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Numerical Simulation of the Aluminum Alloys Solidification
in Complex Geometries

Eliseu Monteiro, Abel Rouboa*
Engineering Department, University of UTAD, 5000, Vila Real, Portugal

The process of mould design in the foundry industry has been based on the intuition and
experience of foundry engineers and designers. To bring the industry to a more scientific basis
the design process should be integrated with scientific analysis such as heat transfer. The pro-
duction by foundry techniques is influenced by the geometry configuration, which affects the
solidification conditions and subsequent cooling. Numerical simulation and/or experiments
make possible the selection of adequate materials, reducing cycle times and minimizing pro-
duction costs. The main propose of this work is to study the heat transfer phenomena in the
mould considering the phase change of the cast-part. Due to complex geometry of the mould,
a block unstructured grid and a generalized curvilinear formulation engaged with the finite
volume method is described and applied. Two types of boundary conditions, diffusive and
Newtonian, are used and compared. The developed numerical code is tested in real case and the
main results are compared with experimental data. The results showed that the solidification
time is about 6 seconds for diffusive boundary conditions and 14.8 seconds for Newtonian
boundary conditions. The use of the block unstructured grid in combination with a generalized
curvilinear formulation works well with the finite volume method and allows the development
of more efficient algorithms with better capacity to describe the part contours through a lesser
number of elements.
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Nomenclature — Greek
Roman B . Cofactor
B, C ! Coefficients Ahy . Latent heat (J/kg)
Cp, . Heat capacity (J/kg C) é  Temperature (°C)
fs . Solid fraction o . Density (kg/m®)
h . Newtonian heat transfer coefficient P * Partial derivation

(W/m C) &, 7 [ Curvilinear coordinates system
J . Jacobean
k . Thermal conductivity (W/m C) Subscripts
q . Heat source (W/m®) a . . Environment
t . Time (s) E . East
x, v . Cartesian coordinates : Fusion

J . Computational coordinates

. Iteration number

. Liquid or liquidus
> Mould

> North

'E : Northeast
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NN : North-North
NNW'. Nor-Norwest

NW  Norwest
P . Central point of control volume
S . South

SE . Southeast
SS : South-South

SSE . Sud-Southeast

SW . Southwest

s . Solid, solidus or solidified metal
W . West

Superscripts

1 . Number of Cartesian dimensions

7 . Number of curvilinear dimensions
k . Cofactor index
m . Cofactor index
n . Time iteration

1. Introduction

The process of mould design in the foundry
industry has long been based on the intuition and
experience of foundry engineers and designers. To
bring the industry to a more scientific basis the
design process should be integrated with scientific
analysis such as heat transfer, fluid flow and stress
analysis.

Solidification modelling can be divided into
three separate models, where each model is iden-
tified by the solution to a separate set of equa-
tions : heat transfer modelling which solves the
energy equation; fluid-flow modelling which
solves the continuity and momentum equations ;
and free-surface modelling which solves the sur-
face boundary conditions. For a complete de-
scription of solidification modelling, all of these
equations need to be solved simultaneously, but
under special circumstances, the equations can be
decoupled and modelled independently. This is
the case for heat-transfer modelling, which has
been widely used, and its application has signi-
ficantly improved casting quality. However, heat-
transfer modelling has many shortcomings, which
must be taken into account whenever predictions
are made (Teuk and Chang, 2003). These include
a poor knowledge of the initial conditions, the

fact that fluid flow is not modelled, and that the
predictions are based on experimental defect cri-
teria (Swaminathan and Voller, 1996). Impro-
vements can still be made in the area of the
thermo-physical data relating to the metal-mould
interface, phase changes and the temperature de-
pendence of all thermo-physical data.

The major challenge to modelling the heat
transfer of molten metal has been the phase
change. To model such a phase change requires
the strict imposition of boundary conditions.
Normally, this could be achieved with a finite-
element that is distorted to fit the interface. How-
ever, this is computationally expensive. Since the
solid-liquid phase boundaries are moving, most
classical fixed mesh finite-element or finite-dif-
ference schemes have not been able to maintain
the correct boundary conditions.

To overcome the loss of boundary information
we need to develop special treatments that recog-
nize this discontinuity. The simplest is based
upon the solid fraction in each computational
cell. This fraction can be calculated in a variety
of ways, either from: nucleation theory ; linear
extrapolation ; the lever rule or the Scheil equa-
tion (Duff, 1999). Once this has been calculated it
is necessary to account for the latent heat lost
during solidification. This can be done in a vari-
ety of ways: a source term can be added to the
energy equation ; the specific heat can be modi-
fied ; or a sensible-enthalpy formulation can be
adopted (Sergey, 2002).

Complex geometries and distinct physical ma-
terial properties are usual the case in a real cast-
ing scenario. The mesh generation using com-
mercial software is often applied, when com-
plex geometries are involved (Sergey, 2002 ; Peri-
cleous, 1998). Otherwise, simple geometries are
considered in order to validate the particular
developed numerical code (Jungwoo and Haec-
heon, 2004 ; Majchrzaka et al., 2000).

In this paper, the problem of the complex
geometry is tackled using a block unstructured
grid and a generalized curvilinear formulation
engaged with the finite volume method. Two
types of boundary conditions, diffusive (FV-k
approach) and Newtonian (FV-h approach), are



Numerical Simulation of the Aluminum Alloys Solidification in Complex Geometries 1775

used and compared to emphasize the error when
the interface thermal resistance due to the gap
between mould and cast part is neglected.

2. Mathematical model

The energy equation states that the rate of gain
in energy per unit volume equals the energy gain-
ed by any source term, minus the energy lost by
conduction, minus the rate of work done on the
fluid by pressure and the viscous forces, per unit
time. Assuming that:
obeys Fourier’s Law ; the fluid is incompressible
the fluid
conductivity is constant ; viscous heating is negli-
gible, and since the heat capacity of a liquid at
constant volume is approximately equal to the

the fluid is isotropic and

and obeys the continuity equation ;

heat capacity at constant pressure, then the inter-
nal energy equation is reduced to the familiar heat
equation, here written in curvilinear coordinates.
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The curvilinear coordinates are defined for the
transformation x;=x;((18;), /=1, 2, 3, and char-
acterized by the Jacobean J. The coefficient B™
in Eq. (1) is defined as:
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where Y= (—1)*det(J;;) represents the cofac-
tor in Jacobean J.
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The source term ¢ can be expressed as a func-
tion of effective solid material fraction fs, metal
density p and enthalpy variation in phase change
Ahy, called latent heat (Eliseu et al., 2003).
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The variable fs can be decomposed in the fol-
lowing form :
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After some mathematical work the Eq. (1) the
following expression is obtained,
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where the coefficients C; and C;; are determined
by the following expressions :
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3. Discretization

To tackle the problem of the complex geometry
a block unstructured grid and a generalized cur-
vilinear formulation engaged with the finite vol-
ume method were used.

To make easier the grid generation and the
definition of the different physical properties of
the mould and cast-part, the domain of interest
was dived into 17 polygons with 4 vertices (sub-
domains). After the definition of the four boun-
daries that define the contour of the sub-domain,
it is needed to make the nodes distribution in
each boundary. The same number of nodes in
each boundary is required. The space between
boundary-defined nodes does not have to be uni-
form. One of the advantages of this situation is
the global reduction of the number of obtained
points, with the increase of the space in zones
where description can be made with lesser density
of nodes (Thompson, 1985). However, it is nec-
essary to care about brusque space variations.
This can make impracticable the calculation of
the local derivative, due to the continuity condi-
tion. The definition of the all coordinate lines in
the interior of the domain is made by bilinear
interpolation of the nodal positions defined in
the boundaries resulting in the grid showed in the
Fig. 2.



Temperature
B
]
]
]
1

Liquid
+
Solid

Liquid
S N

b -
L4
Time

Fig. 1 Metallic alloy cooling curve
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Fig. 2 Dicretization procedure: (a) block unstruc-
tured grid ; (b) computational domain ; (c)
typical 2D control volume

Although the use of curvilinear coordinates im-
poses significant mathematical work in the mo-
del development, they allow a great comfort in
the development of the computational code be-
cause in the transformed domain, the geometry is
uniform, rectangular and time independent.

The space derivatives were approximated using
the finite volume method for a nine-point com-
putational cell like the one showed in the Fig. 2
where a geographical notation was used. Two
levels of approximation are needed for surface
integrals : the integral is approximated in terms of
the variables values at one location on the cell
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face, the midpoint point rule was used in this
task ; the cell face values are approximated in
terms of the nodal values (control volume (CV)
centres), the linear interpolation was used in this
task. The volume integrals were approximated by
a second-order approximation replacing the vol-
ume integral by the product of the mean value
and the CV volume (Versteeg and Malalasekera,
1995). The time derivative was approximated
by the implicit Euler scheme. The SIP (Strongly
Implicit Procedure) was used as solver (Ferziger
and Peric, 1999).

4. Initial and Boundary Conditions

During the mould filing process the liquid
material contacts the mould internal walls ; con-
sequently, the interface between metal and mould
will have a certain thermal resistance that occurs
because the mould internal wall is not complete-
ly wet by the liquid (O’Mahoney and Browne,
2000) . The mould internal roughness generates a
micron superficial geometry that propitiates the
developing of few contact points intercalated by
regions of physical separation between metal and
mould.

The material contraction provokes an increase
of physical separation between the solid material
and the mould. In these conditions, the heat trans-
fer in the interface between metal and mould is
given by :

(1) conduction in contact points and through
the gases imprisoned by the created spaces ;

(2) convection and radiation between the two
separate surfaces.

The material type, surface condition of the
mould, quality of the desired superficial finishing
and moyld temperature controls the superfici-
al roughness. In metal mould solidification, the
parameters of thermal behavior of the interface
between metal and mould rule the heat transfer
and determine the solidification progression. The
heat flux through an interface will be the result
of the transfer modes combination that may co-
exist :

(1) Conduction through the applied coating
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layer ;

(2) Conduction through the gases of the gap
between the part and the mould ;

(3) Radiation between the surfaces of the part
and the mould through the same gap.

The heat transfer coefficient value varies in
function of several factors, namely :

(1) thickness and thermal conductivity of
coating layer ;

(2) form and dimensions of the part and
mould ;

(3) geometry of the gap between different sec-
tions in contact, which is dependent of the mate-
rial natural thermal expansion ;

(4) surface finishing of the different interfaces ;

(5) state of agitation of the surrounding air (in
the case of heat transfer to the environment).

Different possibilities must be considered for
heat transfer conditions on boundaries :

(1) perfect contact (Monteiro, 1996):

%)

on /m

for boundaries defined with continuous material ;
(2) diffusion heat transfer Eq. (12) in the FV-

k approach, and Newtonian heat transfer Eq.
(13) for the FV-h approach,

W(B) (),
e (2)-

applied to boundaries between the exterior wall
of the part and in the interior wall of the mould ;
(3) convective heat transfer for the exterior

=(5£),, and bm=tm (11

hi(¢n—¢s) (13)

boundary of the system which contacts the envir-
onment Eq. (14).

in(22) =ha(gn—00) (14

The liquidus temperature is used as initial condi-
tion for the domains that form the cast-part.
The initial temperature field in the mould is the
result of the cooling simulation with the mould
closed and empty. For this simulation, 300C is
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Table 1 Physical properties

Physical property Al 1281t |Grey Cast-Iron
Density [kg/m®] 2670 7230
Thermal conductivity [W/m C]| 185 38
Thermal heat capacity [J/kg ‘C]| 1260 750
Latent heat [kJ/kg] 395 -
Liquidus temperature [C] 585 -
Solidus temperature [C] 575 -

Table 2 Newtonian heat transfer coefficients at
interfaces (Monteiro, 1996)

Interface Newtonian Heat transfer coefficient

[W/m?C]

D1/D2 hi=2500
D1/D3 h:=2500
D1/D4 hi=2500
D2/D3 h:=500
D3/D4 h:=600
D2/environment ha=150
D3/environment ha=150

used as initial temperature, and the results are
obtained 60 seconds after.

In this simulation the interface with the empty
cavity was considered adiabatic. The small circu-
lation and the reduced thermal capacity of the air
justify this assumption.

The values of the physical properties of the
involved materials used in the numerical simula-
tion are indicated in Tables | and 2.

All this method was implemented using the
programming language FORTRAN and the data
post-processing carried out with Tecplot.

5. Results Discussion

The initial temperature field of Fig. 3 shows
that the temperature decreases as long the distance
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Fig. 3 Initial temperature field in the mould




1778 Eliseu Monteiro and Abel Rouboa

to the environment decreases. The corners of the
superior part of the mould have lower tempera-
ture values than the inferiors, what it is perfectly
realistic due to its lesser dimensions.

The simulation of the temperature field for the
set part/mould was carried out for two situations.
First, considering diffusion heat transfer and sec-
ond, considering Newtonian heat transfer.

6. Diffusion Heat Transfer
at Interface Part/Mould

In this approach, only diffusion heat transfer
is considered. The relation of thermal conductivi-
ties of the involved materials is the coefficient
of proportionality between the heat flux and the
temperature differences.

The end of the solidification occurs after 6
seconds of cooling, which means that all the part
material has below of the solidus temperature
(575°C). This temperature field is shown in Figs.
4~35 for the part and mould, respectively. The
areas of slighter thickness are the coldest ones.
In opposite, the hottest areas have larger dimen-
sions. The mould highest temperature occurs, as
expected, near to the part.

Making a comparison between the temperature
field in the mould at the end of solidification
(Fig. 5) and the initial temperature field of Fig. 3,

&=______J

Fig. 4 Part temperature field after at the end of so-
lidification (6 seconds of cooling) consider-
ing diffusion heat transfer at interface part/

mould

it is verified that the coldest zones continue to be
the superior mould corners. However, the superi-
or left corner, because of its proximity to the part
hottest zone, has a temperature level superior to
the initial.

7. Newtonian Heat Transfer
at Interface Part/Mould

In this approach it was used a Newtonian heat
transfer coefficient to have into account the gap
between the part and the mould. The end of the
solidification occurs after 14,8 seconds of cool-
ing (Fig. 6). A discontinuity in the temperature
values in the interfaces where the Newtonian heat
transfer is verified.

High temperature gradients were verified in the
cylindrical zone of the cast part. This behavior
allows confirm that the solidification starts from
the surrounding metal and finishes in the centre of
the cylinder.

The extremity on the right-side of the cast part
is the coldest zone at the end of solidification. The
distance to the hottest fraction of the cast part and
its thin dimensions explains such behavior.

The comparison between the mould tempera-
ture field at the end of solidification (Fig. 7) and
the initial temperature field shows that the coldest
zones are the superior mould corners.
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Fig. 6 Part temperature field at the end of soli-
dification (14,8 seconds of cooling) consi-
dering Newtonian heat transfer at interface

part/mould
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Fig. 5 Mould temperature field at the end of soli-
dification (6 seconds of cooling) consider-
ing diffusion heat transfer at interface part/
mould.

Fig. 7 Mould temperature field at the end of soli-
dification (14,8 seconds of cooling) consi-
dering Newtonian heat transfer at interface
part/mould
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8. Model Validation

The comparison between experimental and nu-
merical data is made for the points where the
thermocouples were placed (see Fig. 8).

Making an analysis to the Figs. Bl we can notice
that :
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Fig. 8 Used positions of the thirteen thermocouples
in the cross-section to obtain experimental
temperature values
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Fig. 9 Comparison with experimental (Exp) and

numerical data using the finite volume meth-
od with Newtonian boundary conditions
(FV-h) and with diffusive boundary condi-
tions (FV-k) for thermocouple T1
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Fig. 10 Comparison with experimental (Exp) and
numerical data using the finite volume
method with Newtonian boundary condi-
tions (FV-h) and with diffusive boundary
conditions (FV-k) for thermocouple T7
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Fig. 11 Comparison with experimental (Exp) and
numerical data using the finite volume
method with Newtonian boundary condi-
tions (FV-h) and with diffusive boundary
conditions (FV-k) for thermocouple T11

(1) the numerical results obtained by the first
approach (FV-k) follow the behavior of the ex-
perimental values, but with unacceptable discre-
pancy ;

(2) the numerical results obtained by the sec-
ond approach (FV-h) shows a very good agree-
ment with the experimental values.

9. Conclusions

The suitable agreement of the numerical results
FV-h with the experimental measurements allows
the validation of the information supplied by the
developed model. The discrepancy verified be-
tween FV-k and FV-h approaches allows con-
firming that is the interface thermal resistance that
governs the evolution of the temperature fields in
metallic mould.

The use of the block unstructured grid in com-
bination with a generalized curvilinear formula-
tion works well with the finite volume method
and allows the development of more efficient
algorithms with better capacity to describe the
contours through a lesser number of elements and
without geometric limitations imposed for the
involved particular geometry.
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