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Numerical Simulation of Melt Filling and Gas Penetration
in Gas Assisted Injection Molding

Qiang Li', Jie Ouyang', Guorong Wu' and Xiaoyang Xu'

Abstract: The governing equations of two-phase flows including gas and poly-
mer melt are presented, which are solved using finite volume and domain extension
methods with SIMPLEC technology. The melt filling and primary gas penetration
in gas-assisted injection molding (GAIM) process are simulated, where the Cross-
viscosity model is employed to describe the melt rheological behavior, and the
CLSVOF(coupled Level Set and Volume of fluid) method is employed to capture
the moving interfaces. In order to test and verify the coupled methods, melt filling
in a rectangular plate with an insert is simulated, and the numerical results are in
good agreement with those of the experiment. As a case study, the melt filling and
gas penetration processes in a ring-shaped channel are simulated. The numerical re-
sults successfully depict some important phenomena, such as race-tracking effect,
corner effect and the flow asymmetry of the gas penetration, which can deepen the
understanding and studying of the GAIM process.

Keywords: Gas-assisted injection molding, melt filling, gas penetration, finite
volume method, CLSVOF.

1 Introduction

The plastics industry plays an important role in today’s manufacturing industry,
where gas assisted injection molding (GAIM) is an innovative plastic processing
technology [Avery, (2001)], which can reduce the mold cavity pressure-based and
avoid forming the structure of rough surfaces generated. Due to plastic product’s
lower weight, reduce the molding and cooling time, thus GAIM technology has
been subject to wider application in the manufacturing industry. The GAIM pro-
cess includes three parts, i.e. melt filling, primary and secondary gas penetration
processes(Fig. 1) [Avery, (2001)]. Recently, the numerical simulation of melt fill-
ing and gas penetration processes has been done successfully by many researchers.
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Figure 1: Injection sequence for gas injection into mold: (a) melt injection, (b) gas
penetration, (c) primary gas penetration finishing, (d) secondary gas penetration.

Before the gas penetrating, polymer melt is injected into the mold cavity. This
process is the same as conventional injection molding (CIM). Zheng et al. (2009)
study a numerical scheme for capturing free front during injection molding, and
the numerical results show that the Level Set (LS) method can precisely capture
the melt front and the LS equations can be well solved by the third-order central
WENO scheme. Yang et al. (2010) adopt LS and finite volume methods to simulate
viscoelastic fluid mold filling process, and satisfactory results are also obtained.

Since in the gas penetration process the dynamic interaction between gas and melt
is very complex, the numerical simulation of GAIM is more difficult than that of
CIM. The gas distribution is of great importance to understand and study gas pen-
etration process, thus the gas/melt interface tracking is quite necessary for GAIM,
and some research works have been done recently. Llubca and Hétu (2002) present
a finite element algorithm for solving GAIM problems and two additional trans-
port equations are employed to track the moving interfaces. Chau and Lin (2006)
apply finite volume and volume of fluid (VOF) methods to simulate 3D GAIM pro-



Numerical Simulation of Melt Filling and Gas Penetration 217

cesses. Polynkin et al. (2005) adopt two pseudo-concentration functions to track
the moving interfaces. Zhou et al. (2009) employ the matching asymptotic ex-
pansion method to solve the governing equations, while the analytical solution of
the gas penetration interface is presented. Chen et al. (2011) apply the Galerkin
finite element method discretize the governed equations, and the gas/melt interface
is located by VOF method.

In the above interface-tracking methods, the LS and VOF methods are two com-
mon methods which are widely used. An advantage of VOF method is the fact
that it can conserve the volume of each fluid phase exactly [Park et al. (2009)].
The big disadvantage of VOF method is that it is difficult to smooth the discontinu-
ous physical quantities near the interfaces, because the volume function F is a step
function. The LS function ¢, is defined as a distance function, whose major virtue
is that it works in any number of space dimensions, handles topological merging
and breaking naturally [Osher and Fedkiw, (2003)]. However, the LS method can
not ensure the mass conservation, especially when the interfaces experience severe
stretching or tearing. The common disadvantage is the mass loss or gain. To solve
the problem, the CLSVOF method which combined the VOF and LS methods have
been successfully implemented [Sussman (2000); Son (2002); Son (2003); Suss-
man (2003); Menard (2007); Yang (2007); Wang (2009)]. Li et al. (2011) apply
CLSVOF method to simulate the GAIM process for a door handle, and good results
are obtained.

This paper mainly focuses on the numerical simulation of melt injection and pri-
mary gas penetration processes. The two-phase flow model which is proposed in
[Li et al. (2011)] is adopted to predict the melt filling and gas penetration phe-
nomena, where the Cross-viscosity model is employed to describe the viscous be-
havior of polymer melt. The governing equations of two-phase flows are solved
using finite volume and domain extension methods with SIMPLEC technology.
The CLSVOF method [Son (2002); Son (2003)] is adopted to capture the moving
interfaces in melt injection and gas penetration processes. The content of this paper
is listed as follows. First, the mathematical model is proposed in Section 2. Sec-
tion 3 presents the numerical implementation of the finite volume and CLSVOF
methods. In Section 4 the interface tracking capability of the CLSVOF method is
tested and verified by comparing the numerical and experimental results. As a case
study, GAIM in a ring-shaped channel is simulated and analyzed in detail. Some
conclusions and future research directions conclude this paper.
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2 Mathematical Model
2.1 Governing Equations

In the melt filling and gas penetration processes, since the gas velocity is low, both
the air-phase and the liquid-phase can be regarded as incompressible flows [Yang
etal. (2010); Li et al. (2011)]. The continuity, momentum and energy equations of
the incompressible fluids can be written as the unified equations in dimensionless
form
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In two-dimensional case, the governing equations could be written as
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wherel = 2(du/dx)* +2(9v/dy)* + (du/dy + dv/dx)*.Re = puUL/My denotes
Reynolds number, Pe = p,,C,,UL/ K, Peclet number, Br = n,,U 2 /%nTo Brinkman
number.

2.2 CLSVOF function and fluid properties

In the CLSVOF method, the interface is reconstructed via a PLIC (Piecewise Lin-
ear Interface Construction) scheme from the VOF function, in which the interface
normal vector is computed from the LS function [Mark and Elbridge (2000); Son
and Hur (2002); Son (2003); Wang et al. (2008)]. Based on the reconstructed in-
terface, the LS function is reinitialized via the geometric operations to conserve
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the liquid mass with the aid of the VOF function. The coupling of the LS and VOF
methods takes place during the interface reconstruction. The LS and VOF functions
are advected using the following equations, respectively

Do _ o0
Dt OJt

where @ is ¢ when Eq.(7) is LS function, while & is F when Eq.(7) is VOF func-
tion. Please see [Son and Hur (2002); Son (2003); Li et al. (2011)] for important
details about CLSVOF method.

The melt/air and gas/melt interfaces in melt filling and gas penetration processes
are represented by the LS function ¢(x,7)[Yang et al. (2010); Li et al. (2011)].
And the sign of ¢(x,7) is that ¢ > 0 in the melt zone and ¢ < 0 in the gas zones,
respectively.

+(u-V)P=0 (8)

The LS function can be employed to deal with the discontinuities of density and
viscosity near the interface. Each phase has constant density and viscosity, while
the fluid properties near the interface have sharp jumps, which are smoothed over a
transition band using the LS function

P =p(9)=pg+ (Pm—pg) He (¢) )
n=n(9) =g+ (NMm— 1) He (9) (10)
C:C(¢):Cg+(cm_cg)He (¢) (11)
K = K(9) = K+ (Kn — Kg) He (9) (12)

where p, 1, C and k are density, viscosity, thermal capacity and conductivity,
respectively. The subscript g and m represent gas and melt, respectively. The
smoothed Heaviside function He (@) is

0 if ¢ <—¢
He(9) =43 [1+2+Lsin(22)] if |9l <e (13)
1 if §>¢

where € is a parameter related to the interface thickness, and € = 1.5Ax in this
paper. Ax is the grid width along the x direction.

In melt filling and gas penetration process, the Cross-viscosity model is chosen to
describe the rheological property of the polymer melt in this paper [Yang et al.
(2010); Li et al. (2011); Chau (2008)].
No (T7p)
. 1-n
1+ (noy/7*)

n(T,v,p) = (14)
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where T* is the model constant that shows the shear stress rate, n is the model
constant which symbolizes the pseudoplastic behavior slope of the melt as (1 —n),
Mo is the melt viscosity under zero-shear-rate conditions. 71y can be expressed as
Arrhenius formula

o (7.p) = Bexp () exp (B (15)

Eq. (14) is 5-parameter model, where B, 7, and 3 are material parameters.

Another formula of ¢ is known as Cross-WLF model, or 7-parameter model,
A (T-T) >
=Djexp| ——————= 16
Mo =D P( Aot (T—T9) (16)
where T* =D, +D3-P, A, :AQ +Ds5-P,and Dy, D>, D3, A and A, are all material
parameters.

3 Numerical implementation
3.1 Governing equations solver and Domain extension method

The governing equations are discretized by the finite volume method on the non-
staggered meshes [Yang et al. (2010); Li et al. (2011)]. To solve the problem of
the pressure-velocity decoupling, we employ SIMPLEC (semi-implicit method for
pressure linked equations consistent) method and Momentum Interpolation (MI)
on the collocated grids [Yang et al. (2010); Li et al. (2011)].

Generally, in order to solve irregular domain problems, the body fitted or unstruc-
tured grids could be used, but a lot of extra programming work will be needed.
Domain extension method is an alternative technology which can be convenient to
implement [Nie et al. (2002); Korichi et al. (2009)]. Thus, the computational do-
main is extended to the minimum rectangle which contains the irregular region. In
the solid region which is inside the rectangle and outside the irregular region, the
dynamic viscosity is set to be a very large value for momentum equation (such as
10?9, while thermal conductivity is set to be a very small value for energy equation
(such as 10720).

Another issue that should be concerned is how to distinguish the inside and outside
regions. Based on LS function, this paper proposes a simple method to solve the
problem. Take Fig.2 for example, the ring-shaped channel is the real mold cavity
(the blank area), which can be extended to a rectangle area by defining a shape-level
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Figure 2: Schematic diagram of Domain extension method.

set function as follows:

®; ; = min(R — \/(xi —x1)2+(yj—y1)?, \/(xz' —x2)2 4 (yj—y2)?—r)
(xi € [O,Cl] » Yj € [O’b]) (17)

D, ;= min(CID;j, yi—y3, y4a—y;j) (xi€0,clorx; € [d,al]) (18)

where (x1,y1) and (x2,y») are center coordinates of the larger and smaller circles,
respectively. R and r are radii of the larger and smaller circles, respectively. a and b
are the lengths of the two sides of the rectangle. ¢ and d are the horizontal ordinates
of the crossing points of the ring-shaped channel and the straight pipelines. y3 and
y4 are vertical coordinates of the straight pipelines. According to the shape-level set
function ®; ;, which satisfies that ®; ; > 0 in the ring-shaped channel and ®; ; < 0
in the extended regions. Thus, the shape-level set function can be employed to not
only define the mold cavity size, but also distinguish the inside and outside regions,
which can reduce programming difficulty greatly.

3.2 CLSVOF solver

The LS advection function belongs to the Hamilton-Jacobi equations, which is dis-
cretized by the finite difference method, where the spatial derivatives are discretized
by the fifth-order WENO (weighted essentially non-oscillatory) scheme, and the
temporal derivatives are discretized by the third-order TVD-R-K (total variation
diminishing Runge-Kutta) scheme [Yang et al. (2010), Li et al. (2011)].

To solve the VOF function F, the flux-splitting algorithm used by Sussman and
Puckett [Nie et al. (2002)] is adopted. Son and Hur (2002), Son (2003) have
described the VOF advection algorithm very clearly. In these paperss is a parameter
related to the shortest distance from the origin (See Son (2003) for details). Since
the normal vector is estimated from the LS function, i.e.n = V@ /|V@|, s is just
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the shortest distance from the origin. If s and n are given, Fcan be calculated
immediately, and vice versa [Son and Hur (2002); Son (2003)].

4 Results and analysis

4.1 Melt filling in a rectangular plate with an insert

The physical properties of gas and melt, such as the density and viscosity, differ
greatly. In order to validate the interface tracking capability of the CLS VOF method
for large-density ratio and large-viscosity ratio two-phase flow problem, melt filling
process is simulated in a rectangular plate with an insert. Table 1 summarizes
the constants of employed Cross-WLF model for the injected melt, named ABS
(Acrylonitrile Butadiene Styrene). The size of the rectangular plate with an insert
is shown in Fig. 3. The maximum injection pressure and the maximum velocity
are 150MPa and 90cm?/s, respectively. And the melt and cavity temperatures are
498K and 343K, respectively [Yu (2004)].

Table 1: Material properties and Cross—WLF model constants for ABS.

Parameters Values | Parameters Values
Apparent density p (kg/m”) 931.7 7* (Pa) 5200.2
Specific heat ¢, (J /kg - K) 1900 | ng(Pas) | 8.643x 10"
Thermal conductivity k(W /m-K) | 0.13 (& 37.15
n 0.351 C5 (K) 51.6

The numerical and experimental results are shown in Fig. 4. From Fig. 4 it is clear
that the melt fronts predicted by CLSVOF method are in good agreement with the
experimental ones [Yu (2004)], which also demonstrate that the CLSVOF method
can do well for capturing the moving interface in melt injection process.

4.2 Melt filling and gas penetration in a ring-shaped channel
4.2.1 Melt filling in a ring-shaped channel

Melt filling process in a ring-shaped channel is simulated, and the channel size
is illustrated in Fig. 5. Polystyrene (Polyrex PG-33) [Chau and Lin (2006)] is
selected as experimental polymer in this paper. Materials constants are listed in
Table 2. And the melt and cavity temperatures are 503K and 323K, respectively.
The computational domain is 13.6x3.6, and a uniform grid of 13636 is used. The
initial melt front is set to be a little semi-circle, and the initial injection velocity is
10. The melt-air interfaces are shown in Fig. 6. The melt goes alone the channel
before arriving at the round wall. Then the melt bifurcates into two narrow rounded



Numerical Simulation of Melt Filling and Gas Penetration

223

60—

\ 119
e

Y

179

Figure 3: The size of the rectangular plate with an insert.

channels. Because the inner length is shorter than the outer length of ring-shaped
channel, the two streams of melt meet at the inner side of the channel (Fig. 6),
which is so-called race-tracking effect[Chau and Lin (2006)]. At last the melt front
is in the arc shape until the mould cavity is filled with melt.

Table 2: Material properties and Cross—WLF model constants for PS.

Parameter Value | Parameter Value
p(kg/m®) | 948.15 | Dy(Pa-s) | 2.68x10'
C,(J/kg-K) | 2100 D,(K) 373.1
K(W/m-K) 0.18 | D3(Pa/K) 0.0
n 0.2749 25.88
7 (Pa) 20020 | Ay(K) 51.6

Fig. 7 shows the melt velocity vectors at different time. From Fig. 7 it is obvious
that the melt velocity decreases from the middle to the wall of the channel, which
also illustrates that the finite volume and domain extension methods could deal
with irregular boundary problems well. The fountain flow phenomenon can be
seen clearly at the melt front, as is illustrated in Fig. 7(d).
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(a) =0.4s

a2 =

(b) =0.5s

(c)=1.0s

(d)=1.3s

Figure 4: The melt front at different time: #=0.4s, 0.5s, 1.0s, 1.3s. Left: experimen-
tal results; Right: numerical results.
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Figure 5: The size of the ring-shaped channel. Left: 3D shapes, Right: mid-plane.
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Figure 6: The melt front in the ring-shaped channel at different time: (a) #=0.0, (b)
1=3.3, (c) t=9.0, (d) 1=10.8, (e) t=13.2, (f) t=14.6, (g) t=19.2, (h) t=21.0.

4.2.2  Gas penetration in a ring-shaped channel

After the full-shot (melt filling) process, the gas is injected into polymer melt in
the ring-shaped channel. The gas pressure is chosen as 11764 in the dimensionless
form. The initial gas/melt interface is set to be a little circle, as is illustrated in Fig.
8(a). Then the gas bubble becomes bigger and goes ahead along the channel. When
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Figure 7: The melt velocity vectors at different time: (a) 7=0.9, (b) r=3.3, (¢) t=13.2,
(d) t=19.2.

it expands to some degree, the bubble goes along the channel without expending
(Fig. 8(c)). Fig. 8(d) shows the bubble develops into two branches, and the flow
asymmetry phenomenon looms. After it has turned around the circle, the flow
asymmetry phenomenon becomes more apparent (Fig. 8(e)). Fig. 8(f) displays
the final gas bubble shape at t=18.3. Moreover, when the gas goes through the
ring-shaped channel, gas bubble is deflected to the inner channel wall, which is the
so-called corner effect [Chau and Lin (2006)].

Fig. 9 shows the comparison of numerical and the experimental results at different
time. It is obvious that the flow asymmetry phenomena are in good agreement with
the experimental results in [Chau and Lin (2006)].

The predicted bubble shapes at r=18.3 with three different grid sizes are shown in
Fig. 10. It can be seen clearly that the asymmetry phenomenon of gas penetration
also occurs for finer mesh size, and the gas bubble shapes are almost the same under
the three grids. Therefore, it could draw the conclusion that this asymmetry of gas
penetration is an intrinsic phenomenon, which is independent on the computational
grids.

Fig. 11 illustrates the pressure distributions and melt velocity at different time,
where the melt pressure shows zonal distribution, and the melt velocity is large
near the gas/melt interface.

In order to study how the geometry affect the gas bubble shapes, four different cen-
tre coordinates of the internal circle are chosen, i.e. (6.8, 1.78), (6.8, 1.771), (6.8,
1.77) and (6.8, 1.75). Fig. 12 shows the bubble appearances at r=18.3 for four dif-
ferent centre coordinates. As the centre of the inner circle moves down, the asym-
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Figure 8: The melt front in the ring-shaped channel at different time: (a) #=0.0, (b)
t=1.2, (c) t=7.2, (d) r=13.8, (e) t=15.3, (f) r=18.3.

(a) (b)

Figure 9: Comparison of the numerical and the experimental results at different
time: (a) r=13.8, (b) r=18.3.

metry phenomena change greatly. From Fig. 12(b)~(c), the centre is just moved
down 0.001(=0.01Ax), but the bubble shapes are significantly different. When the
centre moves to (6.8, 1.75), i.e. the centre is just moved down 0.05(=0.5Ax), the
gas bubble shape is just opposite to that for point (6.8, 1.8). It is easy to know that
the geometric dimension affects the bubble appearances greatly and the dynamic
interaction between gas and melt is very complex, both of which could lead to the
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Figure 10: Predicted bubble shapes at r=18.3 with different grid sizes: (a)
136 x36(DashDot line) (b) 204 x 54(DashDotDot line) (c¢) 272 x72(solid line).
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(b

Figure 11: The pressure distributions (up) and melt velocity (down) at different
time: (a) t=7.2, (b) t=15.3.

asymmetry phenomenon of gas penetration.

4.2.3 3D gas penetration in a ring-shaped channel

In order to better study the asymmetry phenomenon of gas penetration, the nu-
merical simulation is extended to three-dimensional simulation. The mold cavity
size is show in Fig. 5, where the thickness is 2. And the other parameters are the
same as Section 4.2.1. Fig. 13 shows the bubble appearance in the ring-shaped
channel. From Fig. 13 it is clear that the asymmetry phenomenon also happens in
three-dimensional case. It should be noticed that the three-dimensional asymme-
try phenomenon is different from the two-dimensional one. The two-dimensional
asymmetry phenomenon is that the under branch bubble is longer than the upper,
while the reverse is true in three-dimensional case: the upper branch bubble is
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Figure 12: The bubble appearances at r=18.3 for different centre coordinates: (a)
(6.8, 1.78), (b) (6.8, 1.771), (c) (6.8, 1.77), (d) (6.8, 1.75).

longer than the under. The two-dimensional and three-dimensional results can be
attributable to a small calculation error. The numerical results can explain asymme-
try phenomenon in engineering due to a minor disturbance from mold cavity size.
Bubble asymmetry phenomenon could lead to unsuccessful gas penetration.

(b)
Figure 13: The bubble appearances at different time: (a) r=15.5, (b) t=18.3.

5 Conclusions

This paper presents a mathematical model, which can be applied to the melt filling
and gas penetration in GAIM process. Because the dynamic interaction of gas and
melt is very complex, the numerical simulation of gas penetration is more difficult
than that of melt filling, in which interface capturing is of critical importance to
study and optimize the GAIM process. Here the CLSVOF method is adopted to
track the moving interfaces. And the conclusions can be drawn as follows.

1. In the domain extension method, a shape-level set function, which can reduce
programming difficulty greatly, is proposed to describe the mold cavity size and
distinguish the mold cavity and the extended regions.
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2. Compared with the experimental results for melt filling process in rectangular
plate with an insert, the numerical results show that the finite volume and domain
extension methods with SIMPLEC technique can simulate the melt filling process
in complex cavity well, and the CLSVOF method could capture the moving inter-
face much accurately.

3. The melt filling and gas penetration processes in a ring-shaped channel is sim-
ulated. The flow phenomena, such as race-tracking effect and fountain flow in the
full-shot process, the corner effect and flow asymmetry of gas penetration in gas
penetration process, could be seen clearly, respectively. To explore the reason of
the asymmetry phenomena, numerical simulations under different computational
grids are done to study mesh convergence. The numerical results show that the
asymmetry of gas penetration is an intrinsic phenomenon, which is independent
on the computational grids. Then the symmetrical structure is changed slightly in
geometry, while the asymmetry phenomena vary greatly. And the 3D numerical re-
sults also depict asymmetry phenomena. So, we can obtain the conclusion that the
geometric dimension affects the bubble appearances greatly and the dynamic inter-
action between gas and melt is very complex, both of which could explain why the
asymmetry phenomenon of gas penetration happens.

All the above phenomena obtained by the numerical simulation are of practical im-
portance to deepen the understanding of GAIM processes and optimize the equip-
ment design.
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