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Thermal Analysis During Continuous Casting Process
Using Effective Heat Capacity Method
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A numerical analysis has been carried out to investigate the two-phase solidi� cation process in continuous
castings. An effective heat capacity method is used for this purpose. The radiation heat transfer at the mold metal
interface was taken into account. The results of this method match well with the results obtained by analytical
methods. The investigation included the ranges of mold cooling rate Bi2, inlet temperature µ0 , and Peclet number
Pe from 0.1–0.5, 1.2–2.0, and 0.1–1.0, respectively. A constant Stefan number Ste of 2.5 was used. It is observed
that the solidi� cation process is delayed with the increase of the withdrawal speed and with the increase of the
liquid metal inlet temperature. With increased withdrawal speed, the region with temperature gradient moves
downward. Steep axial temperature gradient was observed in the cast metal in the mold region.

Nomenclature
Bi = Biot number, hd / ks

C = speci� c heat
d = half the width of the cast material; see Fig. 1
g = gravitational acceleration
h = heat transfer coef� cient
hr = radiation heat transfer coef� cient
k = thermal conductivity
L = latent heat
P = pressure
Pe = Peclet number, Usd / a s

Ste = Stefan number, Cs(T f ¡ T/ ) / L
T = temperature
t = time
Us = withdrawal speed
u = x component of velocity
v = y component of velocity
x , y = spatial coordinates; see Fig. 1
a = thermal diffusivity, k / q C
b = coef� cient of volumetric expansion
² = emissivity
h = dimensionless temperature, (T ¡ T/ ) / (T f ¡ T/ )
l = dynamic viscosity
q = density
r = Stefan–Boltzmann constant

Subscripts

f = phase change
l = liquidus or liquid
m = mold
s = solidus or solid
0 = inlet
/ = ambient

Introduction

O NE of the widely used important manufacturing processes
for metals is continuous casting. This method offers several

advantages that include 1) a dendritic but more dense and uniform
microstructure(becauseof the uniform treatment in the mold) of the
processed metal, 2) low unit labor cost because of the essentially
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automatic process, and 3) simple and inexpensive molds. A basic
continuouscasting process is shown in Fig. 1. It involves two steps.
The molten metal � rst passes through a mold, which is usually
cooled by water, followed by a high cooling rate downstream. As
a result, the molten metal solidi� es through a phase change, and
the solidi� ed ingot is withdrawn at a uniform velocity. This process
is similar to some other manufacturing techniques such as optical
and glass � ber drawing, wire drawing, hot rolling,plastic extrusion,
and Czochralskicrystal growing. Phase change problems involving
melting or solidi� cation are referred to as the free boundary or the
moving boundary problems. The solution of this type of problem
is inherently dif� cult because, at the solid–liquid interface, there
is a discontinuity in the temperature gradient (heat � ux) due to the
liberationor absorptionof energy(latentheat). As a result, the solid–

liquid interfacemoves with time, the locationof which is not known
a priori; it must be followed as part of the solution process.

The large volume of literature in the melting and solidi� cation
technologyindicatesthegrowingresearchinterestin thisareaamong
mathematicians and engineers. The topic has obvious practical im-
portance in a wide range of applications. The heat transfer mecha-
nism in a phase change problem is of suf� cient complexity to obtain
an analytical solution without oversimpli� cation. For example, in a
solidi� cation process, the superheat in the melt and the latent heat
of fusion liberated at the solid–liquid interface encounters a series
of thermal resistances.The liberatedenergy is transferredacross the
solidi� ed metal, metal–mold interface, and the mold. A controlled
extraction of heat in a process involving phase change is very im-
portant because it affects the thermal stress and the quality of the
� nal product. However, the heat transfer mechanism in such a pro-
cess is complex and not yet fully understood. With the arrival of
high-speedcomputing technology,variousnumericalmethods have
provided the alternativesto the often oversimpli� ed analytical solu-
tions. A very complex problem with dif� cult boundary conditions
can be solved numerically in a reasonable amount of time and cost
by selecting a correct mathematical model describing the physical
problem and coupling with an appropriate algorithm.

A close relationship exists between the mechanical behavior of
polycrystalline metallic materials, that is, castings, ingots, etc.,
and their microstructural soundness. The structural perfection of
a casting or ingot depends on many parameters, such as grain size
and growth, temperature gradient at the solid–liquid interface, and
the rate of thermal cooling. Interaction among these parameters
is mainly controlled by the cooling rate. The heat extraction rate
in the solidifying process, by different cooling methods, produces
variationsof microstructureas well as metallurgicaland mechanical
properties.The solidi� cationprocessis of great importancebecause,
for low melting point metals, it is the most economical method
of forming a component. The understanding of thermodynamics,
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Fig. 1 Investigated geometry.

phase-transformationkinetics, transportprocess, and solid mechan-
ics is vital to encompass any solidi� cation process.

An earlier evaluation by Sparrow et al.1 of the previous work in
this area noted that most of the analyses assumed conduction heat
transferwas the only transportmechanismof signi� cant importance.
Obviously, such an assumption is not applicable in all problems.
When the molten metal � ows under an imposed pressure gradient,
forced convective � ow occurs. Similarly, buoyancy-induced � ow
may occur in the molten metal pool due to nonuniformtemperature
distribution.Thus, for a large class of problems, the assumption of
only conductionheat transfer is notvalid; the in� uenceof convective
� ow must also be considered in many phase change transport pro-
cesses. The review paper by Viskanta2 discusses recent advances
in the understanding of melting and solidi� cation mechanisms in
metals and alloys. The importance of the convective � ows, in par-
ticular, the buoyancy induced � ows, is discussed.Recently, Jaluria3

reviewed the works on the transportmechanisms from continuously
moving materials undergoing thermal processing.

Investigators such as Blackwell and Ockendon,4 Szekely et al.,5

and DeBellis and LeBeau6 have performed analytical and numer-
ical studies on continuous casting problems. Since its inception,
the so-called enthalpy model (single-region approach) has been
widely used to solvephasechangeproblems.Bennonand Incropera7

have applied the enthalpy method to a solidi� cation � ow process in
a channel. Among others, Chidiac et al.8 have used the enthalpy
method in the transient continuouscasting process.

A continuouscastingprocess involves two distinctcoolingmech-
anisms. Molten metal � rst � ows through a mold, where cooling is
done by circulatingwater through the mold. By the time the moving
metal leaves the mold, depending on the cooling rate, the molten
metal either solidi� es completely or at least a solid crust devel-
ops on the outer periphery. Downstream, in the submold region,
the moving metal is cooled more rapidly by spray cooling. Roy
Choudhury and Jaluria9 performed a numerical study of the forced
convection cooling of a continuouslymoving cylindrical rod. Both
aiding and opposing� ows of the cooling � uid were considered.The
heat transfer in the mold region was not considered in their study.
In another study, Kang and Jaluria10 used the enthalpy method to
model the thermalphenomenain a continuouscasting process.They
considered the premold, mold, and submold regions in their study.
Recently, Aboutalebi et al.11 performed a numerical study of cou-

pled turbulent� ow and solidi� cationfor a continuouslymoving slab
caster. By the using of the enthalpy–porosity method, the authors
considered both the mold and submold regions.

It is seen from the preceding discussion that none of the stud-
ies have considered the effects of mold thickness and the conjugate
heat transfer in the mold region for a continuous casting process.
A recent study by Viswanath and Jaluria12 on solidi� cation in an
enclosed region shows the importance of considering the conjugate
heat transfer in the mold region. Their study also shows the impor-
tance of considering the effects of mold thickness and aspect ratio.
During solidi� cation, most of the metals shrink. As a result, an air
gap is created between the metal and mold. The heat transfer coef-
� cient at this interface is nonlinear.Kim et al.,13 Huang et al.,14 and
Piwonka and Berry15 have done some exploration on the variable
convective and radiative heat transfer at the metal–mold interface.
This aspect needs to be considered in the analysis of continuous
casting.

In the present study, an effective heat capacity method is used
for the analysis of the two-phase solidi� cation in continuous cast-
ing process.This method has successfullybeen used in liquid–solid
phase change problems by Gartling.16 The radiation heat transfer at
the metal–mold interface is taken into account.The conductionheat
transfer effects in the mold and solidi� ed metal were considered.
Thus, the effectsof the conjugateheat transferwere considered.Fig-
ure 1 shows the investigatedgeometry,where differentheat transfer
rates were assigned in the premold, mold, and postmold regions.
Liquid metal enters the mold at a constant inlet temperature, and
the solidi� ed metal is withdrawn at a speci� ed speed. Successful
implementation of the effective heat capacity method along with
the mold–metal interface radiation heat transfer is achieved in this
study.

Mathematical Formulation
Modeling Assumptions

The geometry shown in Fig. 1 is used for the present study. The
governing equations are simpli� ed by the following assumptions:

1) The geometry is limited to two dimensions.
2) The � uid is Newtonian.
3) The � ow is laminar, incompressible, and within Boussinesq

approximation.
4) The change in material density upon the change of the phase

is negligible.
5) The � uid is radiatively nonparticipating.
6) The effects of latent heat will be adequately accounted for

through appropriate modi� cation of the speci� c heat.
7)Viscousdissipationandcompressiveworkare negligiblysmall.

Governing Equations

Based on the preceding assumptions, the conservation of mass,
momentum, and energy equations in dimensional form can be writ-
ten as
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where the density q is constant throughoutsolid and liquid. The so-
called side effects of assuming constantdensity is discussed later in
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this paper.FollowingBonacinaet al.,17 the speci� c heat and thermal
conductivity in the energy equation are expressed as

Cs for T Á T f ¡ D T

C = L /2 D T + (Cs + Cl ) /2 for T f ¡ D T · T · T f + D T

Cl for T Â T f + D T (5)

ks for T Á T f ¡ D T

k = ks + [(kl ¡ ks) / 2 D T ][T ¡ (T ¡ D T )] for

T f ¡ D T · T · T f + D T

kl for T Â T f + D T (6)

where 2 D T is the small temperature difference across the solidi� -
cation temperature T f .

In the continuity and momentum equations, liquid metal proper-
ties are used. When the temperature reaches the solidi� cation tem-
peratureT f , a very high valueof � uid viscosity (of the orderof 1020)
is assignedto solveessentiallya very stiff momentumequation.This
processeliminatescontinuityand momentumequationswhen solid-
i� cation is achieved. The only governing equation that controls the
heat transfer processat that state is the energy equation.At this state
the velocity vector in the energy equation for the cast material is as-
signed the constant withdrawal speed Us for the x component and
zero value for the y component. The relevant boundary conditions
for the governing equations are shown in Fig. 1. As discussed by
Bonacina et al.,17 the phase boundary conditions are also satis� ed
by the use of Eqs. (5) and (6). This is the essence of the equivalent
heat capacity method used in the present analysis.

Liquid metal shrinks on solidi� cation, resulting in an air gap be-
tween the mold and the solidi� ed metal. The mold–metal interfacial
heat transfer is taken into accountby applyinga radiativeheat trans-
fer coef� cient at the interface.

The radiative heat transfer coef� cient is expressed as

hr =
r (T 2

m + T 2
s )(Tm + Ts)

1/ e m + 1/ e s ¡ 1
(7)

In Eq. (7), Tm and Ts are the temperatures of the mold surface
and solidi� ed metal, at a particular location, respectively. These
temperatures change with time until steady state is reached. The
value of hr is calculated internally in the code for each iteration
using the latest values of the temperature.

Numerical Procedure
Code Description

The dimensional governingequations for the present study were
solved by using the � nite element code NACHOS II, developed by
Gartling.18 It is a general-purpose � nite element code designed to
solve the two-dimensionalcontinuity,momentum, and energy equa-
tions for both steady state and transient problems. A detail descrip-
tion of the code has been documented elsewhere.18 For the purpose
of the present two-phase problem, substantialmodi� cation of code
has been made to incorporate the equivalent heat capacity method.
Note that in the currentwork, the material used was pure aluminum;
as such, no mushy zone was present. However, for alloys a mushy
zone exists in between the solidi� ed and the liquid regions. In the
present numerical method, the mushy zone for alloy solidi� cation
can be incorporatedby treating the entire computationaldomain as
a porous medium with some temperature-dependent constraints so
that the advection term related to porous � ow is used or not used. If
the advection term related to the porous � ow is not used, then the
governingequation is the same as for the liquid � ow case.The value
of permeability required to be used in the porous � ow equation is
zero when the medium is solid. When the medium is liquid, perme-

ability is in� nite. Appropriatevalues for permeabilitycan be used to
model the mushy zone.Another option could be to use temperature-
dependent viscosity in the current method to model the mushy zone
during alloy solidi� cation.

The � nite element grids used by NACHOS II were arranged such
that more elements were packed into regions of large gradients of
velocity and/or temperature. The grids were generated by the in-
ternal grid generator of the code. Note that the grid generator of
the code can generate nine grid points for each element, four at the
corner points of the element, one at the center of each side of the el-
ement (total of four), and one at the center of the element. For the
present geometry, after the grid independency test, 374 elements
were used, which resulted 1617 nodes. The dimensional transient
forms of the governingequations were solved.Results are obtained
in terms of primitivevariables.All computationswere performedon
a Cray C90 supercomputer using a FORTRAN 77 compiler under
the UNIX operating system.

For convergence criteria, NACHOS II uses the discrete norms
de� ned by
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ĵ = 1

(T n + 1
j ¡ T n

j )
2 ]

1
2

(8)

In Eq. (8), the subscript max indicates the maximum value of the
variable found at the (n + 1)th iteration, and N is the total number
of nodal points. For convergence, the following inequalities were
satis� ed:

dU
n + 1 · u U , dT

n + 1 · u T (9)

where the tolerance parameter u was set to 10 ¡ 4.

Computational Models

Because of the symmetry of the present geometry along the cen-
terline, half of the geometry shown in Fig. 1 was used for the nu-
merical computation.To set the required � uid � ow and heat transfer
conditions using convenient parameters, the nondimensional form
of the governingequationsand boundaryconditionswere used.The
de� nitions of the various nondimensional parameters used to set
the conditionsof the present problem are listed in the nomenclature
section. The withdrawal speed is represented in nondimensional
form as the Peclet number Pe. The inlet temperature of the liquid
metal is expressed in nondimensional form as h 0 . Other important
nondimensionalparameters are Stefan number Ste and Biot number
Bi. The length scale is nondimensionalized by half of the casting
width d.

Results and Discussion
As discussed earlier, the present numerical investigation was

performed by using the general purpose � nite element code NA-
CHOS II. This code has been well tested with the solution of many
benchmarkproblems involvingfree and force convectionheat trans-
fers in clear � uid and in porous media. Results of these testings,
relevant to the present investigation, are reported by Gartling.16,19

In these papers, comparisons were made for several problems, in-
cluding forced convection in tubes involvingvariable viscosity and
wall conduction,forced convectionwith phase change including the
effect of conduction through the solid phase, and buoyancy-driven
� ows in enclosures.

To demonstrate the numerical accuracy of the present method,
comparisonswere made with the results of other analyses. Figure 2
shows a comparison of the analytical results obtained by Siegel20

with the current method. In this comparison, the length of the insu-
lated mold was taken to be equal to 3d . The solid lines in Fig. 2 indi-
cate the locationand the shape of the solid–liquid interfaceobtained
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Fig. 2 Comparisonwith the results of analyticalsolutionfromSiegel.20

Fig. 3 Isotherms for a case with Ste = 2.5, Pe = 0.3, µ0 =
1.2, Bi1 = 0.0, Bi2 = 0.1, and Bi3 = 0.5.

by the present method, and the dotted lines indicate the interface
obtained by Siegel. Good agreement can be seen. The discrepancy
is becauseSiegel20 assumed that the cast material is withdrawn very
slowly. Whereas in the present method, the cast material has a � -
nite withdrawal speed. Siegel also assumed that the latent heat of
fusion is removed locally along the solid–liquid interface. Figure 3
shows the isotherms obtained by the present method (without the
interface radiation and the conduction heat transfer in the mold)
for a case with Pe =0.3, Ste =2.5, h 0 = 1.2, Bi1 =0.0, Bi2 =0.1,
and Bi3 =0.5. This is for comparison with the corresponding case
obtained by enthalpy method and reported by Kang and Jaluria.10

Figure 3 is to be compared with Fig. 10d of Kang and Jaluria’s pa-
per. Good agreement can be seen, except that the current method
does not have mushy zone. Additional cases were run to compare
a few other cases from Kang and Jaluria’s paper. Good agreement
was found in those cases as well. These comparisonsand other tests
by Gartling16 gave us the con� dence that the current equivalentheat
capacity method has been successfullyemployed for the numerical
analysis of two-phase continuous casting problems.

For the purpose of the present analysis, an aspect ratio of 20 is
used. As reported by Kang and Jaluria,10 this aspect ratio is found
to be adequate to obtain a developed temperature distribution with
the present boundaryconditions.The premold, mold, and postmold
nondimensionaldistancesused in the current researchwere 2.0, 8.0,
and 10.0, respectively.A mold aspect ratio of 32 is used. Aluminum
and copper are used as the casting and mold materials respectively.
The nondimensionalheat transfer coef� cients at the premold,mold,
and postmold zones are expressed as Bi1 , Bi2, and Bi3 , respectively.
For the present analysis, the premold zone was assumed to be insu-
lated, Bi1 =0. The values of Bi2 were varied from 0.1 to 0.5. The
postmold heat transfer coef� cient was � xed to a value of Bi3 =0.5.

Pe = 0.1 Pe = 0.3 Pe = 0.5 Pe = 0.8 Pe = 1.0

Fig. 4 Effect of the withdrawal speed: Ste = 2.5, µ0 = 1.2, Bi1 = 0.0,
Bi2 = 0.1, and Bi3 = 0.5.
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A constantStefan number Ste of 2.5 was used throughoutthis study.
The nondimensional inlet temperature h 0 of liquid aluminum was
varied from 1.2 to 2.0. The range of Peclet number Pe used was 0.1–

1.0. To study the effects of the withdrawal speed, inlet temperature,
and the cooling rate, nondimensional temperature distributions are
shown in Figs. 4–6. The highest and the lowest values of the nondi-
mensional temperature h are also shown in Figs. 4–6. The dotted
lines in Figs. 4–6 indicate the location and the shape of the solid–

liquid interface.
Figure 4 shows the effects of the withdrawal speed. The nondi-

mensional form of the withdrawal speed is expressed in terms of
Peclet number Pe. The mold cooling rate Bi2 and the inlet temper-
ature h 0 are kept constant at 0.1 and 1.2, respectively. Note that,
as expected, for the same cooling rate and inlet temperature of
the liquid metal, the region with temperature gradients gradually
moves from the leading zone to the trailing zone. At lower with-
drawal speed, the lower portion of the casting is isothermal, and
at higher withdrawal speed, the upper portion becomes isothermal
(after reaching a steady-statecondition). The solid–liquid interface
(shown by the dotted line) also moves downward with increasing
withdrawal speed. This means that the solidi� cation process starts
earlier for a slower withdrawal speed. The solid–liquid interfacial
isotherm shows a � at interface. From the values of isotherms in
Fig. 4, it can be seen that with the increase in withdrawal speed, the
steady-statetemperatureof the lower portionof the casting material
also increases.

The effects of the inlet temperature of the liquid metal during the
continuous casting process are shown in Fig. 5. Note that the loca-
tions of the temperature gradients remain almost unaltered. How-
ever,as expected,the physicalvaluesof the temperatureof the region
increase with the increasingvalues of h 0. Note from Fig. 5 that with

µ0 = 1.2 µ0 = 1.4 µ0 = 1.6 µ0 = 1.8 µ0 = 2.0

Fig. 5 Effect of the inlet temperature of the liquidmetal:Ste = 2.5, Pe =
0.5, Bi1 = 0.0, Bi2 = 0.1, and Bi3 = 0.5.

a)Bi2 = 0.1 b)Bi2 = 0.2 c)Bi2 = 0.3 d)Bi2 = 0.4 e)Bi2 = 0.5

Fig. 6 Effect of the mold cooling rate: Ste =2.5, Pe = 0.5, µ0 = 1.8,
Bi1 = 0.0, Bi3 =0.5.

the increase of h 0, the solid–liquid interface moves downstream.
This is expected because, with the increasing inlet temperature of
the liquid metal, the solidi� cation will start farther downstream(de-
lay in solidi� cation). With the increasing values of the liquid inlet
temperature, the values of the temperature across the region also
increase. At the current withdrawal speed, Pe =0.5, it can be seen
that the leading and the trailing regions of the cast material become
isothermal after the steady-state condition is achieved.

Figure 6 shows the effects of the cooling rate in the mold region
during the solidi� cation process. Note that with the increase in the
cooling rate, the temperature at the downstream decreases. For the
presentvaluesof premoldandpostmoldcoolingrates, the locationof
the solidi� cation front does not change much with the mold cooling
rate. The temperature distribution above the solidi� cation region
remains the same for different cooling rates. From the temperature
distribution of Fig. 6, it can also be seen that the highest value of
the temperature h is almost the same in all of the cases, but the
lowest value of h decreases with the increase of the cooling rate.
The qualitative nature of the temperature distribution remains the
same for various cooling rates.

The nondimensional axial temperature distributions along the
outer surface of the cast material (0 ·x ·20 and y = 0.25) for a
case with Ste =2.5, Pe = 0.5, h 0 = 1.8, and Bi2 =0.3 are shown in
Fig. 7. Note that the outer surface temperature of the cast mate-
rial starts at h =1.8 (inlet temperature of the liquid metal for this
case) and gradually decreases to a value of h ¼ 0.009 at the lower
region of the cast material. The temperature of the premold region
(0 ·x ·2) is high because there is no cooling in this region. This
region is kept insulated in the current study. A nonzerovalue of h at
the lower region indicates that the solidi� ed metal is still at a tem-
perature higher than the ambient temperature ( h = 0, for ambient
temperature) after the steady-state condition is reached. Inspection
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Fig. 7 Nondimensional axial temperature distribution: Ste = 2.5, Pe =
0.5, µ0 = 1.8, Bi1 = 0.0, Bi2 = 0.3, and Bi3 = 0.5.

of the temperature between 2 ·x ·10 (mold region) shows that a
very steep temperature gradient exists. This is expected, because of
the high cooling rate in the mold region. From the casting tempera-
ture, it can also be seen that at steadystate, the solid–liquid interface
( h =1) is at a location x ¼ 8. This is consistentwith the observation
of the isotherms for this case, which are shown in Fig. 6c. Axial
temperature distributionsalong axes away from the outer surface of
the cast material show similar trend.

As discussed earlier, a radiation boundary condition was applied
at the metal mold interface.However, inspectionof the temperature
distribution at the interface revealed minimal difference in the tem-
perature.As such, insigni� cant effect due to radiationwas observed.
This is because in the current analysis the density of the metal is
considered to be constant; hence, the shrinkage at the metal–mold
interface actually does not exist. Therefore, the thermal resistance
at the interface, due the shrinkage of the solidi� ed metal, was not
considered.The absence of such resistancedue to the air gap might
be the reason for such an insigni� cant change of temperature at the
interface.A more accuratemethod of handling this region would be
to incorporate thermal contact conductance between the metal and
the mold. Further investigation on this issue is warranted, and the
work is in progress as of this writing.

Conclusions
A � nite element method was used to study the two-phase solidi� -

cation process in continuous castings. Two-dimensional governing
equations were solved using the effective heat capacity method.
The mold–metal interface radiation heat transfer effects were taken
into account. The main objective of this study was to demonstrate
the successful implementation of the interface radiation heat trans-
fer and the use of the effective heat capacity method for the nu-
merical analysis of the continuous casting process. Good agree-
ment with the results of the analytical method was obtained. The
results from other numerical methods were also compared. The
current method can be used successfully for other phase change
processes in moving materials. These processes include crystal
growing,plastic extrusion,glass � ber drawing, etc. Non-Newtonian
� uids can be modeled easily by incorporating temperature-
dependent viscosity, and the current code is equipped with this
capability.

It is observed that with the increase of the withdrawal speed, the
solid–liquid interfacemovesdownward.This indicatesa delay in the
start of the solidi� cation process. Other studies have observed sim-
ilar trends. With the increase of the withdrawal speed, the region

with the temperature gradients gradually moves from the leading
zone to the trailing zone. As expected, it was observed that the so-
lidi� cation process starts farther downstream with the increase of
the inlet temperature of the liquid metal at the mold entrance. After
the steady-state condition is achieved, isothermal regions appear.
These regions could be at the leading zone (all liquid region), or
at the trailing zone (all solid region), or both. The exact location
depends on the boundary conditions, such as liquid metal inlet tem-
perature,mold coolingrate, and the withdrawalspeed.For the ranges
of the parameters investigated,it is observed that for variouscooling
rates at the mold region (with the other boundary conditions � xed),
the steady-state temperature distribution above the solid–liquid in-
terface remains almost unaltered.Past the interface,the temperature
distribution changes with the cooling rate. Observation of the axial
temperature distribution reveals that a steep temperature gradient
exists at the mold region.
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