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ABSTRACT

Producing good quality steel at higher production rates is the objective of every steel
industry. Continuous casting has been the most widely used process of producing steel products
from molten steel in various basic shapes which undergo subsequent operations to reach final
shapes. The successful implementation of the continuous casting process in the latter half of
the 19th century has seen numerous developments in casting technology, model developments,
and its application for producing a wide range of end products. The thin slab continuous casting
process is the most widely implemented Near net shape casting process and a very promising
sustainable technology due to the use of lesser finishing operations and economic viability. The
thin slab continuous casting process involves very high casting speeds to produce the castings
with a smaller thickness, which results in higher productivity with less cost. To obtain high
productivity, this process experiences severe drawbacks such as meniscus instability, free
surface fluctuations, mould flux entrapment, etc. which are more acute as compared to the

conventional continuous slab casting.

The continuous casting process is a solidification process in which liquid metal
undergoes solidification and converts into liquid. The initial solidification of the liquid metal
takes place in the mould. During the solidification process, the material undergoes a phase
change process and shrinkage of the material takes place which causes the formation of a gap
between mould walls and the solidifying metal which is in contact with the mould walls.
Various approaches are proposed in the literature to address this gap effect by considering
several assumptions. The first objective of this thesis develops a mathematical model to study
the three-dimensional non-linear thermal resistance offered by the gap. The mathematical
formulation is developed based on the principle of conservation of mass and shrinkage of the
material. The expression for the thermal resistance majorly depends on the solidified shell
thickness and effective thermal conductivity of the gaseous medium present at the mould-
strand interface. A user-defined function (UDF) is formulated to determine the 3D variation of
the solidified shell thickness along the mould length and the conservation of energy principle
is used to determine the effective thermal conductivity of the gaseous medium present at the
mould-strand interface. The three-dimensional fluid flow, heat transfer and solidification
model along with the specially formulated boundary condition able to capture the non-linear

thermal resistance. Heat transfer at the corner regions is automatically adjusted as per the



shrinkage of the material without any manual adjustments. The shell thickness obtained at the

face centre near the mould exit is close to the industrial observations.

Prior knowledge of the conventional continuous casting process need not be useful to
solve the problems of the thin slab continuous casting process (TSCC). Continuous
deformation of solidified shell thickness due to funnel-shaped mould used in this process is the
prime reason for this discrimination. Though the physics involved in both the process is the
same, the TSCC is completely different in terms of geometry (aspect ratio of the thin slab,
funnel shape mould, design of the nozzle, cooling water design), operating conditions (casting
speed, water flow rates, cooling water velocity), magnetic equipment used for applying EMBTr
effect, type of mould lubrication, size of air gap formation, stability at the meniscus, cracks
formations, etc. It can be understood from the literature that the heat flux empirical relations
available for billet and slab casting processes cannot apply to the TSCC. The second objective
of this thesis considers the interfacial heat flux profile which is determined based on the
industrial plant data to study the turbulent flow, heat transfer and solidification of the
solidifying thin slab in a funnel shape mould. High velocities and recirculation flow in the
upper and lower regions of the mould lead to several issues like non-uniform heat transfer and
hindrance in the growth of the solidified shell, etc. The high speed of the molten metal
emanating from the submerged entry nozzle impinges on the narrow face at high speeds,

causing remelting of the solidified shell and a thinner shell at the mould exit.

TSCC faces severe challenges towards quality control due to high casting speeds within
a very narrow region, which is even more acute in funnel-shaped moulds having wide face
transition from a curvilinear geometry to a linear geometry. The formation of complex
recirculation flows inside the mould region are observed to be chaotic which create adverse
effects such as remelting of the solidified shell and longitudinal surface defects. The third
objective of this thesis is focused on controlling these complex turbulence flows to improve

the thermal characteristics of the solidifying strand in TSCC.

Since the liquid metal used in the solidification process has electrical conductivity and
magnetic permeability, generating strong electromagnetic forces inside the mould effectively
alters the shape and size of the strong recirculation flow formations inside the mould. Hence,
the method of applying the electromagnetic brake with the help of a vertical electromagnetic
brake (V-EMBTr) system is applied in TSCC which uses a funnel-shaped mould. Lorentz force

due to the static electromagnetic field is a very effective solution to control the flow behaviour



within the mould. The V-EMBr significantly changes the flow near the narrow face and
downward flow direction of liquid metal travelling towards the mould outlet. The dominating
effects on surface velocities and temperatures are observed close to the narrow face since the
location of V-EMBT is confined close to the narrow face. Improvement in the shell thickness
and reduction of remelting effect are the major contributions of applying V-EMBr. From the
observations of pathlines of fluid particles, velocity profiles near the meniscus region, growth
of solidified shell at the face centre and corner region, etc., it is observed that the application
of V-EMBr is succeded in improving the thermal characteristics of the solidifying strand in
TSCC.

The temperature of the liquid metal entering the mould is more than 1800 K. When the
mould is subjected to continuous exposure to the high-temperature liquid metal for more than
one week of duration, stresses and strains generate inside the mould. The response of the mould
when it is subjected to thermal and mechanical interactions needs to be studied since they alter
the shape of the mould. While studying the mechanical behaviour of the mould, creep effects
have a significant contribution and is more than the elastic and plastic behaviour of the mould.
The rigidity of the waterbox attached to the mould offers an additional constraint to the free
deformation of the mould. The fourth objective of the thesis develops a 3D thermomechanical
model using non-linear isotropic and kinematic plasticity models along with the creep model
and calculate the distortion of the mould, residual stress and elastic-plastic-creep strains in an
assembly of funnel-shaped mould and waterbox. Most of the funnel transition regions of the
mould are accumulated with higher temperatures and hence, displacements and strain
distributions are maximum in that region. Distortion of the narrow face is majorly affected by
the mechanical boundary condition. It is observed that excluding the creep model highly

overestimates the mechanical behaviour of the mould.

Keywords: Continuous casting; Computational Fluid Dynamics (CFD); Turbulence;
Heat Transfer; Solidification; Interfacial thermal resistance; Jet impingement;

Magnetohydrodynamics; Thermomechanical model; Elastic-plastic-creep model; Distortion.
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NOMENCLATURES

Symbols Description Unit
A Creep rate coefficient 1/s
Arush Mushy zone parameter kg/m3.s
B Magnetic field or total magnetic field T
_’0 Externally imposed magnetic field T
b Induced magnetic field due to fluid motion T
C Elasticity tensor N/m?
Cy Function in definition of turbulent viscosity -
Ci1,C Model parameters in turbulence equations -
Cr Kinematic hardening modulus Pa
Cp Specific heat J/kg.K
D Diameter m
E Young’s modulus of elasticity Pa
F Deformation gradient tensor -
ﬁES Solidification source term in the energy equation kg/m.s*
F, Lorentz force N
Fus Solidification source term in the momentum equation kg/m?. s?
f Body force N
fi Liquid fraction -
6. Gy Generation 01? the turbulence kinetic ene-rgy due to mean kg/m.s*
velocity gradients and buoyancy respectively
gJ Acceleration due to gravity m/s?
H Total enthalpy J/kg
h Convective heat transfer coefficient W/m?K
h Con\-/ective heat transfer coefficient of the medium at W/m?K
meniscus
Rgen Sensible enthalpy J/kg
h,, Cooling water heat transfer coefficient W/m?K
h,, Convective heat transfer coefficient in the mould W/m?K

XX



et Net heat transfer coefficient W/m?K
I Identity matrix -
i Induced current density A/m?
K Thermal conductivity W/m.K

K, Thermal conductivity of water W/m.K

K., Thermal conductivity of copper alloy of mould W/m.K
Kerr Effective thermal conductivity of gaseous medium W/m.K
Kot Effective thermal conductivity in turbulent flow W/m.K

k Turbulent kinetic energy m?/s?
L Latent enthalpy J/kg
Lmoutd Length of the mould m
m Time hardening exponent -
n Stress hardening exponent -
Pr; Turbulent Prandtl number -
p Pressure Pa

Qavg Average heat flux from the mould W/m?

Q Creep activation energy J/mol

0" Heat flux W/m?

Qpi Plastic potential Pa

R Universal molar constant N.m/K

Re Reynolds number -

R,y Thermal resistance due to copper mould thickness m?. K/W
Rfiux Thermal resistance due to mould flux film m?. K/W
Ryap Thermal resistance due to gap m?2. K/W

Rinterface | Interfacial thermal resistance m?. K/W
Rsotia,fiux | Thermal resistance due to solid flux m?. K/W
Rsotia.cona | Conduction resistance offered by solid flux m?. K/W
Rsoiiaraa | Radiation resistance offered by solid flux m?. K/W
Riiquia,riux | Thermal resistance due to liquid flux m?. K/W
Riiquia,cona | Conduction resistance offered by liquid flux m?. K/W
Riiquiaraa | Radiation resistance offered by liquid flux m?2. K/W
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Ryir Thermal resistance due to air gap m?. K/W
Rair cona | Conduction resistance offered by air gap m?2. K/W
Ruirraa | Radiation resistance offered by air gap m?. K/W

Ryqa Thermal resistance due to radiation heat transfer m?2. K/W
Riould Resistance offered by mould wall m?. K/W

Riotar Total thermal resistance between strand and cooling water m?2. K/W
R, Thermal resistance due to cooling water m?. K/W
Ry0zz1e Radius of submerged entry nozzle at inlet m
Sk Source term in the turbulent kinetic energy equation kg/m.s3
. Source term in the turbulent dissipation rate equation kg/m.s*
Temperature K
T, Temperature of the surrounding above meniscus K
Tpreak Break point temperature of the mould powder °C
Tref Reference temperature for thermal expansion K
To Free stream temperature K
T, Liquidus temperatures K
T Solidus temperatures K
Ty Temperature of mould on hot face side K
Tp Temperature of solid flux film K

Tsurs Surface temperature of the solidified shell K

Triow Melting temperature of the mould powder °C

Trso1 Mould slag solidification temperature K

T Steel shell surface temperature at oscillation mark root K
Tso1 Solidus temperature of 0.044%C steel K
Tery Temperature of mould flux crystallization K

T, Interface temperature at the air gap side K

Tg Interface temperature at the solid flux side K

Average temperature of cooling water taken at inlet and

w outlet :

AT Degree of superheat K
t Time S
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Teu Thickness of copper mould m
tref Reference time S
tshift Time shift parameter S
U Displacement vector m
v Mean flow velocity vector m/s
/A Casting velocity m/s
V, Volume flow rate of water m3/s
x; Liquid steel thickness m
Xs Solidified shell thickness m
X Material coordinate vector -
3?()? , t) Spatial coordinate vector m
X, v,z Spatial coordinates in rectangular coordinate system -
XY, Z Material coordinates in rectangular coordinate system -
Y Yield function Pa
Greek letters
Symbols | Description Unit
a Coefficient of thermal expansion 1/K
ay, a. | Inverse effective Prandtl numbers in turbulence -
B Saturation exponents -
£ Turbulent dissipation rate m?/s3
A Plastic multiplier -
U Dynamic Viscosity kg/m.s
u' Magnetic permeability H/m
v Poisson's ratio -
p Density kg/m3
o' Electrical conductivity siemens/m
o Cauchy stress tensor Pa
g, Back-stress Pa
Ofef Reference stress Pa

XXiil




Onises | VON Mises equivalent stress Pa
Osat Saturation flow stress Pa
oys | Yield stress Pa
0ys0 | Initial yield stress Pa
¢(o) | Equivalent stress Pa

® Variable containing small value -
0 Partial differential operator -
€ External emissivity -
v Gradient operator 1/m
€pe Effective plastic strain -
€pe Equivalent plastic strain rate -
€p1 Plastic strain tensor -
Vi Kinematic hardening parameter -
Subscripts
cr Creep
el Elastic
eff Effective value
h Hydraulic
lam Laminar
mises von Mises
pl Plastic
ref Reference value
sen Sensible
slag Mould slag
tot Total
th Thermal
tur Turbulent
w Cooling water
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