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Abstract. This paper concerns the modelling of the solidification process
including the phenomena of heat transfer and fluid flow during the initial
stage of the metal casting process. During this period, the molten metal
motions have an essential influence on solidification kinetics. An analysis
of solidification kinetics, by determining the velocity and temperature
fields in a system of riser-casting was made. Velocity fields were obtained
by solving the momentum equations and the continuity equation, while the
thermal fields were obtained by solving the conduction equation containing
the convection term. After completion of the filling process the main
solidification of molten metal takes place and its shrinkage. The
phenomenon of casting shrinkage cannot be avoided, but it is possible to
minimize its negative effects on the casting quality. One with ways to
solve this problem is to design the mould in such a way that the
solidification proceeds in accordance to the assumed direction and finished
in the riser. Generally, the aim of search is to obtain a casting without
shrinkage defects.
Keywords: numerical modelling, solidification, casting defect, molten
metal flow

1 Introduction
Producing a casting the high quality is not easy to achieve, hence the need for continuous
improvement of casting methods. The work analysed the formation of a casting by
gravitational pouring of molten metal into a metal mould, but the development of other
casting methods has recently been devoted a lot of attention, mainly continuous casting
[1, 2] or the lost-wax casting technology [3]. Direct examining of the phenomena occurring
during the casting process is difficult due to the lack of optical access and high temperature,
which is why computer simulation seems to be a good solution to this problem [1, 2, 4-12].
In order to obtain an effective numerical solution to the problem under investigation, the
number of analysed phenomena should be limited to the most important ones which have a
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direct impact on the quality of the casting. In this paper, the casting solidification process is
mainly analysed taking into account the heat transfer and fluid flow phenomena in the
initial stage of casting process of the cast steel in a metal mould. During this period, the
molten metal motions have an essential influence on solidification kinetics. This requires
the formulation of adequate mathematical model that takes into account the mutual
influence of thermal and flow phenomena in the process of filling the cavity of the casting
mold and after its completion [2, 4-7]. Some researchers neglect in the numerical analysis
of the casting process the period of filling the mold cavity with liquid metal, assuming as
the initial condition for the numerical calculation that the mould cavity is fully filled [8-11].
Other researchers in turn, focus in their research on the analysis of the formation and
evolution of a shrinkage cavity or other defects of the casting process [3, 10-12].
Numerous numerical simulations of the solidification process with or without taking
into account liquid metal movements were performed in the work. Velocity and
temperature fields were obtained, which were analysed in subsequent steps of time by
tracking the position of solidus isotherm that limits the solid-liquid area and observing
whether it is not closed. If this situation occurs in some place in the casting, then the supply
of liquid phase to this place will be interrupted and a shrinkage cavity may form here or a
macroporosity area may arise. The resulting shrinkage defects can eliminate the casting
from its use. We try to prevent such a situation choosing of the riser with appropriate
shapes and dimensions, so that the process of solidification ends in it. The arising the
unavoidable shrinkage defect in the riser allows to obtain a casting without any defects,
what we strive for when designing the mould. Therefore, the purpose of this work was to
select the appropriate dimensions of the riser to the solidifying casting in a metal mould, so
that it was created without shrinkage defects, and investigating of the influence of molten
metal movements on the location of the shrinkage cavity in the final moment solidification
of the casting.

2 The mathematical model of the casting solidification taking
into account the liquid metal movements
The mathematical model for the computer simulation of solidification gives consideration
to both the movements of metal liquid phase during the mould cavity filing process and
convective movements after pouring was proposed. It was assumed that the solidification
front is mushy. The mathematical model is based on solving the following system of
equations in a cylindrical axisymmetric coordinate system [2, 4-10]:
– the Navier-Stokes equations:
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– the continuity equation:
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– the heat conduction equation containing the convection term:

2

(2)

MATEC Web of Conferences 254, 02017 (2019)
MMS 2018

https://doi.org/10.1051/matecconf/201925402017

 T   T    T 
T 
T
 T
 
 vz
0,
  
  Cef  vr
  Cef
r r r  r  z  z 
z 
t
 r

(3)

– the volume fraction equation:
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where: T is the temperature [K], t is the time [s], ρ=ρ(T) is the density [kg/m3], λ is the
thermal conductivity coefficient [W/(mK)], vr, vz are the r-component and z-component of
velocity, respectively [m/s], μ(T) is the dynamical viscosity coefficient [kg/(ms)],
Cef=c+L/(TL-TS) is the effective specific heat of a mushy zone [J/(kgK)], L is the latent heat
of solidification [J/kg], c is the specific heat [J/(kgK)], p is the pressure [N/m2], gr, gz are
the r- and z-component of gravitational acceleration, respectively [m/s2], β is the volume
coefficient of thermal expansion [1/K], r, z are the coordinates of the vector of the
considered node's position [m], T∞ is the reference temperature (T∞ = Tin) [K], r is the radius
[m] and F is the pseudo-concentration function, which is deﬁned as a continuous function
varying between 0 and 1 across the element lying on the free surface.
The set of equations (1-4) is completed by the appropriate initial conditions and the
boundary conditions.
The initial conditions for velocity field and temperature fields are given as [2, 5, 7-10]:
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The boundary conditions, on the indicated surfaces (Fig. 1), specified in the considered
problem were as follows:
- for velocity [2,5,7-9]:
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- for temperature [2, 5, 7-12]:
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where: Ta, is the ambient temperature [K], TA is the air temperature inside mould cavity in
initial state [K], αM is the heat-transfer coefficient between a mould and ambient
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[W/(m2K)], TM, TS, TG are the temperature of mould, solid phase and gap (protective
coating), respectively [K], Tin is the initial temperature [K], λM, λG, λS are the thermal
conductivity coefficient of mould, gap and solid phase, respectively [K], vin is the initial
velocity [m/s], vn, vt are the normal component and tangential component of velocity vector,
respectively [m/s] and n is the outward unit normal surface vector.
In the applied model of solid phase growth, the internal heat sources are not come
evident in the equation of heat conductivity (3), because they are in the effective specific
heat of the mushy zone [2, 7-10]. The above equations were solved by the finite element
method in the weighted residuals formulation [2, 5, 7-10]. In the numerical simulations,
coupling of the thermal and flow phenomena by change in the thermophysical parameters
of metals alloy depending on the temperature, has been taken into consideration.

3 Description of the problem
To analyse the influence of moving molten metal alloy and riser size on the casting
solidification, the system of casting-mould shown in Figure 1 was considered. Calculations
of the heat transfer were made for the overall system of casting-riser-mould-ambient. The
overall dimensions of the steel mould are equal to: d = 0.320 m, h = 0.280 m, while
dimensions 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 (Fig. 1). The mould internal surface is covered
with a protective coating which is made from a water suspension of quartzite dust with
2mm thickness.

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

The numerical calculations were made for cast steel alloy. The thermophysical
properties were taken from work [1, 8-10] and are summarised in Table 1 for casting and
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Table 2 for other regions under consideration. The overheated metal with temperature Tin =
1850 K was poured with the velocity vin=0.1m/s into the mould with initial temperature TM
= 350 K. The remaining characteristic temperatures were equal to: TA = 350 K, Ta = 300 K.
The heat-transfer coefficient (α) between the mould and ambient was equal αM = 200
W/(m2K). The thermal and flow phenomena occurring in the considered system in mutual
influence were taken into account.
Table 1. Material properties of the casting - cast steel
Material property

Liquid phase

Solid phase

ρ [kg/m3]

7300

7800

c [J/(kgK)]

830

644

λ [W/(mK)]

23

45

μ [kg/(ms)]

0.006

10000

β [1/K]

0,00014
Additional parameters

TL [K]

1810

TS [K]

1760

L [J/kg]

270000

Table 2. Material properties used in the calculations for other regions
Material property

Mould

Protective coating

Air

ρ [kg/m3]

7200

1600

1.23

c [J/(kgK)]

600

1670

1006

λ [W/(mK)]

42

0.3

0.024

μ [kg/(ms)]

-

-

0.000018

The analysis of the casting process was performed using professional software (Fidap
program), because it provides fast convergence of the numerical solution during mould
filling simulation with liquid metal. The considered area was discretized by a mesh 5123
nodes, which define 4979 quadrilateral elements. The calculation process was stopped
when the temperature in the casting decreased below the solidus temperature (TS). The
study were carried out to determine whether the size of the riser was correctly selected for
the solidifying the casting, so that it would be without shrinkage defects and its strength
remained high.

4 Results and discussion
In this study, the heat transfer and fluid flow phenomena, proceeding in the mould cavity
during filling and after the filling is finished until the completion of solidification, were
analysed. The influences of liquid metal movements inside the mould cavity on the
solidification kinetics of the casting were determined. Results of numerical calculation are
shown in the form of velocity vectors and temperature fields in Figures 2-9. On the
temperature fields, after filling completion of the mould cavity, the formation of the
shrinkage cavity was observed by continuous tracking of the position of the solidus line in

5

MATEC Web of Conferences 254, 02017 (2019)
MMS 2018

https://doi.org/10.1051/matecconf/201925402017

subsequent calculation stages of the casting solidification process (Figs 4-9). If this line
does not close, the process of solidification proceeds correctly, whereas if this line closes,
the solidifying casting is divided into smaller areas with a difficult inflow of liquid metal to
them, which results in the creation of a shrinkage cavity in this place (Fig 9). In the casting
system with a conical riser, the course of thermal and flow phenomena was analyzed. It was
assessed whether the conical riser would fulfill its task, so that the cast was made without
shrinkage defects.

Fig. 2. Velocity and temperature fields during filling of the mould cavity with molten metal after time
71 s, I variant

Fig. 3. Velocity and temperature fields during filling of the mould cavity with molten metal after time
105 s, I variant
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Fig. 4. Velocity and temperature fields after time 200 s, I variant

Fig. 5. Velocity and temperature fields after time 300 s, I variant

The numerical calculations for two variants of the solidification process, with including
or omitting the movements of molten metal, were made. The difference between these cases
of solidification models are results from the number of differential equations used to
describe of the casting solidification process. In the I variant: the numerical analysis was
performed, included the filling process of the mould cavity with molten metal, fluid flow,
convection motions and process of phase change. (Figs 2-7). This model is very complex.
All differential equations (1-4) were used to obtain the fill state of the mold cavity,

7

MATEC Web of Conferences 254, 02017 (2019)
MMS 2018

https://doi.org/10.1051/matecconf/201925402017

temperature fields, velocity and pressure. In variant II: the movement of molten metal has
been neglected and it was assumed that the mould cavity is completely filled with molten
metal at the pouring temperature as a precondition for calculating the solidification process.
(Figs 8, 9). This is a very simply mathematical model. In this model, only one differential
equation (3) was used to obtain temperature fields.

Fig. 6. Velocity and temperature fields after time 450 s, I variant

a)

b)

Fig. 7. Temperature fields after time: a) 490 s, b) 560 s, I variant

8

MATEC Web of Conferences 254, 02017 (2019)
MMS 2018

https://doi.org/10.1051/matecconf/201925402017

a)

b)

Fig. 8. Temperature fields after time: a) 200 s, b) 300 s, II variant

a)

b)

Fig. 9. Temperature fields after time: a) 450 s, b) 490 s, II variant

The influence of the types of solidification models on the results obtained from
numerical calculations was analysed. The problem was solved using the finite element
method. The performed researches allow to evaluate the state of casting and to indicate the
critical areas in which shrinkage cavities may arise, what we are trying to avoid.
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5 Conclusions
This paper focuses mainly on the numerical simulations of the casting solidification process
with taking into account the thermal and flow phenomena occurring in the mould cavity
during its filling. The influence of molten metal motions and size of riser on solidification
kinetics and on shrinkage cavity location in the end moment of casting solidification
process was estimated. The mathematical model that takes into account the mutual
influence of thermal and flow phenomena in the process of filling the cavity of the casting
mould and after its completion, were formulated. Numerical calculations for two variants of
the solidification process, with including or omitting the movements of molten metal, were
made. The progression of thermal and flow phenomena was analysed in the system of the
casting with conical riser obtaining velocity and temperature fields allowing follow the
position of the solidus line in subsequent calculation stages (Figs 2-9). During filling of the
mould cavity the solidification process took place only in the corners of mould cavity,
where the movement of metal was small and the carrying away of heat was the most
intensive (Figs 2, 3). So the essential solidification process begins when the mold cavity is
completely filled. This may be due to the small dimensions of the casting and the pouring
of the too overheated metal. In the initial cooling period of the considered system, the
continuous moving of the solidus line was observed, because there were favourable
conditions for directional solidification (Figs 4-6, 8). Calculation of the solidification, with
taking into account the molten metal motions, gives a picture of non-uniform increment of
the solid phase with the possible presence of circulation moves (Figs 4-6). In the final
solidification period of the casting-riser system, the closing of the solidus line and location
of the shrinkage defect in the upper part of the casting was observed, if the solidification
process was carried out without considering the movements of the liquid metal (Fig. 9b).
This situation was not observed if the liquid phase movements were taken into account in
the solidification process of the casting (Fig. 7b). In this case, the end of solidification
occurred in the upper part of the riser, which is allowed because the riser with the formed
shrinkage cavity is cut off and re-processed again. This proves that the conical riser fulfils
its task and the casting has been made without shrinkage defects. So, taking into account
the filling process and convective movements of the molten metal in numerical analysis, the
casting conditions can be more accurately evaluated and the location of the shrinkage cavity
can be determined more precisely.
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