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Understanding the complex physical phenomena involved in the casting process simulation requires con-
tinuous and complementary research to improve mathematical modelling. The paper presents a math-
ematical model and numerical simulations of the solidification process of a cylindrical casting, taking
into account the filling of the mould cavity with liquid metal and feeding the casting through the riser
during solidification. The basic mathematical model that considers only thermal phenomena is often
insufficient to analyse the metal solidification process. 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. Such
a mathematical model was used in the paper because the mutual dependence of thermal and flow phe-
nomena has a significant impact on the solidification process. The finite element method was used to
solve the problem, and changes in thermophysical parameters were considered as a function of tem-
perature. The impact of the riser shape on the effectiveness of feeding of the solidifying casting was
also determined and an appropriate selection of the riser shape was made to obtain a casting without
shrinkage defects, which was the aim of this work.
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1. Introduction

During the casting process, various types of de-
fects occur that may have a negative impact on
the quality of the final product. One of such de-
fects is the formation of shrinkage cavities, which
cannot be completely avoided, but the heat trans-
port process can be controlled so as to reduce these
defects by moving their location to the riser. Re-
search on real objects is much more difficult, which
is why computer simulations are becoming the ba-
sic method of controlling the casting solidification
process [1–7]. In this paper, the course of the so-
lidification process is analysed in the cylindrical or
conical-shaped casting–riser system using a basic or
complex model. In the complex model [2, 3, 5, 6],
the mutual influence of thermal and flow phenom-
ena was taken into account, starting from the mo-
ment of filling the metal mould with molten metal
and ending with complete solidification of the cast-
ing. For comparison, the solidification process of the

casting was analysed using the basic model [4], in
which only thermal phenomena are taken into ac-
count. In this way, the impact of taking into account
or omitting liquid metal movements on the process
of making a casting without shrinkage defects was
assessed, which was the purpose of this paper. The
shape of the solidus line was also observed, assess-
ing whether it was closed in the casting area. Such
a situation would mean no inflow of molten metal
from the riser to this area in the casting and the
formation of a shrinkage defect in this place of the
casting, which we try to avoid.

2. The mathematical model

The mathematical model of the casting solidifi-
cation process considering the liquid metal move-
ments (complex model) is based on the solution of
the following system of equations in a cylindrical
axial-symmetric coordinate system [2–7]:
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• Navier–Stokes equations
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• continuity equation
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• heat conductivity equation with the convec-
tion term
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• first order pure advection equation
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where λ is thermal conductivity coeffi-
cient [W/(m K)]; µ(T ) — dynamical viscosity
coefficient [kg/(m s)]; ρ=ρ(T ) — density [kg/m3];
vr and vz — the 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 — the liq-
uidus and solidus temperature of the analysed
alloy, [K]; gr and gz — the r- and z-component
of 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]; F — the
pseudo-concentration function across the elements
lying on the free surface.

The mathematical model of the casting solidifica-
tion process without taking into account the move-
ments of liquid metal (basic model) is reduced only
to the solution of the heat conductivity equation (3)
without the convection term [4].

The equations (1)–(4) are completed by appro-
priate boundary conditions and initial conditions.
The initial conditions for temperature and velocity
fields are given, respectively, as [3–5]

v(r, z, t0) = v0(r, z) = vin

∣∣∣Γ1−1
,

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


Tin on Γ1−1

TA in ΩA

TM in ΩM

.

(5)

Fig. 1. Scheme and identification of sub-regions of
the considered system.

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

— for velocity [3, 5],
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— for temperature [3–6],
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where Ta is ambient temperature [K]; αM — heat
transfer coefficient between the ambient and the
mould [W/(m2 K)]; TA — temperature of air in-
side mould cavity in initial state [K]; Tin — ini-
tial temperature [K]; TM , TG, and TS — temper-
ature of mould, gap (protective coating), and solid
phase, respectively [K]; vin — initial velocity [m/s];
λM , λS , and λG — thermal conductivity coefficient
of mould, solid phase, and gap [W/(m K)], respec-
tively; vt and vn — tangential and normal com-
ponent of velocity vector [m/s], respectively; n —
outward unit normal surface vector [m].

This task was solved using the finite element
method (FEM) in the weighted residuals formula-
tion [3–5].

297



L. Sowa et al.

3. Calculation results and discussion

Numerical calculations of the solidification pro-
cess of the casting–riser system were made for two
riser shapes, i.e., cylindrical and conical risers with
the same bottom diameter. The influence of liquid
metal movements on the casting solidification pro-
cess in the following system of casting–riser–mould,
shown schematically in Fig. 1, was also analysed.

The outside dimensions of the mould are equal to
d = 0.320 m and h = 0.280 m, whereas the dimen-
sions of the mould cavity are equal to do = 0.200 m,
ho = 0.070 m, hn = 0.150 m, dnd = 0.080 m,
dng = 0.100 m, din = 0.020 m. For the cylindri-
cal riser, dn = dnd = 0.080 m. The internal surface
of the steel mould is covered with a protective coat-
ing with a thickness of 2 mm. Numerical simulations
were carried out for the casting made of low-carbon
cast steel and the steel mould with thermo-physical
properties, which were taken from [5]. The over-
heated metal with the temperature of Tin = 1845 K
was poured from the bottom with the velocity vin =
0.1m/s into the steel mould with the initial temper-
ature TM = 345 K. Other important temperatures
were equal to TA = 345 K and Ta = 300 K. The
heat transfer coefficient (α) between ambient and
the mould was equal to αM = 200 W/(m2K). The
professional FIDAP program was used to analyse
the solidification process of the metal in the con-
sidered casting–riser system. The transient calcula-
tion process was interrupted when the temperature
in the casting lowered below the solidus tempera-
ture. The computation process was carried out on
a computer with a 2.3 GHz IntelCore-i7 processor
and lasted approximately 24 h when using the com-
plex model or approximately 5 h when using the
basic model. 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.

Fig. 2. Velocity vectors at t = 400 s, variant I.

Fig. 3. Temperature distribution at t = 400 s,
variant I.

Fig. 4. Temperature field after solidification of the
casting at t = 523 s, variant I.

Numerical calculations of the solidification pro-
cess of the casting–cylindrical riser system were car-
ried out using the complex model (variant I), while
the solidification process of the casting–conical riser
system was carried out using two models: complex
(variant II) and basic (variant III). Simulations of
the casting formation were performed, starting from
the moment of filling the mould cavity with molten
metal and ending with its complete solidification.
Convection movements of liquid metal are presented
in the form of velocity vectors for a selected moment
of time (Fig. 2), while the temperature distribution
corresponding to this time is shown in Fig. 3, where
a solidus line is drawn separating the solid–liquid
zone of the casting from its solid area.
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Fig. 5. Temperature field after solidification of the
casting at t = 562 s, variant II.

Fig. 6. Temperature field after solidification of the
casting at t = 488 s, variant III.

Then, the temperature fields after the casting so-
lidification for three calculation models were com-
pared, observing the shape of the solidus line in
the final stages of solidification of the casting–riser
system (Figs. 4–6). 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 (Figs. 4 and 6). However, we try to avoid
such a situation and move such a defect to the riser,
which can be achieved by using the complex model
for calculations and the casting–conical riser system
(Fig. 5).

4. Conclusions

The paper presents a mathematical model and
the results of numerical simulation of the casting
solidification, taking into account the process of fill-
ing the mould cavity with molten metal and con-
vection movements after its completion (complex
model), as well as simulation results in which the
movements of the liquid metal were ignored (basic
model). Numerical calculations of the casting solid-
ification process were also performed for two riser
shapes, i.e., cylindrical and conical riser, assumed in
turn. In this way, the influence of the assumed riser
shape and molten metal movements on the solidifi-
cation kinetics and the location of the solidification
end in the analysed system were assessed. It was ob-
served that in the final period of solidification of the
casting–riser system, a solidus line is visible closing
in the upper part of the casting (in some variants).
This suggests that shrinkage defects will occur at
this location. This situation occurs in the case of
simulation of the casting process carried out using
a cylindrical riser — variant I (Fig. 4) — or when
using the basic model — variant III (Fig. 6). Such a
situation was not observed if the casting process was
carried out using a conical riser and using a complex
model — variant II (Fig. 5). In that case, the end
of solidification occurred in the riser, which is desir-
able because the riser is cut off and reworked. It also
proves that the conical-shaped riser fulfilled its task
and the casting was made without casting defects,
which is very important for foundry practice.
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