second stage of this thesis comprises the modeling of an industrial caster operated by
ArcelorMittal. For this purpose the model usability was expanded with the implementation of
heat transfer and solidification. The objective here was the study of the influence of casting
velocity and argon gas flow rate on steel/slag interface behaviour, general flowfield pattern,
prediction of the liquid slag layer thickness and extend of strand formation within the mould

region. Validation is against available plant data, obtained in the mould region by AMR.

1.2 The process of continuous casting of steel

With reference to Figure 1.2, the hot steel in liquid form enters from the ladle via a pipe to
the tundish container where most of the impurities are removed. Steel then flows from the
tundish into the mould through the SEN. The SEN jets induce upper and lower recirculation
loops in the mould as arise in Figure 1.3. Control of these loops is very important in the
process as they are strictly related to the wave formation of the steel/slag interface, the
distribution of the heat and the stability of the steel meniscus behaviour, where is the curved
in the upper surface of steel produced due to its contact with the slag layer. The water-cooled
mould causes a thin shell, or strand, to solidify and oscillates vertically so that the solidified
shell separates from the mould. At first only a very thin shell appears and as time passes this

shell grows so that it becomes thick enough to support the weight of the liquid steel [12].
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Figure 1.2: A schematic process of the continuous casting of steel (Courtesy B. G. Thomas [14])

A layer of liquid/slag powder is added to the top of the metal to prevent sticking and to trap
any inclusion particles. The behaviour of this slag layer is very important for a number of
reasons, since it prevents the meniscus from oxidation, provides the optimum level of
horizontal heat transfer, allows absorption of inclusions from the steel and prevents the steel
surface from freezing [13]. Furthermore, gas bubbles are injected into the nozzle to limit the
nozzle clogging and to remove inclusion by floatation, producing cleaner steel. A few small
bubbles tend to follow the steel flow. The bigger bubbles circulate in the upper zone where
they generally escape through the slag layer, although occasionally they may be entrapped in

the solidifying shell, leading to serious surface defects, such as surface cracks and inclusions.

The strand, the solidified thin shell steel next to the mould wall, exits the base of the mould
into a water spray region, whilst molten metal still appears within the walls of the strand. The
strand is immediately supported by closely spaced water-cooled rollers against the ferrostatic
pressure of the still-solidifying liquid within the strand. To increase the rate of solidification,
the strand is also sprayed with large amounts of water, as it passes through the spray-
chamber. When the completely solidified casting has attained the desired length, it is cut off

with a cutter.
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Figure 1.3: Complex phenomena in the Continuous Casting of Steel (provided by AMR).

This work concerns the development of a time-accurate model within the PHYSICA code
framework used to understand the main parameters affecting the steel flow instability,
including the effects of casting speed, the interaction of the dynamic slag layer with the SEN
jet and the influence of the buoyancy forces of gas. The Eulerian representation of the
flowfield in the mould region is accompanied by a realistic representation of gas bubble using
a Lagrangian tracking scheme. The emphasis will be on the factors affecting the flow and the
transient meniscus stability, including the effects of casting speed, the injected gas and the
presence of the liquid slag (oil). Because of the great difficulty, in performing real caster
experiments, the numerical model is supported with water model measurements performed by
AMR. Observation of water experiments illustrate an almost flat air/water interface (without
oil) for all the casting speed used (0.5m/s, 0.8m/s, 1.018m/s). On the other hand, a 2 cm oil
layer, representing slag, leads to a wavy oil/water interface that becomes very disturbed at
higher velocities. The finite-volume model successfully predicts the modification of the steel
flow and the notably disturbed interface due to buoyancy forces of the air injection. In
addition, the three-phase model proves the influence of gas in the SEN jet creating an upward

flow near the nozzle and bulging oil surface, where the gas exits.

Simulations of various SEN casting velocities and gas flow rate accord very well with

experiment leading to important suggestions which are applicable to the industrial casting.
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Numerically, the presence of oil and the injection of air gas affect the horizontal velocity
distribution at the meniscus, aiding the flow instability. Furthermore, a spectrum analysis of
the collected horizontal velocity data and its distribution provides plausible explanations of
the oscillation mechanism apparent during the continuous casting process. The observed
frequencies characterize the periodic evolution of the horizontal velocity at the meniscus,
which seem to be directly related to the oscillating movement of the SEN jet, the size of its
roll and the SEN casting velocity. Considering the magnitude of the spectrum signal, the
results validate the influence of oil and gas on the flow instability observed in qualitative

comparisons of experimental video and numerical visualization.

In spite the considerable process of the analysis of experimental and calculation data, there is
no clear link between the established frequencies of SEN jet, upper loop and the surface
oscillations. Such a study provides a better knowledge in the unsteady behaviour of the steel
flow which is the main parameter of the defects, such us the entrapment of inclusion.
However, for the first time, the calculation validates the flow oscillation prediction of
experimental results providing a new insight in the hydrodynamic parameters which affects

the transient behaviour of steel flow in CC process.

1.3 Thesis overview

The research presented in this Thesis forms part of a research contract between Arcelor Mittal
Research (AMR) and the University of Greenwich. The thesis consists of seven chapters and
describes the mathematical basis and development of an efficient three-phase model of the
CC process. Results are presented first for the experimental water model and then for an
industrial configuration. In both simulations emphasis is placed on model validation. Initially,
the thesis presents an introduction to the industrial objectives that govern the project
framework as described at Section 1.1. Then, an overall description of various phenomena
occurring in the CC process is given. Chapter 2 is a review of recent published works on the
subject, which includes a general description of previous computational models and
experiments that contributed to improved understanding of the continuous casting process.
The chapter also includes a discussion of turbulence models used in steel flow simulations,

heat transfer and solidification approaches, mathematical models of bubble behaviour and
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their influence on fluid flow in the SEN and the mould, and finally previous water model

configuration studies.

Chapter 3 describes the mathematical basis of the models developed starting with a steady-
state simulation employed at the beginning of this research. This preliminary model was used
in order to examine the basic fluid flow pattern and heat transfer effects, including an
evaluation of the turbulence model used. Then a description of a transient calculation follows
for three-phase turbulent fluid flow, including the free-surface treatment and the particle
tracking approach. In addition, there is a description of the LDA measurements, performed in

the AMR laboratories in Metz during the first year of my studies.

Chapter 4 contains a detailed presentation of two different meshes used and the results
obtained for the water model experimental configuration. The chapter begins with an analysis
of steady state and heat transfer plus solidification simulations using a mesh produced by the
HARPOON [15] mesh generator. Afterwards, the results obtained using an alternative
Gambit [16] mesh are shown. Several studies are described, with emphasis on free surface (or
interface) behaviour. Moreover, introduction and testing of the turbulence dispersion effects

on air bubbles (tracked using a Lagrangian numerical scheme) are illustrated.

Validation and analysis of the time-dependent water model results (for mean value, standard
deviation and spectral characteristics) against existing Laser Doppler measurements are
described in Chapter 5. The results highlight deficiencies of the numerical scheme used in the
simulation and for this reason the chapter contains a description of the first order Hybrid
scheme and second order SMART numerical scheme used, difficulties encountered,
comparisons against experiment and other findings. The qualitative evaluation of the results
against water model video visualizations clarify the observed main flow pattern, consisting of
two recirculation zones and record using comparative images (and animation included in the

Thesis CD) the oil/slag layer behavior both with gas and without.

Quantitative comparison of mean velocity and standard deviation is provided at seven
measurement positions and the nature of observed wave action is explained with reference to

derived frequency spectral patterns. For the first time frequencies are linked to the turnover
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time of the two recirculation loops, which appear in the CC mould, for various SEN casting

velocities and gas flow rates.

Chapter 6 is the study of a real industrial continuous caster in which an important change in
the velocity profile takes place. Plant measurements predict a ‘single roll’ instead of the usual
‘double roll’ as the gas flow rate increases and casting velocity decreases. Additionally, the
final case provides an opportunity to test the model with steel/slag properties and with the

addition of heat transfer and solidification.

The final chapter in the Thesis is a summary of conclusions derived from the study and a
brief description of proposed further research leading to improvements in the related

phenomena presented and additions to the model necessary for industrial use.
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Chapter 11

2 Literature Review

The importance of continuous casting for world steel production and the economy justifies
the intensive research activity in this topic, with the use of both mathematical models [17, 18,
19] and/or physical experiments [20, 21, 22]. The latter are key tools in the optimization of
the process for product quality and increase in production speed. Great efforts have been
expended in understanding the continuous casting process from the point of view of the
physics involved, ranging from turbulent flow behaviour, to heat transfer and change of
phase. The fluid flow pattern and its control are most important in the improvement of steel
quality. Due to the high flow rate involved in the process, the flow becomes inevitably
turbulent and turbulent modelling is important in addressing the real steel flow pattern. In this
respect, various mathematical models were developed to investigate fully-turbulent, transient
steel flow, and compare them against water model or real caster measurements. Furthermore,
the complex transient nature of steel/slag interface needs to be understood as it has an
important influence on the CC process and affect the quality of the steel produced. The slag
layer has many functions: it protects steel from oxidation, it controls the horizontal heat
transfer towards the mould and traps inclusions that float to the surface [23, 24]. The breakup
of this interface by turbulent wave action may entrain impurities into the product.
Additionally the liquid slag infiltrates into the gap developing between the mould and the
solidifying shell during mould oscillation, lubricating the steel shell (Figure 1.3) as it is being

extracted.

As already mentioned the presence of argon gas in the mould disturbs the steel/flux interface
and affects the flow pattern due to the buoyancy forces generated. Argon gas prevents the
SEN nozzles from clogging and the floating bubbles carry inclusions to the surface producing
cleaner steel. From another point of view, the bubbles plus inclusions may become entrapped
into the solidifying steel before they have the change to escape, creating important line
defects. Free surface behaviour and particle tracking for the bubbles are described

mathematically using multiphase techniques such as Lagrangian and Eulerian approach [25,

10




Chapter 2 Literature Review

26, 27]. Heat transfer and solidification are linked strongly with the flow pattern and the
motion of the slag/steel interface. For instance, low fluctuation and flow velocities prevent
the re-entrapment of mould fluxes. In contrast, low steel flow rate can lead to freeze the
meniscus, forming subsurface hooks [28, 29]. In the best case scenario the hot flow must
reach the surface quickly, achieving a hotter meniscus and avoiding freezing problems [30].

The need to control the strong flow from the SEN jets, led to the application of
electromagnetic forces and this topic was also extensively studied, as an important factor for
the stability of steel flow in the mould. The electromagnetic devices used can be divided into
electromagnetic stirrers (EMS) [31, 32, 33] and electromagnetic breakers (EMBr) [34, 35, 36]

which mostly investigated by computation model.

Due to the complexity of each phenomenon present in the continuous casting process, the
emphasis in each study is to develop a simplified model, separating for attention specific
tasks so as to enhance the understanding of each phenomenon individually. Then each
phenomenon can be coupled with others using empirical constants or by making reasonable

assumptions [37].

Concerning the above complex phenomena and their related investigations, the literature can

be divided into five categories.

2.1 Fluid flow of liquid steel including turbulence model.

2.1.1 Metal flow pattern in the mould and the SEN

The liquid steel jet from a Submerged Entry Nozzle (SEN) reaches the narrow face of the
caster, where it splits into a large lower loop in the casting direction and a small upper loop
which flows back to the SEN (Figure 1.3). The upper loop is considered most influential in
affecting the wave amplitude of the meniscus, hence the flow field in the slag layer. Based on
previous research [38], there are indications that the back flow loop brings inclusions back to
the nozzle which may then get clogged. In this respect, an understanding of flow patterns in

the mould is of paramount importance.

11
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Observations from experiments and numerical results show that the two loops are affected by
several parameters, such as the nozzle shape, immersion depth, downward angle of the nozzle
and steel flow rate [39, 40, 41]. Using PIV measurements, Xing-Guo et al. [39] demonstrate
more stable meniscus behaviour can be obtained by increasing the immersion depth, since the
flow velocity in the jet is decreased. Moreover, almost the same flow pattern is observed in
case of a 30° nozzle angle for the four immersion depth tested (50 mm, 100 mm, 150 mm and
200 mm) but there is an effect on the fluctuation velocity of the meniscus. Their results
corroborate with previous observations [40, 42] which also state that the jet angle mainly
depends on the angle of bottom edge of the port than on the top. In addition, flow in the upper
jet decrease with increasing the angle of the nozzle, hence the meniscus becomes steadier.
Another work [43] examines the water-air flow pattern at the port outlet, by computational
results verified with PIV measurements. It is important to note that in this study the numerical
domain is restricted only to the nozzle (the mould is excluded) in order to reduce computation
time. Despite the limited domain, the authors manage to calculate the jet characteristics by
the numerical solution at the port outlet. They observed that the downward jet contains only a
small amount of gas with strong vortex, with upper jet containing over of 70% of the gas and

flowing upwards due to buoyancy.

An essential issue for several researchers is the accurate description of the molten steel/slag
interface. Anagnostopoulos et al. [44] investigated flow near the interface surface using a
fixed mesh surface tracking method, known as the volume of fluid (VOF) method [4]. This
group found that the particular design of the SEN examined causes flow reversal into the
nozzle and the wave height increases with casting speed. The results are compared with
available experimental data obtained in a water-oil mould model for various flow rates and
immersion depths of the submerged entry nozzle. The VOF method was considered also by
Ramirez et al. [45] with the purpose of examine the meniscus stability. This group
ascertained the amount of flow reversal in the upper edge of the port which depends on
casting speed, design of SEN and port size. At low casting speed, they found a large amount
of backflow in the upper edge of the nozzle port due to the small energy dissipation in the
narrow faces. On the other hand, high casting speed dissipates large amounts of energy at the
nozzle wall, leading to weaker upper flow and hence to the almost total elimination of back
flow (see Figure 2.1). In addition they observed that the meniscus instability in low casting

speeds occurs in the region surrounding the nozzle and in the mould corner high casting
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speeds. However, the amount back-flow mainly depends on the angle of the two edges of the
SEN port. According to Thomas et al. [43, 46] results (experimental and numerical), this
unnecessary backflow in the nozzle can be avoided using a particular design of a SEN port,

with a 40° down-facing upper port edge and 15° down-facing lower port edge.

Figure 2.1: The velocity field in the plane of SEN port: a) V=0.8m/min, b) V.=1.2m/min c)
V=1.8m/min [45]

2.1.2 Turbulence model

The effect of the turbulence used in simulations has been investigated by several authors [45,
47-50] as it is critical not only for the metal flowfield behaviour but also for the heat
distribution and the flux layer. The standard k-& model, based on Reynolds Averaged Navier
Stokes (RANS) approach, is the most widely used in many applications. This model was
developed to describe steady state problems [51]. In modelling the continuous casting of
steel, in areas with low Reynolds number, damping functions are vital in order to take care of
viscous damping. Modifications in turbulence models were introduced in both k-¢ and k- in
previous collaboration between IRSID (now AMR) and the University of Greenwich [47,
52]. Their results showed that a newly developed damping function used to multiply the
effective viscosity gave the best agreement with experiments.

f :min{l,w} (2.1)
# 4511

Where p is the density, u is the effective viscosity, « is the kinetic energy and & dissipation

rate. The other two functions of this group are
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The last function was also used by Wiwaranamataphee et al. [48] with additional
multiplication of the square of liquid fraction in the damping function, to model a moving

phase-change boundary and turbulent flow in the mould.

Thomas et al. [53, 54] analysed turbulence flow using the k- model, steady—state fluid and
heat transfer using a finite element model to simulate one-quarter of the mould. They found
that k and ¢ values at the inlet affect the flow as increasing turbulent Kinetic energy appears to
increase the jet angle but increasing dissipation rate decreases it as depicted in Figure 2.2. In
addition, they investigated the influence of the turbulent Prandtl number in heat transfer
which it is increasing the overall temperature and decreases heat flux. Good comparisons
were obtained using boundary inlet values for turbulent kinetic energy of k=0.0502m?/s* and
viscous dissipation £=0.457m?/s® throughout the computational domain. The inlet velocity for
the above investigation was computed by performing a mass balance equation in two
dimensions (the nozzle length x nozzle outlet velocity equal to the casting speed x mould
outlet width).

;
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Figure 2.2: Effect of k-¢ inlet values on calculated velocities in the water model [53, 54]
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Thomas et al. [30, 46, 55] have considered the capability of several turbulence models. The
time averaged k-¢ model predicts accurate quantitative results with the least computation
effort in a steady flow field but has difficulty with transient phenomena such as flow
oscillation. The Direct Numerical Simulation (DNS) is more accurate but requires a very fine
mesh to resolve all the turbulence length scales. As a result, a full geometry of continuous
casting cannot be resolved with a DNS model, due to the unreachable computation time. The
Large Eddy Simulation (LES) model is the current trend for simulating turbulence in
continuous casting. Transient features of the flow field can be better predicted using the LES
model [46, 56, 57]. The latter requires a fine enough mesh to resolve the large scale eddies,
which lead to an increase in computational cost. The small scale eddies are assumed to be
isotropic and are computed with a Sub-grid scale (SGS) model [30]. The accuracy of this
method has been demonstrated by qualitative and quantitative comparisons with PIV and
plant measurements. Comparisons between k-¢ model and two LES approaches demonstrate
the same downward jet angle and similar time-averaged flow patterns as with PIV
measurements (Figure 2.3). However, both LES and PIV can capture the changes between
smaller structures and vortices and the single large recirculation structure. This model is still

not tested in free surface phenomena.

In this thesis, it was observed that performing simulations with a 2" order in time scheme
and the standard k-¢ model can overcome the excessive eddy viscosity. Quantitative
evaluation of this work has been achieved by activation of a 2™ order scheme and k-& model,
which aid the accuracy of the mathematical model. This model enhances, understanding of

the flow pattern in continuous casting process.
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Figure 2.3: Time averaged velocity field in the middle plane [46].

2.2 Predictions of heat transfer, solidification and chemical reaction

Despite a plethora of studies [58-65] on heat transfer and solidification these are still many
areas of continuous casting where further improvements are needed due to the important role
of heat transfer in the success of the process. In plate casting, the molten steel is delivered to
the mould via a nozzle and it reaches the narrow face of the mould at the impingement point,
where a large peak of heat flux occurs (Figure 2.4). Furthermore, the meniscus region close to
the narrow faces is the coolest region, which is important to shell solidification as it can lead
to freezing of the meniscus [59]. Heat transfer to the top of the metal pool governs the
melting of the protective flux powder, leading to a molten flux layer. The behaviour of this
layer has a very important role to play in the efficiency of the process, since it affects several
quality imperfections. It was observed that in high steel flow rates it causes the steel flux
interface to become wavy because of the increasing of shear velocity in the bottom of flux
layer. The latter affects flow and heat transfer in the liquid flux. As a result the flux may
become entrained in the steel jet and trapped in the solidifying shell. On the other hand low

steel flow rates may cause breakout, which is most common at the mould exit [60, 62].
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Figure 2.4: Temperature field in the middle plane [52].

Mc David et al. [66] coupled fluid flow with the thermal behaviour of flux layers (Figure 2.5)
in a three-dimensional steady model using finite-element package, FIDAP. They established
the importance of the flux layer plus the effect of its viscosity and thermal conductivity using
temperature dependent properties. Lower liquid flux viscosity assisted better convective
mixing, hence higher consumption and better quality. However the liquid flux viscosity has
little effect on the liquid layer thickness near the meniscus of the narrow faces. In addition,
shear velocity in the bottom of the slag layer changes from zero at the edges to a maximum
midway between the narrow faces and the SEN. Their results highlight the vital role of metal
flow, and the need to investigate its influence in the flux layer and hence the steel quality.
Recently, another group led by Thomas [61], investigated the effects of natural convection,
shear velocity in the interface and the temperature dependent viscosity using the finite
volume code FLUENT. They found that the variation of Rayleigh* and Nusselt number® on
fluxes is analogous to correlations for fluids with constant viscosity. Natural convection is
suppressed for realistic fluxes and the Nusselt number increases linearly with increase of
shear velocity. The effect of mould flux properties on heat transfer and shell thickness (in a
billet during continuous casting) were investigated by Saraswat et al. [62]. They stressed the
great importance of thermal resistance as the main factor affecting the horizontal heat

! The Rayleigh number characterizing the strength of the natural convection and the fluid properties
2 The Nusselt number is the ratio of convective to conductive heat transfer across (normal to) the boundary
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extraction from the shell. In addition, increasing the break temperature led to a thinner shell

due to the lower heat transfer.

Plane of Symmetry
Free Surface q =0
n

4, = heer (T - Tambient )

Wideface Wall

Plane of Symmetry
a,=0

S Flux-Steel Interface %
T =1550°C
s aen = < . 4 X
Narrowface Wall Solidifying Shell x

T = 300 °C T=1550"C

Figure 2.5: Thermal boundary condition of flux layer [66].

Zhao et al. [63] have observed that the average rate of superheat flux is significant because it
can slow down solidification of the shell. They found, using LES turbulence models, that
both the drag effect of the shell and natural convection have no influence in the flow pattern
and temperature field. According to their observations, the flow alters the temperature in the
steel pool. The temperature is expected to be higher, mainly in the meniscus region to avoid
oscillation and subsurface hook formation, and hence to improve the quality of the metal. The
work of this group was used for validation by Alizadeh et al. [64]. This research presents a
new analytical model approach with a general relation between strand surface temperature,
conductivity of the steel, pouring temperature, casting velocity, distance for the meniscus,
volume rate of cooling water and heat flux density at the meniscus. The results show that the
simple analytical model is applicable for strand temperature and solidified shell thickness. An
advantage of the semi-analytical models is their controllability with convenient parameters

(casting velocity etc).

A complete heat flow model was developed by Meng and Thomas [65] including transient 1-
D solidification of the steel shell, movement of the slag layer in the air gap and 2-D steady

heat conduction within the mould wall. Although the model is simple, it predicts several
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related phenomena of the heat transfer in the mould and spray regions, for instance the
thickness of solidified slag layer, heat flux profiles in the wide and narrow faces, effect of
oscillation marks and boiling in the water channel. However, they were unable to examine

transient phenomena (mould oscillation, formation of defects during initial solidification).

Heat conduction in the solidifying shell was solved using the 1-D transient heat conduction

equation, which applying chain rule becomes

4l 0T ok

: o [T
psteelcp steel E = ksteeI y t a—%l(&j (2.3)

where Cp’,, is the effective specific heat, p is the density, T is the temperature and Keer is

the conductivity of steel.

Heat flux leaving the steel to enter the mould, gix depends on the effective heat transfer
coefficient in the gap, hgap, and the differences between the surface temperature of the steel
shell, T and hot face of the mould, Tmoug. Heat conduction depends on thermal resistance of

oscillation marks, liquid slag, solid slag and air gap if it exists as shown below:

clint = hgap (Ts _Tmould ) (2-4)

: : i d
hy.p =1/ (rcomact +%+—ds°“d J-i-l/ 1| 2 ek (2.5)
kair I(solid kquuid keff

2.3 Bubble particles and droplets behaviour

Bubble, particle and droplet injection is a main concern in the area of metallurgical processes,
in view of the fact that it is a key factor of production and affects final cleanliness. Argon gas
may be injected into the mould through the nozzle to reduce nozzle clogging, which is a
major factor of low productivity and product quality. In contrast, argon injection increases

quality defects due to the higher mould level fluctuation and bubble entrapment by the shell
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or near the meniscus initiated surface cracks [67, 68]. Argon injection also affects the flow
pattern in the nozzle and the mould and tends to change the jet due to the buoyancy forces.
Previous water model measurements [69, 70] have observed that single flow pattern is more
likely with high gas injection, small SEN submergence depth and small casting speed. The
double roll flow pattern is mainly induced by large casting speed, large SEN submergence
depth, and small gas flow rate [71]. In general, argon gas reduces the momentum of metal
flow and the meniscus velocity, thus the control of flow pattern can be achieved by balancing
the molten steel flow rate and argon gas flow [72]. In a later investigation, Kuno et al. [73,
74], applied a suitable ElectroMagnetic Level Stabilizer (EMLS) with argon gas. However,
considering their results the braking ratio with argon gas case is much larger that without

argon gas.

Regarding Lagrangian particle tracking Croft et al. [27, 52] characterize the motion of each
particle by integrating the particle force balance equations, where the first term on the right
hand side represents the drag force, which is always opposite to the motion direction. The

second term is the buoyancy force due to gravity:

du,  3C,u,p (£, -P)9
p__O~dYp _ule M P
it 4dp, oy —ul+ b, ot 29

where the subscript p indicates particle values, other values are those associated with the
metal, dp is the diameter of the particle and g the gravity. They used two different options to
calculate the drag coefficient. Cd: a) bubbles were assumed to remain spherical and behave
like a rigid body (appropriate for bubbles <1 mm), b) a sophisticated drag coefficient which
is sensitive to bubbles shape variation. Results have shown that small bubbles follow the flow
and large bubbles float towards the surface. Moreover, the effects of break-up and
coalescence processes were considered by Gardin et al. [75, 76], for predicting bubbly air-
water flow in a downward vertical nozzle. They used a mixed Eulerian-Lagrangian motion
model considering the forces of: drag transverse lift, added mass and buoyancy. They
successfully represented the bubbles’ void fraction and obtained excellent validation between
measured and calculated velocity fluctuation. According to their results the most important
forces to predict gas and liquid velocities are the added mass, the drag lift forces and bubble

distribution.
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Yuan et al. [77] studied the argon bubbles movement in the nozzle using a 3-D finite
difference model which has been developed using an Eulerian multiphase model in FLUENT.
The motion of spherical inclusion particles in the mould was simulated using a Lagrangian
approach. This model considered the balance of ten different forces. The particle transport

equation includes six hydrodynamic forces

du

md_tp:FD+|:L+|:P +F,+F, +F, (2.7)

p ress

where Fp is the steady-state drag force, F_ the lift force, Fpress the pressure gradient and stress
gradient forces, Fa the added mass force, Fy the Basset history force and F¢ the gravitational
force. According to their model, four additional forces may act when the particle is very
close to the solid-liquid boundaries, which are the lubrication force, the Van der Waals
interfacial force, the surface energy gradient forces and the reaction force. According to their
experiments, argon bubbles size increase with increasing gas flow rate and decreasing steel
flow rate. As expected, most argon bubbles move through the upper recirculation zone in the
mould and few small bubbles enter the lower recirculation zone and become entrapped at a

characteristic downstream distance of the strand.

Zhang et al. [78] developed a small-scale model to describe the entrapment of inclusion by
bubbles (Figure 2.6) using a Lagrangian approach. They found that bubbles smaller than
3mm tended to be spherical 3-10 mm were spheroidal and bubbles larger than 10 mm were
spherical-cap-shaped. This research also showed that the flow pattern around bubbles with
attached solid inclusions was similar to that of flow around a solid particle. As previous
studies indicated small particles (<1 mm) follow the flow and circulate more deeply that large
ones; instead bubbles more than 1mm mainly move in the upper recirculation loop. Attached
inclusions increase the bubbles density but do not affect the motion as the density is much
smaller than that of molten steel. In addition the removal of slag particles entrained from the

top surface depends on the particle’s size, leading to product defects.
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Figure 2.6: Inclusions outlining the former surface of bubbles [42].

2.4 Mathematical modelling and water model configuration

For validation, mathematical models and calculations are commonly compared with physical
water models and experimental measurements. Thomas et al. [79, 80] provided a
comprehensive review of previous works that have successfully investigated fluid flow
phenomena employing a physical water model. In addition their review gives a brief
discussion of the various advanced mathematical models used, physical properties and
computational models employed in the mould region of a continuous caster. As mentioned
earlier, a plethora of investigators declare that the flow pattern, not only in the mould but also
in the nozzle, is affected by water flow rate, gas flow rate and the immersion depth [44, 45,
46, 83]. Most cases in the literature combine flow with a liquid flux layer or with argon flow.
Nevertheless, only a few researchers developed a capable model, to couple the water/oil

(steel/slag) interface deformation and its influence due to the gas [52].

Bai et al. [40,43] used an Eulerian multiphase model within the finite volume program CFX
developed to simulate two-phase turbulent flow of liquid steel and argon bubbles in a slide
gate nozzle. The flow patterns observed in the experiments with the validation nozzle agree

closely with the numerical simulation results. Their velocity comparison between the particle-
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image-velocimetry (P1V) measurements and model predictions was satisfactory except that

the velocity predictions were consistently larger than the measurements.

An interesting study using the Finite-VVolume numerical method to simulate turbulent flow,
heat transfer and solidification in the caster in the presence of a moving interface and argon
bubbles was provided by Croft et al. [52]. Continuum transport equations to be solved
represented conservation of transport quantities within a mixture fluid. The two-phase flow
problem: heat transfer and the flux-metal interface were solved using the Scalar Equation
Algorithm (SEA) [81] and transient heat flow was described by the energy equation. This
work used an early version of the FV code PHYSICA and it forms the foundation of the research

contained in this Thesis.

Panaras et al. [82] obtained numerical solutions of the water-air free-surface oscillation and
free surface shape and found that the free-surface stability criterion of H/A = 0.21 (wave
height/wave length) is in agreement with their calculation. They observed that the exiting
angle is not significantly affected by flow oscillation of the free surface and FFT analysis of
the motion of free surface shows a peak at 0.195 Hz which can be associated with the
instability of the free surface. Further continuation of this work by Theothorokakos et al. [84]
has simulated a water model experiment in order to get further insight of the oil/water
interface and its breakup mechanism. It was found that the oil/water interface wave amplitude

increased in comparison to the air/water interface.

Another experimental and numerical comparison has been developed by Miranda et al. [85]
using a one-third scale model. Power density spectrum analyses of the results showed a main
peak at 1.2 Hz and another two frequencies of 1.8 Hz and 2.1 Hz whose contribution to the
free surface dynamic behaviour depend on the process parameters, such as water flow rate
and immersion depth. For constant depth, the wave amplitude increased as the SEN output
port velocity increased too. For constant exit port velocity, the wave amplitude increased as
the immersion depth increased. In contrast for a certain value of the immersion depth, surface

velocity decreased as the SEN immersion depth increased.

Water model configuration results, from Ramos-Banderas et al. [86], demonstrate two flow

regimes: a bubbly flow or an annular flow in the SEN. In the first case the water and gas are
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well mixed and the two jets at the exit ports are symmetrical, causing low pressure in the
impingement point due to energy losses. For annular flow, the liquid flow separates from the

gas, causing high impingement pressure as a result of the small amount energy losses.

Preliminary works up to this point were mainly to model the slag layer assuming either a
fixed top layer [87, 88] or used an observed experimental interface. The slag layer was
assumed according to steady measurements, and coupled with steel flow through the shear

stress distribution at their interface [66, 89].

ou,
on

TZX = ﬂ (2.8)

flux steel

Where u is the horizontal velocity component and u is the effective viscosity of the material.
Qualitative and quantitative understanding of the hydrodynamic aspect of water/oil
(steel/slag) interface will be addressed in the following chapters. Furthermore, the influence
of the gas in the fluid flow pattern and the meniscus deformation will be demonstrated.
Predictions of transient phenomena and steel flow stability were determined by spectrum
analyses. However, from the numerical point of view, there is no established validation of the

hydrodynamic behaviour of the slag layer couple with argon injection.

2.5 Predictions of mould oscillation and applied magnetic field

A thin shell of metal next to the mold walls solidifies before the metal section exits the base
of the mould. The mould is oscillated vertically to prevent the strand shell sticking to the
water cooled copper walls and causing a breakout. In contrast, hooks and oscillation marks
form due to the solidification near the meniscus during mould oscillation [90]. Ojeda et al. [91,
92] provided a brief review of oscillation cycle and developed a model to describe the
oscillation marks and the formation of a slag rim, which is due to the solidification of molten
slag in the meniscus region, during mould oscillation. This transient model assists the
understanding of several oscillation phenomena such as the oscillating slag rim, the predicted
pressure in the gap between mould and the shell, liquid flux consumption behaviour and
mechanics of hook formation and shape. Observations of the results have indicate that

* The oscillating solidified slag rim controls the flow pattern in the meniscus.
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* Pressure in the gap between the shell and the mould increases during negative strip period
which moves the steel/slag interface away from the mould wall and decreases as the mould
increases its upward velocity.

* Overflow starts earlier with a more severe solid slag rim.

» Computations and experimental data show that the overflow event can start at different
times.

* The heat flux peak occurs ~1cm below the meniscus region.

These phenomena, as illustrated in Figure 2.7, are of paramount importance, as they cause
several quality problems due to the entrapment of mould powder, local crack formation and
impurities. The flow pattern of liquid slag in the meniscus was considered by Ramirez-Lopez
et al. [93]. This investigation showed good corresponding results with the addition of the
thermal evolution which is changing the thickness of liquid and solid slag layer. Good
prediction of slag thickness and heat fluxes at various casting speed were found and good

comparisons to previous results and plant measurements were achieved.

(b) () (d)

Al |
Figure 2.7: Schematic formation of curved hook and meniscus solidification. (Courtesy B. G. Thomas

[94])

! i

In order to reduce the surface velocity, many researchers have investigated the application of
electromagnetic forces to control the steel flow. Kubo et al. [72, 74] employed
electromagnetic force using Electro Magnetic Level Stabilizer (EMLS) with argon gas.

Electromagnetic force applies a low frequency alternating magnetic field that moves from the
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narrow face of the mould to the mould centre below the nozzle exit. Main observations by
this group were firstly the effect of EMLS system in the surface flow and the supported
influence of argon gas in the surface flow towards the narrow faces. From calculation and
observation of the real casting their method seems to be applicable and optimum intensity of
a magnetic field for the flow control should be chosen in consideration with argon gas.

Baokuan et al. [95] investigated the effect of argon gas injection and the static magnetic-field
application in the continuous casting process. They found that by applying one magnets on
the meniscus and one below the nozzle, the velocities in the bulk were significantly
suppressed, also the velocities at the top surface are too small which led to a freezing
meniscus. When argon gas was also applied with magnetic-field the external flow of gas
plume was significantly suppressed, flotation of gas bubbles was not affected directly by
magnetic field. The effects of magnetic field on interface control were not investigated in this
Thesis.
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Chapter 111
3 Modelling Approach

The development of computer power, in recent years, has become an important factor in the
improvement of mathematical models, and in a better understanding of the physics behind all
aspects of the process of continuous casting. Due to the several complex phenomena involved
in continuous casting, it is impossible to model all of the phenomena together at once. As a
result, each mathematical model requires a specific issue of interest, and it is important to
validate it against the theoretical expectations and experimental results on both water model
configuration and real plant measurements [96]. The main aim of this thesis is to demonstrate
the effectiveness of the multi-physics code PHYSICA in the simulation of the continuous
casting process of steel production and in doing so advance our understanding of the physical
mechanisms involved. The ensuing research thesis concerns the development of a numerical
model in the simulation of the continuous casting (CC) of steel, and as a long-term industrial
goal the improvement of steel quality. Assuming that the casting process is a steady state
problem fluid flow and heat transfer across the copper mould are initially investigated using a
flat fixed horizontal level to describe the protective slag layer. However, the primary
objectives of this thesis are: firstly to model the dynamic behaviour of the slag layer covering
the steel and secondly to study the complex interaction of the Argon gas on the slag layer and
the fluid dynamic behaviour of the liquid metal in the mould region. To fully understand this
behaviour and validate the model, experimental measurements were carried out in a water
model by ArcelorMittal Research (AMR) using Laser Doppler Anemometry (LDA)
technology.

3.1 General framework

The initial aim of the project is the implementation of heat transfer and the solidification
across a continuous steel casting mould. For this purpose, 3-D dimensional geometry of the
mould region has been built, based on industrial geometry parameters provided by AMR. A
suitable hexahedral mesh has been created according to PHYSICA requirements, utilizing the
HARPOON mesh generator software. As a research effort continuing from previous work
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carried out at the University of Greenwich [89], the continuity, flow, heat transfer,
solidification and turbulence equations have been solved according to appropriate boundary
conditions as described in detail in the following sections. Although the results with the
HARPOON mesh, as will be seen in the next section, are encouraging, this mesh was not
suitable for capturing free surface motion. This occurred due to the high non-orthogonality of
the mesh on some cells in the SEN and also due to the sudden jump in the mesh size from the
nozzle to the mould region. After several attempts and in an effort to reduce set up time
owing to the reconstruction needed in the HARPOON mesh, a pre-existing unstructured
finite-volume mesh has been used to investigate free surface movement and particle tracking,

which was supplied by AMR (constructed using the Gambit mesh generator software).

The scientific objective of this initial effort is to develop a numerical model in order to
determine the fluid flow patterns of steel and to investigate the transient behaviour of the
slag/steel (oil/water) interface using a water model configuration. A three dimensional
computation fluid dynamics model has been validated using water measurements in order to
understand the wave behaviour and the mechanisms that lead to the break-up of slag-steel
interface, which is directly connected with transient flows. In addition, the behaviour of argon
bubbles has been investigated together with the disturbance of the steel/slag interface caused
by the buoyancy forces of argon. The model includes a specially formulated interface
tracking scheme using the Counter Diffusion Method (CDM) to simulate the oil behaviour
and a Lagrangian representation of argon bubble tracks to study the influence of injected gas

on the liquid steel flow (due to buoyancy) and on the surface behaviour.

Finally the heat transfer between slag and steel in an industrial configuration is studied,
which is solved under transient conditions. Therefore a new mesh, corresponding to industrial
geometry parameters, was created using an extended mesh building tool: the MB3 mesh
builder which is inbuilt in PHYSICA. These multi-phase interactions involve the melting of
the flux powder and the formation of the slag layer plus the formation of a thin steel strand

adjacent to the mould walls, in the first stages of solidification.

3.2 Steady-state model

Initially we study a typical three dimensional steady state flow model assuming a flat top

molten surface at a fixed level and covered by the slag layer. A linear temperature-liquid
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fraction relationship is used to model the formation of the solid skin outside the mould. The
latent heat effect on local temperature is included in the energy equation through a volumetric
source term and the presence of a mushy zone extending inwards towards the skin is
represented through a Darcy resistance term in the momentum equation. The simulation of
the casting solves fluid flow, heat transfer and turbulence considering the following

equations.
3.2.1 Fluid flow

A typical three-dimensional fluid flow model below solves the continuity equation and

momentum equations
P 19.(pu)=0 (3.
ot
%(pu)w-(puu) =V.(uVu)-Vp+S (3.2)

where u is the velocity vector, p is the pressure, p is the density and u is the effective
viscosity. The vector S represents body forces and the influence of boundaries. For

solidification, S represents a Darcy flow resistance provided by the solid phase,

§ _ (1_ fL)V (33)

where K is the permeability coefficient of the mushy zone, f_ is the liquid fraction and V is

the volume of the element.

3.2.2 Heat transfer and solidification

The energy equation with temperature as the solved for variable is given by:

0

a(,ocpT)+v.(,ocpgT)=v.(kVT)+sH (3.4)
k is effective conductivity and C, is the specific heat capacitance. The source terms Sy

represents heat transfer at the boundaries and change of phase. The evolution of latent heat L

during solidification is given by
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S :—L%—Ldiv(pgfL) (3.5

where L is the latent heat of solidification, p is the density and u is the velocity vector. The

boundary conditions are of the form

SB = hA(T _Tamb) (36)

where A is the average of the area of the face and h is the heat transfer coefficient and Tanp IS

the ambient temperature.

The value of the liquid fraction is usually calculated from the formula

1 if T>T,
fL=2(T-T)/(T,-Ts) if To<T<T, (3.7)
0 if T<T,

Where T is the liquidus temperature, the temperature above which the material is fully
liquid, and Ts is the solidus temperature, the temperature below which the material is

completely solid.

3.2.3 Turbulence model

Turbulence is a key factor in the continuous casting of steel. All the calculations use the k-¢
turbulence model approach. This is a standard high Reynolds number model which is a
switch on option in PHYSICA. Previous CFD computations performed by the University of
Greenwich showed that the presence of an oil layer led to the suppression of interface
oscillations, due to excessive diffusion whenever this model was used in a transient
simulation with very small computation time-steps. To overcome this problem, an
appropriate filter was introduced in the transient k-¢ model [5, 52] which removes resolved
turbulent energy from the k equation, thus reducing artificial diffusion. Brief investigations of
the suitability of the k-¢ turbulence model show that the filter also affects the mean value of

horizontal velocity at the meniscus. Following various analyses it has been shown that
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artificial damping can be avoided simply by using a second order numerical scheme. The

next chapter contains a description of this scheme, and in addition to the results obtained

using the k-g filter. It was concluded that, successful predictions of the dynamic behaviour in

the meniscus, can be achieved using a second order scheme without the k-¢ filter.

The turbulent contribution in x in the equation (3.8) is calculated from the solution of the

standard k-& model. The k-e model consists of the turbulent kinetic energy equation k:

k

8,(;{;k+ div(puk) = div@,uIam + 2% } gradkj+thG —pE
O,

and its dissipation rate ¢

2
&

ope . . yo)% £
%+dlv(pg€) = dlvqy,am +?k‘} gradngrClpth E—ngp?

where G represents the turbulent generation rate which is equal to

[{GUT {avT PNU [au asz (au awj2 (aw avj2
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The Kolmogorov-Prandtl expression for turbulent viscosity is used in PHYSICA [1]

k2
Vi = Cy ?
together with
—un=T, on
OX

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)
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where 77 is the turbulent diffusivity of heat and the values of empirical constants [136] in

equation 3.8-3.11 are

C.=0.09,06,=1.0,0,=13,C1 =144, C,=1.92

The Reynolds analogy between heat and momentum transport implies that the turbulent

diffusivity is related to v; by

r,=% (3.13)
Gt

where oy is the turbulent Prandtl number [98].

The effective viscosity in the momentum equation is equal to the sum of the laminar viscosity

and turbulence viscosity, and is calculated when the turbulence viscosity (i) is known

H = Ham + H (314)

3.3 Transient model

A transient simulation is necessary to illustrate the coupling between free surface, fluid
dynamics and bubbles. The Donor-Acceptor method [3, 4] was initially used to track the
interface, but being explicit requires very small time steps of 107s, thus increasing
computation time. To overcome this problem a new fully implicit method, the Counter
Diffusion Method (CDM) [5] was used. This new method speeds up the computation time as
bigger time-steps of 0.01s can be used without stability problems. The model then transports
1000 or more particles using a Lagrangian approach. The equations of motion and transport
of representative samples of discrete particles are solved explicitly and the particles are

tracked through the flow field until they exit the domain.

3.3.1 Free surface tracking

The interface between the molten flux (oil) and the liquid metal (water) is modelled using the

Scalar Equation Algorithm [81]. The continuity equation is adjusted to provide an equation
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that represents volume conservations so that any problems caused by the discontinuity of
density at the interface are resolved [99].

D(Inp) _
5 tVW=0 (3.15)

where D/Dt is the substantial derivative term. To model the problem as a single phase flow,
the momentum equation is then rewritten as

(o) +V.(p,u) =V.(uVu) ~1Vp+ 8 (3.16)
ot

The factor r in the pressure gradient term, Vp, is given by:

r= {1+ ¢£&—1} (3.17)
Ps

where pr and pn, are the flux and metal (or oil and water) densities respectively. The mixture
density and viscosity are based on the value of ¢, which is representing the position of the

interface and gives the metal volume fraction in a control volume cell. The viscosity is then

given by
Yo
1= g +¢Hum p—f]—uf } (3.18)

where g is flux viscosity and metal viscosity is metal viscosity um. The mixture density is
p=p;+d(pn—py) (3.19)

Therefore, when ¢ is equal to zero, the momentum equations will use the flux (oil) density

and when ¢ is one, the metal (water) density will be used.
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3.3.1.1 The Counter Diffusion Method

The Donor Acceptor method, which is the original Volume of Fluid scheme, is initially used
to capture the oil surface behaviour. This is an explicit formulation, with small time-steps of

10°%s being required in order to satisfy the CFL criterion [100], defined as:
CFL =(St.u)/ ox (3.20)
where 6t is the time-step ox is the internal length of the cell and u is the velocity.

This criterion is necessary to avoid skipping completely a computation cell during material
advection; the time-step should be less than the minimum time required to move material
from one cell to another in the domain, as dictated by cell dimensions and velocities.. In
essence, the time-step has to be reduced for fine mesh regions or in the case of large
advection velocity in order to avoid diverging solutions. Using Donor Acceptor has forced
the use of time-steps of 1ms or less which leads to an expensive computation simulation time.

To speed up the computation time a new implicit method called CDM has been implemented.

When the source S contains the CDM corrections, a new auxiliary scalar called ‘marker’ is
used. The value of the marker is copied to ‘phi’ instead of solving ‘phi’ with the free surface
module. A counter diffusion ‘flux’ is computed for each internal cell when the face belongs

to an interface cell. The artificial counter diffusion is calculated by the equation:

Q:C'q'(1_¢down)'¢up (321)

where Q is artificial counter diffusion flux for each internal face, C is a constant used to
adjust the local face normal velocity in the marker equation. The factor (1-®gouwn) €nsures that
we do not push into a completely full cell and @, ensures that we do not take from cells
without liquid; q is the current iteration convection flux which is used to transport all scalar
variables [101].
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where |u-n|local face normal and A is the face area.
3.3.2 Particle tracking

A computational model has been developed to simulate the transport of particles. The model
first simulates in an Euler framework the turbulent flow, heat transfer and free surface
position as explained in the previous chapters. Coupled to this, a Lagrangian representation of
1000 and more argon bubble tracks was used to study the influence of injected gas on the
liquid steel flow and fluctuating surface dynamics. The concentration of bubbles obtained
from the Lagrangian computation is computed in any computational cell and used to adjust
the local density, allowing for the effects of liquid displacement, buoyancy and local change
in momentum. In this sense, the continuum equations representing the liquid are mixture

equations for liquid plus gas.

Particle tracks are assumed to comprise swarms of particles (bubbles); each track entity
carries a certain amount of gas mass, so that the total entering the inlet corresponds to the
given flow rate. The number of individual bubbles in each track will then relate to the mass
associated with the track. The particle velocity Uy, is then computed from the integral of the
force balance equation:
2
m, % = (Pp _pl)gvp _%plvslip ‘U P -U ‘%Cd _%mp %% (3.23)

The first term on the right hand side of the above equation is the buoyancy force due to the
gravity. The second term is the drag force, which is always opposite to the motion direction
and the third one is an added mass force. This formulation includes the most significant
forces of equation 2.5, expressing the volumetric displacement of fluid by the particles due to
the buoyancy exchange and inertia changes affecting fluid and particle acceleration. In this
model, the lift force, the pressure gradient force and the history forces are not considered as
the main purpose of this research is to investigate influence of gas on the interface stability.
The solution methodology begins by solving the flowfield assuming there is no bubble for the
first 25 time steps. Then particle trajectories are computed, allowing for the effects of liquid

displacement, buoyancy and local change of momentum. The free surface model is solved
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again with the established changes in the flow field until new particles injected. The
methodology illustrated is a variant of the Particle-Source-In Cell (PSI-CELL) model of
Crowe et al. [102].

Equation (3.24) can be discretised as

U, :(Up+Su .§t)/(1+F.5t),Where,
F=0.75.Cd.p .V, /(d,-p)

slip
SU=F°Up+(Pp_P|)'g/Pf (3.24)
Pt =P +lp
f PSP
Vg =U,-U

where F is the drag force on particle, S, is the momentum force and C, is drag coefficient.

The particle time step, ot is chosen to give a selected number of steps in the current element.
The minimum and maximum particle time steps are set through the PHYSICA user input file,
INFORM (APPENDIX A). The bubbles’ movement will mainly depend on the value of the

drag coefficient, C,. Two different assumptions have been used to calculate drag coefficient

as a function of Reynolds numbers as described below:

Option 1:
_ﬁ 0.687 042
C, = - (1+0.15Re )+—42500 (3.25)
1+ Rel.lG

Suitable for small bubbles with “rigid” surface — used in many bubble computations [103]

Option 2 : An alternative method [104], that assumes non-rigid surface and depends not only

on Reynolds Number but also on Weber number are calculated as follows

Re=d V. /v, We = pV,

p “slip slip

d,/y (3.26)
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where v is the bubbles surface tension and v is the laminar viscosity.

The equations associated with the second method are:

i)Cd =16/Re, Re<0.49,

ii) Cd = 20.68/Re*®®, Re <100 this is the dirty water expression of Wallis [105] which the
drag coefficient is calculated by the swarming correction equation, Cd =Cd(1-Vfrac)™' where

Vfrac is the volume fraction of the particle swarm.

i) Cd = 6.3/ R0 we <8, Re< 22221
We*
iv)Cd =We/3,We <8, Re< 2201 .
We*®

v)Cd =8/3,We >8,Re >100

The particles tracking scheme then proceeds as follows:

i. The particles are randomly seeded just inside the SEN inlet or in a volume section in z

axis, with a uniform distribution in the azimuthal direction at x and y axis.

ii. Each random particle seed represents an equal fraction of inlet gas volume rate
(2NI/min, 5NI/min?).

iii. Particles are given an initial velocity close to the inlet velocity.

iv. Particles are tracked through the domain at selected fluid computation time steps

(every 25 time steps).

The time a particle spends in an element, At, is recorded and the particle volume fraction is

adjusted at the end of air tracking by

® normal litre (NI):A unit of mass for gases equal to the mass of 1 litre at a pressure of 1
atmosphere and at a standard temperature, often 0 C (32 F) or 20 C (68 F)
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At| Dair
Vair=————~= (3.28)
P

where m,, is the mass flow rate, Np is the total number of particles and p, is the density of

particles. As a result main flow is fully coupled with the particle phase in respect to the

density and momentum which is associated with volume fraction.

There is also a coupling of bubbles with the flow turbulence, which is important as it affects
the dispersion of bubbles. The liquid phase velocity u used in the drag force is given by the

sum of its fluctuating u; and average velocityu,. The present model refers to the stochastic

model of Gosman and loannides [144], whose basic assumption is that particles are deflected

by the eddies they cross. The model assumes an isotropic turbulence and that each of the

components of the fluctuation velocity u; of continuous liquid phase follows a normal

distribution with a mean value of U, =0m/s and standard deviation of o, =./(2/3)-k

where k is the local value of the turbulence kinetic energy.

The fluctuating component u; calculated at a given particle time step, whose three

components are equal for the assumed isotropy of turbulence, acts over a tracking time

At which is the minimum of 4t =min (4t,, 4t,) where :

i. At,, lifetime of the local eddy the particle is crossing, given by:

At =L,/

ug|, (3.29)
where:
L, =(Cc,C. " ke (3.30)

is the eddy size, with (C#Cd):0.0Q and ¢ is the rate of dissipation of turbulent kinetic
energy;

ii. At , transit time taken by the particle to cross the eddy, given by:
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=L,/

At

Ug _up‘

(3.31)

3.4 Water model details

The experimental rig, shown in Figure 3.1, has an adaptable full scale geometry according to
Froude (Fr) and Reynolds (Re) numbers

Re — Inertialforces _upl _ ul
viscousforces  u v (3.32)

£y - Inertialforces _ u?
bodyforces al

where u represents the flow velocity, p the density, « the dynamic viscosity, v the kinematic
viscosity, | a characteristic length and g the gravitational acceleration. The kinematic
viscosities of liquid steel and water at a temperature of approximately 20°C are close in value.
In order to best represent the full scale model (table 3.1), the relevant dimensionless numbers
of equation 3.32 have to be taken into account.. Thus, maintaining Reynolds and Froude
criteria the steel flow pattern can be reproduce with water model, ensuring that the velocity
ratios between the model and steel are the same at every location [96, 127]

The Reynolds similarity between water (w) model and real caster (s) indicate that

(21

and since the steel and water have the same kinematic viscosities hence the equation 3.33

becomes

u, = Ku, where K is the length scale fcator equal to IW/ (3.34)

Similarly, using Froude similarity it can be shown that

u, =v/Ku, (3.35)
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It is obvious from equations 3.34 and 3.35 that satisfying both Reynolds and Froude numbers
is only possible with the use of full scale mode (K =1). This water model use only the
Froude similarity with a reduced scale factor of K=100/220 (table 3.1).

Figure 3.1: Video stills of the water-model experiment performed by AMR (2009) without and with
gas.

Water circulation is provided by a pump that draws water from the collector at the bottom of
the mould and pushes it into the tundish located at the top of the mould. Different flow rates

can easily be set. Both mould and SEN are transparent and they are located in a robust

support.
Industrial Case | Similarity Law Scale
Model
Dimension of Mould(mm) 1600x220 Lscale=K.Lreal 727x100
Immersion of the nozzle (mm) | 150 Lscale=K.Lreal 68
Internal diameter of the nozzle | 81 Lscale=K.Lreal 37
(mm)
Vin=Inlet velocity (m/s) 0.74 0.5
1.2 Vicae=K"2.vreal 0.8
15 1.018
Qw=Liquid flowrate (m*/h) 14 1.94
22.3 Oscale=K5/2.greal 3.1
28.3 3.94
Qa=Gas flowrate (I/min) 24 5/2 Tyea +273 2
- Oscate = K™ Oreay T 4273 |5
Temperature (°C) 1500 20

Table 3.1: Water model parameters according to Froude similarity where K is the scale factor equal to
100/220 for the CC mould water model
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Measurements are taken using Laser Doppler Anemometry (LDA) which is an optical
technique for non-intrusive 1D, 2D and 3D point measurement of velocity and turbulence
distribution [106]. The LDA measuring system consists of a two-component system. This
method is based on the scattered laser light of a particle passing. The light intensity is
modulated to create an interference fringe pattern between two laser beams. This produces
parallel planes of high light intensity by the wavelength A of the laser light and the angle
between the beams 6 (Figure 3.2). Flow velocity information comes from light scattered by
small enough particles carried in the fluid as they move through the measurement volume. It
is collected by a receiving lens and focused on a photo detector producing a signal at the
Doppler frequency fp.

The velocity is calculated from the Doppler frequency and fringe distance:

(2
TP 2sin(0/2)

\ Photo

Optical fibres

b (333)

Transmitting/
receiving optics

Flow with

seeding particles
Time series Data
&g{g analysig)
/w" ,‘.'.-," e ~',_'
/ Measurement

volume

2 5in (52

Figure 3.2: LDA techﬁique (Official website from Data dynamic)
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In the experiment silicon oil is used to mimic the slag layer, water to mimic steel and air is
pumped thought the SEN to mimic argon gas. Data for horizontal velocity and its distribution
are collected for 7 different points using different water and gas flow rates and for 2cm of oil
layer thickness or with 2cm of air. The SEN immersion depth which is the distance between
the water level and the highest point of the nozzle ports has been set at 68mm in all
measurements. Horizontal velocity and its distribution in time is monitored in seven points as
shown in Figure 3.3 along the middle plane of the mould acquired by LDA during a ten

minute period.

z
X
R S
''''''''' B Point5:(1363,0 36)mm |
B Point4: (909, 0, -46.6)mm W Point1:(181.5,0 45) mm
&8 T B Point6: (90,0,-1109)mm Water

B Point 7: (90, 0.-136)mm

B Point3:(272.6,0 -246) mm

B Point2: (136.3,0 ,-286) mm

Figure 3.3: Experimental measurement arrangement
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Chapter IV

4 Description of Numerical Simulations

4.1 Steady state

Initially the thesis deals with the implementation of heat transfer and the solidification across
a continuous steel casting mould. For this purpose, a 3-D geometry of the mould region has
been built, based on water geometry parameters (provided by AMR). A mesh was then
constructed making use of the HARPOON [15] mesh generator tool and satisfying the
suitability of PHYSICA in terms of the density and orthogonality of the mesh. The
continuity, flow, heat transfer plus solidification and turbulence equations are then solved
with appropriate boundary conditions. Some of the boundary conditions used were taken
from industrial data used in previous research carried out by the University of Greenwich [5,
89]. This preliminary work was important in order to get an overall understanding of the
problem and to test the suitability of the HARPOON mesh generator tool. The requirement is
for a reasonably orthogonal hexahedral mesh, especially in the critical junction between the
SEN outlets — which have an oval cross-section and have a downwards inclination- and the
mesh in the rest of the mould which is Cartesian. Since the flow in the mould is determined

by the jet exiting the SEN, error in this region would undermine the simulation.
4.1.1 Mesh and boundary conditions

The geometry required to generate the mesh was constructed using the Rhino [143] surface
CAD software with dimensional parameters as presented in table 4.1. The geometry was then

exported as an STL format so as to be compatible as import file for HARPOON.
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WATER MODEL
CONFIGURATION

Mould width 727 mm
Mould thickness 100 mm
Heigth 1500 mm
Roof type bottom
Nozzle design nozzle
Immersion depth (distance 68 mm

between mould surface and
top of the nozzle port)

Nozzle port diameter 36 mm
External diameter of the 63 mm
SEN
Internal diameter of the 36 mm
SEN
Heigth of the SEN bottom 13 mm
Nozzle port angle 20°

Table 4.1: Water model geometry and dimensions

In order to have a functional mesh in PHYSICA a crucial prerequisite is the degree of
orthogonality. For this mesh, the maximum resulting non-orthogonality angle is 61.5 degrees
with refinement zones arranged in the critical area surrounding the nozzle, at the narrow and

wide faces with 59896 elements as presented in Figure 4.1.

Figure 4.1: Hexahedral mesh created by HARPOON.
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The wide and narrow faces of the mould are assumed to be planar walls with no-slip velocity
conditions. The vertical velocity component is set at the inlet at the top of the pipe to the
value corresponding to the casting speed, and the pressure at the outlet is fixed to zero.
Furthermore, the initial values of the velocity are set to zero, and since there is no free surface
calculation in this test, gravity is neglected. Molten steel enters the domain at a fixed

temperature (1600°C) at a desired casting speed, calculated by the formula below:

rﬁinlet = m
V. = PoeaVeRue (4.)
inlet
P, steel A\)utlet

oulet

The molten steel is cooled due to the presence of the water-cooled copper mould (using a
fixed heat flux condition), and cooling water jets below the mould. The turbulent Kkinetic
energy and dissipation rate at the inlet are estimated by the following empirical expression
[22]

5 . 250
k=00 Dy (4.2)

The ambient temperature is set to 22°C. A fixed heat flux (131Wm™) is extracted in the
copper mould. The two water cooled spray regions are calculated by using the heat transfer
coefficients (-980Wm™2K™ and -841Wm?K™).

4.1.2 Fluid flow

The flow patterns indicate two recirculation zones which are well known as “the double roll”
[75]. The metal created flow is characterized by two vortices for each jet of the bifurcated
nozzle. The upper recirculation flow is transported along the narrow faces upwards and along
the top mould region. In addition, this flow may move towards the upper edge of the nozzle.
The other large vortex moves downwards along the narrow faces and then upwards in the
mould centre. The above is depicted using streamlines in Figure 4.2, clearly showing the two
rotating loops and the impingement point of the port jet to the narrow face. Control of these
loops is important in the CC operation for the distribution of heat within the cast and in the

solidification process. Furthermore, control of these loops determines the transport of
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inclusions (impurities, argon, gas, droplets).The pressure is highest at the closed bottom of

the SEN pipe due to stagnation, as the inlet stream is diverted towards the two SEN outlets.

1. Small upper
recirculation
loop

2. Impingement
point at the

narrow face

3.  Large lower
recirculation

Figure 4.2: Streamlines starting from inside nozzle show the two characteristic recirculation zones.

4.1.3 Heat transfer and solidification

Referring to figure 4.3, the temperature in the mould is colder at the corners where it
solidifies first. In the vertical direction, the highest temperature is observed, 120mm below
the top of the mould. There is a hot region below the SEN and then decreases gradually
towards the exit. Horizontally, the temperature decreases gradually from the symmetry centre
to the corner. More specifically, the temperature in the corners between the top and narrow
walls is the lowest. Thermal distribution is reduced from the middle to the narrow faces. The
same observations are expected in the vertical direction, since temperature decreases

gradually from the top of the mould to the bottom.
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Figure 4.3: Mean temperature field in the x-z plane in the centre of the mould

The results for solidification (Figure 4.3) are illustrated with a contour of liquid fraction
(LFN) showing the solid shell being formed at the wide and narrow walls (blue contours).
Nevertheless, the temperature at the wide faces is high at 120mm below the top of the mould
due to the high velocity in this area. Beyond the mould region, the shell thickness increases

with distance as expected [107].

Since solidification is difficult to converge, an under relaxation factor of 0.1 is applied to the
solidification solver and false time step of 1s is applied to temperature to provide a light
relaxation to the temperature solver. A false timestep of 0.6s is applied to the momentum
equation exhibiting the best convergence behaviour. The afore-mentioned results are
achieved with a steady-state runs of 10000 iterations with 2 hours real computation time in a
single machine of two processors. However this mesh was not suitable for capturing the free
surface movement or the boundary layers lining the mould. Therefore reconstruction is
needed in the top surface region and the SEN outlet/mould cavity interface. This issue seems
to be a time consuming due to the size of the geometry and the complex design of the SEN

with approximate time for the reconstruction takes more than two months.
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4.2 Transient simulations

Despite the encouraging results with the HARPOON mesh, it was not considered suitable for
capturing free surface behavior due to the high non-orthogonality of some cells in the SEN.
In addition, there is an undesirable sudden jump in the mesh size from the nozzle to the
mould region where calculated flow is most sensitive to the mesh. Instead, the unstructured
finite-volume hexahedral mesh supplied by AMR (and created using the Gambit software)
was used in order to reduce set up time, considering the amount of time required for the
reconstruction of the HARPOON mesh.

Returning to the water model the Gambit mesh (following improvements described in the
next section) was used to model the transient hydrodynamic aspect of the oil layer behaviour
coupled with gas bubbles. This chapter includes a brief discussion of problems encountered

and solution in order to overcome them during the numerical operation.
4.2.1 Mesh and boundary conditions

A Gambit-to-Physica filter was used to enable this mesh to be read by PHYSICA and its
proprietary pre/post processor. Additionally, a new volume patch was created in the upper
water region (volume area of the immersion depth) which does not include the high speed
region of the submerged jet. This new region together with the oil layer can form an “active
group” where the Donor-Acceptor method can be used. Therefore, it is not needed to make

the time step excessively small as high speed region is not included.

The Gambit mesh showed good convergence behaviour for both transient and steady state
simulations, with highest non orthogonality at 58.8 degrees and a total of 229664 elements.
Despite a well-converged solution, comparisons of mean velocity values between
experimental and numerical results (discussed in the next chapter) proved to be
unsatisfactory. The above forced us to re-examine this mesh which in turn, enabled us to
pinpoint a serious flaw. A close view at the critical area of the exit ports shows an asymmetry
(Figure 4.4). Even worse, the front part of the nozzle is very coarsely meshed, and quite
unsuitable to capture the strong gradients that occur in this location. Another problem that

occurs with the same mesh is the extremely poor aspect ratio at the lower boundary of the
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domain and narrow faces. This was the suspected cause for transient instability problems with
the exit boundary condition (Pressure=0) and possible false oscillation in the time-dependent

cases.

U-velocity, patch 5 1.0m/s U-velocity, patch 4 1.0 m/s

z,em -
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Figure 4.4: Left port and right port are shown to be not symmetrical across the middle plane

In order to correct the asymmetry, the best one-quarter domain of the Gambit mesh was cut
and then mirrored in the x direction in order to achieve a half mesh or in both directions (x
and y) so as to extract a full one. The corrected mesh with non-orthogonality contour is
depicted in Figure 4.5. The above used the same water model dimensions geometry as given
in detail in table 4.1.
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Figure 4.5: Corrected mesh with non-orthogonality contour

The pipe inlet velocity is set to a fixed value to reproduce the experiments (0.5m/s, 0.8m/s, or
1.018m/s) and thus the flow rate remains constant during a simulation as determined by
empirical data from Arcelor. Since the water circulates in a closed loop between outlet and
inlet using a pump, it is expected that some fluctuations are introduces in the system. These

fluctuations were not measured in the experiments and so they were not modelled.

The reference pressure value is set to zero at the outlet of the domain. The narrow and wide
faces are assumed to be plane walls. The inlet values for turbulence model. k and ¢ are
calculated as in the equation (4.2). A summary of the boundary conditions and material
properties is shown in table 4.2:
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Multiphase Model
Water p = 1000Kg/m® oil p = 860Kg/m’
v=1.0E-6 m?/s v=2.282E-5
m?/s
Interfacial 0.035N/m Air p=1.2Kg/m>
SRS v=1.48E-5m%s
Tension
False Timestep Parameters
Pressure No Momentum | 0.1s
Turbulence No Dissipation & | No
Kinetic
Boundary Conditions
Pressure Outlet | OPa Inlet 0.5m/s,0.8m/s,
Velocity 1.018m/s
Inlet turbulent 0.01v2,, Thickness Of | 2cm
kinetic energy e Oil
Inlet 2415 Outlet 1E-4m°/s°
Dissipation of k | 5 Kinetic
SEN
energy
Outlet 1E-4m°/s*®
Dissipation

Table 4.2: Physica properties for the case with water and 2cm Qil.

4.2.2 Turbulence model modification

The turbulence model has an important role to play in these simulations, since it is directly
associated with the dynamic behaviour of steel meniscus. Previous work at the University of
Greenwich [5, 47, 52] have successfully adapted standard k-¢ models in a transient
simulation. The k- model has proved to be the most popular, mainly because it does not
require a near-wall correction term [108]. However, if the time step in a CFD simulation is
not in the important range of flow induces-eddies, this will lead to an overestimation of the
turbulence energy and consequently the excessive diffusion. This will suppress the energy
leading to the elimination of the surface oscillations causing artificial damping. In an attempt
to resolve the above problem, a k-g ‘filter’ in the Kolmogotov-Prandtl equation was
introduced taken from the work of Johansen [10] to reduce the effective viscosity. The filter

size is described by the following equation:
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. A-¢g
f =Min(l, y) (4.3)

where A is the filter size. This depends on the characteristic length D which in our case is
related to the SEN port diameter. A suggested size for axisymmetric jet is usually taken as
0.075D. This was determined by Johansen [10] during a comparison of the flow (vortex

street) behind a square obstacle with experimental measurements.

A brief investigation of the k-¢ turbulence filter size (using the case with 2cm oil thickness
without gas and an inlet velocity of 1.018m/s) shows that the filter function affects the flow,
as observed by the two recirculation loops and the periodical oscillation. Figure 4.6 shows the
velocity magnitude in the case where filtered turbulence models are used (left). Close
observation of this figure highlights the spread of the jet coming out of the nozzle port. The
filter removes turbulent energy from the diffusion term of the momentum equation: the mean
value of the velocity is then reduced as a consequence, but the jet fluctuation increase. In the
case of the standard k-¢ model (Figure 4.6 - right), the mean velocity magnitude is increased,
leading to a stronger top recirculation loop and the oil/water interface becomes more
distorted. In contrast, the filter leads to a weaker top loop but to higher oscillation amplitudes
that do not decay in time (Figure 4.7).

Hybrid-With Filter i) i Hybrid-No Filter
1.018mis 2¢cm Qil No Gas Time=50.0s Ol KRR 1.018mis 2cm Qil No Gas Time=50.0s

EE EEm

Figre 4.6: Velocity magnitude contours and velocity vectrs (a) with filter (left) and (b) without filter (right).
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W1: Hybrid scheme with Filter [51] w1 Hybrid scheme No Fiter 0]
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Figure 4.7: Monitor distribution of horizontal velocity at Points 1,4 and 5 (simulation with inlet
velocity 1.018m/s). The oscillations persist at relatively constant amplitude throughout the simulation
when the filter is used.

Using the initial flawed mesh (Chapter 4.2.1), the sensitivity of the filter was examined by
comparing three different filter sizes: 0.05D, 0.075D, 0.15D against LDA measurements,
assuming that the characteristic length D is 0.036m, that is the internal nozzle port diameter.
Figure 4.8 is the comparison of mean values and fluctuations of horizontal velocity between
the three filters and the experiment, exhibits that the application of the k- filter led to a big
disagreement between computation and experiment results due to the filter. The largest
discrepancy is between standard deviation (a measure of turbulent fluctuations) at points 6

and 7, which are closest to the jet.

Influence of k-£ filter Influence of k- filter
07 03

0.25
" jj
0 e

0.2

| = Ik
e[| §

Mean values m/s
=
o
Standard Deviation m/s

Pointl | Point2 = Point3 | Pointd | Poimt5 | Pointé | Point? Pointl | Point2 | Point3 | Point4 | Point5 | Point6 | Point7
HLDA 0.159 0.014 0.085 -0.085 0.127 0.120 0.638 BLDA 0.065 0.016 0.070 0.051 0.05 0.167 0.253
005D | 0076 0.027 0.244 -0.050 0073 0.009 0.578 B0050 | 0.029 0.015 0.055 0.028 (.025 0.045 0.046
00750 0066 0.025 0.266 0.043 0.067 0.014 0.582 0.075D 0.029 0.015 0.058 0.025 0023 0.054 0.056
B0.15D0 | -0.064 0.017 0.245 -0.039 0.061 0.010 0.594 H0.150 | 0035 0.015 0.056 0.035 0.031 0.066 0.076

Figure 4.8: Comparing mean values and Standard Deviation of horizontal velocity for the seven
measurements points between various k-¢ filter lengths using original flawed mesh.

The filtered turbulence model increases the mean value of horizontal velocity for the points
near the oil layer (points 1, 4 and 5). This probably happens because the filter reduces the

effective viscosity that has already been accounted for in the NS equations, hence jet
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momentum (plus oscillation amplitude) increases. The opposite observation holds true for
standard deviation. In addition, the length of the filter for the range used is not a significant

factor in the influence of the mean values and standard deviation of horizontal velocity.

Figure 4.9 (right part) shows that the standard deviation decreases when we turn on the k-¢
filter. However, the standard deviation measured by LDA is higher, except for points which
are far from the oil layer (point 2 and 3), which means that turbulence levels are
underestimated by the model. For standard deviation it is assumed that the low frequency

velocity and turbulence are independent, and have isotropic turbulence, where:

_ 3 1(+\2 .. . . 2
k= EU (t)° and standard deviation is given by o, =, [varu(t) +§k 4.4

where k is determined by averaging over the calculation duration and u(t) is the instantaneous
velocity calculated by PHYSICA and var denotes variance.

Comparison Filtered and Standard K-¢ model Compariosn Filtered and Standrad k- model
0.7 03
o6 \E 0.25
E 0.5 c
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3 03 = H
S o g B
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I — . ;] o
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i T
0.2 [— =51
Point1 | Point2 | Point3 | Pointd | Point5 | Point6 | Point7 Pointl Point2 | Point3 | Point4  PointS | Point& | Point7
BLDA-M.V| -0.159 | 0.014 | 0085 | -0.085 | -0.127 @ 0120 | 0638 WLDA-StaDev| 0.065 | 0.016 | 0.070  0.051 1 0167 | 0.253
B NoFilter 0,152 | 0023 | 0198  -0.078 | -0.100 | -0.073 @ 0.595 B NoFilter 0.046 = 0016 | 0067 0039 0038 0069 | 0119
M Filter 0074 | 0023 | 0286 @ -0.039 | -0.074 | -0.005 | 0.590 H Filter 0.028 @ 0011 | 0.038 0028 0024 0051 | 0.063

Figure 4.9: Comparing mean values and Standard Deviation between the case with k-¢ filter and
without.

Despite the improved agreement obtained with the utilization of the standard k-¢ turbulence
model, there is still disagreement between LDA and CFD attributed to the flawed mesh. This
was confirmed by comparing between the original mesh (see Chapter 4.2.1) with a new
improved mesh. It is clear that generally more accurate results were successfully obtained
with the optimized mesh. Figure 4.10 depicts the mean values for the original and improved

mesh without the activation of the k-¢ filter, using Hybrid scheme.
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Comparison original Vs Improved mesh - No Filter
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Mean Values m/s

Pointl | Point2 | Point3 | Point4 | Point5 | Point6 | Point7

H LDA-M.V | -0.159 0.014 0.085 -0.085 | -0.127 0.120 0.6338
i Original -0.134 0.031 0.238 -0.057 | -0.085 | -0.044 0.628
H Improved | -0.152 0.023 0.198 -0.078 | -0.100 | -0.073 0.595

Figure 4.10: Comparing mean values obtained with the original mesh and the improved mesh using
the Hybrid scheme without a k-¢ filter.

In conclusion, modification of the k-¢ turbulence model results in a better amplitude
prediction of the horizontal velocity distribution in the oil/water interface but it also affects
the mean value and the standard deviation. On the other hand the standard turbulence model
gives a good quantitative agreement for both velocity mean value and its standard deviation,
but visual observation and horizontal velocity distribution plots show the almost complete

suppression of the oil surface oscillation.
Two approaches were analysed in order to solve the difficulties that have been raised above:

1. Vertical velocity fluctuation damping was introduced at the interface between water and
oil when the simulation was performed utilizing the default Hybrid scheme. This is done
by suppressing the turbulence in the oil layer so as to remove the high gradient of density

(buoyancy stratification of turbulence).

2. The effect of higher-order differencing schemes (in combination with the standard k-¢
model) was studied since numerical diffusion error was suspected, affecting the jet
coming out of the nozzle port at close to 45 degrees to the mesh direction. This numerical
scheme was used to solve u(x) and w(x) momentum components and turbulence model,

with a smaller false timestep (107%s) than that use in simulation with Hybrid (0.15).

Validation between the two solution approaches and LDA results is dealt with in Chapter 5.
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4.2.2.1 First order Hybrid scheme

The choice of numerical scheme was found to influence the

w

results of the simulations. For this reason the two alternative

schemes used are discussed here. - | "

(&x) (8x)

Figure 4.11: Control

The Hybrid scheme, developed by Spalding [110], is a combination of the central
Differencing scheme and the Upwind Scheme which was first recommended by Courant,
Isaacson and Rees [111]. The integration of the one dimensional steady-state equation with a

convection and diffusion term becomes

(pug), —(pug), =(T (@ ¢ )/ %)~ (T(ds —dhy )/ OX,) (4.5)

where (,ou¢)e is the property leaving the east face and (pu¢), is the property entering the

west face as depicted in Figure 4.11.

A simple average for properties ¢ - properties is used for Central Differencing scheme,

b= (g +42)
(4.6)

¢W :%(¢P +¢N)

Equation 4.6 can be arranged in terms of the cell-centred valuesa, g, = Acd. + A, 4, , if we

use the convection and diffusion fluxes
F=pu D=— 4.7)

where the influence coefficients are then defined as
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F
a; =D, -~
4, =D, + (48)
a, =D, +i+ DW—%

:aE+aW +(Fe_Fw)

The Central Scheme produces unrealistic results since with the change in flow direction,
some of the coefficients may become negative. This can lead to the solution of the discredited

equation becoming unbounded [112].

The Upwind scheme uses the value of ¢ of the node upwind of the face, for the value at the

face. The coefficients are then always positive and as a result lead to a bounded solution,
given by,

a; =D, + max(F,,0)
a, =D, +max(F,,0)
a, =D, + max(F,,0)+D,, + max(-F,,,0)
=a. +ay +(F.-F,)

(4.9)

The disadvantage of the upwind scheme is that artificial diffusion is introduced into the

solution leading to numerical smearing [97].

The Hybrid scheme uses a formula based on the local Peclet number to evaluate the flux

through each control volume face, where the Peclet number is defined by Pe:%: 1_'7; .
X

This scheme is reduced to the Central Differencing scheme for Peclet numbers in the

range —2 < Pe < 2. Outside this range, the Upwind Scheme is used, in which the diffusion is

set to zero. Then the influence coefficients are given by

ag :max(—Fe,De—%,O)—> for-2<Pe<2

ay = DW+max(FW,DW+%,0)—> forPe > 2 (4.10)
a, =a. +a, +(F,—F,) > forPe<-2
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4.2.2.2 Second order SMART scheme

The SMART scheme [11] is used to solve u and w momentum components and the
turbulence model equations so as to minimise the error due numerical diffusion. In order to
satisfy relaxation and convergence criteria (stabilised the solution, reduce the scaled residuals
for all variables below a specified tolerance) a smaller false timestep of 10 is used in the
momentum and k-g equations in comparison to the false timestep used in the simulation with
Hybrid. The tighter relaxation values mean more iteration in the solution and so lead to
excessive computational time. The SMART scheme is formulated to satisfy the convective
boundedness criterion [98], which states that in the absence of sources, the internal nodal
values of the property ¢ should be bounded by its boundary values. Additionally, all
coefficients of the discredited equations should have the same sign [113]. The SMART
scheme uses a third element to estimate the value of the dependent variable ¢, on a face. The

face value of ¢ is calculated using the equation

f,=f.+05Y()F.-f,) (4.11)
where
b — &
r=:>2_"°¢ 4,12
b i (4.12)

Where subscripts C, D and U represent the elements on the upwind, downwind and "upwind
upwind" side of the face. The “upwind upwind” element is chosen based on the geometry of

the mesh rather than on the flow pattern.

For the SMART scheme

W(r) = max[0.0, min (2r,0.75r +0.25,4)] (4.13)

This class of schemes leads to a source contribution for both elements associated with the

face equal to:

—f,05¥(r)(4. —4,) (4.14)
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4.2.3 Free Surface simulation

A 3-D model was developed to describe turbulent fluid flow coupled with the time dependent
motion of liquid slag. Initial calculations were performed using either the Volume of Fluid
method (Donor Acceptor) or the improved Counter Diffusion Method (CDM) interface
tracking scheme. Preliminary tests of CDM were encouraging, but longer simulations of the
water model showed a gradual depletion of the oil layer (Figure 4.12) since minute quantities
of oil “leak” numerically towards the outlet. To combat this, we implemented a revised
corrective mechanism in order to restore the upper fluid by a simple mass source. The new
CDM used the normal vectors to the interface to apply a counter-diffusion correction. This is
an addition to the previous correction of a fictional velocity term in the gravity vector
direction, with which any droplets would move down towards the interface and any bubbles
would rise up towards the interface. The afore-mentioned improvements ensure a sharper

interface when there is strong flow along interface.

z z

—d .

Figure 4.12: Free surface with CDM (left) and Donor Acceptor (right) using 0.01s time-step

The thickness of the oil is important in the deformation of the interface. The oil layer is
pushed upwards by the top loop of the SEN jet. In our case of a 2cm oil thickness, the upper
loop exposes the water free surface to air as shown in Figure 4.13. Transient fluctuation
causes time-variations in the interface level that may lead to surface defects in a real caster,
such as entrapped mould powder or oxidation of the exposed surface.
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Figure 4.13: Oil/water inter-surface and contour of the surface tracking variable ¢ fs-phi’ at the
symmetry place, y=0 showing velocity vectors using the SMART scheme.

4.2.4 Particle tracking simulation

One of the main aims of this research is to determine the influence of gas bubbles, which
disturb the interface as they flow through the oil layer to the surface. Bubble behaviour in
multi-phase flow is of paramount importance in many engineering applications. Two
approaches were used in previous investigations to model the bubbles’ behaviour: The
Eulerian [114, 115] and Lagrangian [55, 26, 116] approaches. The Eulerian approach uses a
fixed frame of reference and a continuum formulation of the conservation equation for both
phases. The interaction between phases is then handled through interface sources in the
transport equations. In the Lagrangian approach, the equations of motion and transport of
representative samples of discrete particles are solved explicitly and the particles are tracked
through the flow field. To couple the discrete particle phase with the liquid phase, sources

again are exchanged to represent momentum, mass, energy and turbulent interactions.

Care needs to be taken when specifying the inlet boundary conditions for the SEN, when gas
bubbles are introduced. When a fixed velocity is specified at the inlet, most of the bubbles,
which are injected in a plane just downstream, tend to move upwards to the pipe inlet due to
the buoyancy. Observations of the critical area near the SEN outlet revealed that the inlet
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momentum for water eventually changes that for gas, leading to gradually weakening jets.
The problem was solved using a mass flow rate condition at the inlet. Sources can then be

linearised for stability using a convectional Coefficient-Value format as follows:

S=C,(V, -®) (4.15)

The source for this boundary type is then equal to:

Co = Am (4.16)
V, =u (4.17)

where m is the mass flow rate, A is the inlet face area and u is the face velocity.

It was observed that under the same conditions of Figure 4.13 the oil layer now spreads out to
cover the water surface under the action of the gas bubbles (Figure 4.13). To allow the
bubbles to escape into the atmosphere, the oil top boundary condition is modified from a
default option (which employs symmetry) to an open boundary which in turn, becomes an

inlet/outlet for oil, as well as for the bubbles.

The results presented in this section are produced for a 2NI/min gas flow rate (5.95e-5Kg/s)
and a water flow rate of 1018Kg/m?s (1.0946Kg/s). Initial calculations were performed using
one thousand representative particles, separated into nine size groups with diameters ranging
from 1mm to 5mm. The bubbles are injected in the SEN downpipe at a random position in
the radial direction, a uniform distribution in the azimuthal direction and a random position
along the z-axis within specifies volume. Using the above assumptions we obtained reliable

well converged results.

At noted above the oil is spread along the interface and in contrast to the case without
bubbles there is some mixing between oil and water (shown as a smearing of the interface
where the gas passes through the oil layer). Using a range of bubble diameters shows that
large bubbles leave the SEN jet early and rise to the surface while the small bubbles are more
likely to reach the narrow end of the mould, as shown by a typical track in Figure 4.14. The
same figure also shows an iso-surface of gas volume fraction, which is used to compute the

local mixture density. The dense plume of large bubbles is clearly shown flowing towards the
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surface near the SEN, whilst a secondary plume containing the smaller bubbles reaches the

narrow end whence is flows towards the surface.
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Figure 4.14: Flow pattern in the middle blane of the mould with the interface fs-phi iso-surface, iso-
surface of gas volume fraction and typical particle tracks. Large bubble tracks are in black and small
bubbles are in blue colour.

The presence of large quantities of gas affects the flow field due to buoyancy, especially near
the nozzle (Figure 4.15). This figure also illustrates the velocity vectors coloured with the
velocity magnitude, that demonstrate a wider jet exit and an upturned flow near the nozzle
due to the presence of gas. In addition the buoyancy forces of the bubbles cause a weakening
of the flow in the corner between the top and the narrow wall of the mould. In the case with
gas, the stronger flow near the nozzle is observed to affect the oil/water interface
deformation. The buoyancy, induced by the change in mixture density, alters the top
recirculation which breaks into two counter-rotating vortices as depicted in Figure 4.14. This
appears as a bulging of the interface where the gas exits, and may also explains the effect of
gas on the measured frequency spectrum that will be introduces in a later chapter. The actual
size distribution and mass injected per diameter will affect the results of the simulation, since

bubbles affect both the flow field and the frequency spectrum.
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Without gas e With gas 2l/min

e
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Figure 4.15: Influence of gas in the flow pattern in the case with inlet velocity 1.018m/s and a 2cm Oil
layer.

4.3 Industrial configuration

Finally, the thesis concerns the development of a model representing an industrial
configuration for which a limited experimental data exist for validation. For this
configuration it is necessary to implement in addition to fluid flow heat transfer and
solidification coupled with the transient behaviour of slag and particle tracking. This case
includes a free surface model to allow the steel flux interface to move and the Lagrangian
model to capture the influence of argon gas buoyancy. The physical behaviour of the slag
layer is important as, its deformation and thickness variation due to the flow of metal, leads to
uneven heat transfer across the slag layer. No article investigating this behaviour has been
found in the literature review for this thesis.

4.3.1 Mesh and boundary conditions

The mesh was constructed using MB3 [117] which is an extended mesh generation module
inbuilt in PHYSICA, with geometric details as shown in Table 4.3 and provided by AMR.
The grid was first generated in one-quarter of the mould and was then copied to ensure and

avoid the undesired asymmetric flow conditions encountered initially.
The CFD calculation model includes the following characteristics:

1. Transient turbulent fluid flow (Standard k-& model) and heat transfer in the mould.
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2. Full time-dependent simulation tracking the steel/slag interface in real time, under the

influence of bubble buoyancy forces.

3. Solidification model for the formation of the solid shell growth using heat transfer

boundary conditions that are a function of the vertical position along the mould.

4. Lagrangian tracking of argon particles which are injected with the molten steel in the

top of the nozzle and their influence on the flow pattern.

5. Solidified regions are allowed to move relative to the mould at the prescribed casting

speed.

INDUSTRIAL CONFIGURATION

Mould width 1900 mm
Mould thickness 229 mm
Heigth 1600 mm

Nozzle design Flat type bottom nozzle

Immersion depth (distance between
mould surface and top of the nozzle|120mm,160mm,200mm

port)

Nozzle port diameter Stepwise (Oval section )
External diameter of the SEN 194x122 mm

Internal diameter of the SEN 135x67 mm

Heigth of the SEN bottom 30 mm

Nozzle port angle 0°

Table 4.3: Industrial model configuration geometry and dimensions

It is important to mention that the initial calculations were performed assuming that the
density and thermal conductivity of solid flux are equal to its liquid phase so as to simplify
the model. The model was first applied to study the effect of gas flowrate and casting speed
on mean flow behaviour. The influence of these two parameters is already seen in real
industrial caster measurements. A steady-state calculation was performed for this task

assuming a flat steel/slag interface either with gas or without. The calculation includes heat
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transfer analysis and solidification in the mould, using temperature dependent properties for

steel.

The aforementioned phenomena are then coupled with the heat transfer conduction of
powder, taking into account its solid and liquid states. For an accurate prediction of the solid-
liquid transformation of phases a suitably fine mesh is required. Therefore, the mesh is
refined in the critical top region and near the narrow faces where rapid changes of heat flux
and thermal profiles are expected. The mesh density was increased from 69738 to 133610

elements, as depicted at Figure 4.16.

Figure 4.16: Two different meshes used for the investigation of the influence of gas (Left) and finer
enough mesh to capture the phase transformation of the slag layer (Right).

The casting mould and SEN, including 700mm of slab length below the mould exit with the
boundary conditions employed in the simulation are represented in Figure 4.16. Furthermore,
the oval section of the nozzle port is simplified with a stepwise mesh and a rectangular

approximation for the nozzle (Figure 4.17).
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7 HeatTransferCoefficient = —841Wni "k~ (z > —1.6m)

Figure 4.17: Dimensions and boundary conditions plus nozzle design.

The inlet velocity at the top of the port is calculated by the mass balance equation, and the
inlet turbulent quantities of k and € are dependent on the inlet diameter. These parameters are
calculated by empirical expressions as in equation 4.2. The steel enters the domain through
the inlet at a fixed temperature of 1600°C. The ambient temperature is 22°C. The solidified
steel moves vertically in the casting direction and mould oscillation for this model is ignored.
The boundary conditions for heat transfer are taken from previous investigations by the
University of Greenwich [5, 52]. The heat flux in the mould is dependent on the z axis with a
heat transfer coefficient of 980 Wm > K™' between the mould exit and the 1.16m slab
region. A heat transfer coefficient of —841 Wm 2 K" is applied to simulate the second spray

region.

The predicted results are compared to previous computations and plant measurements as well
as industrial data provided by Arcelor. Validation with a detailed description of the results is
presented in Chapter 6.
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Chapter V

5 Data Analysis and Validation using the Water
Model Configuration

Water model experimental techniques, such as PIV and LDA, have been applied by many
scientists [118, 119, 120], in order to establish the flow pattern and enhance the
understanding of the phenomena present inside the CC process. Experimental measurements
using the LDA technique were conducted by ArcelorMittal Research in Metz, with the
purpose of measuring the horizontal velocity and to visualise oil plus gas behaviour in the CC
mould. The data so obtained enhances both quantitative and qualitative understanding of the
meniscus behaviour, and related phenomena. The measurements and visualization are then
used to validate the CFD model described in Chapter 3.

The main purpose of this chapter is to comprehend the dynamic oscillation of the steel/slag
interface in terms of the physical parameters of the CC process, by analysing the
experimental data and correlating the information against the flow field determined by the
simulation. To achieve this, it is important to examine the transient behaviour of the flow and
several parameters which affect it. Seven measurements points track the transient behaviour
of the free surface and these will be used for the validation.

Calculations were carried out for various SEN casting velocities and gas flow rate with a 2cm

oil top layer and without. The nine cases studied are presented in table 5.1.

Velocity With 2cm With air 2cm oil —Gas
oil/without gas /without gas 2NI/min
0.5m/s 1A 1B 1C
0.8m/s 2A 2B 2C
1.018m/s 3A 3B 3C

Table 5.1: Experimental and numerical cases studied.
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A qualitative evaluation of the results against the water model visualizations is used to
explain the main flow patterns observed and to validate the predicted deformation of the
meniscus. A quantitative comparison against the LDA velocity measurements is provided at
the seven measurement positions based on mean values and standard deviations of horizontal
velocity. The nature of the observed wave action is analyzed by its spectral pattern. The
dominant measured frequencies are correlated against the turnover time of the top and bottom
recirculation regions in the caster for various SEN casting velocities and gas flow rates.

5.1 Qualitative results

Due to the overestimation of turbulence energy, as discussed in section 4.2.2, the initial use
of a first order Hybrid differencing scheme (with the standard k-¢ turbulence model) was not
very successful in reproducing the experimental results. Drastically improved correlation is
obtained with the higher-order scheme SMART (bounded QUICK variant) or by using the
Hybrid scheme but with turbulence suppressed in the oil layer. The use of the second order
scheme reduces false diffusions and generally leads to more accurate predictions for
validation of the LDA data for the mean value and standard deviation of horizontal velocity.

The turbulent viscosity and predicted oscillation of the horizontal velocity for both schemes
are illustrated in Figures 5.1 and 5.2. They indicate that the two solutions, discussed in the
previous chapter, are capable of resolving the oscillation of the oil/water interface.
Nevertheless, the monitor history of the horizontal velocity distribution at the point near the
oil (point 4, Figure 5.2) reveals that the SMART scheme produces a better match with the
water experiments. Unfortunately, a visual observation demonstrates that the simulation
performed with the first-order scheme leads to oil layer suppression approximately after 50s

simulation time.

Figure 5.1 shows that the features of the flow fields predicted by the two schemes are
essential the same, with the highest turbulence being in the centre of the upper loop, and a
second maximum close to the impingement region on the narrow faces. However, there is a
significant difference in the size of the high turbulence region, which is more extensive in the

SMART simulation. The shape of the interface remains similar between the two cases.
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As we shall see in the next section the evolution of the gas field and its influence on the

oil/water interface are more accurately represented by the SMART scheme.
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Figure 5.1: Comparison of turbulent viscosity between Hybrid (turbulence model is eliminated in the

oil layer) and SMART schemes, shown together with velocity vectors and the iso-surface of the
interface.
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Figure 5.2: Monitor point history comparison between the SMART scheme, Hybrid scheme
turbulence model eliminated in oil layer) and experimental point 4.

5.1.1 Oil behaviour

Water/air and water/oil interfaces are tracked through time in the numerical simulation and
LDA experiments so as to examine the influence of the slag layer. Numerical and
experimental results show an almost flat water/air interface (Figure 5.3) but a disturbed

water/oil interface (Figure 5.4), its deformation increasing with water flow rate. This
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characteristic is pointed visually by observing the experimental interface profile and plots of
the free surface contour of the numerical results. The first comparison between CFD and
experiments is carries out making use of a 2cm-thick oil layer without gas and for an inlet
velocity of 1.018m/s. Based on these results, there is evidence that the oil/water interface is

pushed upwards near the narrow faces of the mould due to the momentum carried by the top

recirculation loop as depicted in Figure 5.3.

Smart-1.018m/s 2cm Oi

SMART-1.018m/s No OilN

Figure 5.4: Qualitative comparisons between experimental and numerical results without oil and an inlet
velocity of 1.018m/s

In continuous casting, a low value of steel flow rate is the main factor for clogging
phenomena [67]. On the other hand, high flow rates force the oil layer away from the narrow
faces due to the strongest flow presented in the top loop of the SEN jet. This may also expose
the steel free surface to the air causing oxidation of the steel and loss of heat in the steel.
Moreover, the higher shear close to the interface is linked to the entrapment of the mould

powder.
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These observations are tested in the water model experiments and the CFD simulations. The
immersion depth, that is the distance between the water level and the highest point of the
nozzle ports, is kept stable at 68mm in these simulations and there is a top oil layer
representing slag which is 2cm thick. Figure 5.5(water model) and Figure 5.6 (simulations)
show the level of qualitative agreement obtained with the SMART scheme for three water
flow rates. Figure 5.5c and Figure 5.6¢ show that the increase in the water flow rate causes

bigger deformation in the oil layer and, leads to uncovered edges of the caster, as expected.

Figure 5.5: Free surface profile for different water flow rate in experiments. a) 0.5m/s b) 0.8m/s c¢)
1.018m/s. The interface has been highlighted in the pictures for ease of identification.

Figure 5.6: Free surface profile for different water flow rate in CFD simulations with velocity vectors
shown in the middle plane. a) 0.5m/s b) 0.8m/s c) 1.018m/s

5.1.2 Gas behaviour

It has been observed through LDA experiments that the injection of gas at a rate of 2NI/min
has an important influence on the flowfield in general, but also on oil/water interface
behaviour. The main observation in the water model measurements is that the presence of air
near the nozzle creates an upturned water flow which forced the oil layer to spread out over
the whole surface preventing the exposure of the water as depicted in Figure 5.7. At the same
time, there is a significant mixing of air, water and oil in the region surrounding the SEN

tube.
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Without gas With gas

Figure 5.7: Influence of gas flow rate in the LDA experiment: (a) No gas, (b) 2NI/min - Inlet
velocity 1.018m/s.

The influence of the gas on the wave action is depicted in Figure 5.8 by the combination of
instantaneous water-oil interface, contours of argon volume fraction and velocity vectors.
However, the main difference is that the gas, in the experiments, is concentrated very close to
the nozzle, whilst in the simulations, the gas appears to travel further along the jet before it
turns to the surface due to buoyancy. In addition, it is difficult to see the small bubbles in the
experiment but the large bubbles are clearly seen in Figure 5.7, behaving in a similar fashion.
In both cases, the free surface shape is affected by bubbles coming out of the mould, which
locally drag up the free surface. It is observed that the jet is strongly affected due the forces
exerted by the bubbles, creating an upward movement of water flow near the nozzle while the
classical double roll structure still persists. In addition, it can be declared that particle
trajectories and removal rate depend on particle size as already reported in previous studies
[23, 26, 121]. In Figure 5.8 the largest bubbles are represented by black traces illustrating that
they are readily escaping through the top surface and in their passage affect the slag layer. In
contrast the smallest ones, represented by red, are transported deeply into the slab, following
the downward circulation of steel flow below each jet. Additionally, these small bubbles flow

very close to the wall and may become entrapped in the solidifying strand in a real caster.
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Figure 5.8: Influence 6f gas flow rate - 2NI/min - 2cm Oil - Inlet velocity 1.018m/s

In the simulation, 5000 representative “particles” are tracked, with the total gas volume of
2l/min divided into nine distinct size groups, ranging in diameter from 0.1mm to 6.8mm.
Typical bubble trajectories of six different sizes are presented in Figure 5.9, where the colour
of each track corresponds to the diameter size of bubbles. Computed particle trajectories with
a diameter greater than 1mm move upwards to the top surface from where they escape. A
closer view of the port exits shows that the position within the port also depends on the
particle size, with large bubbles exiting at the top of the ports, and moving close to the SEN
walls. As mentioned before, the large particles deform the oil layer at the top, near the SEN.
Particles of 0.1mm (blue colour) exit the lower edge of the nozzle port and tend to follow the
liquid flow. As a result their movement is linked either to the upper roll or the lower roll. The
influence of gas is further examined numerically by analysing the meniscus velocity
fluctuation. Numerical confirmation of the qualitative predictions is presented in the next
section, including details of the spectral analysis carried out and of several parameters which

affect the stabilization of the steel flow pattern.
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Figure 5.9: Particles tracks of six different diameter sizes

5.2 Quantitative results

The distribution of the horizontal velocity in time was monitored at 7 points along the middle
plane (y=0) of the mould acquired by LDA in a period of 10 minutes. Points 1, 4 and 5 are
close to the oil layer and are affected by the top recirculation loop as depicted in Figure 5.10.

Z
X

B Point5:(136.3,0 -36) mm

B Pointd: (909,0,46.6)mm W Point 1:(181.5,0,45) mm

S -
W Point6: (90,0, -1109)mm Water
Q B Point7: (90, 0,.-136)mm

B Point3: (272.6,0 -246) mm

M Point2: (1363,0 -286) mm

Figure 5.10: Experimental measurements arrangement for LDA and computation results.
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Consequently these points give information about the strength of the top recirculation loop
and the influence of the oil layer on the meniscus velocity. Points 2 and 3 are in the lower
part of the mould and are influenced by the bottom recirculation loop. Points 6 and 7 are at
the exit port where high velocities are obtained and their values are affected by the strength
and the oscillation of the SEN jet. Special attention is given to the horizontal velocities close
to the meniscus (points 1, 4 and 5) since they provide knowledge of the possible entrainment
of slag. Furthermore, they characterise the hydrodynamic aspects of the water/oil interface

behaviour and in particular the effect of injected gas bubbles.

Simulations of the order of 400s are necessary, in order to capture the longest period of the
lower loop oscillation. Consequently, 40000 samples are recorded with time step of 0.01s,
which proves costly in total calculation time. It takes approximately 2 months for the
SMART scheme and 27 days for the Hybrid scheme for each case studied. The simulations
ran in serial mode in a cluster machine with sixteen cores in each node and 32 GB memory. It
is important to note that in the following results those obtained with the Hybrid scheme entail
the elimination of turbulence within the oil layer. Simulation results with the second order
SMART scheme were performed without any modification in the turbulence model and all
the results were obtained with the improved mesh shown in chapter 4.2.1. Since the SMART
scheme proved more accurate, its output horizontal velocity distribution is was for spectral

analysis.

Numerical comparisons concern the mean value and standard deviation of the horizontal
velocity component and with these we try to explain the dynamic behaviour of oil by

examining its frequency of oscillation.

5.2.1 Spectrum analysis

A Fourier analysis of the signal explains the nature of the observed wave action. For the
spectral analysis the DADisp [122] software was used. A Fourier analysis was carried out on
both the experimental and numerical signals obtained at the 7 measuring points shown in
Figure 5.10. Before the raw signal (Figure 5.11) can be used, it has to be processed as

follows:

1. The data are filtered with a base of 1s.
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2. Averaging around each point of the filtered signal of experiments takes place in order

to obtain a smoother signal and remove high frequency noise.

3. The mean value and any linear trend are removed and only the last available 2n data

samples are kept;
4. Multiplication with a smooth curve, called a Hamming window is used.
5. A fast Fourier Transform is performed.
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Figure 5.11: Raw signal of LDA for point 4- 2cm oil no gas and inlet velocity set at 1.018m/s.

The data set is first filtered on a base of 1s using FORTRAN code. Then the moving average
function of the DADISP software is used on the filtered signal of the experiments in order to
smooth out thigh frequency noise. This function takes as input a series S and a specified
number of points n to average. The output signal is attained by averaging around each point
using the average of n points. A general example with 3 points is given below.

Input Series: S={S[1],S[2],...,S[n]}
Points: 3 (Number of points to average as the series is processed).
Return series: { (S[1])/1, (S[1]+S[2])/2, (S[1]+S[2]+S[3])/3, (S[2]+S[3]+S[4])/3, ...,
(S[n-2]+S[n-1]+S[n])/3, (S[N-1]1+S[n])/2, (S[n])/1 }

A spectral analysis is then performed so as to get a normalized magnitude plot, applying
Hamming window. The mean value of the data is removed and only the last available 2n data
samples are kept. The same process is followed in the filtered signal of the numerical result.

Using the above process we predict the characteristic oscillations observed throughout the
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experiment. The oscillations are composed of several periodic components such as upper and

lower recirculation loop, oil/ water interface and nozzle jet flapping.

Figure 5.12 shows a comparison between the experiments and the numerical simulation for
case 2B of table 5.1, with inlet velocity of 0.8m/s for point 4. The red traces are for LDA
using the already filtered original signal. The blue traces are numerical results with a
simulation time of 400s and a time-step of 0.01s using the SMART scheme. The upper line
shows the filtered data with a base of 1s, the middle line is the smoother signal applying
average function for each case and the lower line is the power density spectrum with two
main peaks. Furthermore the spectrum result in the lower line can be multiplied by itself in

order to remove weak peaks and depict only the major peaks.

Both results highlighted two low main frequencies, one peak at ~0.025Hz (period of 40s) and
another at ~0.037 (period Of 27s). The LDA peaks are higher than the numerical spectrum
results (note that the amplitudes scale is different). Considering that point 4 is in the upper
loop area and close to the free surface, it can be assumed with some certainty that the one
frequency represents the oscillation of the upper loop and the other frequency represents the

jet oscillation. This will be clarified later on.
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Figure 5.12: Comparisons of filtered signal and spectrum between LDA (red) and CFD (blue). The
spectrum is for point4 for case 2B of table 5.1 and inlet velocity set at 0.8m/s.
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5.2.2 Comparing numerical results against LDA experiments

Comparisons refer to the mean value and standard deviation of the velocity; they are used to explain
the dynamic behaviour of oil by linking the frequency of oscillation to the predicted flow pattern.
Typical comparisons between LDA measurements and both numerical schemes are illustrated in
Figures 5.13-5.15. As a reminder, the numerical results are accomplished with Hybrid (turbulence
model “turned off” in the oil layer) and SMART schemes using the standard k-¢ model. Note that the
initial transient, of approximately 10s, is excluded from the statistics. Figure 5.13 presents the mean
values and standard deviation of the x-component of the horizontal velocity for case 1A (0.5m/s 2cm
Oil) of Table 5.1. Figures 5.14 and 5.15 show the case with an inlet velocity of 0.8m/s, with air
(case3B of table 5.1) and oil (case 2A of table 5.1) respectively. Both measurements are characterized
by a negative horizontal velocity at the meniscus (Points 1, 4 and 5). Note that the total velocity
fluctuation of the horizontal velocity is estimated considering two contributions; one is the low
frequency variation which is resolved by the calculation and the other part is due to the turbulence
derived from the Kinetic energy of turbulence in the k-¢ model (variable k) as described in equation
4.4,

Mean Value-0.5m/s 2cm Oil No Gas LDA against CFD Standard Deviation-0.5m/s 2cm Oil No Gas against CFD
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Figure 5.13: Comparisons of Mean values and Standard Deviations between LDA and CFD for the
case with inlet velocity of 0.5m/s with 2cm Oil and without gas.

Commenting on the accuracy of the simulations, it is clear that the quadratic upwind scheme
SMART, gives a markedly better agreement to the experiments in almost all points, although
the Hybrid scheme performs reasonably well, especially for mean value calculations. The
SMART scheme provides a superior match for standard deviation, a measure of reduced

numerical diffusion.
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Figure 5.14: Comparisons of Mean values and Standard Deviations between LDA and CFD for the
case with inlet velocity of 0.8m/s with 2cm oil and without gas.

Figure 5.15, shows the case without an oil layer cover, which means interfacial waves are
absent or have a very small amplitude. Nevertheless, fluctuations persist inside the mould as
shown in the standard deviation values which are of the same order of magnitude as the case

with oil. Regarding the relative scheme performance, the same comments apply as above.
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Figure 5.15: Comparisons of Mean values and Standard Deviations between LDA and CFD for the
case with inlet velocity of 0.8m/s with 2cm air and without gas.

The largest discrepancy tends to be in positions 6 and 7, which lie in the high shear region at
the edge of the SEN jet, where small errors in positioning can have a large effect on the
measured/computed value. The main reason for the disagreement for point 6 is the oscillation
of the jet during water experiments. The positive and close to zero mean values of the
horizontal velocity in LDA, demonstrate that point 6 is located between the exit jet area and
the end of the upper recirculation loop. This can be proven by taking the distribution of the
horizontal velocity, whose samples get both positive and negative values in LDA. In contrast,
numerical results show that point 6 is closest to the end of the upper loop area where negative

horizontal velocity is expected (Figure 5.16).
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Figure 5.16: Comparison of horizontal velocity distribution between LDA and CFD at point 6.

5.2.3Influence of water flow rate

Comparing the results between the three different water flow rates is interesting as the value
of the steel flow rate is linked to the speed of production and therefore considered to be one
of the important factors that affect the quality of the steel product. It is already observed
from qualitative comparisons that the entry flow rate variations have a strong influence on the

flow pattern, hence affecting the free surface profile in the continuous casting of steel.

Comparing LDA and numerical results for the case with 2cm oil and without gas (column A
of table 5.1) one can clearly examine the influence of water flow rate. Figure 5.17 shows that
the mean value increase is proportional to the water flow rate. The opposite behaviour is
observed for point 4 with a higher velocity of 1.018m/s when we have an oil layer. The only
explanation for this change is that the oil seems to appear at this area due to its highly
dynamic behaviour which is also an evidence of the entrapment of the oil layer. However this
phenomenon was not investigated and should be considered for future study. This
discrepancy does not exist when considering the influence of water flow rate with no oil at
the top (column B of table 5.1) which suggests the presence of oil in the area of point 4 may
be the reason. In this case, the horizontal velocity for all points increases with the inlet
velocity (Figure 5.18). Furthermore the negative horizontal velocity at the meniscus implies

that the two major loops persist either with air or oil at the top. The absolute mean values of
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the meniscus velocity (point 1, 4 and 5) increase with the inlet velocity, producing a stronger
upper loop, hence lead to bigger amplitudes of oil fluctuation. The latter was presented
previously in qualitative comparisons between experiments and computational results. The
same effect is observed on the standard deviation as shown in Figure 5.19. In conclusion, it

can be stated that the quantitative results are entirely consistent with the previous qualitative

observations.
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Figure 5.17: Influence of water flow rate in mean value of horizontal velocity in case with 2cm Oil
without gas using LDA and CFD results.
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Figure 5.18: Influence of water flow rate in mean value of horizontal velocity in case with 2cm air
without gas using LDA and CFD results.
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Figure 5.19: Influence of water flow rate in standard deviation of horizontal velocity in case with 2cm
air without gas using LDA and CFD results.

5.2.4 Influence of oil (Free surface)

The influence of oil can be illustrated by comparing the case of 2cm oil but without gas
against the case of air at the top without gas. Particular attention is paid to the points near the
oil layer since they characterize the flow pattern of the upper loop and the velocity fluctuation

in the meniscus.

Figure 5.20 presents the LDA measurements, where negative horizontal velocity means that a
double flow pattern exists either with oil or air. In the case of inlet velocities set at 0.8m/s and
1.018m/s with the presence of the oil layer above the water the negative mean values of
horizontal velocity increase (absolute values decrease). This observation verifies that the oil
layer can affect flow stability. Observations for the case of inlet velocity at 0.5m/s predict
almost the same mean values and standard deviations. This verifies the qualitative
visualization in the previous chapter, where oil/water or air/water interface are almost stable
for the lower velocity. For the standard deviation it is observed that at lower velocities

standard deviation increases due to the oil but decreases at higher velocities (Figure 5.21).
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Figure 5.20: Influence of oil layer on the horizontal velocity at the meniscus - Mean Values for point
1,4and 5 using LDA.
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Figure 5.21: Influence of oil layer on the horizontal velocity fluctuation at the meniscus- Standard
Deviation for point 1, 4 and 5 using LDA.

Numerical results are then used, in order to validate the influence of oil occurring in
experiments. Mean values and standard deviations in Figure 5.22 and Figure 5.23
respectively, show that the presence of oil at the top increased the horizontal velocity and
decreased the horizontal fluctuations in higher velocities. In the cases with low velocity,
almost the same mean values and standard deviations between the two cases are observed.
Nevertheless, according to both LDA and CFD results, it can be stated that there is no
influence of the slag layer on the flow pattern at the lower steel flow rate. In addition, there is
an obvious quantitative and qualitative connection, as numerical measurements establish the

fluid flow stabilization determined by visualizations.
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Figure 5.22: Influence of oil layer on the horizontal velocity at the meniscus - Mean Values for point
1,4and 5 using CFD.
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Figure 5.23: Influence of oil Iayér on the horizontal velocity fluctuation at the meniscus- Standard
Deviation for point 1, 4 and 5 using CFD.

5.2.5 Influence of gas

Qualitative observations presented in the previous chapter predict that the loop in the upper
part with a flow coming from the narrow face towards the SEN is slowed down by the gas
injection. This is because the bubble-laden fluid rises to the surface near the nozzle wall
taking some of the initial jet momentum with it. The elimination of the air bubbles induces
flow modification and the meniscus velocity is directly affected. This can be verified by

calculation of the mean value and standard deviation of the horizontal velocity component.

Figures 5.24-5.26 present the influence of gas flow rate (2L/min) on the mean value and
standard deviation of the velocity at the meniscus for three inlet velocities using LDA. As
expected the mean value of the velocity at the meniscus increased and standard deviation
decreased due to the presence of the gas. A different trend is presented for the mean value of
point 4 in the experimental measurements at an inlet velocity of 1.018m/s (Figure 5.26). The

reason for the above discrepancy is still not clear at present.
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Fig'ure 5.24: Influence of gas injection on the horizontal velocity (mean value) and fluctuation
(standard deviation) at the meniscus using LDA. Comparison between case 2A (0.5m/s 2cm Oil No
Gas) and 2C (0.5m/s 2cm Qil Gas 2L/min)
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Figure 5.25: Influence of gas injection on the horizontal velocity (mean value) and fluctuation
(standard deviation) at the meniscus using LDA. Comparison between case 2A (0.8m/s 2cm Qil No
Gas) and 2C (0.8m/s 2cm Oil Gas 2L/min)
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Figure 5.26: Influence of gas injection on the horizontal velocity (mean value) and fluctuation
(standard deviation) at the meniscus using LDA. Comparison between case 3A (1.018m/s 2cm Oil No
Gas) and 3C (1.018m/s 2cm Oil Gas 2L/min).
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Generally, numerical predictions lead to the same deductions as the experimental results
which state that the injected air gas bubbles aid the meniscus stability as the presence of
buoyancy forces decreases the absolute mean value and the fluctuation of horizontal velocity
at points near the meniscus (Figure 5.27 and Figure 5.28). In addition the same behaviour as
in the experiment is predicted for the absolute value of mean value for point 4 in case of inlet
velocity of 1.018m/s. Mean value of this point is slightly lower due to the presence of gas
(Figure 5.28-left) confirming the experimental results and giving numerically an unlike
behaviour. In contrast to the influence of oil, the injection of gas affects the horizontal
velocity at the meniscus for all water flow rates and not only for higher rates. The same
behaviour exists in the horizontal velocity fluctuation at the meniscus with the standard
deviation decreasing with lower and higher velocities due to the presence of gas. On this
point of view the CFD results are in disagreement for point 4 which shows a bigger
fluctuation in the horizontal velocity. The numerical disagreement occurs mainly due to
uncertainty in the size distribution of the bubbles which is a critical parameter of the gas flow
pattern and hence to its interaction with the steel flow and the free surface. Also, complex

effects, such as coalescence or breakup of the bubbles were not considered in this work.
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Figure 5.27: Influence of gas injection on the horizontal velocity (mean value) and fluctuation
(standard deviation) at the meniscus using CFD. Comparison between case 3A (0.8m/s 2cm Qil No
Gas) and 3C (0.8m/s 2cm Oil Gas 2L/min).
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Figure 5.28: Influence of gas injection on the horizontal velocity (mean value) and fluctuation
(standard deviation) at the meniscus using CFD. Comparison between case 3A (1.018m/s 2cm Oil No
Gas) and 3C (1.018m/s 2cm Oil Gas 2L/min).

Validation of the numerical model was succesfully achieved using the LDA water model
data. Bubbles distribution is applied considering an example methodology provided by ARM
described in the Figure 5.29 below.
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Figure 5.29: Bubbles diameter distribution provided by ARM for water model configuration.

The model first computes transient turbulent flow coupled with free surface tracking. Next
this data is used as an input database to simulate the transport of the particles using a
Lagrangian approach. This system is modelled as a 3-species model; this means a single
liquid with a variety of components, which may have different densities and other
physical/thermal properties. It is important to note that the computational time is very
expensive when the gas flow rate is included. Approximate computation time is two months
for 200s of a real time simulation. However the mathematical model corroborates the
experimental predictions about the influence of gas. Computational results prove what is

already observed by qualitative visualization and the main trends are correctly determined.

87



Chapter 5 Data Analysis and Validation

The following results show that the horizontal fluctuations decrease in the meniscus when the
gas injected through the SEN, indicating that the SEN jet flapping is less active. There is an
important difference between experiments as the standard deviation for point 4 increases

while for points 1 and 5 decrease due to the injected gas as depicted in Figure 5.27 and 5.28.
5.2.6 Flow oscillation prediction

Spectral analyses are performed with the purpose of explaining the flow oscillation prediction
and getting new insights on the transient flow behaviour. Previous investigations by AMR
[123] identified a very low frequency of oscillation (0.012Hz) and a higher frequency
(0.05Hz) oscillation. Our investigation suggests that these frequencies are linked to the lower
and upper flow loops in the mould. In addition to the verification of the oscillation of these
two main loops, the aim is to go one step further from previous investigations [82, 84,123] so
as to give explanations of the several other predicted peaks. According to the numerical
visualizations there is also an indication that the periodical jet oscillation which affects the

lower loop has a role to play.

Figures 5.30-5.32 display the frequency spectrum for point 5 which is near the oil layer.
Figure 5.30 is the analysis with the lowest inlet velocity with the oil layer at the top of the
mould, but without gas. The LDA result is represented by the red figure while the CFD result
is represented by the blue figure. A main peak is observed at 0.034Hz (29.4s) and 0.043Hz
(23.3s) with LDA and CFD respectively. Figure 5.31 presents the spectrum for an inlet
velocity of 0.8m/s but without the protective oil layer or gas. In this case, the main peak is
observed at 0.041Hz (24.4s) in the experiment and at 0.044Hz (22.7s) in the numerical

results.
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Figure 5.30: Experimental and numerical spectra for horizontal velocity components — 0.5m/s 2cm Oil
no gas Point 5.
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Figure 5.31: Experimental and numerical spectra for horizontal velocity components — 0.8m/s No Qil
no gas Point 5.
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Figure 5.32 depicts the spectrum results in the case of air being present at the top without gas
and an inlet velocity of 1.018m/s for point 5 (top line) and point 2 (bottom line) located at the
meniscus and the lower recirculation loop respectively. A main peak at 0.05Hz (20s) is
observed for point 5 and a peak at 0.012Hz for point 2. It can be clearly seen by calculation
and experiments that the periodic oscillation of this upper loop is close to 20-25s and the

lower loop has an approximate period of 83s.

Figure 5.32: Experimental and numerical spectra for horizontal velocity components — 1.018m/s no
Oil no gas, Point 5 and Point 2.

As already mentioned, small particles follow the flow, and therefore either the upper or the
lower loop. For this reason they can be used as markers for investigating the total time taken

for each particle to exit the domain either from the bottom outlet or through the top region.
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Figure 5.33 shows four small particles which exit the port, moving with the jet. As expected
[124], they split into two groups: one group enters the upper loop and is removed when it
reaches the top surface. The other group follows the lower recirculation roll with its particles
circulating in the lower region of the mould before exiting from the bottom of the domain.
Despite the chaotic motion of the particles, the typical trajectories validate the periodic

oscillation which is observed by spectrum analyses for both characteristic loops.

Figure 5.33: Four typical computed particle trajectories.

5.2.6.1 Influence of water flow rate in the meniscus stability

A spectrum analysis of the collected horizontal velocity data provides plausible explanations
of the oscillation mechanism apparent during the continuous casting process. The observed
frequencies characterize the periodic evolution of the horizontal velocity at the meniscus
which seem to be directly related to the oscillating movement of the SEN jet, the size of its
roll and the SEN casting velocity. Considering the magnitude of the spectral signal, the
results validate the influence of oil and gas in the flow instability observed in qualitative
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comparisons of experimental video and numerical visualization. For the first time, the
calculation validates the flow oscillation prediction of experimental results providing a new
insight in the hydrodynamic parameters which affect the transient behaviour of steel flow in

the CC process.

It has already been observed that the behaviour of the upper loop oscillation depends on the
water flow rate. In general, it is clearly detected by calculation and experiments that the
periodic oscillation of this upper loop is close to 20-25s with an approximate period of 83s
for the lower loop. Figure 5.34 represents the spectral analyses with the associated filtered
signal for the case with air layer at the top of the mould for each inlet velocity. The first line,
with the lower inlet velocity has a main peak observed at 0.035Hz (28.57s). Lines with inlet
velocity of 0.8m/s and 1.018m.s have main peaks observed at 0.041Hz (24.4s) and 0.052Hz.
The two latter frequencies are validated by numerical results as shown in Figure 5.35. In
conclusion, experimental and numerical analyses of the results predicts an important increase
in the frequency (smaller period) when the inlet velocity increases. In fact the strongest upper

recirculation loop consists of a stronger signal, reducing the upper loop period.
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Figure 5.34: Influence of water flow rate, Spectrum Analyses comparisons with LDA data
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Figure 5.35: Influence of water flow rate, Spectrum Analyses-CFD results using SMART scheme.

5.2.6.2 Influence of oil and gas on the meniscus velocity

The influence of oil and gas injection is also investigated by spectral analysis shown in
Figure 5.36 for points 4 which is near the interface using the case with an inlet velocity set at
0.8m/s. The left column shows the LDA signal filtered to remove high frequency noise, and
the right column the signal spectrum. The presence of oil (2" row) leads to a drastic
reduction in the strong peak at 0.04Hz, and a significant reduction of the peak at 0.024Hz.
Instead, a strong very low frequency oscillation appears at 0.05Hz. The addition of air further
reduces the 0.024Hz peak.

- SR IELEIE

Figure 5.36: Influence of Oil and gas for point 4 — Vin=0.8m/s. The left column shows the filtered
LDA signal and the right column the spectrum. The three rows correspond to: no oil layer, oil layer,
oil+gas.
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Experimental and numerical analyses tend to the same conclusion stating that most of the
energy of fluctuation of the upper oscillation is stabilized by the oil. Furthermore, the top
flow loop, which is responsible for the oil layer deformation, seems to be weakened when the
gas enters with the steel. According to Figure 5.37, (note the scale of y axis is different)
spectral analyses of numerical results display the affect of oil in the flow stabilization. The
results show a weaker signal due to the active dynamic forces of oil, hence the oil is a vital
parameter which can be of assistance to the flow stability. Additionally, it is obvious that
quantitative results are linked to the qualitative examination and confirm flow pattern

stabilization detected in the visual observation.
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Figure 5.37: Influence of Qil for point 4 — CFD-Inlet Velocity 0.8m/s

Spectral analyses of both results predict a common peak close to 0.02Hz either with oil or air
layer. The aforementioned frequency disappears when the gas flows through the SEN as
depicted in Figure 5.36 for the LDA result. The frequency of 0.02Hz (50s) is suspected to

characterise the jet oscillation which occurs during the process.
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Chapter Vi

6 Validation against Industrial Configuration

The last chapter of this thesis concerns the validation of the model for coupled flow dynamics,
heat transfer and solidification, in addition to steel/slag interface behaviour and argon buoyancy
forces. The latter were shown to alter the flow pattern in the upper recirculation zone in the water
model studies, which in turn affects the flux layer, superheat extraction and inclusion movement
[69]. The study aims towards an understanding of the turbulent metal flow in the mould and its
influence by the buoyancy forces of argon bubbles. This, of course, has as an effect on other
related phenomena, such as the shell thickness, flux/slag and steel/slag interface behaviour.

Initially, the mathematical model developed and validated for the water model configuration is
adapted for real caster simulation by appropriate alternative material properties and boundary
conditions. This is coupled with the solution of heat transfer and solidification in the mould as
described in Chapter 3. The main parametric study concerns flow modifications due to the effect
of argon gas and the prediction of shell thickness. A final investigation aims at acquiring
information on skin thickness using temperature-dependent material properties for flux powder
and steel. The melting of powder and liquid slag depend on the thermal conductivity and the
thickness of each layer. Viscosity is also indirectly involved as it affects the flow field within the
molten flux layer. These parameters are therefore the main factors needed in order to perform an
accurate computation of the heat transfer across the flux layer. Flux properties as a function of
temperature are quite similar to those used by McDavid et al. [66] and steel properties
correspond to those used by Ramirez and Meng et al. [125,65].
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The various conditions tested and material properties for two cases studied are listed in Table
6.1.

PROPERTIES
Steel Flux

Casel Case2 Casel Case2
Density(kg/m®) 7240 Appendix B 2500 2500
Viscosity(Kg/ms) 5.4E-3 Appendix B 0.09 Appendix B
ThermalConductivity(W/mK) Appendix B Appendix B Appendix B | Appendix B
Specific heat(J/kgK) 822 Appendix B 2040 Appendix B
Liquidus temperature(°C) 1527.7 1527.7 1100 1100
Solidus Temperature(°C) 1495.1 1495.1 1000 1000
Latent heat(J/k) 263250 263250 500000 500000

CASTING CONDITIONS

CASTING SPEED(m/min) 0.8m/min,1.6m/min
Immersion Depth(mm) 120mm,160mm,200mm
Tinlet(°C) 1600
Interfacial Tension 1.4N/m
Argon Flow Rate 7NI/min

Table 6.1: Properties and casting conditions reported in two cases studied.

The numerical results have been validated against industrial caster measurements provided by
AMR. The experimental operations, in a real caster, include measurements of surface velocity
and depths of the powder/liquid plus the steel/flux interfaces using Sub-meniscus Velocity
Control (SVC) and Nail Board, respectively [109]. The process includes an argon gas flow rate
of 7NL/min and a thickness of the mould powder of about 7 cm. The liquid steel velocity
measurements take place at the quarter of the mould width, in the middle plane for a period of 2
to 3 hours. The immersion of the refractory probe used for the velocity measurement in the liquid
steel is around 2 cm. The nail board is made of two rows of 5 steel nails and 5 aluminum wires.
Each row of nails is located 60 mm from the wide faces of the mould. The nail board is inserted
in the top of the mould and is removed after 5 to 10s (quasi instantaneous measurement). The
position of the interface between the liquid slag and mould powder is measured by the melting

point of the aluminium nails, while the position of the steel/slag interface is measured by the

95




Chapter 6 Validation against Industrial Configuration

covered length of solidified steel on the nails. Additionally, the slope of the solidified steel

indicates the flow direction.

6.1 Assumptions and solution methodology

The validation procedure consists of two tasks. The initial effort is the verification of the change
that takes place in the steel velocity profile from a double roll to a single roll as the relative
casting speed decreases. Hence, the initial computations include time-dependent metal flow
coupled with metal/flux interface and particle tracks of argon. In addition, the model contains
boundary condition for heat transfer from the mould to estimate the solidification of the steel
shell. The latter is implemented via a user routine as a function of mould height (Appendix C).
The argon gas is injected through the inlet of the nozzle, imposing a size distribution of the
particles. The heat loss through the flux-slag layer is not considered at this step. Nevertheless, a
slag layer of 70mm is added at the top of the mould in a liquid phase with a constant viscosity
and thermal conductivity. The density and viscosity of steel is maintained constant for both
liquid and solid states assuming that it behaves as an isotropic Newtonian fluid. However, the
thermal conductivity and specific heat capacity of the steel are calculated as linear functions of
temperature. The specific functions are the same as those used in previous studies [100, 126].
The solidified steel moves downwards at the casting speed and the effect of the mould
oscillations is not considered.

Since solidification takes place at a much longer timescale than interface oscillation, a steady-
state heat transfer equation is then solved so as to predict heat distribution and shell thickness,
assuming a flat top surface covered by a protective flux layer. The thickness at the mould exit is

then compared to previous experimental data and studies.

The second step investigates the influence of gas and immersion depth in the temperature
distribution considering the thermal behaviour of the flux and slag layer. We determine the
solid/liquid flux behaviour by the implementation of heat transfer analysis with adapted

boundary conditions and properties for slag. The phase transformation of the powder to liquid or
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to a re-solidified flux layer is calculated by its temperature-dependent properties such as
viscosity, thermal conductivity and specific heat. A finer mesh is required in order to accurately
capture the powder melting and steel solidification. As a result, the previous mesh is refined at
the top of the mould and at the narrow faces. Furthermore, the density of steel depends on the
temperature, in contrast to the assumption of constant density for steel which was used in the

previous task.
6.2 Metal flow in the mould and the effect of argon gas

In order to reduce computation time, symmetry was used in this simulation with only half the
mould thickness included in the computational domain. The numerical simulations are performed
to compute a three-species flow, taking into account the liquid steel with the argon flow in the
mould plus the flux layer of 7cm thickness at the top. The results of the transient computations
are achieved using two different casting speeds and three different SEN immersion depths with
3.5 NI/min (because of the half geometry) gas flow rate for all numerical cases. The following
figures show that the observed flow field verifies the plant measurements and agrees with
reported findings of previous research [127, 128]. At a higher casting speed, the jet leaving the
nozzle flows and reaches the mould’s solidified wall impinging at the narrow face. In the case of
the lower casting speed an upward movement of steel flow is observed due to the argon forces.
The effect of argon in the metal flow is validated quantitatively and qualitatively by comparison
with SVC measurements. In addition, the velocity distribution on the flux layer is verified

qualitatively by the slope of the solidified steel nails in five locations.

Figure 6.1 shows the velocity measurements at the meniscus in the case of mould width of
1900mm and a gas flow rate of 7NI/min using real caster experiments. It corresponds to the
interpolated velocity at the meniscus considering the mean value of immersion depths which is
160mm. The velocity measurements take place using immersion depths of 120mm and 200mm.
However, according to the plant measurements, it can be stated, that for the casting speed value
of 0.8m/min, a single roll is detected whatever the immersion depth. On the other hand, a casting

speed of 1.6m/min generates a double-roll pattern.
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Figure 6.1: Interpolated velocity at the meniscus considering all immersion depths from industrial
measurements.
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Numerical simulation confirms the change of metal flow due to the gas flow rate. A casting
speed of 0.8m/min generates a single roll while a casting speed of 1.6m/min produces the
optimal double-roll flow pattern [127]. Figure 6.2 presents the numerical case with the
immersion depth set at 1220mm. In addition, the shell thickness and behaviour of argon flow are
illustrated by the iso-surface of liquid and volume fraction respectively. The jet is weaker in the
case of 0.8m/min casting velocity, creating an upward movement for steel flow as it is dominated
by argon buoyancy. At the higher casting velocity the jet moves through the narrow faces with a
small change in flow near the nozzle where a great concentration of argon exists. However, the
steel flow separates in the narrow faces into the characteristic upper and lower loop. Moreover,
the bubbles’ spread and the corresponding gas volume rate increase as the casting velocity
increases. Figure 6.3 illustrates the typical double and single roll patterns observed for the
immersion depth set a 160mm. The same flow pattern is predicted as in the case of the
immersion depth of 120mm. This figure shows the flow pattern by typical paths of velocity
streamlines which form from the nozzle and the calculated heat distribution in the mould. Bigger

variation is observed at the central of the mould with the heat distribution associated with the
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steel flow. The higher casting speed tends to decrease the temperature in the center of the mould
whilst the temperature between the meniscus and the narrow faces seems to decrease due to the
lower flow pattern. However in case with lower casting speed, as expected, causes a bigger

solidifies shell (blue contour).
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Figure 6.2: Flux surface with velocity vectors in the middle plane and contours of argon concentration,
calculated and iso-surface of liquid fraction equal to 0.5. a) 0.8m/min, b) 1.6m/min.
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Figure 6.3: Flux surface with velocity streamlines from inside the nozzle in the middle plane, temperature
distribution and argon concentrations contours. a) 0.8m/min, b) 1.6m/min.

Figure 6.4 and 6.5 depict the comparison between the velocity vector experiments in the
meniscus, computed from the slope of the solidified steel nail, and the meniscus, horizontal
velocity computed by the simulation. Qualitatively, the velocity field, 2cm under the slag/steel
interface show the same trend between measurements and numerical results. These results
suggest the single roll observed at the lower casting velocity dominates at this gas flow rate. On
the other hand, in the case of the higher casting velocity, the argon gas spreads out with the jet

which is strong enough to reach the narrow face, creating a double flow pattern.
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Figure 6.4: Comparison between Industrial velocity vectors (according to the slope of the solidified steel
nails) and simulation vectors in the meniscus.0.8m/min - Immersion Depth 160mm. Single roll is
predicted.
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Figure 6.5: Comparison between Industrial velocity vectors (according to the slope of the solidified steel
nails) and simulation vectors in the meniscus.1.6m/min - Immersion Depth 160mm. Double roll is
predicted.

Quantitative monitoring of the history of the horizontal velocity confirms the single roll pattern
observed at the lower casting velocity, but it is in disagreement with the real caster measurement.
The disagreement is depicted in Figure 6.6 which presents a comparison between the plant
measurement (interpolated horizontal velocity at a mean value of immersion depth at 160mm as
presented in Figure 6.1) and monitor history of the numerical results for the case with immersion
depth set at 160mm with a 0.8m/min casting velocity (left single roll-positive values) and with
1.6m/min casting speed (right-double roll-negative values). The disagreement may be partially

due to uncertainty as to the actual depth of metal below the slag layer and the actual bubble size
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distribution. Although the data for bubbles distribution was not available, the use of reasonable
values of bubbles distribution in the simulation yields the changes occurring in a real caster

experiment due to the injected argon gas.
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Figure 6.6: Comparison of the average horizontal velocity of plant measurement against numerical
monitor history- Left: V¢ 0.8m/min , Right: V¢ 1.6m/min.

6.3 Influence of argon and immersion depth in the of shell thickness

A steady-state simulation is performed for the prediction of the shell thickness profile, since a
considerable amount of time is required for heat transfer due to the heat capacity of steel. The
three-dimensional turbulent calculations are performed assuming a flat steel/slag interface with
temperature dependent properties as reported in appendix B. Despite the fact that the mould
oscillation is not included in the model, the amount of solidification caused by convective heat
transfer is basic in understanding the process. Figures 6.7 and 6.8 depict the heat distribution in
the mould for immersion depths of 120mm and 160mm, respectively, and a constant velocity of
1.6m/min. These figures also show the shell thickness predicted at the narrow wall exit of the
mould and the impingement point. A weaker flow at the top region of the mould can be observed
for the case of the immersion depth set at 160mm in contrast to the case of the immersion depth
set at 120mm. However, there is little influence of the immersion depth on the temperature
profile in the mould. In general, the increase of the immersion depth seems not to affect the shell
thickness at the mould exit while the shell profile at the impingement point is slightly higher due

to the weaker flow created by the increase of the immersion depth.

102




Chapter 6 Validation against Industrial Configuration

jnersion Depth:120mm
min with Gas

TN

1600
1575
1550
1525
1500
1475
1450
1425
1400
1 1375
- 1350
1325
1300
1275
1250
1225
1200
1175
1150
1125
1100
1075
1050
1025
1000

TN

1600
1575
1550
1 1525
1500
1475
1450
1425
1400
1 1375
- 1350
1325
1300
1275
1250
1225
1200
175
1 1150
1125
1100
1075
1050
1025
1000

Figure 6.8: Temperature distribution with shell profile at the impingement point and the mould exit (Z=-
0.83). Immersion depth set at 160mm with VVc=1.6m/min.
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In order to investigate the influence of gas on the shell thickness, the calculated data are also
compared to the case with gas and without gas for a constant casting speed and immersion depth.
The results show almost the same thickness profile at the mould exit, calculated at the narrow
faces either with or without gas. In addition, slightly higher solidified steel in the area between
the nozzle and the broad faces is observed, due to the weaker flow occurring when gas is injected
through the nozzle. These observations are depicted at the top of Figure 6.9 with a combination
plot showing the solid-liquid flux interface, contours of liquid fraction (and argon volume
fraction in the right plot) and velocity streamlines which form inside the nozzle. The figure
confirms the influence of gas in the top recirculation loop and its effect on the shell thickness.
The main difference is observed in the velocities at the meniscus close to the narrow face which

the temperature is lower in case with gas which may cause a freezing meniscus.
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Figure 6.9: Influence of gas on the shell thickness at the mould exit (top), the flow pattern and in the
temperature distribution within the mould. Left figures present the results without gas while the right
figures are with argon gas.
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6.3.1 Validation of shell thickness

The shell thickness (Figure 6.10) is calculated as the average distance between the narrow wall
and the region where the liquid fraction is 0.5 at the copper mould exit. The predicted
thicknesses (29mm and 8mm) are in agreement with available data from previous works [65, 89,
129, 130]. The discrepancy in the shell thickness, mainly in the case of the higher casting
velocity, may be caused by uncertainty in the thermal boundary conditions, or the temperature-
dependent properties used for powder. It is also important to examine the transient behaviour of
the slag layer deformation by the steel flow and the infiltration of the molten flux into the steel-
mould interface [133,134]. The behaviour of this layer has a very important role to play in the
efficiency of the process, since it affects several defects [135]. A further extension of the model
is required to address these key issues, in order to correctly represent the heat transfer evolution

of the process, which is a challenging subject for future work.
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Figure 6.10: Validation of shell thickness profile in the mould exit with previous work from Ramirez-
Lopez et al [129] Meng et al [65], Thomas et al [130] and Bruno [89].

However, the model as it stands reflects, with reasonable accuracy, observations from both a
water model and a real caster and gives a true representation of the phenomena observed in the
experiments. A number of important conclusions and recommendations regarding the CC

operation will be addressed in the next Chapter.
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Chapter VIl

7 Conclusions and Further Work

7.1 Conclusions

A mathematical model was developed in order to enhance the understanding of the physics
involved in the Continuous Casting process. The model highlights the unsteady nature of the
steel/slag interface and in particular the influence of gas bubbles on the flow behaviour.
Consequently, a three-phase transient simulation was considered, making use of the multi-
physics finite volume code PHYSICA with special emphasis on free surface characterisation and
gas-liquid coupling. The multiphase model includes an implicit interface tracking scheme using
the Counter Diffusion Method (CDM) and a Lagrangian particle tracking method to describe the
gas behaviour treated as discrete bubbles. It is important to note that numerical diffusion and
artificial damping of the interface posed problems in this research and were overcome by
activating a second-order bound numerical scheme coupled with the standard k-¢ model, as

opposed to the first-order Hybrid (Upwind-Central) scheme.

The model has been validated by means of water model experiments with velocity measurements
obtained using the LDA technique by AMR. Both experimental and numerical methods provide
a physical explanation for the dynamic behaviour of the slag layer and identify the parameters
which aid the flow stabilization. Qualitative evaluation of the results against water model
visualizations explains the main flow patterns observed, and verifies the predicted deformation
of the meniscus. Quantitative comparisons are provided against LDA velocity measurements at
seven measurement positions. Simulations of various process parameters agree very well with
the experiments and lead to several suggestions which are of value to the industrial continuous

casting process.
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For the first time, the nature of flow oscillations of the lower and upper recirculation loops
during the continuous casting process is explained by comparing frequency spectral patterns with
observed flow features, in particular the turnover time of the main recirculation loops and the

flapping motion of the two SEN jets.

The mathematical model was also applied to the simulation of an actual industrial caster with the
addition of heat transfer and solidification. The latter investigation predicts the influence of
injected argon gas where velocity measurements and simulation show a fundamental switch in
the steel flow pattern. The model has determined the solid shell thickness profile as it emerges
from the mould and numerical predictions compare favourably with shell thickness predictions

from previous studies in the literature.

The last case presented aimed to characterise the phase transformation of the powder to liquid
and then to the re-solidified flux layer on the mould walls. Despite the assumptions used, the
model gives a reasonable prediction of the flow pattern in the meniscus together with the mould
and slag layer thickness in accord with available experiments results provided by AMR.
However, in order to attain a more accurate knowledge of the heat transfer across the slag layer,
the deformation of the slag layer due to the steel flow and the effect of argon bubbles through the

flux layer must be taken into account.

Considering the results presented in this thesis the following conclusions and suggestions can be

applied to the industrial Continuous Casting process:

Conclusions for water model configuration

e The purpose of the multi-phase mathematical model was to simulate the transient
turbulent flow pattern, coupled with free surface and particle tracking either in a water
model or for a real industrial configuration. It was observed that the second-order
accurate scheme SMART, without any modification of the turbulent k-¢ model, provides
good qualitative and quantitative agreement with experiments. Initial studies suggested
the adoption of a filtered k- model would be necessary.

107




Chapter 7 Conclusion and Future Work

e The mathematical model is capable of accurately describing experimental observations:
the turbulent steel flow, the free surface shape with and without gas, the mean value,
standard deviation and fluctuating velocity spectra. Two contributors to velocity
fluctuation should be considered for standard deviation calculations; one from the

resolved low frequency oscillation and the other from turbulence [101].

e Both experimental and numerical results suggest that gas and the presence of oil stabilize
the flow. The SEN jet develops into two recirculation loops with the upper loop slowed
down by the bubbles. Furthermore a 2cm oil layer representing slag leads to a wavy oil
water interface that becomes very disturbed at higher velocity; the oil is pushed towards

the centre of the section, exposing the water (steel) surface to the air.

e Numerical results indicate that the presence of oil tends to decrease the mean value and
the fluctuation amplitude of the horizontal velocity at the meniscus except in the case of
the lowest inlet velocity (0.5m/s). Gas injection tends to reduce the standard deviation of
the horizontal velocity component and affects the upper loop from the SEN to the narrow
faces. Visualization of numerical results and experimental videos illustrate that the gas
affects the upper loop from the SEN to the narrow face which perhaps can be profitable

for the flow stability.

e Spectral analysis of the numerical and experimental data seems to indicate that the
dominant frequencies relate to the turnaround time of the two recirculation loops. The
upper and lower loops are characterized by frequency oscillations close to 0.012Hz and
0.05 Hz respectively. In general, the results predict a small increase in the frequency

(smaller period) and a stronger signal when the inlet velocity increases.

e Spectral analysis prediction confirms the stabilization of flow due to the presence of the
oil at the top of the mould and the buoyancy forces of bubbles. Experimental and
numerical trends illustrate that the energy of the lower frequency oscillations related to

the upper loop (0.05Hz) is reduced due to the viscosity of the oil, and the resulting
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oscillations seem to be eliminated when the gas flows. The latter leads to the conclusion

that gas has more stabilizing effect than the oil layer.

Conclusion for the industrial model configuration

e The model predicts the transient turbulent flow behaviour and accurately reflects plant
observations on the influence of gas buoyancy forces in the metal flow pattern. The
numerical results illustrate a single roll pattern in the lower casting velocity (0.8m/min)
and the expected double roll pattern in the higher casting velocity (1.6m/min) due to the
increasing presence of buoyancy forces. The model identifies the buoyancy influence of

the bubble plume as critical in determining this behaviour.

e Quantitative velocity comparisons between experiment and simulation show similar
trends although actual velocity values differ. There is some uncertainty related to the
depth of the measurement probe immersion and the actual bubbles size distribution which

may explain the differences.

e Three-dimensional steady-state calculations coupled with fluid flow and heat transfer
enable shell thickness predictions, which compare favourably with values available in the
literature and validate the slag thickness profile from experimental data provided by
AMR.

e As expected, the shell thickness decreases with the increase in casting speed. Moreover
the bubbles’ spread and the corresponding gas volume rate increase as the casting
velocity increases. As mentioned above, the prediction of the shell thickness compares
favourably with previous results and the influence of gas in the flow pattern is in good

agreement with real caster experiments performed by AMR.

e The injected argon gas creates a weaker upper recirculation flow which leads to a thinner
shell at the top of mould. However, the solidified steel in the mould exit is the same either
with gas or without. The height of the immersion depth is also considered as a parameter

which affects the flow pattern, hence the steel thickness profile. It can stated that the
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solidified steel thickness, in the top region of the mould, clearly increases with the
increase in the immersion depth, but there is no change in the solidified steel thickness at

the mould exit.

7.2 Further work

There are many aspects of the CC process where improvements can be introduced, to the present
model. For example, in recent years, the mathematical aspect of several studies [131,132] in CC
has had to do with the effects of the magnetic field and gas and their influence in meniscus
stability. However, further work is needed for the enhancement of our understanding in the
related influence of the magnetic field in the flow pattern coupled with the bubble and meniscus
steel/slag interface. Since the bubbles are electrically non-conducting, additional electromagnetic
forces will act on them changing their distribution. In addition, the solid (or powder) fraction of
the slag and its interaction with the gas bubbles may be linked to chemical reaction and heat
transfer, since both affect the viscosity of the flux. Argon bubbles carry heat energy through the
steel in their wake and dissipate it to the surroundings as they go through the flux/powder layer.
Furthermore, and perhaps a more ambitious extension of the model would include the thermo-
mechanical behaviour of the solidifying strand and its interaction with the meniscus. Recent
investigations have considered the mould oscillation in order to enhance the physics involved in
the lubrication mechanism and friction behaviour between the mould and the solidified shell
[137]. This vertical-direction of friction between the mould wall and the solidified steel (shell)
[138, 139] affects the quality of the slab, since it controls the formation of defects such as cracks
and breakouts. Such a model requires to be coupled with the liquid-solid phase transformation,
the stress generation inside the mould and the crack formation in the continuous casting of steel
[140, 141]. Despite the considerable progress in the thermo-mechanical analysis of casting, an
integral numerical model, which will combine all these complex phenomena, is still a

challenging subject nowadays [142].

One of the main difficulties in carrying out these runs has been the very long computation times
required by transient simulations. Code parallelisation for operation on multi-processor clusters

is a future development that would make routine use of the model by industry possible. At
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present, although the code PHYSICA can operate in parallel, the Lagrangian implementation of

the gas field can only run in scalar mode.
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Appendices

Appendices

Appendix A. INFORM file for water model configuration

M A
# INFORM file using Transient run, particle tracking, standard k-e model, SMART scheme,
#  CDM method - 2cm Oil with surface tension — Gas 2NI/min
#  Restart Case of 200s END TIME=400s TIME STEP=0.01
#  18-SEP-2008
B R R
GEOMETRY_MODULE
GRAVITY_Z-9.81
FILENAME out
END

DATABASE_MODULE
INPUT_DATABASE outza?
OUTPUT_DATABASE outza3

END

GENERIC_MODULE
TRANSIENT_RUN
DELTA T
FOR_ALL_TIME_STEPS 0.01
END
END_TIME 400
END
MAX_SWEEPS 40
USER_INTERVAL_SAVE OFF
END
# convert NI/min to kg/s
REAL mdotin

# Enter gas flow rate in NL / min

mdotin =2

# Convert to Nm”3/s

mdotin = mdotin * 1.0E-3 / 60

# Convert to kg/s (Standard Pressure * Molecular weight of Argon)
#
# (Gas Constant * Standard Temperature)
mdotin = mdotin * 101325 * 0.040 / 8.3147 / 273

USER_MODULE
OUTPUT_INITIAL ON
OUTPUT_FREQUENCY 1.0

PARTICLE_TRACKING
MASS_FLOW_RATE mdotin
CRITICAL_TIME 10.
MAXIMUM_TIME_STEP 0.1
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MINIMUM_TIME_STEP 0.001

NUMBER_OF_PARTICLES 1000
TURBULENCE_MODEL ON

U_SOLVER ON
V_SOLVER ON
W_SOLVER ON

PARTICLE_DIAMETER 0.001

PARTICLE_DENSITY 1.2
PRINT_PATH ON

RESTITUTION_COEFFICIENT 0.5
SAVE_DIAMETERS TRANSIENT
SAVE_VOLUME_FRACTIONS TRANSIENT
STAGNATION_VELOCITY l.e-5
TIME_STEPS_PER_ELEMENT 10
TRACK_WITHIN_ITERATION_LOOP OFF

TRACKING_FREQUENCY 25
END
END

MATERIAL_PROPERTY_MODULE
DENSITY

MATERIAL 1 USER_ROUTINE mix3 3 1000 860. 1.2

END

# kin_wat = dyn_vis/density = 0.001/1000 = 1.0E-6
#kin_oil = dyn_vis/density = 0.0194/850 = 2.255E-5

kin_water = 1.0E-6
kin_oil = 2.255E-5
VISCOSITY

MATERIAL 1 USER_ROUTINE FS_PROP 2 kin_water kin_oil

END
SURFACE_TENSION

MATERIAL 1 CONSTANT 0.035

END
END

FREE_SURFACE_MODULE
GALA ON
STORE_FREESURF

INITIAL_VALUES USER_ROUTINE perpatch 3 0. 1. 0.

END
END

SCALAR_MODULE
SOLVE_CDM_PHI
DIFFUSION_TERM OFF
TRANSIENT _COEFFICIENT

ALL CONSTANT 1.

END
CONVECTION_COEFFICIENT
ALL CONSTANT 1.

END

INITIAL_VALUES USER_ROUTINE perpatch 3 0. 1. 0.

BOUNDARY_CONDITIONS

PATCH 1 FIXED_VALUE VALUE 1.

PATCH 11 IN_OUT VALUE 1.
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PATCH 6 IN_OUT VALUE 0.
END
USER_SOURCE_TERMS
CDM 2 1.5 0.05
END
END
END

REAL watrate ,Vel, area_in

# water flow rate 3.1m”3/h

# Enter water flow rate m"3/h

# wrate =3.1

# Convert to m"3/s

#wrate = wrate / 3600

#MASS FLOW RATE = density * velocity * arrea
# The following value is the actual area of the inlet.
# It should probably be equal to P1*(18mm)~2 = 0.00102m
area_in = 0.00102

# Co= area_in* wrate

#Co = area_in*wrate

#Enter the Inlet velocity- Val = Inlet Velocity

#watrate = 1000 * Vel * area_in

# watrate = 0.816

#Co mass flow rate per unit area watrate = 0.816/area_in = 0.00102
#11.1.3.2 ONLY_MASS

#1n the only mass boundary condition the mass flow rate into
#the domain per unit area and the value of the solved variable
#at the boundary are set. The boundary condition ignores the
#contribution from the diffusion term and uses the set mass
#flow rate, dm/dt to convect the set value, v, into the domain.
#The source for this boundary type is equal

#Co = A*dm/dt

#Val=u

FLUID_FLOW_MODULE
BUOYANCY
BOUSSINESQ_APPROXIMATION OFF
REFERENCE_DENSITY 860
END

SOLVE_U-MOMENTUM
DIFFERENCE_SCHEME SMART

FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL 0.0

BOUNDARY_CONDITIONS
PATCH 1 ONLY_MASS FLOWRATE 1018 VALUE 0.
PATCH 2 WALL COEFF 1. VALUE 0.0
PATCH 3 WALL COEFF 1. VALUE 0.0
PATCH 7 WALL COEFF 1. VALUE 0.0
PATCH 8 WALL COEFF 1. VALUE 0.0
PATCH 9 WALL COEFF 1. VALUE 0.0
PATCH 10 WALL COEFF 1. VALUE 0.0

END

USER_SOURCE_TERMS

surfTens 0
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END
END

SOLVE_V-MOMENTUM

INITIAL_VALUES ALL 0.0

BOUNDARY_CONDITIONS
PATCH 1 ONLY_MASS FLOWRATE 1018 VALUE 0.
PATCH 2 WALL COEFF 1. VALUE 0.0
PATCH 3 WALL COEFF 1. VALUE 0.0
PATCH 7 WALL COEFF 1. VALUE 0.0
PATCH 8 WALL COEFF 1. VALUE 0.0
PATCH 9 WALL COEFF 1. VALUE 0.0
PATCH 10 WALL COEFF 1. VALUE 0.0

END

USER_SOURCE_TERMS

surfTens 0
END
END

SOLVE_W-MOMENTUM
DIFFERENCE_SCHEME SMART
FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS
PATCH 1 ONLY_MASS FLOWRATE 1018 VALUE -1.018
PATCH 2 WALL COEFF 1. VALUE 0.0
PATCH 3 WALL COEFF 1. VALUE 0.0
PATCH 7 WALL COEFF 1. VALUE 0.0
PATCH 8 WALL COEFF 1. VALUE 0.0
PATCH 9 WALL COEFF 1. VALUE 0.0
PATCH 10 WALL COEFF 1. VALUE 0.0
END
USER_SOURCE_TERMS
surfTens 0
END
END

SOLVE_PRESSURE
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS
PATCH 11 FIXED_VALUE VALUE 0.
END
RESIDUAL_REFERENCE 100.
END
END
REAL kin, epin, f_dt
fdt=-1
REAL enut, ke, ep
kin = (0.1°2)*(1.018)"2
epin = 0.09*ke"2/enut

TURBULENCE_MODULE
KE_MODEL

SOLVE_KINETIC_ENERGY
DIFFERENCE_SCHEME SMART
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FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL 0.001
SAVE_VARIABLE NEVER

BOUNDARY_CONDITIONS
PATCH 1FIXED_VALUE VALUE kin
PATCH 2 WALL COEFF 1. VALUE 0.0
PATCH 3 WALL COEFF 1. VALUE 0.0
PATCH 7 WALL COEFF 1. VALUE 0.0
PATCH 8 WALL COEFF 1. VALUE 0.0
PATCH 9 WALL COEFF 1. VALUE 0.0
PATCH 10 WALL COEFF 1. VALUE 0.0
PATCH 11 IN_OUT VALUE kin

END

END

SOLVE_DISSIPATION_RATE
DIFFERENCE_SCHEME SMART
FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL epin
BOUNDARY_CONDITIONS
PATCH 1FIXED_VALUE VALUE epin
PATCH 2 WALL COEFF 1. VALUE 0.0
PATCH 3 WALL COEFF 1. VALUE 0.0
PATCH 7 WALL COEFF 1. VALUE 0.0
PATCH 8 WALL COEFF 1. VALUE 0.0
PATCH 9 WALL COEFF 1. VALUE 0.0
PATCH 10 WALL COEFF 1. VALUE 0.00
PATCH 11 IN_OUT VALUE epin
END
END
SAVE_GENERATION_RATE NEVER
END
END

MONITOR_MODULE
OUTPUT_INTERVAL 5
MONITOR_LOCATION 0.11 0.0 -0.116
WRITE_TO_FILE zk.txt

END

POST-PROCESSING_MODULE
FEMGV_FORMAT
END
TECPLOT_FORMAT
TIME_STEP_FREQUENCY 50
END

END

STOP
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Appendix B. INFORM file for industrial model configuration

B R A

# INFORM file for the steady-run using turbulence, Heat transfer and Solidification #

# Particle Tracking, Fixed Surface #
# 7cmof Flux, Immersion depth: 160mm, Casting Speed 0.8m/min #
# 18-May-2010 #
M A ]

# Constants to be used in the inform

REAL Templn, TAmp, SolidTemp, LiquidTemp
LiquidTemp = 1529

SolidTemp =1495.1

Templn = 1600
TAmp =22
Kpwdsld = 0.23

REAL gasMas, gasDen, gasVol, totVol
gasMas =10.4e-5

gasDen =0.28

gasVol = gasMas/gasDen

REAL CASTVEL , Abot, Ainlet, metVol,win
Abot= 1.9 *0.229 /2

Ainlet =0.194 * 0.067/2

CASTVEL =0.8/60

metVol = CASTVEL * Abot

wln = metVol / Ainlet

GEOMETRY_MODULE
GRAVITY_Z -9.81
FILENAME GHalfrect160
END

DATABASE_MODULE
INPUT_DATABASE stead
OUTPUT_DATABASE stead

END

GENERIC_MODULE
STEADY_STATE_RUN
MAX_SWEEPS 50000
USER_INTERVAL_SAVE ON

END

MATERIAL_PROPERTY_MODULE
DENSITY
MATERIAL 1 PARTS 2
PART 1 CELL_T_DEPENDENT 10 -1E+9 7605
0 7605
500 7442.9
900 7370
1000 7320
1100 7266
1300 7168
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1500 7067
1600 7016.4
1.0E+9 7290
PART 2 CONSTANT 0.28
PROPERTY USER_ROUTINE bubble 0
END
MATERIAL 2 CONSTANT 2500
END
DYNAMIC_VISCOSITY ON
VISCOSITY
MATERIAL 1 CONSTANT 5.4E-3
MATERIAL 2 CELL_T_DEPENDENT 7 -1000000 5
770 1.7
1000 1.3
1100 0.11
1300 0.09
1500 0.07
1.0E+9 0.065
END
THERMAL_CONDUCTIVITY
MATERIAL 1 CELL_T_DEPENDENT 4 -1000000 32
SolidTemp 32
LiquidTemp 40.3
1.0E+9 40.3
MATERIAL 2 CELL_T_DEPENDENT 9 -100000 0.23
20 Kpwdsld
400 0.4
600 0.55
800 0.7
900 0.85
1100 1.5
1700 3.0
1.0E+9 3.0
END
SPECIFIC_HEAT
MATERIAL 1 CELL_T_DEPENDENT 11 -1000000 428
477 550
602 750
802 950
902 653
1210 653
1330 672
1509 700
1529 800
1600 822
1.0E+9 822
MATERIAL 2 CONSTANT 2040.
END
LATENT_HEAT
MATERIAL 1 CONSTANT 263250.
MATERIAL 2 CONSTANT 500000
LINEAR_RELAXATION 0.8
END
LIQUIDUS_TEMPERATURE
MATERIAL 1 CONSTANT 1527.7
MATERIAL 2 CONSTANT 1100
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LINEAR_RELAXATION 0.8
END
SOLIDUS_TEMPERATURE
MATERIAL 1 CONSTANT 1495.1
MATERIAL 2 CONSTANT 1000
LINEAR_RELAXATION 0.8
END
SURFACE_TENSION
MATERIAL 1 CONSTANT 1.4
END
END

# Enter gas flow rate in NL / min
REAL mdotin

mdotin =7/2

# Convert to Nm~3/s

mdotin = mdotin * 1.0E-3 / 60

# Convert to kg/s (Standard Pressure * Molecular weight of Argon)

#

# (Gas Constant * Standard Temperature)

mdotin = mdotin * 101325 * 0.040/ 8.3147 / 273
#MDOTIN = 1.48794E-4

USER_MODULE
OUTPUT_INITIAL ON
OUTPUT_FREQUENCY 0.5

PARTICLE_TRACKING

MASS_FLOW_RATE mdotin
CRITICAL_TIME 10.

MAXIMUM_TIME_STEP 0.1
MINIMUM_TIME_STEP  0.001
NUMBER_OF PARTICLES 1000
TURBULENCE_MODEL  ON

U_SOLVER ON
V_SOLVER ON
W_SOLVER ON

PARTICLE_DIAMETER 0.001
PARTICLE_DENSITY 0.28
PRINT_PATH OFF
RESTITUTION_COEFFICIENT 0.5
SAVE_DIAMETERS TRANSIENT
SAVE_VOLUME_FRACTIONS TRANSIENT
STAGNATION_VELOCITY  1.e-5
TIME_STEPS_PER_ELEMENT 10
TRACK_WITHIN_ITERATION_LOOP ON
TRACKING_FREQUENCY 500

END

END

HittHHHH AR Heat and Solidification#HtiHHHHHHHHHHE

SOLIDIFICATION_MODULE
INITIAL_FRACTION_LIQUID PER_MATERIAL
MATERIAL 1 1.
MATERIAL 2 0.
END
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FRACTION_LIQUID_FUNCTION
MATERIAL 1 LINEAR_FUNCTION
MATERIAL 2 LINEAR_FUNCTION

END
UPDATE_TEMP ON
SOLID_VELOCITY 00 -CASTVEL
PERMEABILITY_COEFFICIENT 1E-7
DARCY_SOURCE_METHOD 3
UNDER_RELAXATION_VALUE 0.8

END

HEAT_TRANSFER_MODULE
SOLVE_TEMPERATURE
FALSE_TIMESTEP 0.06
INITIAL_VALUES PER_MATERIAL
MATERIAL 1 1600
MATERIAL 2 100
END
BOUNDARY_CONDITIONS
PATCH 1 FIXED_VALUE VALUE Templn
# 1Top free boundary
PATCH 6 COEFF_VALUE COEFF 100. VALUE TAmp
# Slag wall X-plane
PATCH 13 COEFF_VALUE COEFF 100. VALUE TAmp
# Slag wall Y-plane
PATCH 23 USER_ROUTINE walls_side 1 TAmp
#!Mould wall X-plane
PATCH 14 USER_ROUTINE walls_side 1 TAmp
#!Mould wall y-plane
PATCH 24 USER_ROUTINE walls_side 1 TAmp
#Tank wall X-plane
PATCH 15 USER_ROUTINE walls_side 1 TAmp
#Tank wall Y-plane
PATCH 25 USER_ROUTINE walls_side 1 TAmp
END
RESIDUAL_REFERENCE 1000.
END
END

HUHHHHHHAHHAAEStOre Free SurfacetfttHHtHHHHHHHH

FREE_SURFACE_MODULE
GALA ON
STORE_FREESURF
INITIAL_VALUES USER_ROUTINE perpatch6 0. 1. 0. 1. 0.1.
END
END

HUHHHHH AR Momentum Equati ONSHEHHIHHHHHHHHHHTH

FLUID_FLOW_MODULE
MOMENTUM_FALSE_TIMESTEP 0.6

BUOYANCY
BOUSSINESQ_APPROXIMATION OFF
REFERENCE_DENSITY 7000.
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END

SOLVE_U-MOMENTUM
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS

PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
END

1 FIXED_VALUE VALUE 0.

3 WALL COEFF 1. VALUE 0.0
4 WALL COEFF 1. VALUE 0.
5 WALL COEFF 1. VALUE 0.
9 WALL COEFF 1. VALUE 0.
13 WALL COEFF 1. VALUE 0.
23 WALL COEFF 1. VALUE 0.
14 WALL COEFF 1. VALUE 0.
24 WALL COEFF 1. VALUE 0.
15 WALL COEFF 1. VALUE 0.
25 WALL COEFF 1. VALUE 0.

USER_SOURCE_TERMS
surfTens 0

END
END

SOLVE_V-MOMENTUM
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS

PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH

END

1 FIXED_VALUE VALUE 0.

3 WALL COEFF 1. VALUE 0.0
4 WALL COEFF 1. VALUE 0.
5 WALL COEFF 1. VALUE 0.
9 WALL COEFF 1. VALUE 0.
13 WALL COEFF 1. VALUE 0.
23 WALL COEFF 1. VALUE 0.
14 WALL COEFF 1. VALUE 0.
24 WALL COEFF 1. VALUE 0.
15 WALL COEFF 1. VALUE 0.
25 WALL COEFF 1. VALUE 0.

USER_SOURCE_TERMS
surfTens 0

END
END

SOLVE_W-MOMENTUM
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS

PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
PATCH
END

1 FIXED_VALUE VALUE -win
3 WALL COEFF 1. VALUE 0.0
4 WALL COEFF 1. VALUE 0.
5 WALL COEFF 1. VALUE 0.
9 WALL COEFF 1. VALUE 0.
13 WALL COEFF 1. VALUE 0.
23 WALL COEFF 1. VALUE 0.
14 WALL COEFF 1. VALUE 0.
24 WALL COEFF 1. VALUE 0.
15 WALL COEFF 1. VALUE 0.
25 WALL COEFF 1. VALUE 0.
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USER_SOURCE_TERMS
surfTens 0
END
END

SOLVE_PRESSURE
INITIAL_VALUES ALL 0.0
BOUNDARY_CONDITIONS
PATCH 2 FIXED_VALUE VALUE 0.
END
RESIDUAL_REFERENCE 1000.

END

END

HEHHHHHHEHEHHHAEEK-€ turbulence modeltHHHEHHHEHEHHHHE
REAL enut, ke, ep
kin = (0.1°2)*(wln)"2
epin = 0.09*ke”2/0.097
TURBULENCE_MODULE
KE_MODEL
SOLVE_KINETIC_ENERGY
FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL 0.01
BOUNDARY_CONDITIONS
PATCH 1 FIXED_VALUE VALUE kin
PATCH 3 WALL COEFF 1. VALUE 0.
PATCH 4 WALL COEFF 1. VALUE 0.
PATCH 5 WALL COEFF 1. VALUE 0.
PATCH 9 WALL COEFF 1. VALUE 0.
PATCH 13 WALL COEFF 1. VALUE 0.
PATCH 23 WALL COEFF 1. VALUE 0.
PATCH 14 WALL COEFF 1. VALUE 0.
PATCH 24 WALL COEFF 1. VALUE 0.
PATCH 15 WALL COEFF 1. VALUE 0.
PATCH 25 WALL COEFF 1. VALUE 0.
PATCH 2 IN_OUT VALUE kin
END
SAVE_VARIABLE NEVER
END

SOLVE_DISSIPATION_RATE
FALSE_TIMESTEP 0.01
INITIAL_VALUES ALL epin
BOUNDARY_CONDITIONS
PATCH 1 FIXED_VALUE VALUE epin
PATCH 3 WALL COEFF 1. VALUE 0.
PATCH 4 WALL COEFF 1. VALUE 0.
PATCH 5 WALL COEFF 1. VALUE 0.

PATCH 9 WALL COEFF 1. VALUE 0.
PATCH 13 WALL COEFF 1. VALUE 0.
PATCH 23 WALL COEFF 1. VALUE 0.
PATCH 14 WALL COEFF 1. VALUE 0.
PATCH 24 WALL COEFF 1. VALUE 0.
PATCH 15 WALL COEFF 1. VALUE 0.
PATCH 25 WALL COEFF 1. VALUE 0.
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PATCH 2 IN_OUT VALUE epin
END

SAVE_VARIABLE NEVER
END

SAVE_GENERATION_RATE NEVER

END

END

MONITOR_MODULE
OUTPUT_INTERVAL 20
MONITOR_LOCATION 0.07 0.0 0.17
WRITE_TO_FILE SteadySim.txt
END

POST-PROCESSING_MODULE
FEMGV_FORMAT
END
TECPLOT_FORMAT
END
END

STOP

Appendix C. PHYSICA User routine

C. 1. Moving Solid

ELSEIF (Command (1: ecmdlen) .EQ. 'SOLID VELOCITY’) THEN
cfound = . TRUE.
CALL count_arguments ( String(1:strlen), n_args)
DO arg_no =2, MIN(n_args, 4)
CALL read_arg_as_real
@ (String(1:strlen), arg_no, SOLID_VEL(arg_no-1))
END DO
ELSE IF (SRC_EQN_NAM(1:namsiz) .EQ. 'SOLIDF_FLOW') THEN
Handld = .TRUE.
IF ( DISCRETISE .EQ. DISC_FV_CC) THEN
IF (VAR_ID . EQ. UN_P) THEN

J=1
ELSE IF (VAR_ID .EQ. VN_P) THEN
j=2
ELSE
j=3
END IF

IF (GROUP_ID .LE.0) THEN
DO iele =0, TOTELE-1
zpos = Ra(CENTRE_P+3*iele+2)
IF (zpos .LT.0.0) THEN
Ra(SPV_P+iele) = Ra(SPV_P+iele) - Ra(DARCY _P+iele)
zpos = Ra(CENTRE_P+3*iele+2)
IF IA(ELEMAT _P+iele).EQ.1)
@ Ra (SCV_P +iele) = Ra (SCV_P+iele) + Ra(DARCY_P + iele) *
@ SOLID_VEL (j)
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END IF
END DO
ELSE
DO iele =0, TOTELE-1
zpos = Ra(CENTRE_P+3*iele+2)
IF (zpos .LT.0.0) THEN
IF( La(GROUP_ID+iele) )
@ Ra(SPV_P+iele) = Ra(SPV_P+iele) - Ra(DARCY _P+iele)
END IF
END DO
END IF

C. 2. Heat Flux in the Mould

ELSE IF (SRC_EQN_NAM(1:10).EQ.'walls_side") THEN
handld = . TRUE.
fminus = SRC_FACE_ID - 1
eminus =SRC_ELE_ID-1
tamb = 30.0
IF (SRC_NUM_VAL.GT.0) tamb = Ra (SRC_VALPTR)
z=0.0
DO i=0, l[a(NOPINF_P + fminus) - 1
pt = la( FACPTS_P + TOTPIF * fminus+i)-1
z =7 +Ra (XYZCRD_P+3*pt+2)
END DO
z = -z/REAL(la(NOPINF_P+fminus))
IF (z.LT.0) THEN
SRC_COEFF=0.0
SRC_VALUE =0.0
ELSE IF (z. LT. 0.9)THEN
SRC_COEFF = 1.0E-10
SRC_VALUE = -175.0-2*(90.0-175.0)/0.9
SRC_VALUE = SRC_VALUE * 1.0E-2*1E+6/SRC_COEFF
ELSE IF (z.LT.1.16) THEN
SRC_VALUE = tamb
SRC_COEFF = 0.098E-2*1.0E+06
ELSE IF (z.LT.1.6)THEN
SRC_VALUE =tamb
SRC_COEFF = 0.0841E-2*1.0E+06
ELSE
SRC_COEFF=0.0
SRC_VALUE =0.0
END IF
END IF
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Appendix D CD containing Thesis .pdf file and CC animations
D1.1 CFD-SMART 0.5m_s Oil 2cm Gas O.avi
D1.2 LDA 0.5m_s Qil 2cm Gas 0.wmv
D2.1 CFD-SMART 0.8m_s Qil 2cm Gas O.avi
D2.2 LDA 0.8m_s Qil 2cm Gas 0.wmv
D2.3 CFD-SMART 0.8m_s Qil 2cm Gas 2.avi
D2.4 LDA 0.8m_s QOil 2cm Gas 2.wmv
D3.1 CFD-SMART 1.018m_s Oil 0Ocm Gas 0.avi
D3.2 LDA 1.018m_s Oil 0Ocm Gas 0.wmv
D3.3 CFD-SMART 1.018m_s Oil 2cm Gas 0.avi
D3.4 LDA 1.018m_s Oil 2cm Gas 0.wmv
D3.5 CFD-Hybrid 1.018m_s Qil 2cm Gas 0.avi (turbulence model eliminated in the oil layer)
D3.6 CFD-SMART 1.018m_s Oil 2cm Gas 2.avi
D3.7 LDA 1.018m_s Qil 2cm Gas 2.wmv
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