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Numerical Simulation of Mold Filling Processes of Castings
by using of Predictor-two step Corrector-VOF
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1. Introductions will be reduced because of the false diffusion problem.
4.8 may be a good choice of Courant number according
The calculation accuracy and efficiency are very to their research.
important when the simulation technology is put into Ma Xiangjun, Hou Jun and Zhao Lixin used
practice. In the previous work of several researchers, the SIMPLEST algorithm and implicit method to simulate
implicit algorithm and large time step were applied to the turbulent mold filling process, and Van Leer scheme
simulate the mold filling processes in order to improve  and explicit method are applied to run after the 3
the calculation efficiency. dimensional free surfaces[3]. A small Courant number is
Jone R. Hartin developed an implicit method, and  used to determine the free surface for several times in
compared the calculating time with the explicit SOLA- one time step of velocity and pressure calculation cycle,
VOF[1]. The results proved that the calculating time and large Courant number was used to calculate the
could be reduced 20%-50% when large and suitable  velocity and pressure fields. The calculation results for
time step size is used. the benchmark test proved that the calculation speed was
Woo-Seung Kim and Ik-Tae Im also gave us their increased 8 times with the Courant number increased
modification methods for the SOLA-VOF[2]. An from 1 to 10.
implicit algorithm was developed. The authors compared Based on the previous work, the purpose of this
the difference between the explicit and implicit SOLA-  research is to combine an improved SIMPLE-like
VOF. According to their simulation results for several scheme with VOF to simulate the mold filling processes.
shape castings, there is no limit on the time step size The numerical simulation results proves that the
even when the Courant number is larger than 10, but application of large Courant number and implicit
when large time step size is used, the solution accuracy scheme will improve the calculation efficiency, but
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adoption of a too large Courant number will reduce the
calculation accuracy. Moreover, the treatment method of
free surface boundary of molten metal is also very
important for the calculation efficiency and accuracy.

2. Model descriptions

Supposing the mold filling processes of castings are
laminar fluid flow and heat transfer processes, the
following conservation equations can be used to
describe the mold filling processes of molten metal.
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Where, @ - generalized vaniables, which denotes mass,
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momentum, volume fraction of fluid and energy conser-
vation equations respectively when it is set to 1, u, F
and T, p-density of melt; I',- generalized diffusion
coefficient; t- time; u; - velocity; X;- coordinate; S -
source term; F - volume fraction of fluid, O< =F<=1; T
- temperature.

3. Algorithms

3.1 Derivations of discretization equations and
relevant computation scheme

Central differential scheme is used to treat the mass
conservation equation. The power-law scheme is used to
treat the momentum conservation and the energy
conservation equations. A control volume method deve-
loped by Date[6] is applied to solve the velocity and
pressure fields. In Date’'s scheme, the velocity pre-
diction and the first pressure correction procedures are
same as SIMPLE, and a second pressure and velocity
correction step, which considered the influences of
convection-diffusion and source terms on the velocity
and pressure fields, is added to the calculation
procedure. Although the adding step increased the whole
calculation amount, the simulation speed still can be
improved greatly because the correction procedure can
decrease the remaining iteration rapidly. Combining with
VOF, the method described above is called predictor-two
step corrector-VOF method. More details about Date's
scheme can be found in relevant reference.

In original Date's scheme, under-relaxation factor is
used for velocity calculation and no relaxation factor is
set for pressure calculation. But in this research, the
relaxation factors selected for velocity and pressure
calculation are 0.6 and 1.6 respectively, and under-
relaxation factor 0.7 is applied in temperature calculation.
The following iteration formula is one of the examples
used 1n velocity field calculation in x direction:

n+1_
u, =

(Zanbu:;;l+b)/ae+(1 —o)u,” (2)
nb

Where o - relaxation factor; u,, u, - velocities of
control volume and its neighbors; n+1, n - new and old
time or iteration cycle; a , - discretization coefficients; b
- source term;

The iteration formulae of velocities at other directions
and energy conservation equation are similar to the above
equation.

Two methods are used in the treatment of latent heat
if the temperature of fluid decreased below liquidus.
When the difference between liquidus and solidus is less
than 1K, the temperature recovery method is applied.
Otherwise, the equivalent specific heat method is used to
handle the latent heat. When the solid fraction of all free
surface cells become less than a criterion, calculation
stops, and a cold shut warning is given.

3.2 Boundary conditions
In fluid flow calculation, velocity boundary conditions

- include wall boundary condition and free surface boundary

(36)

condition. The wall boundary condition is divided into
slip condition and no slip condition which was handled
in the program directly. For the free surface boundaries
of melt, due to some problems such as wrong velocity
and pressure prediction or iteration calculation failure
have been found in the treatment of these conditions by
using of mass conservation equation, especially when
the melt meet wall or meet each other, a new method is
developed in this research. This method is divided into
two steps. Fig. 1 is one of examples. For the cell (i, j)
near the free surface of fluid at new time step or new
iteration cycle, the following equations are firstly used to
get the unknown relevant velocities of void cells.
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Fig. 1. Velocity handling at fluid-air boundary.
Uij = Hij+1 (3a)
Ui g, = Uiy j+1 (3b)
Vi1 =V (3c)

If the relevant void cells have several fluid neighbors,
the velocities of void cells are set to average value of
velocities of neighboring fluid cells. Then, setting the
velocities obtained through (3a)~(3c) as old time step
velocities, modify the velocities through discrete equations
similar with equation (2). The first step 1s a general
interpolation method, and the second one is given acc-
ording to the momentum conservation. The free surface
cells of melt take part in the whole velocity and pressure
iteration calculation, and their velocities will not be set
in the velocity boundary condition. Numerical tests
proved that reasonable simulation results and stable and
faster calculations would be obtained through the above
methods.

3.3 The treatment of melt transportation

Because the VOF method has a limitation for the
calculation time step (1/3~1/4 Courant number is used)
in order to avoid the smearing or false convection
phenomenon, large Courant number can not be applied
although an implicit scheme is used for the velocity,
pressure and temperature calculation. To solve this
conflict, two calculation procedures are adopted during
numerical simulation. One is 1mplicit calculation with a
large Courant number or large time step &t for velocity,
pressure and temperature fields, another one 1s explicit
calculation with a small Courant number or small time
step o/n. &/n is for the range limited by VOF method,

and the second calculation procedure is implemented n
times at the new time step to get a new evolution of fluid.

3.4 The solution steps

The implementation sequence of the predictor-two
step corrector-VOF scheme is described as following.

(1) Calculating new evolution of melt through VOF.

(2) Calculating new velocity and pressure fields by
using of Date's scheme.

(3) Calculating temperature field.

(4) Repeat from (1) to (4) till mold filling is finished.

4. Simulation Results and Discussions

Fig. 2 showed the simulation results of benchmark test
by using of the predictor-two step corrector-VOF
algorithm. The simulation conditions are listed below.
Computer: Pentium (1) II, 640MB RAM; Mesh: 60 X 15
X 87="78300; Inflow velocity: 56.5 cm/s; Courant number:
4.0, Convergent criterion of velocity field iteration: 0.01;
Casting: Aluminum; Mold: furan resin sand; Pouring
temperature: 710°C; Environment temperature: 25°C.

Comparing with the experimental results[7], the simu-
lation results of the initial evolution 1s little bit slow, and
this may be due to a constant inflow velocity, coarse
mesh size and no slip condition are applied during the
calculation. The whole process is close to the real
casting. Apart from some places the pressure abruptly
changed, the average iteration number is over a range of
30~70 when the new algorithm is used, and the maxi-
mum iteration cycle of velocity and pressure calculation
is less than 500 wunder the calculation conditions
described above. 1h 15min is the time for this simulation.

Fig. 3 showed velocity field simulation results of a
plate. The purpose of this calculation is to find the effect
of Courant number on the calculation speed and acc-
uracy. The calculation conditions are listed below. Mesh:
110X 110X5 = 60500; Inflow velocity: V, =50 cm/s;
Gravity: g,=-981 cmy/s”; Kinetic viseosity: pL=0.108 g/em - s;
Fluid density: p =2.4 g/lcm’; Convergence criterion: @ =
2.5X 10*; Computer: Pentium II.

6h 32min 1s the time for whole simulation process
when Courant number 4.0 is applied, and 5h 17min is
the time for the same simulation when Courant number
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(a) 0.52 sec. (b) 0.77 sec. (c) 1.01 sec. (d) 1.49 sec. (e) 1.74 sec.
Fig. 2. Simulation result for benchmark test.
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Fig. 3. Velocity simulation results of a plate. (a)~(d): Courant number is 4.0 (a')~(d’): Courant number is 8.0
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(a) 0.44 sec., 10%

(b) 3.45 sec., 80%

Fig. 4. Temperature simulation results of a plate, Courant number is 4.0.

8.0 is applied. The simulation results proved that,
although the adoption of a large Courant number can
lead to a good efficiency of the simulation process, and
the whole tendency of fluid flow is similar, too, but
some obvious differences still exist when different
Courant number are applied. The details can be found in
Fig. 3(b), (b") and (c), (¢). So, a suitable Courant number
should be selected carefully in order to speed up the
simulation without much lost of engineering accuracy.

Fig. 4 showed the temperature calculation result by
using of predictor-two step corrector-VOF method, and
the Courant number 1s 4.0. Jacobi iteration method is
used, so the temperature distribution is symmetrical, and
also reasonable.

5. Conclusions

(1) A control volume method named predictor-two
step corrector-VOF has been developed and successfully
simulated the mold filling processes.

(2) The implicit method is used to calculate the
velocity, pressure and temperature fields during mold
filling processes of castings, and a large and suitable
Courant number is applied in this calculation. At the
same time, small Courant number is used to calculate
the volume transportation of fluid for n times in one
calculation time step in order to ensure the accuracy of
the evolution of free surface. The above method speeded
up the calculation of mold filling process without much

loss of simulation accuracy.

(39)

(3) A new two step velocity boundary condition based
on the interpolation and momentum conservation equ-
ation is applied in the void cells, which are neighbors of
free surface fluid cells, and the velocity and pressure
iteration calculation are implemented on whole fluid
cells. Numerical tests proved that the new boundary
treatment method would lead to an accurate and efficient
calculation.

References

[1] Jone R. Hartin: Modeling of Casting, Welding and
Advanced Solidification Processes VI "A Computation of
Implicit and Explicit Solution Techniques and Results in
Numerical Casting Simulations". (1993), 373-380.

(2] W. -S. Kim and I. -T. Im: Numerical Heat Transfer,
"Analysis of a Mold Filling Using an Implicit SOLA-
VOF", Part A, 35(1999), 331-342.

{3] Ma Xiangjun, Hou Jun and Zhao Lixin : Special Casting &
Nonferrous Alloys, "Numerical Simulation of Free Surface
during Mold Filling Processes"”, Vol 4(2001), 34-35.

[4] D. M. Lipinski, W. Scheafer, and E. Flender : Modeling of
Casting, Welding and Advanced Solidification Processes
VI "Numerical Modeling of the Mold Filling and
Solidification of Castings"”, (1993), 389-396.

[5] W. Q. Tao : "Numerical Heat Transfer”, Published by Xian
Jiaotong University.

[6] C. W. Hirt and B. D. Nichols : Journal of Computational
Physics "Volume of Fluid (VOF) Method for the Dynamics
of Free Boundaries", 39(1981), 201-225.

[7] Sirrel B, Holliday M, and Campbell J : Proceedings of
Modeling of Casting, Welding and Advanced Solidification
Processes VII "The Benchmark Test 1995", (1995). 915-
933.



