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Knowledge about the complex physical phenomena used in the casting process simulation requires
continuous, complementary research and the improvement in mathematical modeling. The basic math-
ematical model taking into account only thermal phenomena often turns out to be insufficient to analyze
the process of metal solidification, therefore more complex models are formulated that include coupled
thermal and flow phenomena. The mathematical description then consists of the system of Navier–
Stokes differential equations, the equations of the continuity of flow and energy. The finite element
method was used to numerically model this problem. Numerical simulations of the formation of a steel
casting were made, starting from the moment of filling the mould cavity with molten metal and ending
with complete solidification. During pouring, the forced movement of the molten metal dominates, and
after filling of the mould cavity, mainly natural convective movements occur. In computer simulations,
the impact of liquid metal movements on the process of solidification of the alloy in the casting-riser
system was assessed, which was the aim of this work. In order to obtain a casting without defects,
an appropriate selection of the shape of the riser was made. Also, the locations of possible shrinkage
defects were pointed out, trying to ensure right supply conditions, so that the casting was free from
these defects, which is important for foundry practice.
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1. Introduction

Today, the production of high-quality castings
without foundry defects requires continuous im-
provement of casting methods. Any research on real
objects aimed at achieving this goal is significantly
difficult by the lack of visibility and high tempera-
tures occurring there. On the other hand, computer
simulations allow for a fairly trouble-free improve-
ment of the casting process and provide indications
for its proper conduct [1–6].

In this article, the process of casting solidification
is analysed, considering the phenomena of heat ex-
change and fluid flow (complex model [2, 3, 5, 6]),
starting from the moment of filling the metal mould
by molten metal and ending with complete solidi-
fication of the casting. For comparison, the solidi-
fication of the casting was analysed by taking into
account only thermal phenomena (basic model [4]).
In this way, we assessed the effect of considering
or ignoring the movements of the liquid metal on

the process of making a casting without shrink-
age defects, which was the aim of this work. The
shape of the solidus line was observed, assessing
whether it has been enclosed in the casting area.
Such a situation would mean no supply of liquid
metal from the riser to this area and the formation
of defects in this place of the casting, which we try
to avoid.

2. Mathematical description

The mathematical model of the casting solidifi-
cation process taking into account the liquid metal
movements (complex model) is based on the so-
lution of the following system of equations (the
Navier–Stokes equations (1), the continuity equa-
tion (2), the heat conductivity equation with the
convection term (3), the first order pure advection
equation (4)) in a cylindrical, axial-symmetrical co-
ordinate system [2–6]
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where λ — thermal conductivity coeffi-
cient [W/(m K)]; µ(T ) — dynamical viscosity
coefficient [kg/(m s)]; ρ=ρ(T ) — density [kg/m3];
vr and vz — r- and z-component of veloc-
ity [m/s], respectively; T — temperature [K];
Cef = c+ L/(TL−TS) — effective specific heat
of a mushy zone [J/(kg K)]; L — latent heat
of solidification [J/kg]; TL and TS — respective
liquidus and solidus temperatures [K] of the ana-
lyzed alloy; gr and gz — r- and z-component of
the gravitational acceleration [m/s2], respectively;
p — pressure [N/m2]; β — volume coefficient
of thermal expansion [1/K]; t — time [s]; c —
specific heat [J/(kg K)]; r — radius [m]; T∞ —
reference temperature (T∞=Tin) [K]; and F —
pseudo-concentration function across elements
lying on a free surface.

The mathematical model of the solidification pro-
cess of the casting without taking into account the
movements of liquid metal (basic model) is reduced
only to the solution of the heat conductivity equa-
tion (3) without the convection term [4].

Fig. 1. Scheme and identification of subregions of
the considered region.

In the case of (1)–(4), they are completed by
appropriate boundary conditions and initial condi-
tions. The initial conditions for temperature and
velocity fields are given, respectively, as [3–5]

v(r, z, t0) = v0(r, z) = vin
∣∣
Γ1−1 , (5)

and

T (r, z, t0) = T0(r, z) =


Tin on Γ1−1,

TA in ΩA,

TM in ΩM .

(6)

The boundary conditions, specified in the consid-
ered problem, on the indicated surfaces (Fig. 1),
were as follows:

• for velocity [3, 5]
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• for temperature [3–5]
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(8)
where Ta — ambient temperature [K]; αM — heat
transfer coefficient between the ambient and the
mould [W/(m2 K)]; TA — temperature of air in-
side the mould cavity in the initial state [K]; Tin —
initial temperature [K]; TM , TG and TS — mould,
gap (protective coating) and solid phase tempera-
tures [K], respectively; vin — initial velocity [m/s];
λM , λS and λG — thermal conductivity coefficient
of the mould, solid phase and gap [W/(m K)], re-
spectively; vt and vn — tangential and normal com-
ponent of the velocity vector [m/s], respectively; n
— outward unit normal surface vector [m].

This problem was solved using the FEM in the
weighted residuals formulation [3–5].

3. Results of numerical calculations

The influence of liquid metal movements on the
solidification process of the casting was analysed
in the following casting-conical riser-mould system
shown schematically in Fig. 1.

The outside dimensions of the mold are
d = 0.320 m and h = 0.280 m, whereas the di-
mensions of the mould cavity are do = 0.200 m,
ho = 0.070 m, hn = 0.150 m, dnd = 0.080 m,
dng = 0.100 m, and din = 0.020 m. The in-
ternal surface of the steel mould is covered with
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Fig. 2. Velocity vectors at t = 86 s, I variant.

Fig. 3. Temperature distribution at t = 488 s, I
variant.

a protective coating with a thickness of 2 mm. Nu-
merical simulations were carried out for a casting
made of low-carbon cast steel and a steel mould
with thermophysical properties, which were taken
from [5]. The overheated metal with the temper-
ature of Tin = 1845 K was poured from the bot-
tom with the velocity vin = 0.1 m/s into the steel
mould with the initial temperature TM = 345 K.
Other important temperatures were TA = 345 K
and Ta = 300 K. The heat transfer coefficient (α)
between the ambient and the mould was equal to
αM = 200 W/(m2 K). The professional Fidap pro-
gram was used to analyse the solidification process
of the metal in the considered casting-riser sys-
tem. The transient calculation process was inter-
rupted when the temperature in the casting was
lowered below the solidus temperature. The com-
putation process was carried out on a computer
with a 2.3 GHz IntelCore-i5 processor and lasted
approximately 24 h when using the complex model
or approximately 5 h when using the basic model.

Fig. 4. Temperature field after solidification of the
casting at t = 562 s, I variant.

Fig. 5. Temperature field after solidification of the
casting at t = 488 s, II variant.

Such an extension of the computation time in the
first case was due to the necessity to use a very
small time step in the process of filling the mould
cavity.

Numerical calculations of the solidification pro-
cess of the casting-conical riser system were carried
out with the use of two models, i.e., complex (I vari-
ant) and basic (II variant). Simulations of the cast-
ing formation were made, starting from the moment
of filling the mould cavity with molten metal and
ending with its complete solidification. The filling
of the mould with liquid metal is shown in the form
of velocity vectors for a selected moment of time
(Fig. 2). Whereas, after filling, the temperature dis-
tribution is shown in Fig. 3, where a solidus line was
drawn separating the solid–liquid area of the casting
from its solid area.

Then, the temperature fields after the casting so-
lidification for two calculation models were com-
pared, observing the shape of the solidus line in the
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final solidification steps of the casting-riser system
(Figs. 4 and 5). When the solidus line is closed in
the casting, the area limited by it will not be fed
with liquid metal from the riser and in this place,
as a result of metal shrinkage, a shrinkage defect will
occur (Fig. 5). However, we try to avoid such a sit-
uation and move such a defect to the riser, which
can be achieved when using the complex model for
calculations (Fig. 4).

4. Conclusions

In this paper, a mathematical model and numer-
ical simulation results of the casting solidification
were presented, taking into account the process
of filling the mould cavity with liquid metal and
convection movements after its completion. The
influence of the molten metal motions on the
solidification kinetics and the location of the
end of the casting solidification were evaluated
using the complex and basic models. It was
observed that in the final solidification time of
the casting-riser system, a closed solidus line is
visible in the upper part of the casting when
the calculations were carried out with the ba-
sic model (Fig. 5). This suggests the formation

of shrinkage defects in this place. This situation was
not observed if the calculations were carried out
with the complex model (Fig. 4). In this case, the
end of the solidification has taken place in the riser,
which is desired since the riser is cut off and repro-
cessed. It also proves that the conical-shaped riser
executed its task and the casting was made without
casting defects.
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