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Abstract Zinc alloy is the preferred material for high-
pressure die-casting (HPDC) production because of its good
casting and mechanical properties, and the most common
problem in zinc alloy die casting is gas entrapment. A gas-
liquid multiphase flow model was here used to predict the gas
entrapment defects during the zinc alloy HPDC filling pro-
cess, and the continuum surface force (CSF) model was used
to treat the surface tension of gas-liquid multiphase. In addi-
tion, finite volume method (FVM) was used for discretization
equations; the pressure implicit with splitting of operator
(PISO) algorithm was used for coupling pressure and velocity;
and the volume of fluid (VOF) algorithm was used for inter-
face tracking. A water-filling experiment was simulated in an
S-shaped channel, and the simulative results were closely con-
sistent with the experimental results, which indicate the accu-
racy of the adopted model. Two HPDC zinc alloy-filling pro-
cesses with different ingates were calculated, and the simula-
tive results showed that gas entrapment defects associated
with a single ingate were visibly more pronounced than with
double ingates, which was basically consistent with the exper-
imental results; therefore, the practicability of the adopted
model was confirmed.
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Volume fraction

Velocity (m/s)

Time (s)

Unit normal vector at the interface
Curvature of the interface

Surface tension at the interface
Surface tension coefficient (N/m)
Mixed density (kg/m®)

Stress tensor

Pressure (Pa)

Source term

Volume fraction of phase 1

Volume fraction of phase 2

Density of phase 1 (kg/m?)

Density of phase 2 (kg/m”®)
Acceleration of gravity (m/s%)

Given velocity of the inlet (m/s)
Three velocity components under
Cartesian coordinate system (m/s)
Given pressure of the outlet (Pa)
Control element

Boundary surface of the control element
Unit exterior normal vector of the boundary
surface

Vector

Vector on surface

Current control element

Control elements contacting with the
current one

Both P and N

Discrete coefficient matrices of momentum
equation

Constant term matrix of momentum
equation
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Uy Face velocity (m/s)

Up Velocity of the current control element
(m/s)

Uy Velocity of the adjacent control element
(m/s)

Vp Volume of the current control element (m®)

Vv Volume of the adjacent control element
(m’)

Ap Momentum equation discrete coefficient of
the current control element

Ay Momentum equation discrete coefficient of
the
adjacent control element

pr Pressure of the current control element (Pa)

DN Pressure of the adjacent control element
(Pa)

(Vp)p Pressure gradient of the current control

element (Pa/m)

Pressure gradient of the adjacent control

element (Pa/m)

epy Unit normal vector from the center of the
current control element to the center of the
adjacent one

Epn Distance between the center of the current
control element and the center of the
adjacent one (m)

(Vp)n

A, Discrete coefficient matrix of continuity
equation

S, Constant term matrix of continuity equation

A, Discrete coefficient matrix of volume
fraction equation

S, Constant term matrix of volume fraction

equation

1 Introduction

Zinc is one of the key metals in the non-ferrous metal industry.
Zinc alloys have many merits, such as its low melting point,
and the high resistance to oxidation during melting.
Furthermore, the service life of the metal mold can be ensured.
Moreover, zinc alloy has good casting properties and cannot
adhere to the mold easily; meanwhile, zinc alloy has good
deformation resistivity, high strength, and abrasion resistance
[1-3]. In the process of high-pressure die casting (HPDC), the
liquid metal fills the chamber very quickly and solidifies under
pressure, so the production efficiency of HPDC is high and the
product dimensional precision is good [4, 5]. The casting
types of HPDC can be divided into hot and cold chamber
die casting [6, 7]. Zinc alloy is widely used in the die casting
of items with thin walls and a pronounced need for smooth
surfaces, and the casting type for zinc alloy is mainly hot-
chamber die casting [8]. The most common defect in zinc
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alloy die casting is gas entrapment, which loosens the metal
structure, and reduces the electric conductivity and strength,
and the main source of the gas entrapment defect is the gas
entrapped during the filling process [9, 10]. Therefore,
predicting the sizes of gas entrapment defects accurately is
highly significant for zinc alloy HPDC production to predict
the gas entrapment defects accurately.

HPDC process has the characteristics of high filling speed
and great interaction effect between gas and liquid metal. With
the gradual improvement of numerical techniques, interna-
tional and domestic scholars have done many researches deep-
ly in the field of numerical simulation by HPDC [11-17].
Homayonifar et al. [ 18] calculated the air porosity distribution
for HPDC based on the SOLA-VOF algorithm, and a mixed
VOF-Lagrange algorithm was developed in order to model
splashing in HPDC, but the influence of gas phase during
the filling process was not considered, such as the hindering
effect of the isolated gas to the liquid metal. Zhao et al. [19]
adopted direct finite difference method (DFDM) to describe
the shape and location of free surfaces in casting mold filling
processes, and the study indicates that final porosities in high-
pressure die castings are dependent on both gas entrapment
during mold filling process and pressure transfer within solid-
ification period. Ren et al. [20] simulated the filling processes
of cool runner system and hot runner system by Flow-3D
software, and the results show that using hot runner system
in zinc die casting can reduce the loss of heat and pressure,
save raw materials, and improve quality as well as increase
pattern yield. Cleary etal. [21] simulated HPDC process based
on smoothed particle hydrodynamics (SPH) algorithm, which
belongs to Lagrangian simulation techniques, and the results
demonstrate that SPH simulations can be performed in rea-
sonable computation times for large-scale automotive castings
and provide a high degree of predictive accuracy. Wu et al.
[22] established a nucleation model that correlated the cooling
rate with the nucleation density of magnesium alloys during
solidification of HPDC process, and the model can also reveal
the dendrite morphology with features of secondary and ter-
nary dendrite branches. As seen from the relevant references,
single-phase flow model is often applied in the simulation of
HPDC filling process at present. In consideration of the great
effect of gas phase to the HPDC filling process, gas-liquid
multiphase flow model is of great value for simulating the
HPDC filling process.

In the field of numerical simulation by casting process,
finite difference method [23] (FDM), finite element method
[24] (FEM), and finite volume method [25] (FVM) are the
three most common numerical methods. FDM is easy to be
implemented, while it is only suitable for structured mesh,
causing in FDM not fitting in the complex surface boundary
well [26]. FEM is appropriate for unstructured mesh and has a
high calculation accuracy but used for solving the thermal and
stress field mainly [27]. FVM has the definite physical
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meaning and can be applied to unstructured mesh, and it is
exercisable easily for FVM to discretize the governing equa-
tions, so FVM is widely used in computational fluid dynamics
(CFD) [28]. The coupled solution of the pressure and velocity
needs special handling in numerical modeling. Semi-implicit
method for pressure-linked equation (SIMPLE) [29] algo-
rithm and pressure implicit with splitting of operator (PISO)
[30, 31] algorithm are widely adopted as the coupled solu-
tions. SIMPLE algorithm is mainly used for steady flow, and
PISO algorithm is mainly used for transient flow. One of the
key techniques in two-phase flow simulation is the interface
tracking, which falls into two major categories: explicit inter-
face tracking [32] and implicit interface tracking [33]. In the
explicit interface tracking methods, the interface is tracked
explicitly by mesh or particles, but the geometric topology
change cannot be handled well for the complex interface; in
the implicit interface tracking methods, the interface is repre-
sented by the volume fraction of each elements, so it is fit for
handling the complex geometric topology change and consid-
ering the effect of surface tension, and the volume of fluid
(VOF) [34] algorithm is the most famous implicit interface
tracking method. Taking the analysis above into consider-
ation, synthesizing FVM for discretization governing equa-
tion, PISO for velocity-pressure coupling and VOF for inter-
face tracking is appropriate for predicting the gas entrapment
defects in zinc alloy HPDC process.

A gas-liquid multiphase flow model is here used to handle
the interaction effect between gas and liquid metal during zinc
alloy HPDC filling process, and the surface tension of gas-
liquid multiphase is also considered, then the gas entrapment
defects in zinc alloy HPDC can be predicted accurately. FVM
is adopted for discretization equations; PISO algorithm is
adopted for coupling pressure and velocity; and VOF algo-
rithm is adopted for interface tracking. Through the work
above, a fluid field numerical simulation program of HPDC
based on gas-liquid multiphase flow model is developed. A
water-filling experiment is simulated in an S-shaped channel,
and the simulative results are compared with the experimental
results. Two HPDC filling processes of zinc alloy with differ-
ent ingates are calculated, then the gas entrapment defects are
compared according to the simulative and experimental
results.

2 Mathematical and numerical modeling
2.1 Governing equations

The volume ratio o which represents the volume fraction of
phase 1 at different locations is adopted in VOF algorithm.
The value 1 of o means that phase 1 completely occupies the
location, and the value 0 means the contrary situation, so the
value of a around the interface is between 0 and 1. The

volume fraction equation which controls the distribution rule

of avis:

oo

—+V(aU) =0 1

=+ V(al) (1)
According to the distribution of o, the unit normal vector n;

at the interface can be calculated by:

Va

= ol @)

n;
where the direction of n; is from phases 2 to 1. And then the
curvature x of the interface can be obtained by:

Kk =—Ven, (3)

The CSF [35] (continuum surface force) model is used to
treat the surface tension of two-phase flow in this paper, which
can obtain the continuous pressure distribution, thereby the
surface tension F,, at the interface can be obtained by:

F,=CkVa (4)

Navier-Stokes equation [36] which is also called momen-
tum equation, controls the change of U:
opU

7+V'(pUU)*V'T = *Vp—i—S (5)

The definition of the mixed density p is:
p=aup +op, =aip; + (I-ai)p, (6)

Other physical parameters such as dynamic viscosity are
also handled in the same way of p.
The source term § can be expanded as below:

S =F,+ pg=CxVa+ pg (7)

The fluids in this paper are supposed to be impressible,
therefore the continuity equation which represents the mass
conservation is:

VU =0 (8)

2.2 Boundary conditions

By the above governing equations, in order to consider the
influence of the gas to the liquid in the filling process of zinc
alloy HPDC, the state motions of both the liquid and the gas
are calculated in this paper. So the boundary conditions should
be assigned on all boundaries. With regard to the HPDC pro-
cess, the boundary types can be classified as inlet, outlet, and
wall.

For the inlet boundary, the volume fraction of phase 1 and
the velocity are set artificially, and the pressure gradient is
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Table 1 Boundary conditions

Inlet Outlet Wall
Velocity U= Ut VU,=VU,=VU,={0,0,0} U=1{0,0,0}
Pressure Vp=10,0,0} P = Poutlet Vp=1{0,0,0}
Volume fraction of phase 1 a=1 Va={0,0,0} Va={0,0,0}

zero. For the outlet boundary, the pressure is set artificially,
and the gradients of phase 1 volume fraction and the velocity
are zero. For the wall boundary, the velocity boundary condi-
tion is no slip, and the gradients of phase 1 volume fraction
and the pressure are zero. The specific boundary conditions
set in this paper are shown in Table 1.

where the given pressure of the outlet pg . is usually set to
the normal atmosphere or zero.

2.3 Discretization equations and calculation methodology

The governing equations in this paper are discretized in the
manner of FVM method. In the discretization process of
FVM, volume integral of both equation ends are gained in
terms of every control element, and corresponding interpola-
tion operations are adopted; finally, the solvable discrete equa-
tions can be obtained [25]. The volume integral of momentum
equation is as below:

opU
[

dv + [ V-(puU)dV— [ V-rdV =— | VpdV + [ SdV (9)
v Ot cv cv cv cv

Gauss divergence theorem is a kind of transformation rela-
tion between volume integral and surface integral in vector
field, as follows:

| V-FdV = [n-F/dA (10)
(6\% A ’

By substituting Eq. (10) into Eq. (9), it can be acquired as
below:

opU
[

. — [ n. —— [V
e dV—l—I{n(pUU)fdA I{n‘r_/dA ij pdV-i-CJ.deV (11)

By reference to the relevant discretization operations in
Ref. [25], such as the discretization formula for the diffusion
term developed by Mathur [37], the higher-order differencing
schemes for the convective term, and the co-located arrange-
ment is used for velocity components and pressure. Then the
discrete equations of momentum equation can be formulated
as:

ApUp =Y AUy + B + S Ap, (12)
N i

According to Eq. (12), the velocity of the current control
element P can be calculated by the velocity and pressure of the
control elements contacting with P.
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The volume integral of continuity equation is shown be-
low:

/{n~Uf =0 (13)

The face velocity Uy is acquired by the interpolation
scheme developed by Mathur [37], as follows:

Up+U
U/-:< P2 N>.n+

Ve+Vy 1 (PP’FN (Vp)p + (VP)y >
+ ‘€PN
AP JrAN n-epy EPN 2

(14)

By substituting Eq. (14) into Eq. (13), the discrete equa-
tions of continuity equation can be formulated as:

ZAp, lpi :Sp (15)
i

According to Egs. (14) and (15), the continuity equation
has been transformed into the pressure equation, by the special
interpolation scheme for the face velocity. Further, the mo-
mentum equation and the continuity equation can be solved
in a coupled solution.

Based on the discrete operations above, the discrete equa-
tion of the volume fraction equation can be obtained easily, as
follows:

YAaia; =S, (16)

PISO algorithm [30] is introduced into the coupled solution
of the pressure and velocity in this paper, which is a non-
iterative solution algorithm for transient flow, and the general
calculation process of PISO is shown in Fig. 1.

3 Results and discussion

Using the mathematical and numerical model described
above, we developed a fluid field numerical simulation pro-
gram of HPDC filling processes based on a gas-liquid multi-
phase model. To confirm the accuracy of the adopted model,
an S-shaped channel water-filling experiment was simulated,
which was performed by Schmid [38], and the simulative
results were compared with the experimental results. Then,
two HPDC filling processes of zinc alloy with different
ingates were evaluated, and the gas entrapment defects were
analyzed. These findings were compared with the experimen-
tal results. In addition, the mesh generation tool used in this
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: Update the mixed physical Calculate the first intermediate
parameters by Eq. (6) »velocity and pressure by Eq. (12)_>

Calculate the first corrected Calculate the second intermediate
: . :
pressure and velocity by Eq. (15) velocity and pressure

Update the current volume
fraction by Eq. (16)

Update the current velocity and Calculate the second corrected

pressure pressure and velocity by Eq. (15)

Fig. 1 The general calculation process of PISO algorithm

paper was ICEM CFD [39], and the open source software
ParaView [40] was used for post-process.

3.1 Filling of an S-shaped channel

The water experiment was performed on a cold chamber die-
casting machine [41, 42], and the inner chamber is a horizon-
tal S-shaped channel. The geometric dimension of the S-
shaped channel is shown in Fig. 2, and the thickness of the
channel is 2 mm. The valve which is shown in the top of Fig. 2
is designed to be very small, so the gas entrapment phenom-
ena can be observed obviously during water filling. The inlet
velocity is designed to be 8.7 m/s, which is very high com-
pared with typical filling process. Table 2 contains the param-
eters used in the simulation.

The comparison between the experimental results and the
simulative results are shown in Fig. 3, and the simulative
results include the distributions of water volume fraction and
gas-liquid velocity. As seen from the comparison results, at
7.15 ms, the water flow had a sharp front under the influence

170 >
n «-valve
; 30
30
) t 30
t 30
21 y o
i 30
45
R 4\1
80
44 R 45
i 45
inlet
60

Fig. 2 The geometric dimension of the S-shaped channel (unit, mm)

of the curved inlet in experiment, which the simulative results
corresponds with well; at 25.03 ms, a big gas bubble existed at
the lower right in both the experimental and simulative results;
at 39.34 ms, the water flow began to touch the upper right wall
in both the experimental and simulative results, and the bubble
at the lower right became smaller; at 53.64 ms, the water front
reached the valve, and the distribution of water flow basically
coincided between the experimental and simulative results.
Moreover, the air was driven strongly by the water flow in
the filling process, according to the distribution of gas-liquid
velocity. In consequence, the accuracy of the adopted model is
certified well for simulating high-speed filling process by the
comparison results.

3.2 Experimental analysis method for gas entrapment
defects in die casting

Before analyzing the gas entrapment defects in die casting, it
is necessary to firstly introduce the experimental analysis
method for gas entrapment defects in die casting, adopted in
this paper. Heat treatment is unfit for the traditional die cast-
ings, for the reason that the metal strength reduces after
heating and the gas entrapped during the filling process ex-
pands by heating, thus convex bubbles can be observed with
ease on the casting surface. On account that die castings are
always with thin walls, so the die castings could be heated for
intuitively observing the gas entrapment defects, by making
use of this method.

In comparison with other experimental analysis methods
for gas entrapment defects, such as incision analysis, CT
three-dimensional reconstruction, and so on, heat treatment

Table2  The parameters used in the simulation of the S-shaped channel

Parameter Value
Water density (kg/m®) 1000

Air density (kg/m®) 1

Water dynamic viscosity le—3

Air dynamic viscosity le—5
‘Water-air surface tension coefficient (N/m) 0.07275
Acceleration of gravity (m/s%) {0,0,-9.8}
Inlet velocity (m/s) {0,8.7,0}
Outlet pressure (Pa) 0
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Fig. 3 The comparison between
the experimental results and the
simulative results of S-shaped
channel filling

Experiment

Volume fraction of water

Velocity (m/s)

39.34 ms 53.64 ms

method not only has better operability and experimental effi-
ciency but also needs lower experimental cost. The specific
craft of heat treatment in this paper is temperature (350 °C)
and time (3 h, not containing the time of heating up). The

-
~

Fig. 4 The effects of the zinc alloy castings by heat treatment Fig. 5 The geometric model and mesh of schemes I and 2

scheme 1

scheme 2
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Table 3  The parameters used in the simulation of zinc alloy HPDC

filling

Parameter Value

Zinc alloy density (kg/m®) 6300

Air density (kg/m®) 1

Zinc alloy dynamic viscosity 0.05

Air dynamic viscosity le=5

Zinc alloy-air surface tension coefficient (N/m) 0.0782
Acceleration of gravity (m/sz) {0,0,-9.8}
Inlet velocity (m/s) {3.5,0,0}
Outlet pressure (Pa) 0

effects of the zinc alloy castings after heating are shown in Fig.
4, and the expanded bubbles after heating are inside the red
wireframes. From the experimental results, it can be seen that
the places with gas entrapment defects showed obvious prom-
inence, and the volume of entrapped air can be judged by the
size of the prominence.

3.3 Calculation and experimental analysis for gas
entrapment defects in zinc alloy die casting

For the sake of analyzing the gas entrapment defects in zinc
alloy HPDC filling process, two schemes with different
ingates were designed in this paper. Figure 4 shows the geo-
metric model and mesh of schemes 1 and 2, and the locations
of inlet and outlet are marked in Fig. 5. In scheme 1, the inlet
with single ingate is located at the bottom of the casting. In
scheme 2, the inlet with double ingates is located on the left
and right sides of the casting. The overall dimensions of the
casting are 112 mm % 28 mm x 18 mm.

The zinc alloy material used in the experiment is Zamak3,
and the chemical compositions of which are 95.87% Zn,
4.00% Al, 0.03% Mg, and 0.10% Cu. Table 3 contains the
parameters used in the simulation.

Figure 6 shows the liquid volume fraction and velocity of
schemes 1 and 2 after filling 0.015 s. From the comparison

Volume fraction of liquid Zinc Velocity of middle section (m/s)

scheme 1

scheme 2

scheme 1

scheme 2

Fig.7 The gas-phase distributions of schemes I and 2 after filling 0.055 s

results, in scheme 1, the velocity of the liquid flow was high
when entering the chamber and the direction was up-inclined,
because the ingate is on the bottom and the cross-section area
of the ingate gradually lessens, and the liquid front flowed
along the upper wall after touching the upper wall; in scheme
2, because of the double ingates located on the left and right
sides of the casting, the direction of the liquid flow was hor-
izontally forward, so that the air in the mold integrally moved
towards the outlet, under the push of a liquid metal. A big
closed gas region appeared on the upper left of the casting in
scheme 1, by reason of the up-inclined liquid flow, and there
was not a big closed gas region in scheme 2, because the air in
the mold integrally moved towards the outlet. The gas-phase
distributions of schemes 1 and 2 after filling 0.055 s are shown
in Fig. 7. As seen from Fig. 7, in scheme 1, the amount of gas

Velocity of liquid Zinc (m/s)

[ I I

[ T oo B
08 09 1 ] 15 3

45 6

75 9 105 12

Fig. 6 The liquid volume fraction and velocity of schemes I and 2 after filling 0.015 s
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HPDC casting

—_—

scheme 2 scheme 1

Heated casting

Final distribution of Zinc

Fig.8 The experimental results of schemes I and 2 including the zinc alloy die castings and the heated castings and the simulative results of the final zinc

alloy distributions

was entrapped on the left during the filling process, although
the entrapped gas could move forward gradually with the lig-
uid flow, but it was very easy to form tiny gas entrapment
defect; in scheme 2, most of the gas phase moved towards
the outlet, allowing most of the air to be discharged smoothly,
so it is not easy to form gas entrapment defects.

Figure 8 shows the experimental results of schemes 1 and
2, including the zinc alloy die castings and the heated castings
and the simulative results of the final zinc alloy distributions.
By the comparison of the die castings of schemes 1 and 2, the
surfaces of the die castings were smooth, so it is most unlikely
to distinguish the gas entrapment defects by sight. From the
comparison of the heated castings of schemes 1 and 2, it is
obvious that a lot of gas distributed on the middle and outlet
end of the casting in scheme 1, and there was only a handful of
gas on the outlet end of the casting in scheme 2. By the com-
parison of the simulative results of the final zinc alloy distri-
butions, more gas existed on the middle and outlet end of the
casting in scheme 1 and bits of gas concentrated on the outlet
end of the casting in scheme 2. In general, the simulative and
experimental results agree basically for the gas entrapment
defects, which certify the practicability of the adopted model.
So the model for gas entrapment defect prediction in this paper
contributed to the direct prediction of gas entrapment in
HPDC simulation.

4 Conclusions

1. A gas-liquid multiphase flow model is adopted to predict
the gas entrapment defects in zinc alloy HPDC filling
process, and the fluid field numerical simulation program
is developed in this paper. In addition, FVM is adopted for
discretization equations; PISO algorithm is adopted for
coupling pressure and velocity; and VOF algorithm is
adopted for interface tracking;

2. The CSF model is used to treat the surface tension of gas-
liquid phase, so the interaction effect of gas-liquid phase
can be considered accurately;

@ Springer

3. Awater-filling experiment in an S-shaped channel is sim-
ulated, and the simulative results coincide well with the
experimental results, which indicates the accuracy of the
adopted model,

4. Two HPDC filling processes of zinc alloy with different
ingates are calculated, and the gas entrapment defects are
compared according to the simulative and experimental
results, which are basically consistent with each other;
therefore, the practicability of the adopted model was
confirmed.
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