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Abstract: A new program is developed for gas—liquid two-phase mold filling simulation in casting. The gas fluid, the superheated
liquid metal and the liquid metal containing solid grains are assumed to be governed by Navier—Stokes equations and solved through
Projection method. The Level set method is used to track the gas—liquid interface boundary. In order to demonstrate the correctness
of this new program for simulation of gas—liquid two-phase mold filling in casting, a benchmark filling experiment is simulated (this
benchmark test is designed by XU and the filling process is recorded by a 16-mm film camera). The simulated results agree very well
with the experimental results, showing that this new program can be used to properly predicate the gas—liquid two-phase mold filling

simulation in casting.
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1 Introduction

The numerical simulation of mold filling is a
helpful and important tool for engineers to design casting
process [1—13]. Liquid metal often displays complicated
behavior and patterns during filling process of casting.
For example, the superheated liquid metal has
characteristics of incompressible Newtonian flow and the
liquid metal containing solid grains and being at lower
temperature has characteristics of incompressible
non-Newtonian flow. Liquid metal is now often treated
as Newtonian flow in some common casting simulation
software, and hence unsatisfactory results will be
obtained.

The mold filling process is looked as a typical
gas—liquid two-phase flow [14—16]. The accurate
prediction of some defects, such as the gas entrapment
defects, can be achieved by simulating the gas phase
flow and the liquid metal phase flow with interface
boundary conditions. The Level set method, devised in
1987, has been used and developed in the tracking of the

flow front evolution. The Level set method can be used
to simulate complex evolution including merging
phenomena  and  breaking  without  applying
reconstruction. Because of these advantages, the Level
set method is becoming the most common method for the
prediction of interface boundary evolvement.

The SOLA method is often used to solve the
velocity and pressure of the thermal flow filling process
[15]. The solving process of SOLA method requires
repeated iteration between the mass conservation
equation and the momentum equations, and hence the
computational efficiency is low. The Projection method
[17-24] is frequently employed technique for the
solution of the Navier—Stokes equations. The Projection
method does not need repeated iteration and has high
computation efficiency.

In this work, a new program is developed for
gas—liquid two-phase mold filling simulation in casting.
The gas fluid, the superheated liquid metal and the liquid
metal containing solid grains are assumed to be governed
by Navier—Stokes equations and solved through
Projection method. The Level set method is used to track
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the gas—liquid interface boundary. This proposed
program is evaluated by carrying out numerical
simulations and by mold filling experimental data.

2 Governing equations

Since the gravity casting processes occur in low
speed situations, the compressibility effect of the gas
flow can be neglected. Therefore, the gas fluid in the
mold is treated as incompressible Newtonian flow.

The theory of gas—liquid two-phase mold filling
simulation in casting is discussed based on the
computational fluid dynamics (CFD) combined with the
finite difference method (FDM). The governing
equations for three-dimensional incompressible viscous
flow contain the momentum equations and the mass
conservation equation (the 3D Cartesian coordinate is
used).

The mass conservation equation is written as
follows:
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The momentum equation is written as follows:
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where U=(u, v, w), ¢, p, p and g=(g,, g, &) represent
velocity field, time, pressure, density and gravity
respectively; S is the non-Newtonian part of the extra
stress tensor; Fr=u,/ \/g7L , Re=puyL/u are the Froude
and Reynolds numbers (L and u, denote “typical” length
and velocity, respectively); u is the dynamic viscosity.

In order to solve Eq. (1) and Eq. (2), the staggered
mesh is established. Because the superheated liquid
metal and the gas phase are treated as incompressible
Newtonian flow, S=0 (a=1 and £=0). The liquid metal
containing solid grains is treated as incompressible
non-Newtonian flow, S#0, so it can be achieved by
setting a=Ay/A;, p=1 (4, and 1, are relaxation and
retardation time constants).

According to Eq. (1) and Eq. (2), the general
mathematical equations of the superheated liquid metal
and the gas phase can be written as
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Based on the Projection method, the implicit
technique can be used to solve Egs. (3) and (4).
Equations (3) and (4) can be rewritten in the form

v.ul =0 (5)
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where 0t is the time step increment; U=(u, v, w) and p can
be obtained as follows:

Step 1 The basic opinion behind this approach is to
use Eq. (6) to solve for the intermediate velocity field
a=@i,v,w).
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Equation (7) can be approximated as follows: the
time term and viscous term are solved through
Crank—Nicolson method; the pressure term is discretized
using forward differences; the convective terms can be
solved through the high order upwind scheme.

For example, the momentum equation, Eq. (7), is
approximated by the following finite difference equation
in the x direction.
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similarly. The z- and y-component of the momentum
equations can be solved in the same way.

Step 2 The velocity field can be written as the
following form by the Helmholtz-Hodge method.

n+l
un+l — a_é‘t al//
Ox
n+l
Ry 4 (12)
oy
n+l
W}’Hrl _ w_é‘ta‘//
0z

Taking the divergence of Eq. (12) and imposing the
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mass conservation for u
Poisson equation was obtained for
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This equation can be solved in fluid region and is
applied to all full cells. The Poisson equation for "'
on the free surface can be found in results by TOME et al
[17-20].

Step 3 To obtain the equation for the pressure, U
is introduced from Eq. (12) into Eq. (7) and then
subtracting it from Eq. (6), the following equation can be
obtained.
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After !//f;:]k was calculated for all full cells, the
pressure field is approximated by the following finite
difference equation.
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Finally, the intermediate velocity field G = (i1, v, W)
is calculated from Eq. (7) and the velocity field
u=(u,v,w) is calculated from Eq. (12). The pressure
field is calculated from Eq. (15).

The liquid metal containing solid grains and being
at lower temperature is treated as incompressible
non-Newtonian flow. According to Eq. (1) and Eq. (2),
the general mathematical equations of the liquid metal
containing solid grains can be written as

V-u=0 (16)
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There are some methods to solve Eq. (16) and
Eq. (17) using implicit techniques [18—21]. If the
Crank—Nicolson method is used for the viscous term,
Eq. (16) and Eq. (17) can be written as

v.ut =0 (18)
u"” _&vau”'ﬂ zi_v.(uu)” —
5t A 2Re 5t
vp"t! 2 Logrgngg +ng" (19)
ﬂ'l 2Re Fr

The  solving  process of  incompressible
non-Newtonian flow is similar to the previous solving
process of incompressible Newtonian flow. U= (u,v,w)
and p can be obtained as follows.

Step 1 Eq. (19) is solved for the provisional velocity
field U= (u,v,W).

E /12 1 - u”
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Step 2 Using Helmholtz—Hodge theory, the velocity
field u™' =@, v, W) can be decomposed as

utl = G-Vt 1)

Step 3 The pressure field is calculated from the
following equation.
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where Vzl//'Hl =(1/6t)V-0G and the non-Newtonian
stress tensor S can be calculated from the Oldroyd—B
constitutive equation [17—19].

—6; =" V)S+(Vvu"™ TS+ S(Vu +
1 1 ﬂQ n+l n+I\T
—|—1-ZZ |V \% - 2
We{Re[ iJ(( um)+ VUt ) =S (23)

3 Level set method

In mold filling processes, the interface boundary
between the gas and the liquid metal may have severe
topological changes, such as interface pinching and
breaking. These problems can be solved through Level
set method [16—18]. In Level set method, the Level set
function @(X, ) is defined as the distance of the mesh
center to the interface boundary (¢p=0 on the interface
boundary Qyoundgary, >0 in the air region Q,;and ¢<0 in
the liquid region Qj,uiq). The Level set function ¢(X, f)
can be written as

d(X,0), xe 2,
P(X,1) =40, X €2y ndary (24)
-d(X,0), xe Qliquid
Since the interface boundary moves, the transient

evolution of the interface boundary can be described
with Hamilton—Jacobi equation.

a—¢+l7~(V¢7)=0 (25)
ot
where 7 =(u,v,w) is the interface boundary

propagating velocity that can be set as local liquid metal
fluid /gas fluid velocity. Equation (25) can be rewritten
as
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where the spatial derivative of Eq. (26) is approximated
by the fifth order weighted essentially non-Oscillatory
(WENO) method and the time derivative of Eq. (26) is
approximated by the second order Runge—Kutta method
[16—18].

Even if ¢(X, #) can be initialized as a signed distance
from the interface boundary, it may not remain the
distance function due to repeated iteration. The
re-initialization methods can be used to keep ¢(X, ¢) as
the distance function. One of the effective methods is to
solve the following equations. Once ¢ is got, the
interface boundary is also known.

0
% sen()(1-[vl)
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4 Results and discussion

In the work, a finite difference-based interface
Projection-Level set method is developed for gas—liquid
two-phase mold filling simulation in casting. The
governing equations for incompressible Newtonian flow
and incompressible non-Newtonian flow are solved
through projection method. The Level set method is used
to track the gas—liquid interface boundary.

Finally, a new program is developed based on the
Projection-Level set method. The outline of this program
can be described as follows. 1) The value of (&", V', w"),
p" and ¢" at all cells are initialize. 2) The governing
equations for incompressible Newtonian flow and
incompressible non-Newtonian flow are solved through
projection method, and hence ("', v'*!, w"™") and p""'
can be obtained. 3) Eq. (26) is solved to get the value of
¢"" in the next time step. 4) The Level set is
re-initialized to keep ¢""' as the distance function. 5) Go
to (2) for the next time step.

In order to demonstrate the correctness of this new
program for simulation of gas—liquid two-phase mold
filling in casting, a benchmark filling experiment is
simulated. The benchmark test was designed by XU et al
[25] and the filling process was recorded by a 16-mm
film camera. Most of their details are similar to previous
experiments [24—26].

The casting is a plate of 400 mx400 mmx20 mm
and the gating system is shown in Fig. 1. The 3D model
is shown in Fig. 2. The physical parameters of the
casting and mold are shown in Table 1 and Table 2. The
pouring speed is 0.7 m/s and the pouring temperature is
700 °C.
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Fig. 1 Gating system (Unit: mm)
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Table 1 Physical parameters of casting

Specific latent/

(kg) Density/ (kg'm )

Material

Specific heat capacity/
(kI'’kg K™ °C °C

Solidus temperature/  Liquidus temperature/

Aluminum 397.5 23152702

0.9-1.09 655 663

~

Fig. 2 3D model of mold

Table 2 Physical parameters of mold

. Density/ Specific heat capacity/
Material 3 I
(kg'm ) (kJ'kg -K7)
Sand 2780 0.54-1.00

In numerical calculation, the mesh dimensions are
2.0 mmx2.0 mmx2.0 mm. Figure 3 shows the mesh
model. The new program based on the Projection—Level
set method is used to simulate the filling process. Figure
4 shows the comparison between the simulated and
experimental results.

results are

The simulated and experimental
illustrated in Fig. 4. which were captured with the high
speed 16 mm camera at 0.83, 1.43, 1.93, 2.37 and 2.51 s;
whereas other sub-figures are the

corresponding
simulated results. The simulated results agree very well

with the experimental results. It is clear that this new
program based on the Projection—Level set method can
be used to properly predicate the gas—liquid two-phase
mold filling simulation in casting.

Statistical analyses [27-30] are given to further
demonstrate the correctness of this new program. The
process can be described as follows. 1) The simulation
results of filling process of the same aluminum casting
are calculated by the new program and the SOLA-VOF
method [15] (the SOLA method is often used to solve the
velocity and pressure of the thermal flow filling process).
The results of the velocity field and pressure field are
compared at different time points (1.0, 2.0, and 3.0 s). 2)
The case of the velocity in x direction at 1.0 s is taken.
The sample is all meshes except boundary. The Wilcoxon
signed rank test is used and the calculated results are
listed in Table 3, where the last two rows are the ranks.
The absolute rank row has no signs, and the signed rank
row gives the ranks along with their sign [27-30].

Table 3 Calculation results of velocity in x direction at 1.0 s

Subject Xl X2 X3 X4
SOLA-VOF
—0.001421 0.002384 0.006152 —0.003006 ---
method (x;)
This new
—0.001433 0.002387 0.006152 —0.003031 ---
program (y;)
D=y 0.000012 0.000003 0 0.000025 ---
Absolute rank  1041.02 67.5 - 2571.1
Signed rank  1041.02 —67.5 - 2571.1

X; represents the meshes; x; represents the velocities calculated by the
SOLA-VOF method; y; represents the velocities calculated by this new
program.

The following null and alternative hypotheses  are
used:

HO: the simulation results are unanimous between
this new program and the SOLA-VOF method.

H1: the simulation results are not unanimous
between this new program and the SOLA-VOF method.

The test statistic is given in Refs. [27-30].

16449 <T =Y R/ |S R? =
i=1 i=1

0.6719 <1.6449 (& =0.1) (28)

There is no enough evidence to reject HO. Other
analyses are similar at 2.0, and 3.0 s. Analysis shows
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Fig. 4 Comparison between simulated (left) and experimental (right) results: (a;, a5) 0.83 s; (b, by) 1.43 s; (¢4, ¢2) 1.93 s; (dy, dy) 2.37
s; (e1,€,)2.51 s



796 Xiao-feng NIU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 790-797

that the simulation results are unanimous between this
new program and the SOLA-VOF method. It is proved
that this new program is correct.

The comparison results of calculating time are
shown in Table 4.

Table 4 Computing time

C ti
Method Mesh ompting
time/s
SOLA-VOF method 2.0 mm*2.0 mmx2.0 mm 1203
This new program 2.0 mm*2.0 mmx2.0 mm 762

As illustrated in Table 4, the new program reduces
calculating time by 35%. It is true that the new program
calculates more quickly than the SOLA-VOF method.

5 Conclusions

1) A three-dimensional interface Projection—Level
numerical model considering characteristics of liquid
metal is proposed for simulating the gas—liquid flow
problems during casting’s mould filling process. The
governing equations for incompressible Newtonian flow
and incompressible non-Newtonian flow are solved
through the Projection method. The Level set method is
used to track the gas—liquid interface boundary. This
model allows to properly predicate the gas motion, the
liquid motion, and the reciprocal effect of the two
phases; specifically, this model can be used to properly
predicate the gas entrapment defects. Finally, a new
program is developed for gas—liquid two-phase mold
filling simulation in casting.

2) In order to demonstrate the correctness of the
new program for simulation of gas—liquid two-phase
mold filling in casting, a benchmark filling experiment is
simulated. The simulated results show that the new
program can be used to properly predicate the gas—liquid
two-phase mold filling simulation in casting; this new
program is more quickly than the SOLA-VOF method.
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