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NOMENCLATURE Greek symbols
A, B dimensionless heat transfer parameters o thermal diffusivity, m?/s
hi interfacial heat transfer coefficient, W/(m?.K) B liquid fraction, dimensionless
Cp specific heat at constant pressure, J/(kg.K) A variation
g gravitational constant, m/s2 P density, kg/m3
h sensible heat, J u dynamic viscosity, Pa.s
H enthalpy, J A relaxation factor, dimensionless
| unitary tensor ap cell matrix coefficient, dimensionless
Ki dimensionless partition coefficient of solute T shear tensor
k thermal conductivity, W/(m.K) \% vector operator gradient
L latent heat, J/kg
m slope of the liquidus line, dimensionless Subscripts
Ns number of species
p static pressure, i solute
v fluid velocity, m/s s solid phase
T temperature, K | liquid phase
T temperature of the finite volume in contact liquidus at liquidus line

with the heat exchange interface, K solidus at solidus line
T temperature of the finite volume interface, K mz at mushy zone
t time, s ref at reference
Yi mass fraction of the solute n number of iteration
\Y Vo lume
D mass diffusion coefficient, m’/s INTRODUCTION

The solidification of metal alloys in molds plays
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SOLIDIFICATION

ABSTRACT

The metals and alloys solidification can be defined as a transient heat
transfer process. A liquid/solid transformation is followed by thermal
energy liberation, with a movable boundary separating two phases with
different thermophysical properties. The solidification is of great interest to
mechanical and chemical engineers. It is a non-linear transient
phenomenon, where heat transfer between the casting and the mold plays a
important role. This paper aims to propose a study of heat flow from the
casting to the mold using a numerical technique to compute the temperature
history of all points inside the casting. The cooling process consists of
water-cooled mold with heat being extracted only from the bottom,
resulting in unidirectional vertical solidification. The ANSYS software was
used to obtain the temperature distribution in the casting. Good agreement
was obtained when the simulation results were compared with the
experimental data.

Keywords: upward solidification; transient heat transfer; numerical
simulation
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an important role in many problems in materials
engineering. During this process, a solidification
front that progresses in the directions where the liquid
metal still exists is formed and propagates at a speed
that depends on the rate of heat extraction from the
mold. The study of this process provides information
of great importance for the determination of
solidified metal mechanical properties such as
strength, hardness, heat conductivity etc.

The metals solidification involved in foundries
process can be fundamentally defined as a transient
heat transfer process including phase modifications in
which some heat energy may be transferred by mold
from liquid phase to the ambient, enabling nucleation
and solid phase growth. Casting rejections are of a
major concern in the foundry industry. Great saving
of materials, energy and time could be achieved, if
casting design can be corrected prior to molding
based on defects prediction.

In addition, there is a strong relationship
between the cooling process and the mechanical
performance of a component (Hachani et al., 2012;
Sahin et al., 2006). The study on the thermal
parameters that represent the thermal exchange of
ingots is relevant since there are empirical equations
that relate such factors (Castanho et al., 2015; Vida et
al., 2016) with the mechanical properties of alloys of
a certain system metallic. These works, besides being
industrially important, can be input data for
numerical  simulation  works to  optimize
manufacturing processes (WU et al., 2016; Wu;
Ludwig; Karicha, 2017).

These facts make solidification simulation a
useful tool to help predicting casting defects.
Generally, the theoretical analysis of the
solidification problem may be performed using exact
analytical methods, approximate and, as shown in the
current work, numerical methods. The solidification
process presents several complications in their
mathe matical model, being very common the study of
such processes using experiments on a small scale
and simplified setups, for example, where heat
extraction in only one direction.

One of the most used approaches to the
mathematical treatment of solidification regards
energy conservation and the identification of the
liquid-solid transition regions through a pseudo-
porosity methodology (Voller and Prakash 1987).
The formulation so-called enthalpy-porosity is the
one currently implemented in software ANSYS
FLUENT (ANSYS, 2013). In this methodology, the
equations for the liquid phase velocity are also
considered. Unlike the solidification of pure
substances, where it is observed a clearly defined
solid-liquid interface, in alloys there is a mushy zone.
Numerical treatment of this region has significant
impact in predicting microstructures to be formed.
The mushy zone is treated as a porous zone with
porosity equal to the liquid fraction and appropriate
terms are added to momentum and energy
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conservation equations to consider the formation of
solid material. Sources terms are also added to the
turbulence equations to be damp or cancel this
influence according to the degree of solidity of the
region.

The aim of this paper is to correlate the
literature experimental thermal data to the ones
provided fromthe software to investigate the physical
and mathematical validation of this numerical
formulation. In the present study, the binary Al-
3wit.%Si is studied.

GOVERNING EQUATIONS

%(pH)+V-(p\7H) V. (kvT) 1)
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The unidirectional vertical upward solidification
device consists of a metal mold cooled downward ly
by convection, usually by water flow. This apparatus
was developed to analyze the solidification
phenomenon in a more stable way in terms of
convection and grain growth, since the growth of the
solid is contrary to the gravity vector, disfavoring the
thermosolutal convection ahead of the solidification
interface (Peres et al., 2004). When modeling this
device, the Finite Difference Method (FDM) is often
used as a method to solve the governing equations of
the phenomena.

The solidification is predominantly recognized
as a process of phase transformation, in which there
is release or energy consumption by the material
involved in the phenomenon. Thus, the energy
equation, Eq. (1), must be present in its modeling. In
this equation p is the specific mass of the species, V
is the fluid velocity, k the thermal conductivity of the
chemical species, T is temperature, V is the vector
operator gradient, which is defined as the derivative
of a spatial vector field, and t is the time.

The enthalpy involved in the phase
transformation process, expressed by A4H, is closely
linked to the latent and sensible energy, as shown in
Eg. (2), where h, explicit given by Eg. (3), is the
sensible energy, representing the energy obtained by
temperature variation, and 4H, shown in Eg. (4), the
latent energy released through the phase
transformation. In these equations, L represents the
latent heat, § liquid fraction, c, the specific heat at
constant pressure, and h,s the enthalpy of the
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material at a reference temperature T,¢ (generally set
as 298.15K).

In most studies, the nonlinear governing
function of the heat extraction coefficient of
metal/mold interface is expressed by the exponential
function in the form of Eg. (5), in which the
parameters A and B are constants parameters (usually
obtained from experimental data).

Pure metals, which do not contain substantially
alloying elements, exhibit only one phase
transformation temperature, the melting temperature.
When these materials, during a cooling process,
reaches in a temperature equal to their melting
temperature, the solidification phenomenon takes
place, presenting a flat grain growth interface
between the solid and liquid region.
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ﬂ:l If T > Tliquidus
T-To : (6)
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Yi,sol = KiYi,qu (15)
= v
Viig =Z (16)
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When a metal alloy is analyzed, the phase
transformation temperature is divided into liquidus
temperature, at which nucleation begins, and solidus
temperature, at which the solid state is established.
The Aluminum-Silicon equilibrium diagram and its
eutectic point can be seen in Fig. 1. The eutectic point
is an invariant reaction point, where the entire liquid
mixture solidifies without mushy zone, as a pure
metal. It is usually the lowest temperature point for
phase transformation. In the temperature range
between the abovementioned temperatures an
interfacial region, often called the mushy zone, is
established momentarily, which has liquid fraction g
between 0 and 1. Eq. (6) mathematically establishes
this relation. The enthalpy-porosity technique treats
the partially solidified region (mushy zone) as a
porous medium. The porosity in each cell in this
technique is established as the liquid fraction of that
cell. In fully solidified regions the porosity is zero,
there is no movement; in fully fluid, the porosity
has a value of 1. Proper terms are added in model
equations to treat this phase transition as a
continuum model.
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Figure 1. Main lines and points of the Aluminum-
Silicon diagram. Adapted from ASM International
(1990).

The momentum conservation equation can be
seen in Eq. (7), where p is the static pressure, T a
shear tensor (given by Eq. (8)), pg is the
gravitational body force, x the liquid dynamic
viscosity and I the unitary tensor. It is important to
consider that, since the velocity of the convective
particles in the solidification phenomenon is very
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low, the flow is usually considered a laminar flow.

When a multicomponent liquid solidifies, the
solute diffuses from the solid phase to the liquid
phase. This effect is quantified by the partition
coefficient of solute i, denoted K;, which is the ratio
of the mass fraction of the solid to that of the liquid at
the interface. ANSYS FLUENT computes the solidus
and liquidus temperatures of the species mixture
using m; parameter, shown in Eg. (11), in Egs. (9)
and (10). Y; is the mass fraction of the solute i, m is
the slope of the liquidus surface with respect to Y; and
Ns is the number of species present in the mixture. If
the value of the mass fraction Y; exceeds the value of
the eutectic mass fraction, Y euteaic, then Y; becomes
into Yi,eutectic-

The liquid fraction by Eg. (6) can cause
numerical errors and convergence difficulties in
multicomponent alloys, because its value is not
known a priori. Therefore, it is necessary an iterative
procedure to obtain this variable. The liquid fraction
is obtained as shown in Eq. (12), where the index n
indicates the iteration number, A the relaxation factor,
with a default value of 0.9, ap the cell matrix
coefficient, At the time step, p the specific mass of
the finite volume, V the cell volume, T is the
temperature at cell and T* the temperature of the cell
interface. The latter magnitude can be calculated
when evaluated by Scheil's rule, which considers no
backward diffusion by Eq. (13).

When the Scheil’s model is used on the model,
ANSYS FLUENT solves Y, a a dependent
variable, using the partial differential equation shown
in Eq. (14), and expression shown Eg. (15) and (16),
where V, is the velocity of the liquid and D;n the

mass diffusion coefficient of species i in the liquid
mixture. In Eq. (14), by definition, all property with
index i equal to 0 is null (once that null means solute
free alloy).

The expression of the Eq. (5 will be
implemented in the software through a user defined
function (UDF). The formulation of Eq. (17) is used,
where T, is the temperature of the finite volume in
contact with the heat exchange interface and Tyater IS
the temperature of the water flow.

%D+V-(p\7) 0 (18)
¢, =FC, +(1_ﬂ)cps 19
sz =ﬂ,0|K5+(1_ﬂ)psK5 (20)

It is important to state that, for casting processes
where the heat extraction does not provide a quasi-
equilibrium phase transformation, it is necessary to
use a different method than the lever rule, which
provides more reasonable physical representation.
The lever rule, which mathematically represents the
behavior of the chemical species when in the process
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of solidification, considers that all the secreted solute
is redistributed in the solid, imposing that the
solidification apparatus allows a very high
solidification time for adequate solute diffusion to
take place. The imposition of back diffusion to the
solid in conventional casting is impossible since the
ingot is solidified in a few minutes in most cases.
Considering the uniformity of solute mixing in the
solvent and no backward diffusion, the Scheil model
was used to represent the behavior of solute
segregation during solidification. The equation of
conservation of mass (or continuity equation) can be
expressed according to Eq. (18), which is valid for
incompressible fluids. In this case, there is no source
term.

Some thermophysical properties will be
considered constant (which are shown in Tab. 1),
since more rigorous analysis of these phenomena is
not relevant considering the present study. To
adequately explain  the variation of some
thermophysical  properties  involved in  the
solidification process, due their great impact on the
heat transfer process, the specific heat and thermal
conductivity functions, of the constituent elements
of the alloy, by temperature range, are shown in
Tab. 2, the properties present in this table were
adapted from Gandin (2000) and loffe (2018)
(Retrieved May 15, 2018, from:
http://www.ioffe .ru/SVA/N SM/Semicond/Si/).

Table 1. Thermophysical properties of the chemical
elements and alloys under study. Adapted from Peres
(2005).

Properties Al Si Binary
Melting Latent Heat, L [°C] 385000 - 389187
Melting Temperature, T, [°C] 660 | 1414 -
Liquidus Temperature, T, [°C] - - 644
Eutectic Temperature, T, [°C] - - 577
Partition Coefficient, k - 0.1307 -
Solid Specific Heat,C, [J/kg.K] | 1123 - 963
Liquid Specific Heat, C,, 1086 ) 1084

[Ikg K]

Thermal Cond. solid, K, [W/m.K] | 222 141 121

Thermal Cond. liquid, K, 92 430 91

[Wim.K]
Solid Density, p, [kgm’] 2550 | 2330 | 2695
Liquid Density, p, [kg/m?] 2380 | 2530 | 2385

In the mushy zone, the specific heat is
interpolated according to the local liquid fraction,
from a mixing law, as shown in Eq. (19), while the
thermal conductivity i interpolated by a mixing law
mass weighted, as in Eq. (20).

NUMERICAL METHOD

The alloy Al-3wt%Si was chosen due to the
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importance that this system has in the mechanical
industry. The schematic of casting assembly used in

Data Acquisition Software =
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solidification experiments is presented in the Fig. (2).
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Figure 2. Schematic of the experimental apparatus (Siqueira et al., 2002).

In the experimental data, a stainless-steel mold
was used, which had an internal diameter of 50 mm,
110 mm height, and 5 mm wall thickness. The inner
vertical surface was covered with a layer of insulating
alumina to minimize radial heat losses, and a top
cover made of an insulating material was used to
reduce heat losses from metal/air surface. The bottom
part of the mold was closed with a thin (3 mm) disc
of carbon steel. The alloy was melted in situ and the
lateral electric heaters had their power controlled to
permit a desired superheat to be achieved to simulate
the correct pouring temperature for the binary. To
begin solidification, the electric heaters were
disconnected, and the same time, the water flow was
initiated. Temperatures in the casting were monitored
during solidification by a array of type K
thermocouples (1.6-mm) accurately positioned with
respect to the heat extracting surface (Siqueira et al.,
2002). The thermocouples were inserted in the ingot
in the positions 4, 8 and 12 from the bottom interface.

The thermophysical properties of Al-Si alloy
and the mold plate material utilized in the simulation
are presented in Tab. 1. The software ANSYS
FLUENT was used to perform the simulation of the
vertical upward solidification with water-cooling.
The mesh has 17920 elements distributed as shown in
the Fig. 3. These dimensions are the same used by
experimental setup exposed in Peres et al. (2004).

As boundary conditions, the cylinder was
thermally insulated in all the walls, except the bottom
where it is in direct contact with a cylindrical metal
plate of 4 mm width (not shown in figure), which was
cooled by water at 300 K. The initial temperature of

simulation was 919.15 K. During this simulation the
laminar fluid, energy and solidification models were
active. The results were obtained after a total time of
200 seconds, with 0.1 seconds time step. Details
regarding the mathematical models and numerical
methods used on the simulation are available in
ANSYS (2013).

0030 005

0,500 [m)
J

0.025 0nrs
Figure 3. Mesh and geometry used in the simu lation.

At last, in Tab. 3 is expressed the liquidus
temperature considered in the numerical analysis.
Considering that ANSYS calculates the liquidus
temperature using the slope of the liquidus curve, the
numerical value of the temperature in question is

84 Engenharia Térmica (Thermal Engineering), Vol. 17 « No. 2 » December 2018 « p. 80-86



Ciéncia/Sdence

slightly different from the experimental one.
However, the low relative error of the liquidus
temperature in ANSYS relative to the experimental
one provides a good physical representation of the
phenomenon.

Table 3. Experimental and analytical liquidus
temperature, considering specific slope.

. Liquidus Liquidus .
. Pouring Relative
Binary | Slope Temoerature Temperature |Temperatur Error
m (Experimental) |e (ANSYS)
Al-3%Si [-569.04| 919.15K 917.15K 916.45K |0.076%

RESULTS AND DISCUSSION

The Figure 4 shows the results of the
temperature field in the simulated ingot. It is worth
pointing out that the liquid-solid interface in quite
sharp, presenting irrelevant instabilities, resulting in a
steady place of growth, providing a sharp
transformation of grains (Columnar-to-Equiaxed
Transition), as shown in Gandin (2000) for this alloy
and other from aluminum-silicon system.

In Figure 5 is shown the liquid fraction of the
ingot after 5 seconds of solidification. When
compared with Fig. 4, Fig. 5 confirms the same
behavior of the liquid-solid interface: sharp with no
considerable movement due gravity.

No convergence difficulties are observed, and
numerical results and experimental profiles exhibit
good agreement in the thermocouple positions
analyzed. In this context, the absence of very detailed
experimental data (mainly in the initial seconds),
does not allow adjustment of numerical setup. The
main concern here is the absence of mathematical and
reliable model of metal-mold contact resistance and
more information about rate of water heat extraction
at bottom surface.

9.02e+02
o I
8.71e+02

8.56e+02
8.41e+02
8.25e+02
§.10e+02
7.94e+02
7.79e+02
7.64e+02
T7.48e+02
- 7.33e+02
7.18e+02
7.02e+02
6.87e+02
6.71e+02
6.56e+02
6.41e+02
6.25e+02
6.10e+02
5.94e+02

P

Contours of Static Temperature (k) (Time=9.0000e+01)

Figure 4. Ingot temperature distribution at 9seconds.
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Figure 5. Ingot liquid fraction at 5 seconds.

In Figure 6 is shown the experimental and
numerical thermal profiles of the solidification of Al-
3%Sialloy, along the thermocouples positions.

Prazaai Wark
O Posiior 4w -
a Fyaihge Banr
T oEgahor 10am

ok

Tarmperalure [

ﬂunu
ﬂunuun

0 al al EN &0 ‘oo o 40 18T I1E o

Figure 6. Comparison between experimental and
simu lated thermal profiles.

The Finite Volume Method used in this paper,
even when applying a coarse mesh on the analysis,
can be comparable with the results presented by
Finite Difference Method. However, there is no
assertion about the thermal profile difference if the
mesh were more refined. Thus, changing the mesh
can significantly modify the results presented, since
the features as phase transformation and
thermosolutal convection are highly dependent on
spatial and temporal resolution.
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CONCLUSIONS

In this work, it was presented a numerical
methodology to simulate solidification of alloys using
Ansys software. The simulation done enables
visualization of the progress of solidification inside a
casting. The comparison of the simulated thermal
profiles and the experimental ones shows that the
numerical simulation of forced cooling of Al 3wt.%Si
alloy is efficient and can be used to obtain thermal
evolution along the casting. The fast setup and
analysis of new models to heat transfer in metal mold
interface can also be done. The numerical simulation
allows a great number of solidification models to be
applied and compared. Future studies can be done to
verify if the number of nodes is enough to simulate
this type of phenomenon. Different options regarding
fluid convection, diffusion and heat transfer are
available and will be applied in future works.
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