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Abstract:

Heat transfer problems involving phase-changes have important applications in the field of
engineering, such as metal casting, welding, wire drawing, optic fiber drawing,, fiber-glass drawing,
and icing on airfoil surfaces. This study investigated the conjugate heat transfer in the continuous
casting process. The investigated material was aluminum and it was assumed to be isotropic. The flow
within the liquid phase was assumed to be laminar and incompressible. Problem geometry included a
cooling mold to extract heat from the solidifying metal. The effects of casting speed, inlet temperature,
and cooling rates in the mold and post-mold regions on the solidification process were studied. Casting
speed was expressed as the Peclet number (Pe), and the cooling rates were expressed as Biot numbers
(Bi). Radiation between the mold and the solidified aluminum was examined, and its effect on the
solidification process was investigated.

Due to a moving phase-transition boundary, the governing equations describing a two-phase flow in a
continuous casting process are non-linear. Inside the phase transition zone, the latent heat of fusion was
absorbed into material’s specific heat. Specific heat evaluation within the two-phase region was done
using the average specific heat method. The governing equations were coupled, discretized using the
Galerkin technique, and solved using the finite element method.

The results were plotted as: solidification front locations and shapes; velocity vector fields; temperature
distributions along the outer surface and the centerline; isotherms throughout the domain; local heat
fluxes; and total non-dimensional heat flux values. The plots were studied and conclusions drawn with
respect to each casting parameter.

Numerical results indicate that the casting speed and the mold-cooling rate have the strongest effect on
the slope and location of the solidification front. The inlet temperature does not affect the
phase-transition slope. Radiation between the mold and the cast material has negligible effects on the
solidification process. The post-mold cooling rate does not affect the solidification process within the
mold, but it has a strong effect on the temperature distribution in the post-mold region and on the total
heat flux. All casting parameters reflect in local and total heat flux values.
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ABSTRACT

Heat transfer problems involving phase-changes have important
applications in the field of engineering, such as metal casting, welding, wire
- drawing, optic fiber drawing,. fiber-glass drawing, and icing on airfoil surfaces.
This study investigated the conjugate heat transfer in the continuous casting
process. The investigated material was aluminum and it was assumed to be
isotropic. The flow within the liquid phase was assumed to be laminar and
.incompressible. Problem geometry included a cooling mold to extract heat from
the solidifying metal. The effects of casting speed, inlet temperature, and cooling
rates in the mold and post-mold regions on the solidification process were
studied. Casting speed was expressed as the Peclet number (Pe), and the
.cooling rates were expressed as Biot numbers (Bi). Radiation between the mold
and the solidified aluminum was examined, and its effect on the solidification
© process was investigated.

Due to a moving phase-transition boundary, the governing equations
describing a two-phase flow in a continuous casting process are non-linear.
Inside the phase transition zone, the latent heat of fusion was absorbed into
material’s specific heat. Specific heat evaluation within the two-phase region was
done using the average specific heat method. The governing equations were
- coupled, discretized using the Galerkin technique, and solved using the finite
element method.

The results were plotted as: solidification front locations and shapes;
velocity vector fields; temperature distributions along the outer surface and the
centerline; isotherms throughout the domain; local heat fluxes; and total non-
dimensional heat flux values. The plots were studied and conclusions drawn with
respect to each casting parameter.

Numerical results indicate that the casting spéed and the mold-cooling

rate have the strongest effect on the slope and location of the solidification front.
The inlet temperature does not affect the phase-transition slope. Radiation
‘between the mold and the cast material has negligible effects on the solidification
process. The post-mold cooling rate does not affect the solidification process
within the mold, but it has a strong effect on the temperature distribution in the
post-mold region and on the total heat flux. All casting parameters reflect in local
and total heat flux values. :
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INTRODUCTION

Heat transfer problems involving melting and solidification represent an
area of great praétical importance in the field of engineering. Technology
examples include metal casting, wire drawing, welding, anti-icing on airfdil
surfaces, fiber-glass drawing, optic fiber dréwing, and more.

Continuous casting is a commonly used phase change process in metal
forming. The phase change problems are always non-linear, which is due to the
moving boundary betweén the solid and the liquid phase, and have been
approached analytically and numerically. Analytical techniqués that have beén
developed to solve phase-change problems include the heat balance integral,
Goodman (1958), variation technique, Yeh and Chung (1975), embedding, Boley

(1974), isotherm migration, Crank and Gupta (1975), and source and sink -

-methods, Keung (1980). Siegel (1.984) used the Cauchy boundary value method

to analytically solve the continuous casting' problem. Analytical methods provide
épproximate solutions and have a common drawback; they result in very
complicated mathematical formulations when solving multidimensional problems.

- Two common ways to numerically model the process are to apply the
finite element or finite differenge methods. Both, the finite difference and finite

element methods appear to be practical in solving the phase change problems.




2

In both methbds, the solidifi;ation front position is determinéd during the;
analysis.

There are two differe‘nt computational mesh variations commonly applied
to the problem; one is the time-variant ‘m‘esh, which traces the interface pbsitidn;
the second uses a fixed mesh teqhnique. The fixed mesh approach is
considerably simpler but has a drawback in dealing with non-ﬁnearity in méterial
prope‘rties. Thé fixed mesh approach requires absorbing the latent heat intd
material’'s properties such as specific heat and enthalpy. While offering better
results, the time variant mesh approach is limited to simple geometries.

The fixed mesh approach can be further divided into equivalent heaf
capacity and enthalpy models. An efficient finite difference approach using the
equivalent heat capacity was developed by Hsiao (1985). Lee and Chiou (1995)
modified Hsiao’s (1985) results for the finite element method. In the present work
Lee’s method has been employed and will be discussed in more detail in the

following sections.
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Motivation for Present Research

The continuous casting process is an important production process in the
metal forming industry. Most of the steel made evefy year is continuously cast.
Therefore, much attention has be'eﬁ given t;) numerical modeling' of the process,
‘with the intention to improve and better understand '.the process. The cost 6f
numerical modeling is considerably lower compared with experimental modeling
in industry. For the same reasoné there is extensive interest within the steel and
metallurgy industry to fund suE:h research projects and benefit from the results.

Continuous casting paramet'ers greatly affect the quality of cast products.
Typical parameters include the withdrawal velocity (velocity at which molten
metal is withdrawn from the molten metal reservoir), amount of superheaf (the
temperature diﬁerence between the molten métal at the inlet and the
solidification temperature), and the qooling rateé in the mold and posi-mold
regions. These parameters affect the physics c_'jf the solidification process,
including the solidification front position, solidification front slope, which direcﬂy
reflect in the strength of the cast product, its uniformity and microstructure.
Predicting these properties is highly desired in metallurgical industry, and was
the moti\}ation for numerical modeling of the process presented here.

The original computer program used in this research was provided by the
~Sandia National Laboratoriés, and was modified for a two-phase flow by. Dr.
Ruhul Amin at Montana State University. Its main limitation was with respect to .

the time step used to simulate a transient process. Temperature change at any
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node over one time interval was nét‘ allowed to exceed the temperature interval
over which solidification was expeécted to occur, as reported by Morgaﬁ et al.
(1978). Lee and Chiou (1995) developed a’method, which was inseﬁsitive_ to the
temperature interval over which the solidification was expected to occur. The
method allowed for use of larger time steps to save computing time. The time
step used to simulate a transient process was found to have littie effect on‘
average ahd maximal errors. | |

Decreased computational'complexity and maintained level of accurélcy
" reported by Lee and Chiou (1995) were the motivation for the present work. As a
part of the present work, the program was modified for use of the average’
specific heat model presented by Lee and Chiou (1995).

The eséence of Lee and Chiou’s (1995) techhique is in applying the
average specific heat method to evaluate the specific heat within the solidification
interval. AIthéugh in present study the metal under consideration is pure
aluminum and it solidifies at an' exact temperature, the material was modeled to
solidify over a temperature interval, in order to test the method. ‘On that
temperature .interval an abrupt change in specific heat occurs, because of latent
heat absorption into the material’s specific heat. Details of this method are

discussed later.
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Problem Description

The concept of continuous casting is described next.. A simplified
continuous casting schematic is shown in Figure 1. The figure shows the cross-
section of the planar‘ two-dimensional geometry. Metal is heated above its
melting point and thereafter withdrawn from the molten. metal reservoir,
commonly referred to as the tundish, at a constant withdrawal speed. Following
the entry point islthe cboling mold, where heated metal loses enough heat to
form é solid shell. In fhe present study, the mold was modeled as solid copper
and the outer mold-surfaces were cooled by forced convection. The solidified
metal is further cooled in the sub-mold region, usualiy by forced co‘ﬁvection'. This
is commonly done by water/air s‘pray-co'olling. The effects of, the. amount of
superheat, varying withdrawal speed, and the heat transfer rates in the mold- and‘
pdst-mold wefe investigated as a part of the project. In the present study of
aluminum solidification process, .the flow within the liquid phase was assumed to.
be laminar. |

The main objective of the present research Was t_ov conduct a- numerical
study of the continuous casting process by applying the average specific heat
method. The effects of convective heat transfer rates in the mold and post-mold
regions, coupled. with vérying inlet temperature (amount of superheat) and
withdrawal speed, were studied. The geométry of the model with basic linear
dimensions is shown in Figure 2. Symmetric nature of the problenﬁ allowed us to

consider only one half of the material.




The material studied is aluminum, and it was modeled as Newtonian
incompressible fluid within the Boussinesq approximation. The flow is assumed
to be laminar. This holds for the liquid phase. The solid phase is modeled as a
fluid with a Very large' viscosity as in the solid region, the kinematic viscosity

approaches infinity.

Molten metal

Solidification front

Withdrawal
direction

Figure 1. Schematic of a continuous casting process.



Figure 2 illustrates the basic geometry of the problem and it shows the

partition of the problem domain into the pre-mold, mold and post-mold regions.

Inlet of the computational domain

Pre-mold region

Line of symmetry

Solidificatioi
front

Post-mold region

y - axis

X - axis

Outlet of the computational domain

Figure 2. Schematic diagram of problem geometry.
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According to the schematic presented in Figure 2, the aspect ratio for the

problem was defined as

Ar = (L.1)

L
=
L is the length of the material, and W is the half thickness. Figure 2 shows that L,
is the length of the pre-mold region, L, is the length of the mold, L; is the length
of the post-mold region, and t; is the mold' thickness.

The numerical investigation was performed using a finite-element code;,
originally known as ‘NACHOS II' The céde waé developed at t‘he ‘Sandia
National Laboratories to solve single phase fluid mechanics and heat transfer
problems. It was designed for the finite element analysis of steady-state or
transient, two-dimensional, incompressiﬁle, viscous flows using the Galerkin
technique. The program was then modifiéd by Dr. Ruhul Amin at Mohtané_ State
University to model two phase flows, including solidifi'cation problems. The
- present work is a further modification of the code and it is implemented using the
average specific heat method presented by Lee and Chiou (1995).

The numerical simulations were carried out on a DEC "Alpha Server 2100

4/200" with 256 Mb of RAM.
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Background

Starting in the late 1940’s and continuing through the 90’s, significant
éttention has been given to numerical modeling of the cqntinuous casting
process. Computer models turned out to be a .relatively inexpensive Way to
predict. this 'widely used manufacturing procedure. Several authors have
approached the subject using different techniques.

The pioneering work dates back to 1940's when Eyres et al. (1946)
investigated variable heat flow in the solids. Since then modeling the solidiﬁcation‘
systems numerically has been among major areas of research in the heat énd
mass transfer community.

Bonacina et al. (1973) presented numerical solutions to phase-change
problems. The threé-time level implicit scheme was anonditionélly stable and
convergent. The problem was defined as transient non-linear unsteady heat
conduction problem. Their finite difference method was based on an analytical
approach consisting of an approximation of the latent heat e‘ffect by a large heat
capacity over a small temperature range. The method was capable of solving

melting and solidification problems but was limited to problems with small

témperature intervals over which the change of phase was expected to occur.

They assumed pure conduction in the liquid phase. However, they remarked = °

upon the possibility of an error when making such simplification.
An improved algorithm for heat conduction problems with a change of

phase was presented by Morgan et al. (1978). They simplified and improved the
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previously mentioned work by Bonacina et al. (1973). The objective was to
reconsider the latent heat effect in a way such that the latent heat effect
accompanied with a phase-change is approximated by integration of the terms
involving the heat capacity. Therefore, an accurate evaluation of heat capacity is
required at integrating points. In their method, quadratic iso-parametric elements
were used and a very good level of accuracy was demonstrated. An important
finding was that the time step size should be chosen so that the temperature
change within one time interval should not exceed the temperature change over
which the solidification was assumed to occur.

| Gartling (1977) presented important work in computer modeling of
con\}ective heat transfer p.robiems. Gaﬁling’s approach was applicable for(bot'h
free and forced convection heat transfer and waé based on a ﬁhite element
method. The field equations were discretized using the Galerkin method.‘ The
solutions for the problems with temperature-dependent properties were-
presented. As mentioned before, Gartling’s finite element computer program
(NACHOS 1) was used as the basis for the present work.

Siegel (1984) presenfed an analytical model of a continuously cast slab
ignot. The model included an insdlated mold following the molten metal entrance. |
He assumed the épatial variation of heating of the interface by the quuid phase to
be a known function. In his two-region médel, convection in the liquid was
neglected and conduction waé assumed to be the only mode of heat transfer.

The heat flow was proposed to occur through the liquid metal to the solidification
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interface and to the cooled ignot sides. By making these assumptions, a purely
mathematical approach was taken in order to determine the solidification front
position. The results were ebtained by a Ceuchy boundary value method, which
was applied in two steps. First the interface shape was obtained to satisfy heat
removal from the interface due to the latent heat of fusion and due te a
generalized non-uniform heat transfer from the superheated metal. The second
step was to obtain the heat conduction from the liquid metal to the solidification
interface. Siegel stated that the shape of the interface is important in forming
certain types of crystal structures. |

An efficient algorithm for melting and solidriﬁcation simulation was
presented by Hsiao (1985). His finite difference method was capable of solving
melting and solidiﬁcation heat transfer problems. The latent heat of fusion was
taken into account by using a linear interpolation of the nodal' temperatures. The
scheme was insensitive of the magnitude of the solidification interval, i.e.,
temperature range within which the solidification is expected to 'occur._Therefore,
,solidification of alloys, which selidify over an interval, and solidification of pure
materials, which solidify at an exact temperature, can be modeled.

Thomas et al. (1990) presented a turbulent steel solidification. model,
which simulated the fluid flow' inside a continuous slab-casting machine by
applying the finite element method. Their work consisted of separate 2-D models
for the nozzle and the mold region. Parameters under |nvest|gat|on were the

velocity flelds effect of nozzle angle, casting speed and turbulence simulation
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parameters. The predicted flow patterns showed good agreement with the
measured data. It was concluded that the overall flow field is relatively insensitive
to process parameters. |

Very important theoretical work in transport processes associated with
continuously moving materials undergoing thermal processes was initially done
by Jaluria (1992), and was very applicable to investigations of continuous casting
process. The focus of J‘aluria’s research was on thermal buoyancy, t‘r;ansients, ~
and forced flow in the ambient medium. Besides publishing the newly developed
results, Jaluria also summarized and outlined brevious achievements..

An important step forward in thermal modeling of the continuous casting
process was the work by Kang and Jaluria (1993). They developed an enthal;‘)y"
method, éssuming a heat transfer coefficient af the surféce of the material, to
solve one dimensional two-zone problems and two-dimensional problems. In
both cases the finite difference method was employed. The numerical results
were found to follow the expected physical. trends. For the small Peclet number:
range the effects of axial difosion, the cooling rate inside the rﬁold, the
withdrawal speed, and the thermél buoyaricy forces, were considered. The
results were in good agreement with published analytical results. The interface
.shape and the resulting temperature field were found to be strongly dependeht
upon the cooling rate inside the mold and the withdrawal speed. Axial diffusion
effects were found to be impor’tan't and the effect of buoyancy forces to be

insignificant for the parametric ranges considered. Their findings were also
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applicable to other phase change processes involving moving materials, such as
crystal growing, plastic extrusion, and glass fiber drawing.

Huang et al. (1992) investigated superheat dissipation in continuous
casting machines. They developed a two-dimensional mathematical model to
predict temperature and velocity fields within the liquid region. it was found that
most of the heat is dissipated in the mold or just below the mold. Also, the
amount of superheat and the casting speed were discovered to have a dominant
effect on heat flux. Other parameters spch as mold width, nozzle jet angle, and
submergence depth, and their effects on the heat flux and the growth of shell
were also investigated. Two-dimensional mathematical model -predicted many
three-dimensional results accura;te!y.

Thomas (1993) presented the stress model of a casting proeess. |
Mathematical stress generation fnodéls are of great interest in the industry.
Stress is modeled by coupled, transient heat transfer analysis including
solidification, shrinkage, and fluid flow effects. Phenomena were further modeled
by including phase transition; temperature, stress, plastic creep, mold distortion,
and three-dimensional stress and crack formation. Because of high complexity
the resuits had limited applicabiiity when first presented. Recently due to highly

. increased computer capability and adequate mechanical property data, the
results are getting more attention. |

The modified latent heat method was presented by Lee and Tzong (1995) -

to properly model the latent heat effect in the solidification of a binary alloy. The
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species and momentum equations were solved in the liquid and mushy zones.-
No species equation was needed in the solid phase because the eutectic state
was imposed on th_e eutectic front — the front between the solid phase and mushy
region. The mushy zone is the region between the solid and thé liquid phase. To
determine the mushy and the liquid zc)nve‘ interfaces, an interpolation technique
was proposed. Good agreement with the experimental data was demonstrated.

An important aspect in the modeling of continuous casting has beén
researched and presented by Choudhury and Jaluria (1994). It has been found
that convection in the post-mold region might have an important effect on the
nature of solidification. - The work was a continuation of Jaluria's (1992)
publication. Forced convective heat transfer from a continuously moving heated
cylindrical rod has been investigated in detail‘. The goVerniﬁg eqﬁations' were
elliptic and were solved employing a finite volume method.. Heat transfer in the
solid material was coupled with the heat transfer in the cooling liquid through the
boundary conditions. The resurlts_ of their study were very important in
understanding and modeling the convective heat transfer in the post-mold regidnv
of the continuous casting process.

Further work on coﬁvective cooling of cylindrical surfaces was'pr'esented
by Buckingham and Haji-Shei'kh (19985). They investigated the cooling of higﬁ
temperature cylindrical surfaces using a water/air spray. Two distinct regions
were recognized in the post-mold region; radiation dominated, and convection-

dominated regions. It was found that between the two regions there is a transition
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region. Non linearity in convective heat transfer coefficient was discovered. The
effects of droplet size and water content in the spray have been analyzed. The
phenomena can be used as a guide to design better heat treating systerﬁs in
metal forming processes.
| Lee and Chiou (1995) presented a new muItiIeQeI finite element technique
to solve phase change problems. The procedure prO\}ed to be very efficient for
| analyzing transient heat transfer with“a' change of phase. An average specific
heat method was empioyed to simulate the prdperties of the elements
undergoing the chénge of phase. In that region, an abrupt change of specific
heat occurs due to latent heat absorption. An \algor‘ithm for analyses of heat
transfer problems, including melting and solidification, was developed by Hsiao
(1985). Lée and Chiou (1995) modified the algorithm for the use with the finite
element method and achieved a very important improvement. The time step was
found tb have little effect on the average and maximum errors. Therefore, a
larger time step can be used to save computing time. Also,, the method was
foﬁnd‘ to be insensitive of the temperature .intéfval over w}hich,t solidification is
expected to occur. "
Thbmas and Ho (1996) presented a model of.the continuous casting
_process developed using a spreadsheet program, Microsoft Excel, running on a
personal comk)uter. The model consisted of two-dimensional steady state finite
difference heat conduction calculatipns' within a mold, coupled with a one-

dimensional solidification heat transfer of the solidifying shell. Model predictions
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showed good agreement with previous solutions. It was found that spreédshe,et
prograr;ns running on.persbnal computers are capéble of sdlving relatively
complex problems that would require extensive effort using con\A/en“t.ionall
programming languages.

Currently extensive research is being done at the University of lllinois
Urbana Champaign guided by Brian Thomas. Mathematical and numerical
models were dev'eloped and emphasis is given_ to modeling of the .steel- :
solidificatioﬁ process. Their research is focused on modeling the turbulent flow
since the nature of the steel solidification process is highly turbulent. Many of
their models include submerged-entry nozzle design. Other points of interest are

stress generation, material shrinkage, determination of microstructure, and crack

formation.
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PROBLEM FORMULATION

Introduction

In the present study, the continuous casting process -was assumed to be
transient, two-dimensional, and laminar in the liquid portion of the flow. Viscosity
in the solidified region was assuméd to be ‘very large’ in order to model a solid
material. The liquid portion was assumed to be a Newtonian fluid. The cooling
‘mold was defined as a solid with constant material properties. The boundary
conditions were set as described in Initial and Boundary Conditions section.
Convection heat transfer coefficients in the pre-mold, méld and post-rﬁold
regions were téken as constants along the resp'ective boundarie‘s.. Material
density Was assumed to be constant throughout each phase.

When metal solidifies during a continudus rcasting:process; an interfacial -
gap forms between the mold and the cast metal, which results in a lower contaét
- area between the mold and cast metal. Lower contact area results in a lower
interfacial heat transfer coefficient, which was expected td influence the heat flux.
Siﬁce an interfacial gap is formed, the radiation heat transfer was expectec_j to
have an impact on the heat flux. In thé present work, the radiation between the
mold and the material was takeﬁ into consideration, and was defined in a user-

supplied subroutine.




The mold material was chosen to be copper. Specific heats for the solid
and liquid regions were assumed to be constants. Specific heat at each node
within the phase-change temperature interval was calculated using the average
specific heat method developed by Lee and Chiou (1995). Details about specific
heat evaluation using the average specific heat method will be described in the
Numerical Method section.

As described earlier, the governing equations for the continuous casting
problem were solved using a finite element method based on Galerkin technique.
Sub-parametric quadrilateral nine-node elements were used to generate the finite

element mesh. A nine-noded quadrilateral element is shown below in Figure 3.

Node 7
Node 4 Node 3
Node 9
Node 8
Node 6
Node 5
Node 1 Node 2

Figure 3. Typical 9-noded iso-parametric element.
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Governing Equations

The present problem was concerned with the conjugate conveétive,
conductive, and radiative heat transfer. Throughout the entire computational
domain the conductive heat transfer was preéent. Along the outside mold surface
and in the post-mold region, the mode of heat transfer Was forced convection.
" Pre-mold region was assumed insulated. Radiative heat transfer takes place in
lthe mold region beyond the phase transition front, where an interfacial air gap is
forméd.

The problem was described as planar and two — dimensioﬁal. The fluid
was assumed to be Newtonian and incompressible within the Bossinesq
approximation. The change in density upon the change of phase was assumed
negligible. The‘ flow within the liquid phase was assumed to be laminar. Materials
were assumed to be homogenous and isotropic, i.e. material properties were
independent of the coordinate direction. Material properties were. temperature
indépendent and were constant within each phase. The effect of latent Yhea,t was
absorbed 'into the material’'s specific heat. Viscous dissipation was assumed to
be negligibly small. Tensile stress effect in the liquid portion of the flow bécomes |
an issue at higher withdrawal speeds, but it was neglected in the present study.

The flow was described by conservatiohn laws for mass (continuity),
momentum (Navier — Stokes), and by the energy equation. The basic equations

describing the two-phase flow are given next.
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The conservation of mass is enforced through the continuity equation. For

constant density the equation is:

—+—=0" : 2.1
Ox : ( )_ ‘

Momentum equation in x and y directions respectively have the following forms:

u, o, o 0P [P o 02
Pa T Ty e e Ty '
6v av ov aP 62 62
—+py—= + T-T, 2.3
The energy equation is: ' N
or aT aT 62T o°T .

a " Ve |

Density, p, is constant throughout the solid and liquid phésés. Specific
heat, C, ié cc‘mstanf jn liquid (C)) and solid (Cs) phases. Specific heat in the
sdlidiﬁcation region is evaluated according to the average specific heat method to
accommodate for the latent heat removal. The approach is described later in a

separate section. Thermal conductivity, k, is defined as follows:

k=k, JorT <T. —AT

k= k+k2 k[T (T-AT)] forT, AT <T <T +AT (2.5)

k=k ﬁwT>£+AT
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In equation (2.5) Ts is the solidification temperature for aluminum. AT
represents a half of the temperature interval over which solidification was
modeled to occur.

Equations (2.1) through (2.4) together with the boundary condifions, which
are discussed next, form a complete set for determination of velocity,
temperature fields in both, liquid and solid phases, and velocity fields in the liquid
region. In the liquid region momentum equation is codp'led with the energy
equation and the mass conservation equation (continuity) to obtain the solution
fields. In the solid region a very high value of viscosity is assigned. Momentum
equations become very stiff./Thereby the momentum and continuity equations
are eliminated from the problem. The only remaining governing equation in the
solid phase is the energy equation. Within the solid phase the velocity
component parallel to the withdrawal direction is assigned the magnitude of the

withdrawal speed, Uy, and the other velocity component equals zero.
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Initial and Boundary Conditions

‘Table 1 lists the boundary conditions in dimensional form. Dimensions

correspond to the schematic given in Figure 2.

Table 1. Boundary conditions in dimensional form.

BC Type - ' Dimensional Locafion
u=0 x=0,0<y<L
x=W,0<y<L
0<x<W,y=0
0<x<W,y=L
v =-Up O0<x<W,y=0
 0<xs<W,y=L
oTloy =0 0<x<W,y=0
8TIox = 0 x=0,0<y<L
h=0  X=W,Ly+Lls<y<L
hz ‘ W<<x<W+tg,y=Ls

X=W+ty, Lasy<lo+L3
W<x<sW+tg,y=La+ L3
hs . - x=W,0<y<ls

Note that x=0 defines the centerline of the matérial, X = W defines the
“outside edge, y=0 defines the outlet of the computational domain, y = L defines
the inlet plane, and t;; denotes the mold thickness, as defined in Figure2. L4, Lo,

L3 are also defined in Figure 2. In this study, L1=0.1-L, L, =0.4.L, Ls=0.5.L.
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. As discussed earlier, the radiation heat transfer between the mold and the
solidified metal was taken into account through the boundary condition. The
mold/metal interfacial heat transfer was accounted for by applying a radiative

heat transfer coefficient at the metal/mold interface. It is defined as:

O+ T (T +1,)
4 1
|
Eq &

w

(2.6)

In equation (2.6), the subscript ‘Cu’ represents the considered property at
the inside surface of the cooling mold, and the subscript ‘Af 'représents the
considered property at the outer surface of the cést materiali in the solidified
region. o is the Stefan-Boltzman constant. ¢ is the material’'s emissivity and was
assumed constant along the respective bouhdaries.

As mentioned in the earlier section, the investigated metal was aluminum
and it was modeled as a Newtonian ﬂ‘uid. The cooling mold material was solid
copper. Thermophysical properti‘es‘f'or all materials used in nuherical modeling

of the continuous casting process are listed in Table 2.
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Table 2. Thermophysical properties for aluminum and copper.

Property Liquid Al Solid Al Copper Units
Density, p . 25425 25425 8933 kg/m®
Specific heat,C 1080 1076 - 385 Jkg-K
Viscosity, x 1.3x10% 10 kg/m:s
Thermal conductivity, k 94.03 238 401 W/fn-K
. Thermal expansion, 1.2x1 o d— — 1K
Latent heat of fusion, L, 3.95x10° --- — Jikg
Phase change temperature 936.52 930.52 -—- K

Emissivity, ¢ - 0.3 0.5
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Normalization of Governing Equations

The following  non-dimensional variables were introduced in order to

normalize the governing equations:

- X
X =—
W
Y
Y w
. U .
U =—, Vv =—
U, U,
P = -P2
' p-U,
o=1-L
I-T,
o t:Us
w

2.7)

(2.8)

(29

(2.10)

(2.11)

(2.12)

In the above expressions x and y are linear dimensions, u and v are the

velocity components, Up is the withdréwal velocity, W is the half thickness of the

cast material, and was chosen as the characteristic length. Superscript ‘*

‘represents the dimensionless counterparts for the dimensional variables. 7. is

the surrounding temperature calculated from the definition of the Stefan number

given in equation (2.20).
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By substituting the above dimensionless parameters into dimensional

governing equations (2.1), (2.2), (2.3), (2.4), the normalized governing equations |

are obtained.

allﬁ av* .
. + =0 2.13
o T ° (2.13)
* * * _ " [ 2 ® 2w\
au_ +u*au_ +v* 5”_ = 6{’ +i azfz +__6 z:z (2.19)
ot ox oy Ox Rel Ox oy
L3 * "« _ * 2% 2. % ‘
av, +u*av_+v*av, =- 6{) +i 61:2 +61:2 + Gr2® (2.15)
ot Ox oy oy Rel ox oy Re
‘ i - 200 A2
a(?+u"a€3+v"a@3 =i‘ ag+a—g— (2.16)
ot ox oy . Pe\ox oy

After non-dimensionalizing the material’s specific heat, the Stefan number
appeared in non-dim_ensional form of the material’s heat capacfty.' Details about
the average specific heat method are disc;ﬁssed in detail.in a separéte section. A;[
this point it is sufficient .to recognize that four criteria define the specific heat at
the nodes ‘within the solidification interval. In all definitions, terms including the

latent heat, Ly, are expressed in terms of Stefan number, Ste. A general

procedure is illustrated next.
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As shown in Hsiao (1985), the specific heat at a node undergoing phase

transition can be written as:

C=a(T)-(2.A

LhT (T, cs,c,)j 2.17)

In equation (2.17), @ and ¥ represe'nt‘functions of temperature and
specific heats for solid and liquid regions. @’ and f vary for each case, as
described later, and only a general procedure is illustrated here for reasons of
brevity.

Specific heat is non-dimensonalized with the solid-phase specific heat, Cs.
C" = a'(@)-(——f (©) +f"(®,C,)) o (2.18)
Ste _
where C,is the ratio of specific heats defined as
C, =—L | (2.19)
Functions a’, £, and £’ in equation (2.18) will change for different criteria
that define the specific heat inside the solidification interval and are discussed in

detail in the Average Specific Heat section. Non-dimensional parameters

appearing in the normalized governing equations are defined as:' _

: ' 2 wANT-T.
:M Pr_—_'uc Gr=gyﬂp 2( w)

Re _ : ‘
)z k 2

(2.20)

Pe =Re-Pr Ste = <835 o)
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Non-dimensional Boundary Conditions

The normalized boundary conditions are listed in Table 3.

Table 3. Normalized boundary conditions.

BC Type Non-dimensional Location

u*=0 ‘ x*=0,0<y*<L/W
x*=1,0<y*<L/W
O<x*<1,y*=
O<x*<1,y*=L/W

V= - O<x*<1,y*=0
O<x*<1,y*=L/W

o@loy*=0 0<x*<1,y*=0

o0/ox* =0 x*=0,0<y*<L/W

Bi1 =0 x*=1, (La+L3) IW<y*<L/W

Biz 1<x* <1 +tm/W,y*=L3/W

X*=1+tn/ W, La/W<y*<(La+Ls) /W
1<x* <1 +tm/ W, y*= (Lo + L3) /W
Bis x*=1,0<y*<Ls/W

In this study tm /W =0.25,L/W=20,L1 /W=2, L,/ W=8, Ls/W=10.
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NUMERICAL METHOD

Introduction

To obtain solutions for most féalistic boundary value problems
approximate solution methods are most commonly considered. Most popular
numerical solution methods are in general divided into two groups — finite
element methods (FEM) and finite difference methods (FDM). Both methods
have the sam'e objective, namely to reduce’ the infinite number of d‘yegrees of
freedom. In the présent work; a continuous problem described by a sét of partial
differential equation was reduced to a discrete problem (finite number of degreés
of freedoﬁ) described by a system of algebraic equations. Although the results of
both methods are very similar, the procedures are sufficiently different. In the
present work the finite element method was used to solve the continuousl casting
problem. Basic concepts are described iﬁ this chapter. Detail discussion on this
can be found in Gartling (1987).

A computational mesh was chosen as fixed with time, and is described
next. The cqmputational matrix describing the ranges of parameters used for the

_current study is shown later.
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Finite Element Formulation

The modeling procedure begins with the.divisio.n of some continuous
regions of interest into a number of simply shaped regions called finite elements.
As mentioned above, the elements were chosen as fixed in space. Within an
element, dependent variables (u;, P, T) ére interpolated in terms of values to be
~ determined at a set of nodal points. In order to determine the equations for these
nodal point unknowns, an individual element is separated from the global system.

Within each element, vélocities, pressure, and temperature are

approximated as:

u(x,0) = O (e - (.

P,y =¥ (x)P@) (3-2)
T(x,1) = 0" (x)T(®) (33)

where u;, P, T are element nodal point unknowns, and ®, ¥, ® are vectors of
interpolation functions. The above approximations are substituted into the field
equations and yield a set of functional equations.

Conservation of momentum:

 £a(®,%,0,u,P,T)=R, | (3.4)
Jul®¥,0,4,P,T) =R, 3.5)

Incompressibility or mass conservation:

Fo(@,u)=R, | (3.6)
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Energy conservation equation:

S (@,0,4,7)=R, 3.7

R’s in the above equations denote residual errors resulting from approximations
given in equations (3.1, 3.2,3.3). In order to reduce these errors to zero, the
‘Galerkin form of method of weighted residuals is used. That is aéhieved by
making the residuals orthogonal to the interpol’at’ién functions over each élement

as indicated below,

<q)aful) = <(I)"R741> =0 (3-8)
<CI),fuz)=<(I),Ru2>= 0 (39)
(¥, fo)=(¥,R,)=0" (3.10)
(8, £)=(0,R.)=0 (3.11)
where <a,b> denotes the inner product and is defined as
(a,b) = {a-bd2 | (3.12)

Q in equation (3.12) represents the area uhder consideration. Details in
evaluating integrals deﬁned in equation (3.12) are available .in Garfling (198?).

| The finite element method can be divided into fhe mixed FEM and the
penalty FEM. In the mixed method, all of the dependent variables are directly
approximated and retained in the global matrix problem.' In the pénalty method,

which was used in the present work, pressure is eliminated from the matrix
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problem and the overall size of the problem is thereby reduced. The following

compressibility condition is considered:

Ti=—g,.P : (3.13)

In the above expression, & is the penalty parameter and is typically a small
constant. Solutions of usual momentum equations converge to the solution of the

real incompressible problem as & approaches zero. Equation (3.13) can be used
in the continuity equation. Galerkin method of weighted residuals produces the

following:

GR'U = -¢, -M,P. (3.14)

MU+ ACU)U +K,U + KU, TYU + BT = FT),K, =GR .M;'GR" (3.15)

€p
This expression can be sol\}ed for pressure and substituted into the

discretized form of the momentum equation. Therefore, the matrix problem

description becomes:

[M,o} U +[,atc(U)Hrc,,Jrlrc(U,T),B(T)HU}={F () }  (3.16)

o |~ o, DAH+L(T) ||T]  |G@T,U)
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The matrix equation (3.16) is a discretized form of the conservation
equations for an ‘individual finite element. AC and D matrices represent the‘
advection of momentum and energy respectively; K and L represent diffusion of
momentum and energy respectively. GR matrix is a gradient operator and GRis -
the divergence operator. Also note that pressure has been eliminated from the
matrix problem. M_ and N matrices are the mass and capacitance terms in the
field .equations, and B matrix represents the buoyancy force. Importantly
buoyancy force becomes irreIevanf in the case of forced convection. Pressure

can be recovered from equation (3.17) using the known velocity as indicated

p=-Lumiery. - (3.17)
8P
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Average Specific Heat Method
The adjusted specific heat method was originally developed by Hsiao
(1985) for the finite difference method. The approach was capable of
incorporating the latent heat of fusion into the material’s heat capacity for cases
when solidification occurs at a certain temperature (pure metal solidification), or
over a temperature range (binary alloys). It was assumed that the specific heat at
a certain node is dependent on the four adjacent nodes. Figure 4 shows the

combined specific heat including the latent heat effect over the solidification

interval 2AT. Tmin Figure 4 represents the melting temperature.

Liquid phase

Solid phase

» T

Figure 4. Latent heat effect on material’s heat capacity.
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To illustrate-the computation of the adjusted specific heat at a node let ué
consider two nodes at temperatures 77 and T, assurriing that one of the two .is
inside the solidification region and T > T,. Hsiao (1985) discretized the material
within T énd IF; into solid, liquid, and molten. Adjusted specific heat, C(T;, T>) at
a node was calculated éccording to the following criteria:
IfT,<T<T, - AT

C.1)=C, | (3.18)

IfT,+AT<T,<T, . | ,
CT.L)=¢ : (.19)

IfT,<T,-ATandT > T, + AT

C(T,T) = — 2AT(L" +Cs+C’j+cs-(Tm—AT—1;)+c,-(2;—Tm—AT)'
TR @-n)T At 2 1
, ' ' (3.20)
IfT,-AT <T,<T, <T, +AT
: L C +C :
CIL,T)=—" ="t 3.21
(@.1)= = | (3.21)
T, <T,-ATandT,—AT <T, < T, + AT
: 1 L C +C
C(,,T)= by =T -T, +AT)+C, (T, - AT -T,
01)= g xS - ar)ec, (-ar-z)|
(3.22)

T, -AT <T,<T,+ATandT, +AT <T,

1 L, C+C " N
C(T,,T,) = - By s ’jAT+Tm—T +C,-(T,-T,-AT)| (3.23
(.12) (Tl'—zg)[(m ) )+ (@ )} (3.23)
If2AT =0

C, 1) = (T_I-T—)[L,, +Cy (T, ~T)+ - (G —T)] (24)
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From Hsiao’s (1985) results, Lee and Chiou (1995) developed an
algorithm for use with finite element methods and it was applied in the present
work. In the solid and liquid regions specific heat was again evaluated
straightforwardly as Cs and C/ respectively, since they are not temperature
dependent. For the elements undergoing phase transition, the nodes in the two-
phase zone were reconsidered. Heat capacity at any node within the freezing
interval depended not only on the four adjacent nodes, but also on its four corner

nodes. Figure 5 shows a typical portion of a finite element mesh.

Solidification Zone

Considered Node (i, j)

Figure 5. Typical portion of the finite element mesh.
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As reported by Lee and Chiou (1995), specific heat at a node undergoing

phase change can be expressed as follows,

1 .
C(];,j) = Z[Cl (‘T;',jﬁTav,l) +C2(];,]':Tav,2) +C3("I;,j’Tav,3) +C4('Ti',j’Tav,4)] (325)

where

Ly =50+ T, 4 T, ) (.29

As illustrated in Figure 5, each node has four adjace'nt sub-elements. T+,
Ton, Ts,,, and Ty, in equation (3.26) are the nodal temperatures of four-noded sub-
elements, and T,y is the average temperatufe of the i“‘,adjaceht sub-élement.
After the average temperature is determined for a sub-element und’er
consideration, T; and T values are assigned so that 7; > T, for use in equations
(3.18 - 3.24). Thereafter the adjusted specific heat, C(Tj;, Tayv)), is calculated for
that sub-element according to equations (3.18 - 3.24). .The pracedure is repeated
for each sub-element and the average épecific heat ié finally calculated according
~-{o equation (3.25).

The method was: found to be insensitive of the freezing temperatufe
interval and 6f the tihe step used to simulate a transient process. Therefore

larger time step can be used to decrease the computational time.
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Computational Mesh

The computational mesh was chosen so that accurate results can be
obtained and the computational time is minimized. The total computational time '
increases with the increase in the number of elements. The following is -an
overview of the mesh refinement test. |

The,fir]ite element grids were arranged so that more elements were placed
in the mold region and along the butside boundary of the cast metal. The reason
were steeper temperature and Velocity gradients in those regions.

It is important to clarify the convergence criteria used in the present work.
NACHOS II. uses the discrete norms to check for convergence. The norms are
defined below.

ui,max j=1

. 1/2
1 N
u, ' ntl _ ..n
Ay = —— (ui,j ux.j)z

| (320)

1 N 172
4= S -1

max \ j=l
Subscript max represents the maximum value of a variable at the (n+7)"
(current) time step, and n is the previous time step. When the norms decréased
bélow the specified convergénce criteria, the solution fields were considered to
be at steady state. The convergence parameter in the present work was set to
10°. |
For mesh sensitivity testing a grid with 320 elements (Mesh A) was

chosen as the base for comparison. The number of elements was first doubled in
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the mold region, resulting in the geometry with 400 elements (Mesh B). Finally,
the number of elements was doubled throughout the entire domain, resulting in
640 elements (Mesh C). Four cases were run for the grid independence test. Thé
ranges of the parameters are shown in Table 4. It is important to .note here that
the mold region (y*=17-20) was modelled: as an insulated mold through the
boundary condition (Biz = 0). Thefe was no pre-mold region: Along the outer
edge s'urface' of the post mold region (x* = d, y* = 0 - 17), a constant temperature

boundary condition (® = 0) was applied.

Table 4. Computational matrix for grid independence test.

Bi> ® - Pe / Ste
Test 1 0 1.1 0.4
Test 2 0 1.5 0.4
Test3 0 20 0.4
Test 4 0 1.5 1.0

Figure 6 shows the three computational grids (mesh A — 320 elements,
mesh B — 400 eIements,n mesh C — 640 elements), for which the results were
compared. Results are presented in Figures 7 and 8. Figure 7 shows the
temperature along the outer edge for all three meshés. The plotted domain for
the outer edge is the mold region only (y* = 17 - 20). The reason is that in the
post mold region (y* = 0 - 17), the temperature boundary condition was applied

and the temperature equaled the ambient ‘temperature’ (©@=0).




40

Mesh A Mesh B Mesh C

Figure 6. Meshes with 320, 400, and 640 elements.
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— 320 element grid
—- 400 element grid
— 640 element grid

320 element grid
400 element grid
640 element grid

— 320 element grid
-- 400 element grid
— 640 element grid

320 element grid
400 element grid
640 element grid

Figure 7. Mesh independence results - outer edge temperature.
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© = 1.1, Pe/Ste = 0.4
320 element grid erste

400 element grid
640 element grid

— 320 element grid
—- 400 element grid
— 640 element grid

320 element grid
400 element grid
640 element grid

320 element grid
400 element grid
640 element grid

Figure 8. Mesh independence results - centerline temperature.
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Figure 8 shows the ‘temperatur_e profiles along the centerline of the material.

Plotted domain is for the entire computational domain length (y*=0 - 20).

Table 5. Mesh refinement test.

Mesh Number of Number of Max. % difference in : Computational
Elements Nodes average temperature, ®,,  time / iteration
A 320 1377 | N/A | 117 sec.
B . 400 1717 | 1.6 ‘ 163 sec.

C 640 2737 3 221 sec

The average temperatures “were calculated along the respective
boundaries by numerical integration. Mesh independence tests indicate that the
grid consisting of 320 elements provides accurate results. Comparing the results
for meshes A and B, the computational time increased by approxjmately 31%.
The maximum average temperature difference occurred along the centerline and’
it was equal to 1.6% (®p = 1.5, Pe/Ste = 0.4).

When comparing meshes A and C, thé maximum difference in average

temperature increased to 3% (®g = 2.0, Pe_/Ste = 0.4), and the computati‘onaf
time increased by 89%. |

For the above réasons, the géométry consisting of 320 eleméhts was

chosen, i.e. the cast metal portion of the problem consisted of 320 elements.
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Therefore, the grid épacing described by mesh A was used for thé
numerical computations in this résearch. Following thel grid spacing of mesh A, a
total of 374 elements were used for the \geor'netry with the mold. This resulted in
a total of 1617 nodes for the geometry of our corhputationalj domain, which is

shown in Figure 9.
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X*

Figure 9. Computational domain with 374 elements.
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Code Validation

To further establish the accuracy of the current computational method,
results for selected cases obtained by the present technique were verified with
other published results. Once the accuracy of the method was established,
computations were extended for fhe cases for which no previous studies have

. been conducted. |
The validation of the method presented in this work was done by running
four cases, and comparing the results with the analytical solutions presented by
Siegel (1984), who developed a mathematical model for the continuous casting
process. The subject of eomperison with Siegel (1984), were the solidification

front locations. | |
The average specific heat method presented by Lee and Chiou (1995)
was applied as discussed earlier, and solidification was modeled to occur over a
'temperature interval. Latent hea_t of fusion was absorbed into material’s specific
heat, as described in an earlier section. In dimensional terms aluminum solidifies -
at 933.52 K. The solidification temperature interval was assumed to be 930.52 —
936.52 K.

| The input parameters for this study were the same as the ones for mesh
. independence tests shewn in Table 4 earlier in this chapter. Withdrawal -speed
parameter (Pe/Ste) was varied from 0.4 to 1; and the superheat parameter (&)

was varied from 1.1 to 1.5. Results are shown in Figure 10.
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Solid lines - Numerical results
Dashed lines - Analytical results by Siegel (1984)

Q=1-1
Pe/Ste = 0.4
©0=1.5
Pe/Ste = 0.4
©0-= 2.0
Pe/Ste = 0.4
© =15
Pe/Ste = 1.0

0 0.5 1.0

X*

Figure 10. Comparison with the analytical results of Siegel (1984);

Pe/Ste = 0.4, 1.0, GO= 1.1, 1.5, 2.0.

Note that in Figure 9, the dashed lines represent the analytical results obtained
by Siegel (1984), and the solid lines represent the numerical results.

For lower withdrawal speed conditions a very good agreement with
analytical results was demonstrated. As the value of Pe/Ste increases, the
agreement is not quite as good, which is due to Siegel's assumption that the
withdrawal speed is low and that convective effects can be neglected compared

with conduction effects. A similar observation was made by Kang and Jaluria
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(1993) who compared the results of the enthalpy method with Siegel’'s analytical
solutions. Overall good agreement with the pub.lished results was demonstrated..

This gave confidence about the accuracy of the current numerical method.

Computational Matrix

Several cases were run to determine the effect of mold and post-mold
cooling rates coupled with different withdrawal speeds and inlet temperatures.
Four input parameters were varied; the mold heat transfer coefficient, Bi,, post-
mold heat transfer coefficient, Bis, inlet temperature, @,, and. withdrawal speed,
Pe. In p.resent research the Stefan number, Ste, was fixed at 2.5,

Specific interests of the current‘research were to determine the total heat
flux from the cast metal, percentage of heat extracted in the mold, ZT‘the
solidification front location and its shape, and temperature distribution ,throughbut
the domain. The ranges of parameters used in this study were:

o Pe=1-345
o @=12-27
o Biy=0.0249 - 0.0748
o | Bis = 0.042 - 0.1261.

Fér high values of Pe, numerical instability was discovered. Computational |
matrix showing the ranges of parameters uséd in the current -study is shown in
Table 5. A total of 50 cases were run for the current study, including the mesh

refinement tests and the code verification runs.
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Table 6. Computational matrix for the current study..

Pe ®p Bi, Bis ‘Number of Caées
1.2 1.2 0.06249, 0,046, 0.0748 0,043 3 -
1.2 1.2 0.6249-, 0.0499, 0.0748 0.084 3
1.2 1.2 0.0249,0.0499, 0.0748  0.1261 3.
1.5 1.2 0.0249, 0.0499, 0.0748 0.042 3
15 12 0.0249, 0.0499, 0.0748 0.084 3.
1.5 12 . 0.0249,0.0499, 0.0748  0.1261 3
1.5 1.5 0.0748 0.1261 1
1.5 2 0.0748 0.1261 1.
15 2.5 0.0748 0.1261 | T
15 2.7 0.0748 0.1261 1
1.0 1.2 0.0748 0.1261 1
1.35 1.2 ~0.0748 0.1261 1
1.65 1.2 0.0748 0.1261 1
1.8 1.2 0.0748 0.1261 1.
2.0 1.2 0.0748 0.1261 1.
2.15 1.2 0.0748 0.1261 1
2.3 1.2 0.0748 0.1261 1
2.5 1.2 0.0748 0.1261 1
3.45 12 0.0748 0.1261 1
2.5 1.2 0.0249 . 0.1261 1-
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Table 6 cont.

Pe @ Bi, Bis Number of Cases
2 1.2 0.0249 0.042 1
2.3 1.2 0.0249 0.042 1
25 . 12 0.0249 0.042 1
0.0748 0.1261 3

2.5 1.2,1.5,2.0
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RESULTS AND DISCUSSION

Introduction

The numerical results présected in this chapter were obtained using a
modified version of a finite element computer program célled NACHOS |i. -
Accuracy cf the code was tested by comparing the results with the anélytical
solutions, .repcrted by Siegel' (1984). Mesh sensitivity tests were carried out to
ensure that the-chosen mesh provides accurate recults within ac aceeptable
computational time.

As discussed earlier, the working metal was chosen to be aluminum, and
the flow in the liquid portion was assumed laminar and. incomprescible.
Aluminum was chosen because it has not been modeled as extensively as steel.
Studies involving sfeel solidification were presented by Thomas et al. (1990),
Thomas (1993), Huang et al. (1992), Choudhary and Mazumdar (1995), De
Santis and Ferretti (1996), Braun et al. (1996), to mention the most recent ones.

Published aluminum solidification studies are not nearly as common and-
include Peclet numbers lower than 1, Kang and Jaluria (1993). The present work
is focused on the Peclet number range from 1.2 — 3.45 to explcre the higher

casting spéed conditions, which are desired for reasons of productivity.
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The effect of radiation heat transfer between the mold and the solidified
metal during the solidification process was investigated. This aspect has not
been studied in aluminum solidification modeling before.

As discussed in an earlier section, the objective of the current study was
to investigate the heat transfer in. the m.old and pést-mold regions. Aléo, of
interest were the solidiiication front position and its shape, as functions 6f the
withdrawal speed, amount of superheat, and the cooling rates in tiié mold and
post-mold iegions. ‘For simplified conditions, a correlation between the total heat -
flux and the withdrawal speed was obtained. A similar correlation between the
superheat and the heat flux was obtained és well. Temperature distributioiis
along the outside surface and along the centerline of the cast material were
investigated. Such findings are of practical importance in industry in order to
predict the physics of the solidification process and to increase the productivity.

In the present4 study, the aspect ratio defined in equation (1.1) was Ar =

20.
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Non-dimensionalizing the Resuits

The éomputer code used for the present work solves the governing
equations a;nd the bouridary conditions. in primitive‘ variables. The input
parameters need to be in dimensional form. Therefore, tHe results \/;/efe
expressed in dimensional form as well. However, for generality, the result.s a’re
re‘ported in non-dimensional form. Results are reported” after steady state
condition was achieved for each case. -The following non-dimensional
parameters were utilized to present the results.

The amount of superheat was defined as:

_5,-1T,

- (4.1
T @1

9,

In the above equation, T. is the surrounding media temperature and was

calculated from the definition of the Stefan number.

_C-(%-1.)

h

Ste " (2.20)

Withdrawal speed was expressed as the Peclet number, in terms of the
withdrawal speed, material’s half thickness, and the thermal diffusivity.

— Uo'W
a

s

Pe 4.2)

Convective heat fransfer coefficients were expressed as the Biot
numbers, Bi; and were defined for the mold region and for the post-mold region.

The pre- mold region was assumed to be insulated, which makes the Biot
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nt.imber equal to zero for that region. Biot numbers. for the mold, Bi,, and post !

mold regions, Bijs, are expressed as:

Bi, = W (4.3)
kCu

Bi, = bW (4.4)
kg

~ Local dimensional heat flux values at the outer boundary of the material .
“were cémputed. Local dimensional heat flux, g”, was con\(erted into the local
| dimensionless heat flux, g*, énd th*er,eafter numefically integratédv using the
Simpson’s rule in order to obtain the average dimensionless heat flux, Q. The
procedure is outlined below.

Fi(ft, let us consider the energy balance at the outside edge of the
material. The heat flux at that boundary can be expressed as

qu= h. (T_Tw) = _k%. ' . ) (45)

where q” is dimensional heat flux normal to the outer boundary. Dividing

equation (4.5) by k (T-T.) / L resuits in the following form of the energy balance:

w_ gL h-L

Tk (T-T) & (46)

q

It is important to note here that the thermal conductivity in the abbve

equation, k, is not constant throughout the domain. However, it is constant for '
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each phase. Local heat fluxes were finally integrated to obtain the average

dimensionless heat flux, Q, for the entire outside surface.

1

0=[q"a @.7)

0

The above non-dimensional parameters permit generalization of the
results. It should be noted at this point that while conducting the parametric
study, not more than one ihput parameter was varied to alloyv for realistic
comparison and meaningful interpretation of the results..

Four input parameters were varied to meet the objectives of ihe study. -
These parameters are withdrawal speed (Pe), amount of superheat (&), and

mold and post-mold convective heat transfer coefficients (Bi, and Bis).
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Effects of Withdrawal Speed -
The withdrawal speéd in non-dimensional form wés‘ expressed as the H
Peclet number, Pe. Several cases were run over a rénge of Peclet numbers
keeping the amount of superheat constant. ‘Two different cooling rates were
investigated. Two sets of numerical results were obtained for the following input
data: |
o 0 =1.2; Bi; =0.0249; Bi; = 0.042; Pe = 1.2, 1.5, 2.0, 2.5

o 0¢=1.2; B, =0.0748; Bis = 0.1261; Pe = 1.2, 1.5, 2.0, 2.5, 3.45

The solidification front positions for these cases are shown in Figure 11. A
practica.l point of interest in modeling the continuous casting process are the .
breakout conditions, i.e. conditions at which th_e solidification front moves
beyond the mold. According to Huang et al. (1992), a maximum safe casting
speed likely exists.for each superheat at the given cooling conditjons.

In cases when the solidification front moves past the mold exit, breakout
would occur. For the second set of runs (high cooling rate: Bi, = 0.0748; Bi; =
0.1261) breakout conditions were not attained. This can be seen in Figure 11(b)
where solidification fronts do not move beyond the mold region. Breakout is
‘reached when the cooling rates are decreased, which can be seen in Figure
11(a). For the cases when the cooling raie was hiéh (Bi> = 0.0748, Bi; = 0.1261),
the Peclet number needed to be increased beyond the point wheﬁ the

computation became numericallly unstable. This was found for the cases with the
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Peclet numbers greater than 3.45. This finding suggests that for each cooling
rate there is a limiting Peclet number that can be used to obtain a numerically
stable solution, using the curfent method. Beyond this Péclet number, the flow in -
the liquid region becomes turbulent and the current method fails. The Reynoids
number, Re, was computed for those cases and it was found that Re nears 10°
as the Peclet number is increased beyond 3.45. The Reynolds number range
from 10° to 10% is a transition region in which laminar flow assumptions cannot
be applied with certainty.

Figure 12 shows the velocity field in the liquid region for different withdrawal
speeds. The plots correspond to fhe cases plotted in Figure. 11(b) and
demonstrate good agreement with the solidification front locations. The vectors
at the inlet (y* = 20) are uniform due to the boundary condition. Thé length of the
vectors at the inlet is the same for different values of Pe because the velocity
was non-dimensionalized with the withdrawal speed, U, as shown in equation
(2.9). As the metal cools down and apbroaches the solidification front, the size of
the vectors decreases and eventually reaches zero at the solidification line.
Closer to the solidlliqufd interface the vector field tends to beéome less uniform,
which is true for all withdrawal speeds. The vectors annQ the outerwall (x* =1)

'equal to zero due to the no-slip boundary condition in the liquid portion of the
flow. The Reynolds number for these cases ;anges from 203 — 583, indicating

that laminar flow assumptions still apply.
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Re=1.2
Re=15
Re =2.0
Re=2.5
Re = 3.45

Pe=1.2

Re=15

Re=2.0

Re =25

(@) (b)

Figure 11. Effect of withdrawal speed; (a) 0 O= 1.2, Bi2= 0.0249, Bi3= 0.042,

(b) 0o = 1.2, Bi2=0.0748, Bi3=0.1261.
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(a) Pe=1.2 (b) Pe=1.5 (c) Pe=2.0 (d) Pe=2.5 (e) Pe=3.45
Figure 12. Velocity vector field. GO=1.2, Bi2= 0.0748, Bi3=0.1261,

Pe= 1.2, 15, 2.0, 2.5, 3.45.
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Results presented in Figures 11 and 12 indicate that there is a direct
relation between the Peclet number and the solidification froht position. For
higher values of Pe, the solidification front moved further down in fhe withdrawal
direction, which holds true regardiess of the other input parameters.

The Peclet number also influenced the slope of the solidification front.
With increasing withdrawal speed, the slopé of the front bedame steeper. For the
liquid phase along the outer edge of the cast metal, the velocity equaled zero
~due to the boundary condition, regardless of the casting parametefs. With ~
increasing withdrawal speed, the maximum velocity increased._ Considering this,
the slope of the solidification front had to increase for high Peclet numbers.

The temperature distribution along the centerline and along the outside
edge of the cast material offered another meaningful :comparison. Temperatures
along those lines were related to the casting speed. As the solidification front
moved downstreém, the superheated metél spread further downstream, which
moved moré heat further down by convection. Therefore the temperatures along
the respective planes were expected‘to increase with the increasing Peclet
number. Figure 13 shows the outside edge temperature profiles for the cases
presented in Figure 11.

| Thé' outer edge temperatures show that the Peclet number had a visible
effect on the temperature distribution in the pre-mold region (y* = 18 — 20),
where no convective heat transfer occurred (Bi; = 0). The effect is more obvious

when Pe is low and Bi; is high (Figure 13(b)). Since the pre-mold region was
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insLlIated, there was no heat leaving the surface, and the heat flow had to occur
in the axial direction. The axial conduction effect in the pre-mold region was
stronger for cases with high cooling rates and low withdrawal speeds. The axial
heat conduction influenced the temperature field in the pre-mold region (near the
mold entrance), and resﬁlted ina temperai_ure decrease near th'e. mold enirancé. |

Figure 14 shows the centerline temperature distfibﬁtion for the same
group of cases. When considering the pre-mold centerline temperatures for
different values of Pe, the same effect of axial conduction was observed as
along the outer edge. The case for Pe=2.5 in Figure 11(a) shows that the
solidification front annQ the centerline was beyond the end of the computational
domain. Figure 14(a) is in agreement with that, since the temperature never
dropped below the solidus temperature (®“= 1).

When observing Figures 13(a) and 14(a) (low cooling rate, Bi, = 0.0249,
Bis = 0.042) we notice a slope change after the material entered the mold region
(y*<18). This is due to the convective heat transfer in that region.' For cases
when Pe=1.2, 1.5, 2.0, the curves became flat at the point where solidification
occurs (y*~15 and lower). These locations indicate the region where the latent
heat was absorbed. This was concluded knowing that the temperature rem!ains

constant during latent heat removal. For higher withdrawal speed, this region

was stretched out.
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Figure 13. Outside edge temperature for (a) Bi2= 0.0249, Bi3= 0.042;

(b) Bi2= 0.0748, Bi3= 0.1261.
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Figure 14. Centerline temperature for (a) Bi2= 0.0249, Bi3= 0.042;

(b) Bi2= 0.0748, Bi3= 0.1261.
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Figure 15 shows the local heat flux as a function of length along the outer
edge of the cast metal for different Pe. The plot is for the following casting
conditions; 00= 1.2, Bi2 = 0.0748, Bi3=0.1261, Pe = 1.2, 1.5, 2.0, 2.5, 3.45.
Increasing withdrawal speeds resulted in higher heat fluxes throughout the entire
domain. Higher withdrawal speeds resulted in more heat being convected further
downstream. Therefore the local heat flux value increased everywhere along the
outer edge. At the mold exit there was a discontinuity in the Biot number (Bi2*
Bi3). A discontinuous cooling rate at that point disrupted the smooth heat flux

function on both sides of the mold exit, as illustrated in Figure 15.

Re = 3.45
Pe=25
Pe =20
Pe =15
Pe= 12

Figure 15. Withdrawal speed effect on local heat flux. 0 O= 1.2,

Bi2=0.0748, Bi3=0.1261, Pe = 1.2, 1.5, 2.0, 2.5, 3.45.
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Numerical results indicate that most of the heat is extracted in the mold
region. That is due to the fact that a large amount of latent heat has to be
extracted in this region, for the change of phase to occur inside the mold and to
prevent breakup.

Various conditions were simulated to investigate the heat flow rate out of P
the cast metal. In this section, only tﬁe effect of the Peclet ﬁumber on the- total‘
amount of heat extracted from.the metal is considered. The amount of heat
extracted in the mold as a fraction of the total heat flux is plotted with increasing
Peclet number in Figure 16. The figure shows that with increasing withdrawal
velocity, the portion of the heat removed by_ the mold decreaées slightly.
However, it stays around 78 — 80% for a range of Pe = 1.0 — 2.5.

With the ir{creasing Peclet number the total heat flux was exbected to
increase for the following reasons. Figures 11 and 12 illustrated that with
increasing Peclet number the solidification front moved downstream, which
increased the temperature throughout the cast material and the mold. I'ncreased
outer boundary temperatures thréughout the domain resulted in a higher
temperature difference between the outside of the mold (and the outside edge in
the post-mold region) and.the surrounding air. Under assumption of constant
convective heat transfer coefficients, a larger temperature difference reflects
directly in higher heat flux values.

In Figure 17, the average dimensionless heat flux is plotted as a function

of the Peclet number (Pe = 1 --2.5). It was observed' that the heat flux increases
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Figure 16. Percentage of total heat flux extracted in the mold. Pe effect.

Q = 17.1*Pe0818, =0.99
Numerical results

Figure 17. Average heat flux as a function of the Peclet number.

0o = 1.2, Bi2=0.0748, Bi3=0.1261.
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with the increasing Peclet number regardless of the cooling rate in the mold and
post-mold regions. This is because the higher withdrawa[ velocities cause more
superheét to be convected further downétream into the mbld and post mold
regions, where the heat is extracted. 'Whereas_ Kang and Jaluria (1993)
investigated the lower Peclet number range (0.3 to 1.0), the present work
included a wider range of Peclet numbers (1.0 to 3'.45). The range of Peclet
numbers extended up to the point when cases became numerically unstable.
The amount of superheat and the cooling rates weré held constant at @, = 1.2,
Biy = 0.0748, Bi; = 0.1261. A correlation between the Peclet number and the .
dimensionless heat flux, Q, was obtained by curve-fittinguthe numerical results.
The derived expression for given conditions is:

0 =17.1- Pe®*" ‘ (4.8)

Statistical significance of the above correlation was checked by
calculating the r* parameter. r? is defined as the varialnce‘ in the fitted model

divided by the variance in the numerically obtained data. r* can be written as:

2 - Z(Qf _Qm’)z | 4.9
TS 0,-0.7 ()

In equation (4.9) superscript ‘O’ denotes the fitted data (Eq. 4.8), Q;

represents the numerically obtained total heat flux (Eq. 4.7), and Q. denotes the
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average of numerically obtained résul_ts.' It was found that r* = 0.99. Tha
maximum deviation was found to be 0.856, which is 3% of the average h_eat flux
(Qa=26.91) obtained by integration. Therefore, the data fit in equation (4.8) was
considered statistically significant for the given casting conditions. .

As discussed ‘earlier, for the second set of input parameters plotted in
Figure11(b) (@0 = 1.2; Bi2 = 0.0748; Biz = 0.1261; Pe = 1.2, 1.5, 2.0, 2.5, 3.45), it
was not possible to reach the breakout conditions. In attempting to move the
solidification front beyond the mold, the Peclet number was increased over 3.45.
This resulted in numerica'l instability. To demonstrate the breakout cnnditions
with the increasing Pe, the cooling rates had to be lowered (Bi, = 0.0249, Bis =
0.042). |

It was observed that the cooling rate has similar effects on the numerical
stability of the test cases. Higher heat rernoval cases were easier to control than
the lower cooling rate cases. The effect of the cooling rates on the solidification

process is discussed later in a separate section.




69

Effects of Superheat

As’ dichssed earlier, in this research superheat is defined as lth‘e
difference between the solidification temperature and the temperature at the
inlet. The superheat temperature had the most direct influence on‘ the
solidification process. It affected the solidification front position and the heat flux
directly. The effects of changing the values of éuperheat were studied by
obtaining the numerical results for the fdllowing two sets of input parameters:

o Pe= 1-.5, 2.0; Bi» = 0.0748; Bis = 0.1261; ® = 1.2, 1.5, 2.0, 2.5, 2.?

o Pe=25,2.0;Bi,=0.0748; Bi; = 0.1261; ©® = 1.2, 1.5, 2.0

As expected, the amount of superheat has a strong influence on the

temperature distribution within the cast material. For both sets of input

parameters it was possible to reach the breakout conditions. The amount of .

superheat greatly affects the position of the solidification front. This indicates
that lower casting speeds should be used for large amounts of superheat.
Solidification front positions for the above two sets of inputs are shown in Figure

18.
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Figure 18. Superheat effect on solidification front position, (a) Re = 1.5;

Bi2=0.0748; Bi3=0.1261; (b) Re = 2.5; Bi2= 0.0748; Bi3=0.1261.
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From Figure 18, it éan be noted that superheat amount does not affect thé
solidification front slope significantI)./. For the lower Peclet number cases the
slope is flatter, which is desired in order to get better uniformity in the cast
prod‘uct‘, as reported by Kang and Jaluria (1993). Therefore, the amount of
superheat is not a suitable parameter to control the siope of the solidifi.cation
interface.

Figure 19 shdws,the local dimensionless heat flux as a function of length
along the outer surface of’ the casting. The plot is for the following casting
conditions; Pe = 2.5, Bi» = 0.0748, Bis = 0.1261, @, = 1.2, 1.5, 2.0. The plots
suggest that higher amc_)unts of superheat result in higher local heat flux values.
The reason is that in case of higher superhea_t, more total heat needs to be
extracted for solidification to occur.. Higher initial temperature resLJIts in higher
temperatures along the outer edge, and therefore in higher temperature
difference between the surface and ambient femperatures. The consequence is

higher local heat flux throughout the investigated domain.
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Figure 19. Superheat effect on local heat flux. Re = 2.5, Bi2= 0.0748,

Bi3=0.1261, 0o= 1.2, 1.5, 2.0.

Temperature distribution along the outer surface has a direct effect on the
total heat flux. Figure 20 and Figure 21 show the temperature profiles along the
outer surface and along the centerline of the cast material as a function of
superheat, <4 Due to no heat transfer in the pre-mold region (y* = 18 - 20), the
temperature gradient at the entrance of the computational domain is zero. Near
the mold entrance (y*~18) the temperature starts to decrease, which is due to
the conductive heat transfer in the axial direction. This effect shows that axial

diffusion of thermal energy is important and should be considered.
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Similarly to the study of the Peclet number effect, higher temperature
. along the outside of the casting suggests that the heat flux should increase with
the higher amount of superheat. This happens because with- incr'eased‘ inlet
temperature, a larger amount of heat must be removed in ’the mold and post-
mold regions. Figure 22 ehows the total dimensionless heat flux out of the
materiel as a function of the superheat. A strong influence of' the amount of
superheat on the heat flux was observed.
A cerrelation betweee the totel heat flux, Q, and the superheat, @, was
obtained for the cases .with Pe = 1.5, Bi, = 0.0748, Bi; = 0.'1261, and ® =12 -

2.7, (Figure 22). The correlation is expressed by equation (4.10).
0=18.1.0," | (4.10)

Statistical check was carried out to verify the validity of equation (4.10). It
was calculated that = 0.999. The maximum deviation was 1.77, which is 2.9%
of the average heat flux obtained by integration (Q.,=60.84). 7 is very close to
unity, which is required. Therefore, the relation wae considered significant for
given casting conditions; |

Figure 23 shows the percent of the total heat removed by the mold region.

The fraction of total heat removed by the mold remains nearly unaffected with
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Figure 20. Outer surface temperature for Bi2= 0.0748, Bi3= 0.1261;

(a) Re = 1.5, (b) Re = 2.5.
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Figure 21. Centerline temperature for Bi2= 0.0748, Bi3= 0.1261;

(a) Re = 1.5, (b) Re = 2.5.
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Numerical results

Figure 22. Total heat flux as a function of 0 Q Bi2=0.0748, Bi3= 0.1261,

Pe =15, 0o= 1.2, 15, 2.0, 2.5, 2.7.
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Figure 23. Percentage of total heat extracted in the mold - 0 Ceffect.
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increasing superheat. The same observations were made by Huang et al. (1992)

in studying the superheat removal from the continuously cast steel slabs.

Effects of Radiation

As described earlier, radiation between‘ the cast material and the rhold
was investigated. In the process of cooling below the solidus temperature, the
material shrinks and an interfacial air gap is formed. It was found by Ho et al.
(1985) that the overall interfacial heat transfer coefficient. is decreased due to
limited contact. It was discussed by the same author that the overall heat
transfer cqefficient along the insidez of the mold decreases by as much és 50%.
The study conéluded that changing interfacial therhal conductance has an effect
on the solidification time and the nature of solidification.

For the reasons mentioned above, it was expectedz that the radiation
would have a notic'eabl‘e effect on the heat transfer rate through the mold. The
solidification front pos.ition was expectéd to change due to a higher hgat removal -
réte.

However, these predictions proved to be inac;curate. Séveral cases were
run varying the inlet parameters and coolinQ conditions. It is important to note at
this point that the radiation boundary condition only applies in the solid portion of
the flow, i.e. beyond of point of freezing. The solidification front location Was‘not

affected when applying the radiation boundary condition beyond the point of -
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Figure 24. Effect of radiation in the mold region on solidification front

position; Re = 1.2, 00= 1.2, Bi2=0.0748, Bi3=0.1261.
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freezing. Especially in cases with lower casting velocities, when solidification
occurs early in the mold region, the radiation was expected to have an effect.

The driving force for the radiative heat flux is‘the temperature difference
between the twq surfaces. In our case the shape factor was assumed edual to
unity. The solidification front locations are presented in Figure 24, whi"ch shows

essentially no difference in the location of the solidification front, when the

radiation was applied. This is consistent with the temperatdre difference

between the solidified metal and the inside surface of the mold material, as

shown in Figure 25. The temperature pfofiles in Figure 25 show that the

' temperaiure difference between the cast metal and the inside surface of the

mold is not sufficient to result in a large enough radiative heat flux. _ '

Next, two cases were investigated to exploré whether a I‘aréer amount of
superheat would result in a larger temperature gradient along the inside of the
mold. The input parameters were chosen so that solidificati‘on still occurred far
enough upstream for radiation to take place.

Figure 2_6 shows the temperature along the mqldlmetal interface (x* = 1,
y* = 10 -18) for two different amounts of superheat. The difference in
temperature for all cases is extremely small. In Figure 26 it is virtually impossible
to distinguish between the two temperatures. This is the reason for a negligible
effec‘t of the radiation mechanism on the temperature distribution' and therefofe

on the total heat flux.
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1.00 .
0.75 -
0.50 -
0.25 - Inside surface of the mold
Outside surface of the casted metal
Figure 25. Temperature distribution in the mold region; Re = 1.5,
0o = 1.2, Bi2=0.0748, Bi3=0.1261.
Solid line - Aluminum surface temperature
Dashed line - Inside mold surface temperature
1.00 -
0.75 -

Figure 26. Effect of superheat on radiation in the mold region;

Pe= 1.5, Bi2=0.0748, Bi3=0.1261, O0= 1.2, 1.5.
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Effect of Cooling Rate

Cooling rates in the mold and post-mold regions had a direct and a
very significant effect on the solidification process. The rate of cooling affected
the physical behavior of the material under consideration: Solidification;fron‘t,
position, totél heat flux, and the temperature profiles throughout the casting were
greatly aﬁected. I.nfthis research the pre-mold region (y* =18 - 20) was assumed
to be insulated. Conétant values of convective heat transfer coefficient were
assigned in the mold and "post-'mold regions. The non-dimensional mold and
post-mold convective heat transfer coefficients were expressed as Bi, and Bis

respectively-.

Mold Cooling Rate Significance

Besides the amount of superheat, the convective heat trénsfer coefficient
in the mold region was: found to havé the strongest effect on the solidification
~ process. Several céses were run to invéstigate the importance of the mold
cooling rate, Bi,. The amount of superheat was taken as constant at ®=1.2. Two
different casting speeds were investigated; Pe = 1.2, 1.5. The mold cooling rates
»Were takeh as Bi; = 0.0249, 0.0499, 0.0748. In dimensional terms; these -BAiot
nﬁmbers represent the heat transfer coefficient of h, = 1000, 2000, 3000 W/m*K
respectively. |

- The two most important parameters affecting the quality of the cast

product are the mold cooling rate, Biz, and the withdrawal speed, Pe.
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Bi2=0.0748

Bi2 = 0.0499

Bi2=0.0249

X*

Figure 27. Effects of mold cooling rate on solidification front position;

Re =25, 0o = 1.2, Bi3=0.1261, Bi2=0.0748, 0.0499, 0.0249.
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First let us consider the effects of Bi, on the physics of the soliidifi"cation
process. Figure 27 illustrates its effect on the solidification front position. The
post mold Biot number was fixed at Bis = 0.1261.

From Figure 27 we can see that the convective cooling rate on the
outside of the mold, Bi, strongly affects the solidiﬁcatién front ,pbsitioh.
Increasing the value of Bi, not only affecfs the location of the freezing front, but
also strongly influences its slope. The slope of the front is impoﬁant in achieving
the unifofmity in the cast product, Kang énd' Jaluria (1993). The microstructure
pf the cast product is dendritic, more qense and uniform when thé, material
un.dergbes the same treatment throughout the mold. The material becomes less
dense and uniform when the interface slope becomes sieep.

The other’ parameter controlliﬁg the interface slope is the withdrawal
speed. Lower withdrawal speeds_‘ decrease productivity and higher' cooling rates
increase the production cost. Therefore, a cost-effective combination between
thése two parameters is desired.

Figure 27 demonstrates that it is possible to reach breakup conditions for
‘thé lowest mold Biot number, Bi, = 0.0249. This indicates that fo; given c;asting
conditions, a minimum safe mold cooling ~ra’te exists. For lower value of Bi,,
breakout will occdr because the solidification front will move beyond the mold
region.

Figure 28 shows the local dimensionless heat flux, as a fuhctidn of length

along the outer surface of the casting. The plot is for the following casting
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conditions; Pe = 1.2, ®, = 1.2, Bis = 0.1261, Bi; = 0.0249, 0.0499, 0.0748. The
figure shows that higher mold cooling rates result in higher local heat flux value.
There is a disruption in local heat flux values at the mold exit (y* = 10), due to a
sudden change in cooling rates.

It was observed that lower mold cooling rates (Bi, = 0.0249) result in
higher post—mbld heat flux values. .When Bi, is low and low amounts of h‘.e_‘at are
extrécted from the mold, the cast material beyond the mold still carries a
relatively high amount of energy. The temperature of the caéting at the mold exit
is higher due ‘to. smaller values of Bi,, as illustrated in isotherm plots later in this
chabter. Since higher surface temperatures dccur for the -casting, a larger
temperature difference' will be exhibitéd between the casting surface and the
ambient air. As a result, the local heat flux increases in the post-mold region.

The opposite effect is observed when the mold cooling rate is high (Bi; =
0.0748). In this case, the heat flux values in the mold region are high; reéul‘t'ing
in lower surface temperatures of the casting at the mold exit and therefore lower

heat flux values result in the post-mold region.
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BL = 0.0748
BL = 0.0499
— + Bi. =0.0249

Figure 28. Mold cooling rate effect on local heat flux. Pe = 1.2, 00= 1.2,

Bi3=0.1261, Bi2= 0.0249, 0.0499, 0.0748.

The influence of the mold Biot number, Bi2 on the total heat flux was then
investigated. Since temperature fields are strongly dependent on the cooling
rates, Bi2was expected to have a strong influence on the total heat flux. Two
casting speeds were investigated; Pe = 1.2, 1.5. Superheat was fixed at 0 0=

1.2. Figures 29 illustrates the total heat flux as a function of Bi2
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Figure 29. Mold cooling rate effect on the total heat flux.
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Ae expected, the mold cooling rates had a direct effect on the total heat ﬂux,.
regardless of the casting parameters (F i'gure 29).

A more interesting comparison arises when the percentage of the total
heat transfer extracted by the mold is observed. The percentage of the total heat
removed in the mold region vs. Bi, is plotted in Figure 30. The figure shows that
most of the total heat was. removed in the mold Huang et al. (1990) studied th|s
effect and found that the percentage of heat extracted by the mold stays about
constant at approximately 60%. |

In the present study it was fdund that the percentage of, heat removed
through the mold is directly proportional to the heat transfer coefficient for that
region. Heat removal percentages were' found to be higher than the results
presented by Huang et al. (1990). In their study the inlet temperatureo’f steel
edualed 1813K and the solidification temperature was 1783K,'resulting in a
relatively low amount of superheat (®; = 1.02). The inlet temperature suggested.
that a higher ameunt of total energy had to be removed than in the present
study, where the inlet temperature was 1117K and the solidification temperature
was 933.52K (@ = 1.2).

The percentage of the total heat increased with. increasing Bi, (Figure 30),
and heat removal became a concern. As the withdrawal speed increased, the
heat flux increased as discussed earlier. The maximum heat removal rate for a

specific mold will eventually be reached.




% of Total Hea

4 of Total Heat Transfer

BL = 0.042
BL = 0.084
Bi, = 0.1261
Bi, = 0.042
Bi, = 0.084
Bi, = 0.1261

(b) Re = 1.5, ©0 = 1.2

Figure 30. Percentage of total heat removed by the mold. Bi2effect.
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Cases ‘for different post-mold cooling rates (Bi3'= 0.042, 0.084, 0.1261)
showed similar trende. For both casting speeds (Pe = 1.2, 1.5), Figure 30 shows
a stronger effect on the total portion of heat removed in the mold when B, is
increased from 0.0249 to 0.0499, thaﬁ during the increase from 0.0499 to
0.0748. This observation suggests that there is a maximum amount of heat that
can be femoved by the mold. This finding was related to t_he ‘phys‘ical limi.‘tation
on a specific rﬁold, which depends on the type of the mold (shallow water-
circulated or solid metal),‘ mold material, and intensity of forced convection
applied to mold and post-mold surfaces. |
The relation between the surface heat transfer coefficient and the surface
temperature offers another comparison. Temperature dis_tributions‘ along the
outside surface of the cast material were plotted in Figure 31‘ for cases with
‘Pe = 1.2, @ = 1.2. It was previously proven that the cooling rate in the mold
region greatly affects the heet flux (Figure 29). Therefore, the temperature

profile was also drastically affected by the value of Bi..




BL = 0.042
------ —0.0249
----- Bi =0.0499
------ =0.0748
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Y
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------ B —0.0249
— B =0.0499
------ =0.0748
Y

Figure 31. Effects of mold cooling rate on the outside surface
temperature; Pe=1.2, 00=1.2; Bi2=0.0249, 0.0499, 0.0748;

Bi3= 0.042, 0.084, 0.1261
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Post-Mold Cooling Rate Significance

Post-mold cooling rate was found to be a éignificant factor in the
continuous casting process as well. The mode of heat transfer in thé post-mold
region was assumed to be forced convection. Free convection forces were not
neglécted, but were found to have negligible eﬁéct on the solidification
mechanism. According to Huang et al. (1992) the inertial forces are at least five
times more important than the buoyancy forces. Choudhary and Mazumdar
(1995) also reported that thermal natural convection phenomena plays an
in_signifiéant role in continuous césting. |

Numerical cases included the following conditions. The amount qf
superheat was taken as constant at @ = 1.2. Two different casting speeds were
investigated; Pe = 1.2, 1.5. The non-dimensioﬁal post-mold cooling rates were
taken as Biz = 0.042, 0.084, 0.126. In dimensional from these Biot numbers
represent‘ 'the heat transfer coefficient. of hs = ;IOOO, 2000, 3000 }/V/mzK
respectively. Although these dimensional convect’ivé heat transfer coefficients
- have the same values as described for the mold region, the respective non-
dimensional parameters are not the same. That is‘duevto the definition of the
Biot number, which. includes the thermal conductivity. In the post-mold region,
the material undergoing the forced convection is solid aluminum, whereas in the
mold region it is the méld (solid copper) that is exposed to convective forces.

Unlike the effects of the mold cooling rate, the post-mold cooling rate was

found to have a negligible effect on the solidification front position (@ = 1).
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Figure 32. Effect of post-mold cooling rate on temperature distribution;

Pe=1.2, 00=1.2,Bb =0.0249, Bi3=0.042, 0.084, 0.1261.



o= 11 ©= 11 ©=11
0=10 ©= 10 ©=1.0
©=0.9 ©=09 ©=09
©=038 _
©=0.8 ©=08
©=0.7 ©=07
©=0.7
VvV 10 ©=06
©=0.6
©=0.6 ©=05
©=05
©=04
©=05 ©=0.4
©=0.3
0 | 0 1 0 1
Bi3=0.042 Bi3= 0.084 Bi3=0.1261

Figure 32 cent. Pe=1.2, 0 :1.2, Bi2=0.0499
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Figures 32 and 33 shqw the non-dimensional isotherms for Pe = 1.2 and 1.5
respectively. The superheat was ®, = 1.2 for these cases.

Figure 32 demonstrated that _the effect of the post-mold cooling rate on
the solidification front is not significant (locations of ® = 1). However, jts effect
on the post-mold temp'erature distribution is significant. For all three mold
cooling rates presentéd here, that proved to be the case. Because the mold
cooling rate influences the tefnperature distribution in the post-mold r.egioh, it
was expected that the heat flux'would be affeéted by the value of Bis.

The effect of the post-mold cooling rate was’ studied for another casting
speed, Pe = 1.5, and Figure 33 shows the témperature‘distfibutions throughout
the cast material for those conditions: Pe = 1.5; 0, = 1.2; Bi» = 0.0249,0.0499,

0.0748; Bi; = 0.042, 0.084, 0.126.
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Figure 33. Effect of post-mold cooling rate on temperature distribution;

Re = 1.5, 0o= 1.2, Bi2=0.0249, Bi3= 0.042, 0.084, 0.1261.
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Figure 33 cent. Re = 1.5, 0 0= 1.2, Bi2= 0.0499
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Figure 33 also shows a strong influence on the post-mold temperafure
distribution, and a minor effect on the mold- region temperat_ure field and the
solidification front position.

The case with the lowest cooling rate in the mold region, Bi, = 0.0249,
offers an.interésting observation (Figure 33(a)). The solidification front for that
case was stretched into the post-mold region. The post-moid cooling rate
affected the témperature distribution in that part of fhe computat‘ional‘domain,
and the increase in Bi; caused the phase transition line (® = 1) to move
backward into the mold region. Clearly, ~the 0 =11 femperature contour is not
affected by the change in Bis. The part of the solidification front (® = 1) near the
mold surface does not change its position significantly. The post-mold
temperature field chaﬁges significantly as the value of Bi; is increaseq as
illustrated by the isotherms.

Figure 34 shows the effects on the local heat flux on tHe outer surface of |
the casting for different post-mold cooling rates. Since 'the‘ mold cooling is
constant, the local heat flux values were expected to vary in the post-mold
~ region only. A disruption in the local heat flux values at the mold exit |s sﬁll
present because the cooling rates for the mold énd post-mold regions
experience a sudden change at that point. Casting parameters were Pe=1.5,

® = 1.2, Bi= 0.0748, Biz = 0.042, 0.084, 0.1261.
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Bi, = 0.1261
Bi, = 0.084
Bi, = 0.042

Figure 34. Post-mold cooling rate effect on local heat flux. Pe = 1.5,

00= 1.2, Bi2=0.0748, Bi3=0.042, 0.084, 0.1261.

Next, the influence of the post-mold cooling rate on the total heat transfer
rate was studied. As discussed earlier, the post-mold cooling is commonly done
by air/water spray cooling. The effect of changing post-mold heat transfer
coefficients, Bi3 is demonstrated in Figure 35. The amount of superheat was
fixed at O0 = 1.2, and two casting speeds were considered; Pe = 1.2, 1.5.

Cooling rates varied as in the previous subsection.
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Bi2 = 0.0748
BL = 0.0499
BL = 0.0249
0.050 0.075 0.100 0.125 0.150
(@ Pe=12
Bi =0.0748
Bi, = 0.0499
Bi, = 0.0249
O 20-
0.050 0.075 0.100 0.125 0.150
(b) Pe =15

Figure 35. Effects of post-mold cooling rate on total heat transfer rate.

0o =12, Pe =1.2, 15, Bi2=0.0249, 0.0499, 0.0748.
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For both the casting speeds, the heat transfer rate increase was higher
for the low mold cooling rate (Bi; = 0.0249). If the cooling rate in the moid region
was low (Bi, = 0.0249), and the post-mold cooling, Bis;, increased significantly
(from 0.042 to 0.1261), the total heat transfer rate increased noticeably as well:
On the .othér hand, if the cooling rate in the mold was Very high (Biz = 0.0748), |
the increase in the post-mold heat transfer coefficient had less effect. That is
due to the fact that most of the heat (~65-87%) is extracted in the mold region,
regardless of the other casting parameters, as shown in Figﬁre 30. Therefore the
cooling rate for .the mold region will be predominant and will always héve a
stronger influence on the amount of heat extracted from the casting.

It was expected that the terﬁperature on the outside of the cast material in
the mold region will not be a strong function of post-mold coo‘liﬁg rates. T'hié
trend can be seen in Figure 36. Temperature profiles along the outer surface are
plotted for Pe = 1.2, ® = 1.2. The surface heat transfer coefficients were:
Bié = 0.0249, 0.0499, 0.0748 and Bi; = 0.042, 0.084, 0.1261.

The results plotted in Figure 36 show the same trend as the isotherm
- plots in Figures 32 and 33. The temperature field in the mold region is not
~ affected by the value of Biz. The cooling rate in the post-mold region, Bis, is
higher than the mold cooling rate, Bi.. This causes the axial conduction to have
a minor affect on the temperature distribution near the exit of the mold (y; = 10).

- The effect is stronger when the mold cooling rate’is low, Bi, = 0.0249 (Figure

36(a).
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Figure 36. Effect of post-mold cooling rate on the outside surface temperature.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the numerical results presented here, several conclusions were

made. Following the conclusions are the recommendations and points of interest

that have not been addressed in present research.

The Peclet number had a significant effect on the solidification process. It
affected the solidification front locations and shapes, which directly
contribute to the quality of the cést producf. Solidification fronts moved‘
dowristréam and became steeper as the Pecléf number was increased.
The withdrawal speed had a strong éffect on temperature distribution
throughout the domain, which resulted in ‘higher heat flow rates. With

increasing Pe, the’ percentage of total heat extracted in the mold

 decreased. The withdrawal speed. parameter also affected the stability of

numerical computations. Calculated Reynolds number values for Pe>3.45
neared 10° which is the lower limit of the transition to turbulence range
(10° — 10%. At Re=10%, the laminar flow assumptions become disputable. .‘
The method used in this study was valid-for Pe lower than 3.45.

The superheat paraméter, @, had a strong effect on the position of the

solidification front. However, it did not affect the slope of the front.
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Therefore, the inlet temperature parameter was not a suitable paramete}
to control the quality of the cast product. The heat flux rates were
increased for higher &,. The percehtage of the heat extracted by the mold |
was not influenced by the amount of superheat.

Radiation b‘etvs)éen the solidified metal and fhe inside of the cooling mold
had a negligible effect on the solidification mechanism. The solidification
front position was unchanged for' cases with or without radiation. The
femperature difference between the two radiating surfaces was found.‘to;
be very small and tHerefore insufficient to result in a significant heat flow.
The mold cooling rate, Bi,, was an important parameter in regulating -‘_fhe
position and shape of the phase-transition front. Therefore,’ Bi, Qas_ f,ound.
to be a suitable parameter in controlling the quality of cast products. Heaf
flux rates and temperature fields throughout the doma.in were influenced
by the cooling rate in the mold region. .

The post-mold cooling rate, Bis, had a minor effect on the solidification
process in the mold regi‘o‘n. The solidification front locations were not
affected by the rate of cooling in the post—mold‘ region, unless
solidification occurred- very close to the exit of the mold. Bi; ‘strongly
influenced the temperature distribution and the heat flux rate in the post-

mold region.
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\Reco.mmendation’s
Recommendations made from observations during the current study afe
listed next. Possible points of interest in fufure research include:
1. Further research can be conducted for axisymmetric cases with the

current code, to study the heat transfer during solidification in cylindrical

geometrieé.
2. Changing the mold geometry and material should be explored.
3. Influence of the aspect ratio of the cast material requires further research.
4, Accounting for non-constant (temperature dependent) heat. transfer

coefficients, in the mold and post-mold regions, is a point of interest.
5. Air/water ‘spray cooling can be applied in the post-mold region and the
. post-mold domain can be partitioned into-a convection-dominated region,

(

a radiation-dominated region, and a transition region. .
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