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Abstract
The solidification of molten metal during the casting process involves heat
transfer from the molten metal to the mould, then to the atmosphere. The
mechanical properties and grain size of metals are determined by the heat
transfer process during solidification. The aim of this study is to numerically
stimulate the steady conduction heat transfer during the solidification of
aluminum in green sand mould using finite difference analysis 2D. The
properties of materials used are industrial AI 50/60 AFS green sand mould,
pure aluminum and MATLAB 7.0.1. for the numerical simulation. The
method includes; the finite difference analysis of the heat conduction equation
in steady (Laplace’s) and transient states and using MATLAB to numerically
stimulate the thermal flow and cooling curve. The results obtained are: the
steady state thermal flow in 2D and transient state cooling curve of casting.
The results obtain were consider relevant in the control of the grain size and
mechanical properties of the casting.
Keywords
Numerical Simulation; Conduction heat transfer; Aluminum and green sand
mould.
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Introduction
Casting is a manufacturing process by which a liquid material is usually poured into a
mould, which contains a hollow cavity of the desired shape, and then allowed to solidify. The
solidified part is also known as a casting, which is ejected or broken out of the mould to
complete the process. Casting materials are usually metals or various cold setting materials
that cure after mixing two or more components together; examples are: concrete, clay and
plaster [5]. The solidification of materials depends on the cooling rate of the materials which
is governed by heat flow in the mould and alloy composition [12]. Solidification rate also
affects the structure and properties of the materials. One of the critical elements that have to
be considered for producing a high quality in sand casting product is the Cooling rate and
gating design [10]. The cooling rate depends on the rate of heat transfer from the mould
cavity to the atmosphere through the mould. This work will dwell on the conduction heat
transfer from the mould cavity to the atmosphere, during the casting of aluminum.
Solidification takes place through nucleation and growth of the solid phase under favourable
thermal conditions. Homogeneous nucleation, which involves the formation and survival of
solid nuclei whose radii are larger or equal to the critical radius, it depends of the free energy,
volume and surface. Nucleation takes place below the melting temperature in equilibrium,
characterizing the occurrence of thermal super-cooling. [2] and [6]
When the temperature is reduced uniformly throughout the liquid, extensive random
nucleation occurs throughout the liquid. However, the practical conditions of heat flow
promote the formation of temperature gradients in the liquid, which induce initial nucleation
on the mould’s walls, with grain growth taking place toward the centre of the cast part.
Nucleated grains with the most favourable orientation grow preferentially, advancing toward
the bulk of the casting by progressive deposition of atoms in the solid-liquid interphase.
Lateral growth is restricted by competitive growth, resulting in the formation of column-like
and elongated grains growing in the direction of the thermal flow [11].
The objective of this paper was to analysis the conduction heat transfer in a sand
mould using finite difference method. This study investigates the steady state and transient
cooling conduction heat transfer during the solidification of an Aluminum casting in green
sand mould.
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Material and Method

Mould Employed
Generally speaking, the type of mould employed strongly influences the quality of the
cast part in terms of dimensions, shape, surface finish and internal quality; hence, it is
indispensable the appropriate selection and control of the materials of which the mould is
made, showed by [2]. The mould employed for this study is a green sand mould with
industrial sand, AI 50/60 AFS.

Modes of Heat Transfer
There are basically three modes of heat transfer namely: conduction, convection and
radiation. Conduction which focuses on the transfer of heat energy through the direct impact
of molecules, convection which results from the energy transferred through the motion of a
fluid and radiation which focuses on the transmission of energy through electromagnetic
waves [9]. The simulations performed by accounting the dependence of the melting point on
the interface concentration, show that the moment of the destabilization coincides with the
appearance of significant fluctuations in the liquid solutal profile [10].
The governing differential equation for conduction heat transfer transient nonlinear
state in 2D is given by:
⎛ δ2T δ2T ⎞
δT
K⎜⎜ 2 + 2 ⎟⎟ = ρc
δy ⎠
δt
⎝ δx

(1)

For steady state, equation (1) becomes:
⎛ δ 2T δ 2T ⎞
⎜⎜ 2 + 2 ⎟⎟ = 0
δy ⎠
⎝ δx

(2)

Laplace equation the solution to equation (2) is:
T(x, y, 0) = f(x, y)

(3)
3

Where K = Thermal conductivity in W/mK, ρ = Density in Kg/m , T = Temperature in
Kelvin(K) and t = Time in seconds.
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Figure 1. Schematics of Mould
From figure 1 above, heat is transferred from the mould cavity and gating through the
mould sand mix to the atmosphere.

Finite Difference Analysis of Conduction Heat Transfer
In this study, only Cartesian square meshes will be used. The increments in x, and y
directions are denoted by ∆xi, and ∆yj, respectively. The smaller these increments are the
better is in agreement with the true temperature distribution.
The equation (1) above can be written in its finite different form as:
Ti−1, j,t +1 − 2Ti , j,t +1 + Ti+1, j,t +1
Δx 2

+

Ti , j−1,t +1 − 2Ti , j,t +1 + Ti , j+1,t +1
Δy 2

⎛ Ti , j,t +1 − Ti , j,t
= α⎜⎜
Δt
⎝

⎞
⎟⎟
⎠

(4)

where:

α=

ρc
K

(5)

Ti−1, j − 2Ti , j + Ti+1, j
Δx

2

+

Ti , j−1 − 2Ti , j + Ti , j+1
Δy

2

=0

(6)

Equation (6) denotes the finite difference form of the Laplace equation (2), equation
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(4) is for transient state while equation (6) is for steady state [8].
Since heat transfer is in two dimensions, length A = 90cm and Height B = 45cm of
Mould are shown in figure (1) above.

Figure 2. Nodes Layout

Boundary conditions:
Initial condition, t = 0, Tm = Temperature of molten metal or alloy in mould cavity
and Tai = Initial atmospheric temperature (Foundry shop temperature).
At x = y = 0,
q=k

∂T
∂T
=k
= h f (T − Tambient )
∂x
∂y

(7)

Where q = quantity of heat transfer in Joules (J), hf = latent heat of fusion in (KJ/Kg)
and Tambient = Ambient temperature in Kelvin (K)
Final condition, t = t, Ts = temperature of mould cavity after solidification of metal or
alloy and Tfa = Final atmospheric temperature (after solidification of molten metal)
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Figure 3. Half of the mould

Methodology of the Numerical Simulation

MATLAB 7.0.1. R14 service pack 1 software program was used to simulate the
temperature distribution during the solidification of pure aluminum in green-sand moulds,
with the aid of a Pentium ® Dual core CPU 2.2GHz with 64 bits windows vista operating
system computer. The following procedures were use for the simulations:
1.

Half of the mould (right side) was considered since both the right and left sides of the
mould are Symmetry.

2.

Both the transient and steady heat conduction states were considered.

3.

The materials used were in pure state, the table 1: below shows the properties of the
materials.

4.

Initial boundary conditions; atmosphere/ambient temperature = 301 K, temperature of
molten aluminum inside the mould cavity = 973 K, length of the mould along the
horizontal axis = 45cm and height of the mould along the vertical axis = 45cm.

5.

The final step consists in solving the problem of heat transfer of the mould – cast metal
system, using Equations (4), (6) and controlled by the convergence condition. The time
of processing for the simulation was of 7200 seconds. The result of the heat transfer is
shown in 2-D, as well as the cooling curve in the cast metal.
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Table 1. Physical properties of pure Aluminum and industrial sand, AI 50/60 AFS, according
to [4] and [2]
Material

Specific heat Density
Thermal Conductivity
(KJ/Kg. K) (Kg/m3)
(W/m. K)
Aluminum
0.8963
237
Liquid = 2375
Solid = 2700
Industrial sand, AI 50/60 AFS 1172.3
1494.71
0.52
Latent heat of fusion of aluminum hf = 10.71KJ/mol

Results and Discussion

The numerical simulation of the temperature distribution in the steady state heat
conduction can be seen in figure 4 using MATLAB 7.0.1. We can see that the temperature is
maximum at the centre O of the mould (T = 973 K, x = 0 and y = 22.5cm) and as we move
along the mould cavity through the x and y axes, the temperature gradually drops until we get
to the ambient temperature at T = 310 K, x = 45cm and y = 0 or 45cm (outer surface of the
mould).
The phenomenon of convection and radiation that occurs between the mould and the
environment was not consider in this study. In this case, the properties of the mould materials
were considered as constant, while that of aluminum varied according to state of matter.
Figure 4, shows the steady state temperature distribution from the center of the casting where
the temperature is 973 K to the atmosphere where temperature is 301 K.
Figure 5 shows the cooling curve of the casting from a temperature of 973 K to 310 K
in 2 hours (7200 seconds). The simulation of the gradual cooling of the casting and cooling
of the mould aids a foundry man to control proper grain growth which in turn provides quality
casting with better mechanical properties.

21

Numerical Simulation of Steady State Conduction Heat Transfer During the Solidification of Aluminum ...

200

300

X (cm)
Y (cm)

0
45

100

200

300

400

500

600

700

800

900

1000

40

35

30

25

20

15

10

5

0

0

5

10

15

20

Temperature Distribution in casting and sand mould during solidification (Steady state)

25

30

35

40

45

400

500

600

700

800

900

Victor ANJO

Tem perature in K elv in (K )

Figure 4. Temperature distribution in casting and green sand mould during
solidification (steady state)
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Figure 5. Cooling curve in Aluminum casting

Conclusion

This study show the numeric simulation by the finite difference analysis of the
temperature distribution and cooling process of aluminum in green sand mould, during 2
hours of solidification. Results were obtained in 2D, the results are: transient cooling curve of
castings and the steady state thermal flow through the casting and mould.
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