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Abstract

The mathematical model and numerical simulations of the solidification of a cylindrical shaped casting, which take into account the
process of filling the mould cavity by liquid metal and feeding the casting through the riser during its solidification, are presented in the
paper. Mutual dependence of thermal and flow phenomena were taken into account because have an essential influence on solidification
process. The effect of the riser shape on the effectiveness of feeding of the solidifying casting was determined. In order to obtain the
casting without shrinkage defects, an appropriate selection of riser shape was made, which is important for foundry practice. Numerical
calculations of the solidification process of system consisting of the casting and the conical or cylindrical riser were carried out. The
velocity fields have been obtained from the solution of momentum equations and continuity equation, while temperature fields from
solving the equation of heat conductivity containing the convection term. Changes in thermo-physical parameters as a function of
temperature were considered. The finite element method (FEM) was used to solve the problem.
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The shape of the solidus line is observed, assessing whether it has
been closed in the casting area. Such a situation would mean the
lack of supply of this area by the liquid metal from the riser and
the formation of defects at this place of the casting. We try to
avoid this situation by selecting the right shape of riser to the
considered casting. Therefore, the aim of the work was to assess
the correctness of the shape selection of riser for the solidifying
casting, so that it arises without defects.

1. Introduction

The growing requirements regarding the quality of castings
require intensive technological development of foundry methods,
which requires various researches. These studies focus mainly on
obtaining castings without shrinkage defects with high
mechanical properties through appropriate control of their feeding
[1-4] or design of layer castings that are resistant to corrosion or
have high heat resistance [5]. Conducting research on real objects
is significantly difficult due to the lack of visibility and high

temperatures taking place there, which is why only computer
simulations make it possible to improve casting methods [6-11].
In this article, the process of casting solidification is analyzed,
considering the phenomena of heat exchange and fluid flow,
starting from the moment of filling the metal mould by molten
metal and ending with the complete solidification of the casting.

2. The mathematical description

The superheated metals alloys in the liquid state can be
treated as the viscous incompressible fluids [7,9]. The
mathematical description of the casting solidification process
considering the liquid metal movements is based on the solution
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of the following equations system in a cylindrical axial-symmetric
coordinate system [7-11]
— the momentum equations
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— the volume fraction equation
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where: 4 - the thermal conductivity coefficient [W/(mK)], 7 - the
temperature [K], p=p(T)- the density [kg/m®], w(T)- the
dynamical viscosity coefficient [kg/(ms)], v,, v, - the r-component
and z-component of velocity, respectively [m/s], C,=c+L/(T;-Ts) -
the effective specific heat of a mushy zone [J/(kgK)], ¢ - the time
[s], L - the latent heat of solidification [J/kg], g,, g. - the r- and z-
component of gravitational acceleration, respectively [m/s*], p -
the pressure [N/m*], f- the volume coefficient of thermal
expansion [1/K], c¢- the specific heat [J/(kgK)], r,z- the
coordinates of the vector of the considered node's position [m], 7 -
the radius [m], 7., - the reference temperature (7.,=7;,) [K], F - the
pseudo-concentration function across the elements lying on the
free surface.

The velocity and pressure fields were obtained from the
solution of momentum equations (1) and continuity equation (2),
while temperature fields from solving the equation of heat
conductivity with the convection term (3). The predicting the
filling behaviours of molten metal and the free surface movement
is described by the first order pure advection equation (4). In the
applied model of solid phase growth, the internal heat source is
not visible in the heat conduction equation (3) because it is
considered in the effective specific heat of two-phase area [9-11].
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The equations (1-4) are completed by appropriate boundary
conditions and initial conditions. The initial conditions for
temperature and velocity fields are given as [9-11]
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The boundary conditions, specified in the considered problem,

on the indicated surfaces (Fig. 1), were as follows
- for velocity [9-10]
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where: T, - the ambient temperature [K], a,, - the heat transfer
coefficient between the ambient and the mould [W/(m’K)], T -
the temperature of air inside mould cavity in initial state [K], T}, -
the initial temperature [K], Ty, T , Ts - the temperature of mould,
gap (protective coating) and solid phase, respectively [K], v;, - the
initial velocity [m/s], Ay, As, Ag- the thermal conductivity
coefficient of mould, solid phase and gap, respectively [W/(mK)],
n - the outward unit normal surface vector, v,, v, - the tangential
and normal component of velocity vector, respectively [m/s].

3. Example of numerical calculations

To analyse the impact of the movements of the liquid metal
alloy and the riser shape on solidification of the casting, the
following casting-mould system was considered (Fig. 1). The
external mould dimensions were taken as: d =0.320m, 2 =0.280m,
while the mould cavity dimensions are equal to: d,=0.200m,
h,=0.070[m], #,=0.150m, 4,,~0.080m d,,~0.100m, d;,=0.020m.
The internal surface of the steel mould is coated by a protective
shell with 2mm thickness. The numerical calculations were
carried out for the casting made of low-carbon cast steel and the
steel mould with thermo-physical properties that were taken from
the papers [10, 11]. The overheated metal with temperature
T;,=1850K was poured with the velocity v;,=0.1 m/s into the steel
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mould with initial temperature 7),~350K. Additional important
temperatures were equal to: 7,=350K, 7,=300K. The heat transfer
coefficient (a) between ambient and the mould was equal
ay =200W/(m’K).
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Fig.1. Considered system and identification of regions

Numerical analysis of the solidification process of the casting-
riser system was carried out using the given system of equations,
which was saved in the FEM with the weighted residuals
formulation. The calculations were made for two riser shapes:
conical (I variant) or cylindrical (II variant). The main difference
between variants I and II rely in the shape of the riser. The
possibility of reducing material consumption per riser was
assessed, while maintaining its functionality for feeding the
casting. For the numerical simulations, the professional Fidap
program was used. The geometry of considered system was
divided into 4979 quadrilateral finite elements.

4. Analysis of results

Numerous numerical simulations were carried out to
determine whether the riser shape was adequately selected to
ensure the directional course of the solidification process. The
shape of the solidus line was observed in the pictures of
temperature  distribution, in the subsequent periods of
solidification of the casting-riser system, for two variants of the
riser shape (Figs 2-5). Comparison of temperature fields in a
selected time step, for both variants of the riser shape, is shown in
Figure 2b and 3. There is indicated by the solidus line shape for a
different manner of cooling these risers. However, Fig. 2a shows
an example velocity field corresponding to these temperature
fields. If the solidus line closes, the area limited by it will not be
fed by liquid metal and a shrinkage defect will occur at this place.
If such an area is formed in the casting, it will be defective. We
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try to avoid such a situation and move such a defect to the riser by
choosing the appropriate shape of riser.
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Fig.2. The velocity vectors (a) and temperature distribution (b) at
=450s, I variant
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Fig.3. Temperature distribution at r=450s, II variant

When the conical riser was used (Fig. 4), the solidus line left the
casting area and the end of solidification took place in the riser. It
is estimated that in this case the casting remains free from
shrinkage defects. When the cylindrical riser was used (Fig. 5),
the solidus line could not leave the upper part of the casting,
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suggesting the formation of a shrinkage defect at this place.
Therefore, the dimensions of the cylindrical riser should be
increased, so that it can fulfil its task.
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Fig.4. Temperature distribution after solidification of the casting:
=560s, I variant

[K]
Fig.5. Temperature distribution after solidification of the casting:
t=530s, II variant

5. Conclusions

The mathematical model and numerical simulation results of
the casting solidification about a cylindrical shaped, which
include the filling process of the mould cavity by molten metal
were presented in this paper. The numerical calculations of the
casting solidification process were made for two variants
depending on assumed of the riser shape. The influence of molten
metal motions on the solidification kinetics and the location of
shrinkage cavities at the final phase of the casting solidification
process were evaluated. It was observed that the solidification
process starts effectively after the mould cavity is totally filled by
liquid metal. Whereas, in the end solidification stage of the
system of casting-riser, the solidus line closed in the upper part of
the casting can be seen and thus the position of the shrinkage
cavity in this place, when casting process was made using the
cylindrical riser (Fig. 5). This phenomenon was not observed if
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casting process was made using the conical riser (Fig. 4). In this
case, the solidification end took place in the riser, which is
wanted, because the riser will be separated and re-processed. It
also proves that the conical-shaped riser executed its task and the
resulting product is free from casting defects.
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