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In the paper, a mathematical and a numerical model of solidification of a
cylindrical shaped casting, which takes into account the process of filling
the mould cavity with the molten metal, has been proposed. The feeding
of the casting by a riser head during solidification has also been taken
into consideration. Velocity fields were obtained by solving the Navier-
Stokes equations and the continuity equation, while thermal fields were
obtained by solving the conduction equation containing the convection
term. The changes in the thermophysical parameters, with respect to
temperature, were taken into consideration. The problem was solved by
the finite element method.
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1. Introduction

This paper concerns modelling of a solidification process taking into acco-
unt phenomena of heat transfer and fluid flow during the initial stage of a steel
casting process in metal moulds. During this period, the molten metal motions
have essential influence on the solidification kinetics. Analysis of solidification
kinetics, by determining velocity and temperature fields in a system of riser-
casting-metal moulds, was made for the case of pouring from the middle of
the bottom (centrally). The isolines of temperature, which limit the solid and
liquid-solid regions, were used to predict the closing zone of such a region. The
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liquid phase feeding process was then stopped and the shrinkage cavity was
formed. Numerical simulation of casting solidification both with and without
taking into account the molten metal motion was carried out. In the first case
the solidification process, taking into account both the fluid flow and heat
transfer phenomena, was considered. This is a complex and difficult problem
to solve numerically. In the second case, only the heat conductivity equation
was solved. The mould cavity was assumed to be fully filled by the molten
metal at the pouring temperature as an initial condition for computation. The
influence of the metal motion on the solid phase growth kinetics during the
solidification process was estimated.

2. Mathematical modelling of casting solidification taking into
account liquid phase motion in a cylindrical axisymmetry
coordinate system

The proposed model for numerical simulation of solidification gives con-
sideration to both the motions of the metal liquid phase during the mould
cavity filing process and convective motions after pouring. It is based on so-
lving the following system of differential equations (Dantzig, 1989; Dhatt and
Gao, 1990; Mishima and Szekely, 1989; Sowa, 1998):

— the Navier-Stokes equations and the continuity ones

0%v, 10v, 06%v, dvy
( v+r;T v— ) +pgrﬁ@ @)—p;
(2.1)
Pv, 10v, 0%, 819 dfuz
( dr? * r or + 022 ) 8z +£9:0(0 — Occ) = Pt
ov, v Ov,
T 0oy Tz 2.2
or + T + 0z 0 (2:2)
— the heat conduction equation containing the convection term
A 6@ 0 /.00 0 00 06 00
T or Br (Aﬁ;) 8z (AE) = PG (UT or HACr™ ) PCes ot — 0 (2:3)
— the equation of the state, reduced to the form
f(p,p,0) = p(O) (2.4)

where
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p — density, [kg/m?]
P — pressure, [N/m?]
vr,v, — rth and zth component of the velocity, respectively, m/s|
m — dynamic viscosity, [Ns/m?]
gr, 9, — rth and zth component of the acceleration of gravity, re-
spectively, [m/s?]
I¢; - volume coefficient of thermal expansion, [1/K]
e — temperature, [K]
O«  — reference temperature Oy = Ojn, (K]
Cef  — effective specific heat, [J/(kgK)]
A — thermal conductivity, [W/(mK)|
T, % ~ coordinates of the vector of a given node position, [m)]
— radius, [m]
t - time, [s].

In the applied model of solid phase growth, the internal heat sources are not
evident in the equation of heat conductivity, because they are in the effective
specific heat of the mushy zone (Bokota and Parkitny, 1991; Mishima and
Szekely, 1989; Parkitny et al., 1998).

The system of equations (2.1)-(2.4) is completed by appropriate initial and
boundary conditions.

The initial conditions for the velocity and temperature fields are given as

v(r, 2,t0) = vo(r, 2) = vin|p,_, 25)
Oin on I’
O(r,z,tp) = Oo(r,z) = Oa in 024
@M n QM
The boundary conditions, on the indicated surfaces (Fig.1), specified in

the considered problem are as follows:
— for velocity (Mishima and Szekely, 1989; Sowa, 1998)

Unlrl—l = Vin v3|F1-1 :ﬂtlfz—z ='Un|r2_2 =0
Vn|,—g =0 'Unlrc =0 'Ut|rc =0 (2.6)
a’Ug
— * —_ —_—
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where P P
* Yl * _i .
?’}Z — 'd’”gvgn, or Uz — d% vgn
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Fig. 1. Scheme and identification of sub-regions of the considered region
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— for temperature (Dhatt and Gao, 1990; Parkitny et al., 1998)

00
9|F1_1 :@in % rzﬂzo
060 0O\
onlr,, " M|, = ~om (Ol — )
NCTIY 2 08e| _, 06u
5"on 'Te- “ on I, S on Ty M= on Tt
N 00y, B 00 4L 0041 004
Lonlr,,- ~ ™ on Ir,,_ AL"on Ir,,. ~ ™ on Ir,,.,
(2.7)
where
©@, - ambient temperature, K]
ay  — heat-transfer coefficient between the mould and surrounding

environment, [W/(m?K)].

The isolated zone, which is considered to be the protective coating with
the thermal conductivity A4z = Ag,, is assumed to be on the free surface.
The problem has been solved by the finite element method (cf. e.g. Bokota
and Parkitny, 1991; Sowa, 1998).

3. Example of numerical calculations

The calculations were carried out for the casting-mould-surrounding sys-
tem with the longitudinal section shown in Fig.1. The given dimensions of
essential elements of that system were as follows: d = 0.260 m, dy = 0.200 m,
dp, = 0.100m, d; = 0.020m, A = 0.250m, hy = 0.070m, h, = 0.150 m. The
considered regions were discretized by a net of quadrilateral finite elements
ne = 2104, unequivocally determined by n, = 2202 nodes located in corners
of the elements.

Thermophysical properties of a cast steel alloy poured into a cast iron
mould were taken from literature (Bokota and Parkitny, 1991). The linear
change of the density p and thermal conductivity A was assumed in the
@, + Og temperature interval. The variability of the dynamic viscosity p
with respect to temperature was determined according to Hirai’s relationship
(Hirai, 1993). The dependence pu(©) was valid up to 0.9 of the volume fraction
of the solid phase @ in the mushy zone. The viscosity was observed to suddenly
increase above 0.9 of &, and that was the reason to assume pug = 10° Ns’./m2
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Fig. 2. Flow patterns during filling the mould cavity with the molten metal; velocity
and temperature fields after: (a) 8s, (b) 165
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Fig. 3. Flow patterns during filling the mould cavity with the molten metal; velocity

and temperature fields after: (a) 20s, (b) 24s
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Fig. 4. Velocity and temperature fields after: (a) 50s, (b) 100s
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Fig. 5. Velocity and temperature fields after: (a) 120s, (b) 140s
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to preserve stability of the calculations. In that way, the insignificant molten
metal motion (or even lack of it) was taken into account near the solidus line.

A superheated metal of temperature ©;, = 1850K and velocity v;, =
0.2m/s was poured into a mould with the initial temperature ©@;; = 400 K.
The heat-transfer coefficient between the mould and surrounding oy =
100 W/(m?K), and the thermal conductivity coefficients of the protective co-
ating Ag, = 1 and Ag, = 0.12W/(mK) were assumed. The other tempe-
ratures were: @ = 1810K, @g = 1760K, @, = 300K, @4 = 420K. The
flat free surface of the metal was established and moved with the net scale in
consecutive time steps, which satisfied the continuity condition.
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Fig. 6. Temperature fields after 50s: (a) solidification with the metal motion taken
into account, (b) solidification with the disregarded metal motion

The heat transfer and fluid flow phenomena, proceeding in the mould ca-
vity during the filling (Fig.2 and Fig.3) and after it up to the completion
of solidification (Fig.4 and Fig.5), were analysed. The influence of the metal
motions on the solidification kinetics (Fig.6) and on the shrinkage cavity lo-
cation, determined by the position of the solidus line in the final moment of
the casting solidification (Fig.7), was determined.
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Fig. 7. Temperature fields after 140s: (a) solidification with the metal motion taken
into account, (b) solidification with the disregarded metal motion

4. Conclusions

This paper presents a coupled model of solidification for evaluation of tran-
sient fluid flow and heat transfer during casting solidification processes. Chan-
ges in thermophysical parameters, with respect to temperature, were taken
into consideration in the model. The problem was solved by the finite element
method. Numerical analysis included the filling process of the mould cavity
with the molten metal, fluid flow, convectional motions of the molten me-
tal and the solidification process. The calculation results were compared with
those obtained from computations of statical solidification, in which motion
of the molten metal was neglected and the mould cavity was assumed to be
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fully filled with the molten metal at the temperature of pouring as the initial
condition for computation.

Calculations of the solidification, with taking into account the molten metal
motions, give a picture of the non-uniform increment of the solid phase with the
possible presence of circulatory motions (Fig.4 and Fig. 6). The mushy zone
of such solidification (cf. Fig. 6a and Fig. 6b) occupies an extensive region, in
comparison to the statical solidification. The position of the shrinkage cavity
(position of the solidus line in the final phase of solidification) is subjected
to significant modification (cf. Fig.7). Thus, taking into account the filling
and convectional motions of the molten metal, enables detailed evaluation
of casting conditions and more precise identification of the position of the
shrinkage cavity.
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Symulacja numeryczna krzepnigcia odlewu z uwzglednieniem zjawisk
cieplno-przeptywowych. Zadanie osiowo-symetryczne

Streszczenie

W pracy sformutowano model matematyczny i numeryczny procesu krzepniecia
odlewu o ksztalcie cylindrycznym z uwzglednieniem procesu wypelniania wneki formy
cieklym metalem i zasilania odlewu przez nadlew podczas jego krzepniecia. Uwzgled-
niono wzajemng zaleznoé¢ zjawisk cieplnych i dynamicznych. Pola predkoéci otrzy-
mano z rozwiazania réwnan Naviera-Stokesa i réwnania cigglo§ci, natomiast pola
temperatury z rozwigzania réwnania przewodzenia ciepla z czlonem konwekcyjnym.
Uwzgledniano zmiang parametréw termofizycznych w funkcji temperatury. Posta-
wione zadanie rozwigzano metodg elementéw skoriczonych.
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