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ABSTRACT: Whether it is feasible to perform an integrated simulation for structural
analysis, process simulation, as well as warpage calculation based on a unified CAE
model for gas-assisted injection molding (GAIM) is a great concern. In the present
study, numerical algorithms based on the same CAE model used for process simulation
regarding filling and packing stages were developed to simulate the cooling phase of
GAIM considering the influence of the cooling system. The cycle-averaged mold cavity
surface temperature distribution within a steady cycle is first calculated based on a
steady-state approach to count for overall heat balance using three-dimensional mod-
ified boundary element technique. The part temperature distribution and profiles, as
well as the associated transient heat flux on plastic–mold interface, are then computed
by a finite difference method in a decoupled manner. Finally, the difference between
cycle-averaged heat flux and transient heat flux is analyzed to obtain the cyclic,
transient mold cavity surface temperatures. The analysis results for GAIM plates with
semicircular gas channel design are illustrated and discussed. It was found that the
difference in cycle-averaged mold wall temperatures may be as high as 10°C and within
a steady cycle, part temperatures may also vary ; 15°C. The conversion of gas channel
into equivalent circular pipe and further simplified to two-node elements using a line
source approach not only affects the mold wall temperature calculation very slightly,
but also reduces the computer time by 95%. This investigation indicates that it is
feasible to achieve an integrated process simulation for GAIM under one CAE model,
resulting in great computational efficiency for industrial application. © 1999 John Wiley
& Sons, Inc. J Appl Polym Sci 71: 339–351, 1999

Key words: gas-assisted injection molding; gas channel; cyclic transient mold tem-
perature; cycle-averaged BEM analysis; unified CAE model

INTRODUCTION

Gas-assisted injection molding (GAIM) process,1–4

being an innovative injection molding process, can
substantially reduce production expenses through

reduction in material cost, reduction in clamp ton-
nage, and reduction in cycle time for thick parts. In
addition, part qualities can also be greatly improved
by reduction in residual stress, warpage, sink
marks, and shrinkage. It also allows more design
freedom in using structural ribs and bosses that
would introduce sink mark and other associated
issues on surface appearance when molded by con-
ventional injection molding (CIM). Although gas-
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assisted injection provides many advantages when
compared with CIM, it also introduces new process-
ing parameters in the process and makes the appli-
cation more critical. One of the key factors is the
design of gas channels that guide the gas flow to the
desired locations. If the layout of gas channels and
their corresponding dimensions and shapes in
cross-sections are not properly designed, a catastro-
phe often occurred in the molded parts. In addition
to the design parameters introduced by gas chan-
nels, other processing parameters—such as the
numbers as well as the locations of gas injection
points, amount of polymer melt injection, delay
time, injected gas pressure, and holding time for gas
injection, etc.—are also important in obtaining good
molded parts. In another words, only when the de-
sign and processing parameters are well understood
and GAIM process can obtain its advantage. Due to
the complexity of gas channel design and processing
control, computer simulation is expected to become
an important and required tool to assist in part
design, mold design, and process evaluation in the
coming age. Fundamental studies concerning effect
of gas channel design on gas penetration, molding
window, as well as part properties, are also required
to build quantitative design/molding guidelines
that also help the application of GAIM.

At the present stage, process simulation for the
melt filling and gas-assisted filling stages3–8 has
been developed, and some of them were incorpo-
rated into several commercial packages, such as
C-GASFLOW, Moldflow/Gas, and CADMOLULD-
MEGIT, etc. Two key factors that affect the sim-
ulation accuracy most are the algorithm used for
the calculation of skin melt thickness and the
geometrical modeling approach used to represent
gas channels. The most popular modeling for gas
channel is to use a circular pipe of equivalent
hydraulic diameter and a superimposition ap-
proach3,6–8 to represent the mixed one-dimen-
sional and two-dimensional flow characteristics
for melt and gas flow in the gas channel of non-
circular cross-section. A schematic of such model-
ing is shown in Figure 1 for the semicircular gas
channel. Such analysis approach has been veri-
fied for melt flow in thin cavity with channels of
semicircular and quadrantal cross-sections re-
ported recently.7–9 Although the approach of assign-
ing variable thickness to gas channels was used by
CADMOLULD-MEGIT4 and STRIMFLOW/Gas, it
meets the difficulty for describing gas channels with
a thin and long rib attached on their top. Basically,
gas is not easy to penetrate this thin rib on the top
of the gas channel. However, the assigning of a

large thickness to a gas channel with a long tail rib
may overpredict the gas penetration within this gas
channel. Simulation results on the secondary gas
penetration by both C-GASFLOW and Moldflow/
gas show only very rough accuracy. A recent
study10,11 suggests that to obtain good simulation
results for the secondary gas penetration in the
gas-assisted packing stage, a new algorithm and a
flow model of the shrinkage-induced origin may
have to be introduced instead of just following the
pressure-induced flow model used for the postfilling
simulation of CIM.

Simulation of gas-assisted cooling is not avail-
able at this moment. Although the development
for the simulation of gas-assisted cooling process
is not too difficult, it does take the incorporation
of geometry of the gas channels and the hollowed
gas core into consideration. It is not known ex-
actly how the geometrical simplification of a gas
channel will affect the accuracy of cooling simu-
lation. Generally speaking, a complete CAE pack-
age for the entire phase of the GAIM process is
not available. On the other hand, a gas channel
provides the capability of structural reinforce-
ment and makes the reduction of part thickness
possible. From the part designers’ viewpoint, re-
quirement in the evaluation of part structural
performance and warpage become much more im-
portant in GAIM than that in conventional injec-
tion. Structural analysis for GAIM parts using
three-dimensional analysis packages, such as
ANSYS or ABAQUS, etc., are very time-consum-
ing, especially when detailed geometry of the hol-
lowed core caused by gas penetration was taken
into consideration in the design/analysis stage. If
warpage analysis also follows a three-dimen-
sional analysis approach, it meets not only the

Figure 1 Schematic of the circular pipe to represent
a semicircular gas channel. An equivalent diameter is
calculated so that the melt flow area are the same for
both models. 1-D, one-dimensional; 2-D, two-dimen-
sional.
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time-consuming issue but also the interface issue
about how the results of process simulation con-
ducted under 2.5-dimensional analysis character-
istics can be transferred. Whether a unified finite
element model can be used for process simulation
(including melt filling, gas-assisted melt filling,
and gas-assisted packing and cooling stages),
structural analysis and warpage calculation are
great concerns for CAE package development. In
our previous studies,7–11 simulations regarding
primary gas penetrations within the filling stage
and secondary gas penetration in the postfilling
stage based on constant mold temperature have
been reported. Structural analyses in the part
design stage based on the same CAE finite model
used for process simulation were also addressed
and verified.12–14 All previous process simulations
developed by different groups assume constant
mold wall temperatures. This is not true, as
known by CIM. Particularly, contribution of ther-
mal stress to the warpage formation will be even
more significant than CIM, because GAIM re-
quires much lower molding pressure, resulting in
a lower flow-induced residual stress. In such a
situation, accurate mold cavity surface tempera-
ture and part temperature distributions will be
crucial to the thermally induced residual stress
calculation. Gas penetration is very sensitive to
melt temperature, mold temperature, cavity di-
mension accuracy, etc.. Small variation in these
factors may result in uneven gas penetration for
symmetrical gas channel design. As a result, only
after a nonconstant mold temperature during the
cooling phase of GAIM was obtained, the accurate
prediction of gas penetration, as well as warpage,
becomes possible for parts of complicated geome-
try. Basically, the cyclic cooling process (Fig. 2) in

GAIM is a three-dimensional, time-dependent
heat conduction problem with convective bound-
ary conditions similar to that of CIM.15–20 Com-
plicated boundary geometry is introduced by the
cooling channel and gas channel layout. Besides,
there are many design parameters involved in the
injection molding cooling process.21 Although a
complete analysis of the transient temperature
variations of the mold and polymer melt simulta-
neously is possible in principle, the computational
cost is too expensive to be implemented during
the actual design process. To reduce the comput-
ing cost, a popular approach used by conventional
injection mold cooling analysis is to use the
boundary element method (BEM), in which the
heat flux is introduced on the plastic–mold inter-
face on a cycled-averaged basis16–19 from which
the cycle-averaged cavity surface temperatures
can be obtained. Then, the transient variations of
cavity surface temperature within a steady cycle
were analyzed from the time-varying heat flux
coming from each element representing local part
thickness and melt temperature.

This article investigates the mold cooling stage
simulation of GAIM, considering the influence
from the mold cooling system so that the cyclic,
transient variations of mold cavity surface tem-
peratures, as well as part temperature distribu-
tion, can be calculated. Basically, the same ap-
proach used for cooling analysis in CIM was fol-
lowed. Analyses were applied to the GAIM parts
represented by a model with real semicircular gas
channel geometry associated with a hollowed core
(Fig. 3) and by the CAE model that converts the
gas channel into an equivalent circular pipe with
an exterior surface, as well as a line source ap-

Figure 3 Geometric schematic of the GAIM plate
part and mold.

Figure 2 Schematic of cyclic, transient variation of
the cooling process.
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proach model represented by the two-node ele-
ment, respectively. The later approach is a com-
mon CAE model approach used for structural per-
formance evaluation,14 as well as simulations of
melt filling and gas-assisted melt filling/holding
phases.3,6–11 Comparisons were also made to
evaluate the differences in the predicted mold
wall temperatures, as well as their cyclic, tran-
sient variations due to the gas channel conversion
and simplification.

THEORETICAL FORMULATION

In previous studies,15–19 the periodic transient
mold temperature has been separated into two
components: (1) a steady cycle-averaged compo-
nent, Tm,s, and (2) a time-varying component,
Tm,t, within a typical cycle, i.e.,

Tm~rW, t! 5 Tm,s~rW! 1 Tm,t~z, t! for rW { Vm (1)

The steady temperature component, Tm,s, is ob-
tained by the cycle-averaged boundary element
analysis. The temperature field in the mold is
governed by a steady-state heat conduction equa-
tion of the Laplacian type:

¹2Tm,s 5 0 for rW { Vm (2)

Corresponding boundary conditions defined over
the boundary surface of the mold are described in
the following:

2Km

­Tm,s

­n 5 hair~Tm,s 2 Tair! for rW { Se ~3!

2Km

­Tm,s

­n 5 hc~Tm,s 2 Tair! for rW { Sc ~4!

2Km

­Tm,s

­n 5 q# cp for rW { Scp ~5!

2Km

­Tm,s

­n 5 J# av for rW { Sp ~6!

where Se, Sc, Scp, Sp, and Vm represent the mold
exterior surface, the cooling channel surface, the
clamping surface, melt–mold interface, and the
domain of the mold, respectively. The correspond-
ing heat transfer coefficients for air and coolant
are designated as hair and hc; q# cp is the heat flux
value defined at the mold clamping surface; J# av is
the cycle-averaged heat flux transferred from the

polymer melt into the cavity surface and is de-
fined as follows. The ambient environment tem-
peratures, with respect to the mold, Tair and Tc,
are defined for air and coolant correspondingly.
Km is the thermal conductivity of the mold. The
cycle-averaged heat flux J# av is evaluated through
numerical iterations. The time-varying compo-
nent, Tm,t, within a typical cycle is approximated
by one-dimensional transient heat conduction ex-
pressed as

rmCm

­Tm,t~z, t!
­t

5
­

­z SKm

­Tm,t~z, t!
­z D for z { Sp (7)

where rm, Cm, and Km are the density, specific
heat, and thermal conductivity of the mold, re-
spectively. Within the mold cavity, the polymer
melt also satisfies the transient conduction equa-
tion of

rpCp

­Tp

­t 5
­

­z SKp

­Tp

­z D for rW { Vp (8)

where rp, Cp, Kp, and Vp are the density, specific
heat, thermal conductivity, and domain of the
polymer melt, respectively. On the mold cavity
surface, Sp, compatible conditions must be ful-
filled. That is,

Km

­Tm

­n 5 2Kp

­Tp

­n for rW { Sp (9)

Tm 5 Tp for rW { Sp (10)

In addition, on the hollowed-core surface, Sgc,
located within a gas channel, the boundary con-
dition must satisfy

2Kp

­Tp

­n 5 hN2~Tp 2 TN2! for rW { Sgc (11)

where hN2
and TN2

are the heat transfer coeffi-
cient and the temperature of nitrogen injected
during gas-assisted filling and packing phases,
respectively. Along the mold cavity surface, it is
subjected to a periodic boundary condition speci-
fied by the time-varying flux, Jt 5 J(t) 2 J# av,
at the cavity surface. During the analysis instant,
ti, the instantaneous heat flux J(ti) at the mold–
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plastic interface is computed from the polymer
melt temperature when the mold is closed. When
the mold is open, a convective boundary condition
similar to eq. (3) is defined for the cavity surface.
The cycle-averaged heat flux J# av is then obtained
by

J# av 5
SJ~ti!Dti

tcycle
(12)

where Dti is the interval between two computa-
tions and tcycle is the cycle time. Analysis, as well
as iteration algorithms, have been reported pre-
viously.16–19

In eq. (13), heat transfer coefficient, hc, is cal-
culated using the following Dittus–Boetler corre-
lation22 for internal forced convective heat trans-
fer:

hc 5 0.023
Kc

D Re0.8 Pr0.4 (13)

where Re is the Reynolds number 5 4Q/pDn and
Pr is the Prandtl number defined as n/a. Here, Q
denotes the volumetric flow rate; D is the diame-
ter of the cooling channel; and n is the kinematic
viscosity of the coolant, with a and Kc being its
thermal diffusivity and conductivity, respectively.
This correlation is valid for 10,000 , Re
, 120,000 and 0.7 , Pr , 120.

NUMERICAL METHODOLOGY

Numerical methods for steady-state boundary el-
ement analysis on a cycle-averaged basis have
been reported previously.16–19 The finite differ-
ence method for polymer melt heat transfer is
also introduced with the same criteria for the
adjustment of analysis interval.

The heat conduction eq. (2) is then transformed
into an integral equation using Green’s second
identity, the fundamental solution technique,23

and the fundamental solution of the Laplace
equation:

CiTi 5 E
G

T*qdG 2 E
G

q*TdG (14)

where T* is 1/4pr, q* is (­T*/­n), and r is the
distance between integral source point and field
point. Equation (14) is a typical formulation used

in the previous studies for part and mold repre-
sented by triangular elements for all related sur-
face boundaries, G.

To avoid discretization of the circular channel
along the circumference that requires a lot of
small triangular shell elements and thus saves a
substantial amount of computer memory, the so-
called line source (sink) approach first developed
by Barone and Caulk24 and further extended by
Rezayat and Burton25 for cooling channel simpli-
fication in three-dimensional parts was imple-
mented. In this approach, the line source (sink)
analog is applied to temperature and heat flux on
each segment of the circular cooling channel. A
schematic is shown in Figure 4. In such a situa-
tion, for the elements on the axis of the jth cylin-
drical segment of the cooling lines, eq. (14) can be
further extended and expressed by25

E
lj

E
G

~T*q 2 q*T! dGdl~P!

1 E
lj

O
j 5 1

N E
ej

~T*q 2 q*T!dGdl~P! 5 0 (15)

where P, lj, and N are the source point on the axis
of the jth cylindrical segment, the axis of the jth
segment, and the total segment number of the
cooling channels, respectively. Details have been
reported.24–26 In evaluation of the integrals over
the cooling channel segments described herein,
one can derive analytical expressions for integrals
in u direction for circular geometry and thus avoid
the necessity of a mesh for cooling channels in the
azimuthal direction.

Figure 4 Schematic of the one-dimensional line
source method to represent the circular cooling chan-
nels or gas channels.
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Similarly, the method described herein can be
also applied to a gas channel represented by two-
node elements attributed with equivalent diame-
ters. However, the gas channel behaves like a heat
source, in contrast with the heat sink behavior of
cooling channels (Fig. 5). The residual wall thick-
ness (resulting from gas penetration) of the gas
channel must be included for heat flux calculation.
This approach not only minimizes the using of tiny
triangular elements on the cooling channel sur-
faces, as well as the outer gas channel surfaces, but
also avoids the aspect ratios issue27 that will in-
crease the large number of triangular elements re-
quired for the mold exterior surface during analysis,
considering the numerical stability.

Because the constant planar triangular ele-
ment is implemented in this formulation, C
5 1/ 2 for boundary points. The detail mathe-
matical procedure for this direct formulation
technique are described elsewhere.16–19 After dis-
cretization over the boundary, eq. (3) can be dis-
cretized into a set of linear equations

@H#$T% 5 @G#$q% (16)

where {T} and {q} represent column matrices for
temperature and heat flux, respectively. By intro-
ducing the boundary values, eq. (16) can be rear-
ranged to be in the form of

@A#$T% 5 $B% (17)

Table I Material Properties and Processing Parameters

1. Thermal properties of polymer melt and mold:
Kp 5 0.15 W m21 K21, Cp 5 2.1 kJ kg21 K21, and r 5 1,040 kg m23

Km 5 36.5 W m21 K21, Cm 5 0.46 kJ kg21 K21, and rm 5 7,820 kg m23

2. Flow rate of coolant: 10 L min21 Diameter of cooling channel: 10 mm
3. Ambient air temperature: 25°C Heat transfer coefficient of air: 10 W m22 K21

4. Nitrogen temperature: 25°C Heat transfer coefficient of nitrogen: 10 W m22 K21

5. Thickness of plate for the GAIM part: 2.5 mm
6. Initial polymer melt temperature: 230°C
7. Mold open time: 5 s

Figure 5 Variation of the cooling channel to gas
channel distance due to the simplification of gas chan-
nel geometry.

Figure 6 (a) Temperature distribution of a unit cube
with two opposite sides maintained at temperatures of
10°C and 110°C, whereas all the other faces are insu-
lated. Numerical results obtained from both BEM and
analytical solution are demonstrated. (b) Temperature
distribution of a hollow cylinder with both flat ends
insulated and with the inner and outer lateral surfaces
maintained at temperatures of 0°C and 100°C, respec-
tively. Numerical results obtained from both BEM and
analytical solution are demonstrated.
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Solving eq. (17), the cycle-averaged mold wall
temperatures, including plastic-mold interface
temperature, are obtained. The mold cavity sur-

face temperatures are then used to compute the
polymer melt temperature profile and distribu-
tion by eq. (8). Equation (8) is solved by the finite
difference method. For gas channel, the heat con-
duction equation for the hollowed cylinder must
be used, discretized, and solved.

To test the numerical accuracy of the presently
developed BEM software, a unit cube with two
opposite sides maintained at temperatures of
10°C and 110°C, all of the other faces insulated
are used first. The exact solution for this is simply
a linear variation with the coordinate in the di-
rection along which temperature varies from
10°C to 110°C. From Figure 6(a), it can be seen
that the comparison between the simulated val-
ues and those obtained from the exact solution
are coincidental. In the second case, a hollow cyl-
inder had both flat ends insulated and the inner
and outer lateral surfaces maintained at temper-
atures of 0°C and 100°C, respectively. The exact
solution for the temperature in this case is simply
a logarithmic variation with the radius. In Figure
6(b), one can also see the numerical prediction
showing good consistency, compared with the ex-
act solution.

SIMULATED RESULTS AND DISCUSSIONS

During the simulations, all the material proper-
ties and the cooling operation conditions are
listed in Table I. A plate part designed with a gas
channel of semicircular cross-section was used as
the analysis case. Three BEM models of plate
parts with real semicircular gas channel geome-
try (case 1) [as shown in Fig. 7(a)] and with an
equivalent gas channel approach represented by
a circular gas channel [Fig. 7(b)] meshed with
triangular elements along the channel surface
(case 2) and by a two-node element [Fig. 7(b)]
similar to that of the cooling channel (case 3),

Table II Cooling Conditions of Simulated Cases

Cooling
Time (s)

Coolant
Temperature (°C)

Gas Channel Type
(real/equivalent)

Case 1A 35 40 Real
Case 2A 35 40 Equivalent (circular model)
Case 3A 35 40 Equivalent (line source model)
Case 1B 45 60 Real
Case 2B 45 60 Equivalent (circular model)
Case 3B 45 60 Equivalent (line source model)

Figure 7 (a) BEM mesh model for mold exterior sur-
face, cooling channel as well as part. Gas channel is mod-
eled according to real geometry (case 1). Mesh models for
both core side and cavity side are required due to the
asymmetry of the gas channel geometry. (b) BEM mesh
model for mold exterior surface, cooling channel as well as
part. Gas channels are modeled by two methods. One is
an equivalent circular gas channel required triangular
elements meshed along its exterior surface (case 2). The
other is a two-node element (line source model) represen-
tation similar to cooling channel (line sink model) (case 3).
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Figure 8
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respectively, were used. For each case, two differ-
ent coolant temperatures and cooling times were
assumed (as displayed in Table II). Due to the gas
channel conversion, the distances from gas chan-
nel surface to cooling channels may be varied.
Basically, triangular elements were implemented
on the mold exterior surface, parting surface, part
surface (cavity surface), and the surface of a gas
channel with real semicircular geometry or equiv-
alent circular geometry (cases 1 and 2). The cool-
ing channel mesh was also reduced and repre-
sented by a two-node element. Due to the small
triangular elements required for the gas channel
surface and the associated aspect ratio issue, the
total number of triangular elements during anal-
yses for cases 1 and 2 are 4,808 and 2,404, respec-
tively. For case 3, the required number of trian-
gular element is 156 plus 12 two-node elements
for the gas channel. For all cases, each cooling
channel needs 16 two-node elements. Because of
the asymmetry of the gas channel shape, both
core side and cavity side must be included in the
BEM model for case 1.

Simulated cycle-averaged mold cavity surface
temperature distribution of the cavity side for the
GAIM plate with a real semicircular gas channel

geometry modeling (case 1A) is depicted in Figure
8(a). Maximum temperatures are around the gas
channel laid-out locations. Also, around the plate
center, the distance is farther away from the mold
exterior surface. Therefore, the mold temperatures
show the highest values. Cycle-averaged cavity sur-
face temperature distribution of core side (case 1A)
is shown in Figure 8(b). For GAIM plate with equiv-
alent circular gas channel geometry modeling (case
2A), calculated cycle-averaged cavity surface tem-
perature distribution is displayed in Figure 8(c). In
case 3A, with the gas channel modeled by two-node
elements, the predicted cycle-averaged cavity sur-
face temperature distribution is illustrated in Fig-
ure 8(d). When different cooling conditions were
assumed, the corresponding cavity surface temper-
ature distribution on a cycle-averaged base are
shown in Figure 9(a–d, respectively). The maxi-
mum and minimum values of the predicted temper-
atures are listed in Table III. Due to the influence of
the cooling system and mold configuration, the cy-
cle-averaged mold wall temperatures may differ by
10°C, even though the cooling channel design is
symmetrical for both core side and cavity side. The
influence of cooling system on mold wall tempera-
tures should not be neglected. It can be noted that,

Figure 8 (Continued from the previous page) (a) Cycle-averaged mold wall tempera-
ture distribution of the cavity side for the GAIM part with real semicircular gas channel
modeling (case 1A). (b) Cycle-averaged mold wall temperature distribution of the core
side for the GAIM part with real semicircular gas channel modeling (case 1A). (c)
Cycle-averaged mold wall temperature distribution of cavity or core side for the GAIM
part with the gas channel approximated by an equivalent circular gas channel (case
2A). (d) Cycle-averaged mold wall temperature distribution of cavity or core side for the
GAIM part using a one-dimensional two-node element to represent the real gas channel
(case 3A).
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on the cavity side, the differences in these predicted
temperatures using three models are only ; 1°C.
On the core sides, predicted values of case 1 are
lower than others by ; 4°C. However, the computer
time has been reduced to only ; 50% in case 2 and
5% in case 3, compared with case 1. This does not
include the additional time to rebuild the gas chan-
nel surface and mesh model required for analyses.
The calculated cyclic, transient variations of cavity
wall temperatures at different locations on the plate
and gas channel for all three cases with cooling
condition A are also shown in Figure 10(a–c). It is
also clear that, within a steady cycle, part temper-
atures may vary as high as 15°C. Comparison of

cyclic, transient cavity wall temperatures at two gas
channel locations designated as G1 and G3 are
given in Figure 11(a,b). All three BEM models re-
sult in predicted values of ,3%. This indicates that
the current CAE model used for the simulations of
filling and packing phases can be used also for cool-
ing simulation. The cooling channel mesh (two-node
elements), as well as the mold exterior mesh, must
be added to account for the influence of the mold
cooling system.

CONCLUSIONS

This study investigates that, whether it is feasible
to perform an integrated simulation for structural
analysis, process simulation (as well as warpage
calculation) is based on a unified CAE model for
GAIM, particularly, the modeling issue related to
cooling phase simulation. Numerical algorithms
based on the same finite element mesh used for
process simulation regarding melt filling, gas-as-
sisted melt filling, and gas-assisted packing stages
were developed to simulate the cooling phase of
GAIM using a three-dimensional modified bound-
ary element technique. The cycle-averaged mold
cavity surface temperature distribution within a

Table III Maximum and Minimum
Cycle-Averaged Mold Cavity Temperature

Maximum/Minimum
(cavity side)

Maximum/Minimum
(core side)

Case 1A 53.24°C/45.90°C 50.73°C/46.48°C
Case 2A 54.26°C/45.85°C 54.26°C/45.85°C
Case 3A 54.05°C/46.77°C 54.05°C/46.77°C
Case 1B 69.96°C/63.96°C 67.70°C/64.67°C
Case 2B 71.47°C/63.91°C 71.47°C/63.91°C
Case 3B 70.30°C/64.89°C 70.30°C/64.89°C

Figure 9 (Continued from the previous page) (a) Cycle-averaged mold wall temperature
distribution of the cavity side for the GAIM part with real semicircular gas channel
modeling (case 1B). (b) Cycle-averaged mold wall temperature distribution of the core side
for the GAIM part with real semicircular gas channel modeling (case 1B). (c) Cycle-
averaged mold wall temperature distribution of cavity or core side for the GAIM part with
gas channel approximated by an equivalent circular channel (case 2B). (d) Cycle-averaged
mold wall temperature distribution of cavity or core side for the GAIM part using a
one-dimensional two-node element to represent the real gas channel (case 3B).

INTEGRATED SIMULATIONS FOR INJECTION-MOLDED PARTS. III 349



steady cycle is first calculated based on a steady-
state approach to account for overall mold heat bal-
ance. The part temperature distribution and pro-
files, as well as the associated transient heat flux on
the plastic–mold interface, are then computed by
the finite difference method in a decoupled manner.
Finally, the difference between cycle-averaged heat
flux and transient heat flux is analyzed to obtain
the cyclic, transient mold cavity surface tempera-
tures. Three BEM models, including real gas chan-
nel surface and equivalent circular gas channel sur-
face meshed with triangular elements (as well as
equivalent circular gas channel represented by two-
node elements using a line source approach) were
all analyzed. The following observations were
found:

1. Cycle-averaged mold wall temperatures
may differ by 10°C because of the influence
of cooling system configuration, even under
symmetrical cooling channel design on the
core and cavity sides. Part temperatures
may also vary ; 15°C within a steady cy-
cle. Nonconstant mold wall temperatures
should be considered for an accurate simu-
lation.

2. The CAE model of real gas channel geom-
etry requires about twice degree of freedom
and CPU time, compared with the CAE
model defined by an equivalent circular gas
channel. However, when the gas channel is
further converted into the two-node ele-
ment model based on the line source ap-

Figure 10 (a) Variations of cyclic, transient mold wall temperatures for case 1A at
different gas channel locations designed as G1, G2, and G3, and part locations labeled
as P1, P2, P3, P4, and P5. (b) Variations of cyclic, transient mold wall temperatures for
case 2A at different gas channel locations designed as G1, G2, and G3, and part
locations labeled as P1, P2, P3, P4, and P5. (c) Variations of cyclic, transient mold wall
temperatures for case 3A at different gas channel locations designed as G1, G2, and G3,
and part locations labeled as P1, P2, P3, P4, and P5.
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proach, the degree of freedom has been re-
duced to ; 30%, and CPU time becomes 5%
of the original real gas channel model.

3. The differences in maximum and minimum
cycle-averaged temperatures on the cavity
side in all three analysis models are only
; 1°C. One the core side, the differences
may go up to ; 4°C. All three BEM models
result in predicted values in cyclic, tran-
sient temperatures of gas channel by , 3%.

4. This investigation indicates that it is fea-
sible to achieve an integrated process sim-
ulation for the GAIM process under one
CAE model resulting in great computa-
tional efficiency for industrial application.

This work was supported by the National Science
Council under NSC Grant 87-2216-E033-007 and by

Chung Yuan University under distinguished research
funding.

REFERENCES

1. Rush, K. C. Plast Eng 1989, July, 35.
2. Shah, S. SPE Tech Paper 1991, 37, 1494.
3. Turng, L. S. SPE Tech Paper 1992, 38, 452.
4. Shah, S.; Hlavaty, D. SPE Tech Paper 1991, 37, 1479.
5. Lanvers, A.; Michaeli, W. SPE Tech Paper 1992, 38,

1796.
6. Sherbelis, G. SPE Tech Paper 1994, 40, 411.
7. Chen, S. C.; Cheng, N. T.; Hsu, K. S. Int J Mech Sci

1996, 39, 335.
8. Chen, S. C.; Hsu, K. F.; Hsu, K. S. Int J Heat Mass

Transfer 1996, 39, 2957.
9. Chen, S. C.; Hsu, K. F. Numer Heat Transfer, Part

A 1995, 28, 121.
10. Chen, S. C.; Cheng, N. T.; Hsu, K. S. Int Commun

Heat Mass Transfer 1995, 22, 319.
11. Chen, S. C.; Cheng, N. T.; Hu, S. Y. J Appl Polym

Sci 1998, 67, 1553.
12. Hu, S. Y.; Chien, R. D.; Chen, S. C.; Kang, Y. Plast

Rubber Compos Pro 1997, 26, 172.
13. Chen, S. C.; Hu, S. Y.; Chien, R. D.; Huang, J. S.

Polym Eng Sci 1998, 38, 1085.
14. Chen, S. C.; Hu, S. Y.; Chien, R. D.; Huang, J. S.

J Appl Polym Sci 1998, 68, 417.
15. Austin, C. SPE Tech Paper 1985, 31, 764.
16. Kwon, T. H.; Shen, S. F.; Wang, K. K. SPE Tech

Paper 1986, 32, 110.
17. Turng, L. S.; Wang, K. K. ASME J Eng Ind 1990,

112, 161.
18. Chen, S. C.; Chung, Y. C. Int Comm Heat Mass

Transfer 1992, 19, 559.
19. Himasekhar, K.; Lottey, L.; Wang, K. K. ASME J

Eng Ind 1992, 114, 213.
20. Chen, S. C.; Chung, Y. C. ASME J Heat Transfer

1995, 117, 550.
21. Hu, S. Y.; Cheng, N. T.; Chen, S. C. Plast Rubber

Compos Pro 1995, 23, 221.
22. Holman, J. P. in Heat Transfer, McGraw-Hill, New

York, 1989, p. 274.
23. Brebbia, C. A.; Telles, J. C. F.; Wrobe, L. C. in

Boundary Element Technique, Springer-Verlag,
New York, 1984, p. 60.

24. Barone, M. R.; Caulk, D. A. J Appl Mech 1985, 35, 311.
25. Rezayat, M.; Burton, T. in Symposium of Advanced

Boundary Element Methods: Application in Solid
and Fluid Mechanics, Cruse, T. A., Ed., Springer-
Verlag, Berlin, 1987.

26. Chen, S. C.; Chung, Y. C. Int Commun Heat Mass
Transfer 1994, 21, 323.

27. Chen, S. C.; Hu, S. Y. Int Commun Heat Mass
Transfer 1991, 18, 823.

Figure 11 (a) Comparison of cyclic, transient mold
wall temperatures for case 1A, case 2A, and case 3A at
different gas channel locations designed as G1 and G3.
(b) Comparison of cyclic, transient mold wall tempera-
tures for case 1B, case 2B, and case 3B at different gas
channel locations designed as G1 and G3.
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