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This paper briefly reviews various geometry-driven 
methods for analysing the solidification process of a 
casting, which offer the advantage of being faster 
and less dependent on material properties than 
numerical methods. A new method for identifying 
hot spots and simulating feeding paths in three- 
dimensional models of castings has been introduced. 
This is based on determining the direction of the 
largest thermal gradient at any point inside the 
casting. The method can account for the effects of 
cores, gating, pouring parameters and feeding aids 
such as chill, insulating and exothermic materials. 
It has been validated by modelling a variety of 
castings from industry. 
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Introduction 
Solidification of molten metal after being poured into a 
mould cavity is an important phase in the casting 
process and greatly influences product quality and 
yield. The casting solidifies progressively from the 
mould wall resulting in thin sections freezing first. 
These sections take the liquid metal needed for 
compensating shrinkage occurring during the phase 
change from adjacent thicker regions. The last freezing 
regions are the most probable locations of shrinkage 
cavities or porosity. Feeders appended to the casting at 
suitable locations are designed so that the shrinkage 
defects are contained within the feeders, which are 
removed during the fettling process and subsequently 
recycled. The total volume of feeders should be mini- 
mized in order to improve the yield and productivity. 

Simulation of the solidification process enables 
visualisation of the progress of freezing inside a casting 
and identification of the last freezing regions or hot 
spots. This facilitates the placement and design of 
feeders and feeding aids in order to maximize yield 
while ensuring casting soundness without expensive 
and time-consuming trial runs. In the case of perma- 
nent mould'casting, thermal analysis also aids the 
design of cooling channels and the estimation of 
cycle time. It is also a valuable tool for product 
designers as it allows the solidification of a casting to 
be considered during the design phase. 

Solidification of castings is a non-linear transient 
phenomenon, posing a challenge in terms of modelling 

' Author for correspondence 
e-mail: bravi@me.iitb.ernet.in 

and analysis. It involves a change of phase with 
liberation of latent heat from a moving liquid/solid 
boundary. The heat is transferred from the molten 
metal to the environment through the solidified 
portion of the casting, the air gap at the casting/ 
mould interface and the mould. All three modes of 
heat transfer (conduction, convection and radiation) 
are involved. The influence of the location of the ingate 
and the pouring rate, as well as varying rates of heat 
transfer in different parts of the mould, owing to cores, 
feeding aids and variation in mould thickness, have to 
be accounted for. The values of physical and thermal 
properties, which change non-linearly over the range 
of temperatures involved, are not easily available 
and have to be obtained from detailed experiments. 
Furthermore, the intricate geometry of industrial 
castings, especially when poured in multiple-cavity 
moulds, makes the analysis even more difficult. 

Numerical methods for solidification simulation 
have received considerable attention from researchers 
in the past two decades.' The casting shape is broken 
down into a number of simple elements and the 
unsteady-state heat conduction equation is applied to 
them over a number of time steps in order to obtain the 
temperatures at different nodei. Finite difference 
(FDM), finite element (FEM) and, recently, boundary 
element (BEM) methods have been used. In general, 
FEM is preferred as it allows a wider choice of 
element shapes and better accuracy, while FDM- 
based simulation programs are faster and easier to 
execute. Recent advances have been in the areas of 
automatic preprocessing (mesh generation), adaptive 
remeshing for better accuracy in critical regions, heat- 
transfer models for considering the effect of variable 
air gap and mould coatings, convective and radiative 
heat transfer and improving the efficiency of 
~ o m ~ u t a t i o n . ~  

The location and shape of a shrinkage cavity or the 
region of the maximum concentration of shrinkage 
porosity can be visualised from the innermost isotherm 
or iso-solidification time contour obtained from the 
simulation. A criterion for predicting macro- as well as 
micro-shrinkage defects has been proposed by Niyama 
in terms of ~/f i  where G is the temperature gradient 
and R is the cooling rate.3 Another approach, called 
the solid fraction gradient method, distinguishes 
between macro- and micro-shrinkage and is based on 
the critical-fluid solid f ra~ t ion .~  

Numerical simulation of the casting process has 
gradually moved from research to practical applica- 
tion in the last few years. Several packages based on 
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