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.e gas-assisted injection molding (GAIM) process is so complicated that increasing reliance has been placed on CAE (Computer
Aided Engineering) as a tool for both mold designers and process engineers. In this paper, a 3D theoretical model and numerical
scheme is presented to simulate the GAIM process, in which an equal-order velocity-pressure formulation method is employed to
eliminate the pressure oscillation. In addition, the whole flow field including the gas andmelt regions is calculated using a uniform
momentum equation with the viscosity of gas raised to a certain order of magnitude, and a 3D control volume scheme is employed
to track the flow front of the melt and gas. Finally, the validity of the model has been tested through case studies and
experimental verification.

1. Introduction

Gas-assisted injection molding (GAIM) is one of the im-
portant and innovative molding processes and considered to
be a revolution in terms of injection molding technology
[1, 2]..is new process came into practice as ripe technology
in the 1990s, and has been spread widely due to its out-
standing advantages. Compared with conventional injection
molding (CIM), GAIM offers a considerable number of
advantages, such as reduced part weight, injection pressure,
clamp force, shrinkage, warpage, and residual stress. GAIM
has four types: standard molding, vice cavity molding, melt
backflow, and core activities [1]. .is paper mainly focuses
on standard molding, which is also called partial filling and
inflation.

In gas-assisted injection molding, the mold cavity is
partially, about 70–90% of the mold cavity, filled with the
polymer melt, and then the gas with high pressure will be
injected into the melt immediately or after some delay
time. .ree distinct regions can be indentified during the
gas-assisted injection molding filling stage (as shown in
Figure 1): the solidified melt layer close to the mold wall,
the deforming viscous melt, and the penetration gas. .e

three regions are confined by the melt and gas fronts. In
this process, the melt filling process in GAIM is the same as
that in CIM, and the penetration of gas into melt will force
the melt to fill the whole mold cavity.

But, with the gas injection, the GAIM process becomes
so complicated that at present, the understanding of the
characteristics of the process is still lagging behind.

In GAIM, two dramatically dissimilar materials flowing
within complex cavities interact dynamically, and many
additional parameters are introduced, such as the numbers
and location of gas injection points, the short-shot size, gas
delay time, the injected gas pressure, and the holding time
for gas injection. So, the molding design and process control
become more critical and difficult than conventional in-
jection molding. Furthermore, previous experience about
conventional injectionmolding is no longer sufficient to deal
with this process.

So, the computer simulation for gas-assisted injection
molding is needed urgently to improve the mold design and
process control. Now, increasing reliance has been placed on
computer-aided engineering (CAE), and commercially
available computer simulation packages for the injection
molding process have become routine tool for both mold
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designers and process engineers. With CAE simulation
tools, engineers can optimize the mold and products, which
used to be conducted by the trial-and-error method that is
expensive and inefficient.

During the past decades, most of the papers on the
simulation of GAIM are based on either a midplane model
[3] or a surface model [4] which is both a so-called 2.5D
approach. In the 2.5D method, the melt filling in the thin
cavity is assumed as Hele-Shaw flow [5], and the velocity and
the variation of pressure in the gapwise direction are
neglected except that the temperature is solved by FDM, so
the filling of a mold cavity becomes a 2D problem in flow
direction and a 1D problem in gapwise direction. .e re-
sidual wall thickness of a part is used to represent the gas
penetration, which is determined by capillary number or
empirical formula [6]. .e influence of gas penetration on
melt flow is taken only as a boundary condition of the melt
filling region.

.emodels based on Hele-Shaw are simple and have less
time cost, but they are used mainly for the analysis of shell
structure parts without 3D features. As for these molded
parts with the more complex three-dimensional geometries
and uniform thickness walls often encountered in gas-
assisted injection molding, the velocity and the changes of
parameters in the gapwise direction are considerable and
cannot be neglected. As for GAIM, the information obtained
by 2.5-dimensional models is often limited and incomplete.
Several phenomena occurring during mold filling, such as
the fountain effect and fiber orientation, cannot be accu-
rately predicted using the Hele-Shaw approximation. In
many cases, the calculation results generated by the 2.5D
model cannot coincide with experimental results [7].

At present, there are not many research papers on the
simulation of three-dimensional GAIM. Literature [8] fo-
cuses on the 3D numerical simulation of the moving in-
terfaces in GAIM using the CLSVOF method. Although
several GAIM simulation commercial softwares, such as
MOLDFLOW, MOLDEX3D, etc. [9, 10], have been devel-
oped, which have both three-dimensional analysis module of
GAIM, their research results are regarded as the company’s
core technology and are strictly confidential, and the pub-
lished articles on it are limited to the introduction of major
functions, and the technical details are not disclosed to the
public.

In this paper, a 3D finite element model is presented to
deal with the melt filling, in which an equal-order velocity-
pressure formulation method [11] for 3D flow field is
employed to eliminate the pressure oscillation. .e whole
flow field including the gas and melt regions is calculated

using a uniform momentum equation with the viscosity of
gas raised to a certain order of magnitude. A 3D control
volume scheme is employed to track the flow front of the
melt and gas. .e software based on this 3D model has been
developed and can calculate the pressure field, velocity field,
temperature field, and gas penetration in the injection
process without pressure oscillation. .e validity of the
model has been tested through case studies and experimental
verification.

2. Mathematical Model

Due to the absence of the Hele-Shaw approximation and the
dynamic interaction of the gas and melt, the GAIM process
becomes more complicated. Hence, several assumptions are
needed and are listed below.

(1) .e pressure of the melt is not very high during
filling of the cavity; hence, the melt is considered
incompressible and purely viscous.

(2) .e polymer melt has high viscosity, so inertia,
gravitation, and surface tension of melt are neglected
as compared with the viscous force.

(3) .e gas is treated as the incompressible fluid.
(4) Temperature in the gas regions is considered same

everywhere and permanent. Furthermore, there is no
thermal exchange between the melt and gas.

Given the abovementioned approximations, the gov-
erning equations, expressed in Cartesian coordinates, are as
follows.

Momentum equations:
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Continuity equation:
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Energy equation:
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Figure 1: Schematic of gas-assisted injection molding.
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where x, y, z are the three-dimensional coordinates and
u, v, w are the velocity components in the x, y, z directions,
respectively.P, T, ρ, and η denote the pressure, temperature,
density, and viscosity, respectively.

.e cross viscosity model has been used for the
simulations:

η �
η0(T, P)

1 + η0 _c/τ∗( 
1−n

. (2)

Because there is no notable change in the scope of the
temperature of the polymer melt during filling, the
Arrhenius model [12] for η0 is employed as follows.

η0(T, P) � B exp
Tb

T
 exp(βP). (3)

3. Numerical Implementation

3.1. Melt Injection. For the 3D simulation of injection
molding, the main difficulty is pressure oscillations, i.e., it is
hard to obtain a stable solution during calculating the pressure
and velocity. To solve this problem, an equal-order velocity-
pressure formulation method is given here which uses 4-node
tetrahedron elements based on FEM [13]..emain idea of this
method is (1) the relationship between velocity and pressure is
obtained from the discretized momentum equations, and then
the pressure equation is obtained by substituting the velocity
expressions into discretized continuity equation. (2) After
pressure calculation, the velocity needs to be updated. (3) .e
overall calculation process is iterative.

.e momentum equations are discretized using Galer-
kin’s method with equal-order velocity-pressure formula-
tion. .e element equations are assembled in the
conventional manner to form the discretized global mo-
mentum equations, and the nodal velocity may be expressed
as following:
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where imeans the global node number and ui, vi, wi, called
virtual velocity of node i, are dependent on the velocity and
velocity coefficients of the nodes around node i. Ku

i , Kv
i , Kw

i

denote the nodal pressure coefficients in the direction of
x, y, z coordinate, respectively.

Substitution of the velocity expressions (4) into the
continuity equation, which is discretized using the

Galerkin method, yields the following element equation
for pressure:
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where N represents the element-based interpolation func-
tion. .e element pressure equations are assembled in the
conventional manner to form the global pressure equations.

Because the velocity field obtained by solving momen-
tum equations does not satisfy continuity equation, the
velocity values need be updated after the pressure field has
been obtained from equation (5), using the following
relations:
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where Ax
ii, B

y
ii , Cz

ii denote the nodal velocity coefficients in the
direction of x, y, z coordinate, respectively.

3.2. Calculation of the Temperature Field. .e temperature
field plays an important role during the injection molding
process. Because the viscosity of the polymer varies with its
temperature, the variation of the temperature of polymer
will have important influence to the injection molding
process. Only after the temperature field during filling has
been calculated exactly, the simulations for packing and
cooling are meaningful. .is paper gives a 3D model for
calculating the temperature field which considers the in-
fluence of convection items on three dimensions and suit-
able for the wider range of parts and has more exact results
compared with the 2.5D models. According to the energy
equation (1e), by the use of Galerkin’s method, the equation
for the temperature field can be expressed as follows:
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.ermal convection item and viscous heat item are
anisotropic and has to do with the direction of flow. To keep
the numerical stability, the upwind method is employed to
handle the convection item and viscous heat item, e.g., only
the contributions of the upriver elements from the nodes are
considered when the convection item and viscous heat item
are calculated. In the abovementioned equations, the time T
is discretized using a forward-difference method:

zTj

zt
�

Tn+1
j − Tn

j

Δt
, (8)

where Δt denotes time step.
.e element temperature equations are assembled in the

conventional manner to form the global temperature
equations. .e overall procedure for temperature calcula-
tions is iterative. Because the pressure, velocity, and tem-
perature influence each other during the calculation, the
temperature and pressure are coupled during the procedure.

3.3. Gas Penetration. .e pressure value of the gas gate node
is equal to high-pressure gas pressure, and the values of
temperature, viscosity, and pressure of other nodes have
been gained at the end of the plastic melt filling stage, and the
velocity of each node should be zero. .ese are the initial
conditions when calculating the gas penetration and melt
flow at the gas injection stage.

Here, the viscosity of gas is raised to a certain order of
magnitude so that the gas and melt regions can be calculated
with a uniform momentum equation although the viscosity
of gas is much lower than that of polymer in fact. .e
adjacent nodes of the gas gate node are called the gas frontier
nodes. .e calculation of gas penetration is similar to cal-
culating melt filling.

.e filling time step is selected to ensure that only one
node control volume is filled or replaced by gas at each time
step to determine the new flow front of melt or gas. For this
reason, according to the current pressure field, for melt flow,

the flow rates per unit time to the melt front nodes are
calculated, then the time taken for filling the first front node is
determined; for gas penetration, the gas volume per unit time
to the gas frontier nodes are calculated, and the time used by
the gas frontier node that was first blown off is calculated.
Finally, the shortest filling or blowing time is taken as the time
step. .e point is that the volume of the melt flowing out is
equal to that of the gas penetration at each time step.

3.4. Trace of the Flow Fronts. .e flow of plastic melt in the
cavity and the penetration of gas in the melt are unsteady,
and the positions of the flow fronts vary with time. Like in
the 2.5D model, in this paper, the control volume method is
employed to trace the position of the flow fronts of the melt
and gas after the FAN (flow analysis network) [14]. But, 3D
control volume is a special volume and more complex than
the 2D control volume. It is required that 3D control vol-
umes of all nodes fill the cavity without gap and hollow
space. Two kinds of 3D control volumes are shown in
Figure 2. .e detailed description of the 3D control volume
can be found in reference [13].

4. Verification

4.1. Experimental Product and Mould. An experimental
cavity was employed for the purpose of verification. .e
experimental product was 200mm long, with the cross-
sectional shape, and the dimensions of the product are
presented in Figure 3.

.e mould used in this experiment was made by JiaRen
Mould Company of Zhejiang province, China, shown as in
Figure 4. PP Yuplene R370Y from SK Corporation, which is
a common and representative material of GAIM [15], was
selected as the simulative and experimental material. .e
short-shot size was 85%, injection melt temperature was
230°C, mould temperature was 40°C, gas pressure was
10MPa, and gas injection time was 10 s.

(a) (b)

Figure 2: 3D control volumes. (a) Control volume of an internal node. (b) Control volume of a boundary node.
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Figure 3: Shape and dimensions of the product.
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Figure 4: Experimental moulds.

Time = 0.13s

Time = 0.22s

Time = 0.32s

(a) (b)

Figure 5: Comparisons of the flow fronts predicted by (a) this model and (b) the commercial simulation software.
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4.2. Experimental Results and Discussion. In addition, the
predicted result by this model was compared with that of
certain a commercial simulation software to verify this
model. .e commercial software used was the Moldflow
2018 version in this study. .e flow fronts of the melt at 3
different time steps simulated by this model and the com-
mercial simulation software are shown in Figure 5. It can be
seen that the injection sequence and the flow fronts of the
melt at the same time step during the injection process
predicted by the present model is in good agreement with
that predicted by the commercial simulation software.

.e comparison among predicted gas penetration length
at certain gas injection time by this model, the commercial
simulation software, and experimental observations is il-
lustrated in Figure 6. It can be seen that the predicted di-
rection and length of gas penetration based on this model
agree well with that based on the commercial simulation
software and also agree well with the experimental
observation.

Another comparison among predicted fingering width
range by this model, the commercial simulation software,
and experimental observation is illustrated in Figure 7. It can

(a) (b)

(c)

Figure 6: Comparisons among predicted gas penetration length by this model, the commercial simulation software, and experimental
observation. (a) Result by this model. (b) Result by the commercial software. (c) Experimental result.

(a)

(b)

(c)

Figure 7: Comparisons among predicted fingering width range by this model, the commercial simulation software, and experimental
observation. (a) Predicted result by this model. (b) Predicted result by commercial simulation software. (c) Experimental result.
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be seen that the maximum fingering width range predicted
by both this model and the commercial simulation software
are basically consistent with the experimental result.
However, the cross-sectional shape of the gas channel
predicted by the commercial simulation software agrees
better with the experimental observation than that predicted
by the present model.

5. Conclusions

A mathematic model and numerical algorithms to simulate
the gas-assisted injection molding based on a 3D finite el-
ement method is presented in this paper. .e model uses the
equal-order velocity-pressure formulation method to pre-
vent the potential numerical instabilities. .e whole flow
field including the gas and melt regions is calculated using a
uniformmomentum equation with the viscosity of gas raised
to a certain order of magnitude. Also, a 3D control volume
scheme is adopted to track the flow front of the melt and gas.
.e experimental verification and comparison show that the
present model is valid and reliable.
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