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Abstract−In part 2 of the paper simplified unsteady-mass (and momentum-) balance equations of melt polymer resin
in the cavities of GAIM were proposed, as a time-dependent rule of thumb, to constitute a novel flow model in GAIM
under the configuration of two fan-shaped geometries connected with a gas nozzle. Upon performing a simulation on
them with commercial software (MOLDFLOW), we compared the time evolution of simulated gas penetration lengths
with the those of unsteady trajectory on the gas flow in GAIM by the suggested novel flow model in the fan-shaped
cavities in order to check the precision of model-predicted gas penetration lengths as well as the consistency of its
predicted direction. The results by the suggested novel flow model were satisfactory to fit the trajectory simulated with
commercial software (MOLDFLOW).
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INTRODUCTION

Most gas-assisted injection molded parts are, by and large, com-
posed not only of a single section through which gas penetrates but
also a nominal thin wall with gas channels traversing the parts. To
design molds in such a way that the gas cores out all the channels
or other thick sections without penetrating into the thin walls, one
needs to predict the preferred direction of gas for a given geometry.
The understanding of rules governing the preferred direction of gas
is important for trouble shooting during mold try outs as well as in
design stage. Many researchers [Chen, 1995; Khayat et al., 1995;
Chen et al., 1996a, b; Gao et al., 1997; Shen, 1997, 2001; Parvez et
al., 2002] have investigated primary and secondary gas penetration
in terms of gas-liquid interface and polymer melt front in GAIM.
However, their approaches cannot be regarded as a rule of thumb
but are close to the commercial software for GAIM in that numeri-
cal simulations are performed by the use of control volume/finite
element method or boundary-element approach. The rule of thumb
on the direction of gas flow for GAIM has been investigated [Lim
and Soh, 1999; Soh and Lim, 2002; Lim and Lee, 2003; Lim, 2003]
and simulation packages were used to verify the gas direction pre-
dicted by the rule of thumb. Lim and Soh [1999] assumed that pres-
sure difference between a gas injection point and appropriate vent
areas at both sides of well-maintained molds are equal. Consequently,
the pressure drops at both sides are equated to compare the resis-
tances and to predict the gas direction. Soh and Lim [2002] sug-
gested a definition of the resistance to velocity to predict the gas-
preferred direction under the simplest geometry of two different
pipes connected at one connection point. In such a complex situa-
tion as runners or thick cavity of two square plates connected to
cavities composed of four pipes with same length and different di-
ameter connected in series and parallel, Lim and Lee [2003] pro-

posed a criterion in the prediction of gas flow direction of GAIM
as the resistance to the initial velocity of melt polymer at the nearest
geometry to a gas injection point and showed why a comparison
of the resistances to flow rates of resin often leads to a wrong pre-
diction for the gas direction, while the comparison of proposed resis-
tances generally leads to a valid prediction of gas-preferred direction.

In part 1 of this paper [Lim, 2003] the qualitative analytical meth-
od (a rule of thumb) to predict the preferred gas flow direction in
gas-assisted injection molding (GAIM) process, which involves
the flow through panel-areas of various fan-shaped geometries, and
the criteria to apply the method were presented with appropriate
assumptions. The predictions with the suggested rule of thumb were
quite well matched by the simulation-results of MOLDFLOW (ver-
sion of MPI 4.0). However, the discrepancy between the ratio of
distances traveled and the ratio of resistances was observed to in-
crease as the ratio of the values of H/R0 on the right and left hand
side of fan-shaped cavities became greater, even though the sug-
gested rule of thumb was assumed adequate to use until the case
met the condition of (H/R0)

2(1/ 2)<<1 and (H/R0)
2<<1, which calls

for a time-dependent rule of thumb that is a model-based trajectory
analysis of the interface of gas and melt resin compared to the sim-
ulation results by commercial software to understand time-depen-
dent behavior of gas and melt front in GAIM. Nevertheless, the sug-
gested rule of thumb was still effective as far as the direction of gas
flow was concerned.

According to the necessity of developing a time-dependent rule
of thumb, in part 2 of the paper, we propose simplified unsteady-
mass (and momentum-) balance equations of melt polymer resin
in cavities of GAIM to constitute a novel flow model in GAIM under
the configuration of two fan-shaped geometries connected with a
gas nozzle or a needle. Upon performing the simulation on them
with commercial software (MOLDFLOW) we compare the simu-
lated gas penetration lengths with the those of unsteady trajectory
on the gas flow in GAIM by the suggested novel unsteady mass
(and momentum-) balance equations of melt polymer resin in the
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fan-shaped cavities in order to check the precision of the predicted
gas penetration lengths by the novel flow model as well as the con-
sistency of its predicted direction.

METHODS

1. Theory
1-1. Flow Model Under Fan-shaped Geometry Neglecting Coated
Layer on the Surface of Molds

In part 1 of this paper [Lim, 2003] the expression of the flow rate
of melt phase (Q) was obtained from the flow model neglecting
frozen layers on the surface of cavity of molds for the fan-shaped
geometry.

(1)

where <vr> is average velocity of melt phase flow.
Thus, the pressure drop between R1 and R0 may be written in terms

of flow rate as below.

(2)

Using the relation of Q=R1 HV1, the flow rate may be expressed
in such a way as:

(3)

One may substitute Eq. (3) into Eq. (2) and separate variables in
both sides, after which both sides are integrated to develop the flow
model to show dynamics of R1 and R0 as below.

(4)

R0 (0) and R1 (0) are resin length at polymer shut-off and the radius
of gas nozzle, respectively.

The volume of melt polymer in fan-shaped geometry may be
calculated and its value may be designated as A. Then the ratio of
R0 and R1 may be obtained as below.

(5)

where 

Substituting Eq. (5) into Eq. (4) with appropriate transformation,
one may get the expression as:

(6)

where X=R1
2(t)

After Eq. (6) is partially integrated one may obtain the equation that
explains the dynamics of R0 and R1 as:

(7)

where 

1-2. Flow Model Under Fan-shaped Geometry in Consideration of
Coated Layer on the Surface of Molds

The relationship between the capillary number and the volume
swept forward had been determined about the penetration of gas
into Newtonian or Non-Newtonian fluids [Kolb and Cerro, 1991;
Poslinski et al., 1995; Huzyak and Koelling, 1997; Gauri and Koel-
ling, 1999]. Fig. 1 is a representation of gas penetration into a freez-
ing viscous fluid. For a given section thickness (A), the thickness
of the hydrodynamic layer (B) is dependent on the capillary num-
ber (Ca), a function of melt viscosity, surface tension and linear ve-
locity of melt polymer. As the capillary number increases less ma-
terial is pushed forward; in other words, the percentage of the melt
resin that is left behind increases until it asymptotically approaches
a certain value. At a typical working range of GAIM whose cap-
illary number would be above 1,000, the gas will leave behind a
certain value of fractions of the melt resin as hydrodynamic layer.
In addition to hydrodynamic layer the frozen layer at the surface of
molds should be also considered to determine the amount of coated
layer left behind in GAIM.

One may consider coated layer (i.e., frozen layer and hydrody-
namic layer) left behind when gas pushes the resin to flow forward
as in Fig. 1. Since gas channel thickness becomes narrower, due to
the existence of coated layer with thickness δ for one fan-shaped
flat plate, than melt front thickness of resin pushed forward, the ef-
fective thickness of moving resin is assumed to be a value less by
2δ than the thickness between two plates of a cavity. When mass
conservation is applied and volume contraction due to compres-
sion is ignored under the geometry as shown in Fig. 2(a)-(c), a new
balance equation may be obtained:

(8)

where  and δ=thickness of coated layer on
 
one side

of mold

Substituting H-2δ and Eq. (8) into Eq. (4) for H and (R0/R1)
2, re-
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Fig. 1. Gas penetration in a freezing viscous fluid.
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spectively, with appropriate transformation, one may get the ex-
pression as:

(9)

where X=R1
2(t)

After Eq. (9) is partially integrated one may obtain the equation that
explains the dynamics of R0 and R1 as:

(10)

where 

2. Simulations and Model-predictions When Two Cavities of
Fan-shaped Plates are Involved in Configuration

As in part 1 of the paper, two fan-shaped flows with a common
gas-pressure were considered where lengths of polymer-shut off at
both fans were adjusted to be the same in order to measure the ef-
fect of the process conditions other than initial resin length and to
compare the dynamic behavior at both fans. In addition, two fan-
shaped flows of a common gas-pressure and of the same angle of
fans were simulated with different lengths of initial polymer shut-
off as well as the different thickness of cavities to both left and right
directions. The simulation conditions as well as geometrical condi-

tions in each case are given as in Tables 1, 2, 4 and 6.
After simulations were performed under various geometrical con-

ditions, the model predictions on gas flow were performed in con-
sideration of coated layer. In model-predictions, the coated layer
thickness (δ) of one fan-shaped flat plate was assumed to be 20%
of the thickness between two fan-shaped flat plates of molds in case
of the model prediction of fan-shaped flow according to the simu-
lation results showing that polymer fraction was ca. 40%, respec-
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Fig. 2. Fan-shaped cavity of the mold: (a) Before melt-polymer is filled in the mold; (b) After melt-polymer is filled as short shot molding;
(c) When gas is injected into the cavity filled by resin and the length of gas penetration increases; (d) Typical behavior of the
solution of suggested flow model describing the length of gas penetration.

Table 1. Simulation conditions of MOLDFLOW

Simulation ractor Description

Resin filling Short shot molding (85-95%)
Gas control Volume control
Resin PET(DP400)
Resin melt temperature 210oC
Mold temperature 100oC
Gas injection pressure 15 M pascal
Gas delay time 0.5 sec
Gas piston time 1 sec

Table 2. Various geometrical conditions of fan-shaped cavities (1)

Case Position Vertex angle Thickness R1 R0

Fig. 3-1 Left (a) 30o, (b) 60o, (c) 90o 2 mm 9.4 mm 43 mm
Right (a) 90o, (b) 90o, (c) 90o 3 mm 9.4 mm 43 mm

Fig. 3-2 Left (a) 30o, (b) 60o 3 mm 9.4 mm 43 mm
Right (a) 90o, (b) 90o 2 mm 9.4 mm 43 mm

Fig. 3-3(a) Left 30o 2 mm 9.4 mm 43 mm
Right 90o 3 mm 9.4 mm 43 mm

Fig. 3-3(b) Left 30o 2 mm 9.4 mm 43 mm
Right 90o 4 mm 9.4 mm 43 mm

Fig. 3-3(c) Left 30o 2 mm 9.4 mm 43 mm
Right 90o 5 mm 9.4 mm 43 mm

• Fig. 3-1(a) is the same as Fig. 3-3(a).
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tively, when gas was injected into the cavity of molds.
Subsequently, each set of a simulation and its corresponding mod-

el-prediction was compared and was evaluated to estimate the ac-

curacy of the model prediction and to predict the gas direction, which
may be defined as that of longer length of gas penetration into be-
tween the right and left fan-shaped cavities when either of the right

1

2

Fig. 3. 1(a) to 1(c) Simulated gas penetration (Refer to Table 2 for geometrical conditions.), 1(d) to 1(f) Gas penetration (Left: dotted line;
Right: solid line): d) same condition as in 1(a); (e) same condition as in 1(b); (f) same condition as in 1(c). 2(a) to 2(b) Simulated gas
penetration (Refer to Table 2 for geometrical conditions.), 2(c) to 2(d) Gas penetration (Left: dotted line; Right: solid line): (c)
same condition as in 2(a); (d) same condition as in 2(b). 3(a) to 3(c) Simulated gas penetration (Refer to Table 2 for geometrical
conditions.), 3(d) to 3(f) Gas penetration (Left: dotted line; Right: solid line): d) same condition as in 3(a); (e) same as in 3(b); (f)
same condition as in 3(c), 3(g) to 3(i) Model-predicted gas penetration (Left: dotted line; Right: solid line): g) same condition as
in 3(a); (h) same condition as in 3(b); (i) same condition as in 3(c).
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and left leading melt-polymer fronts reaches the mold barrier first.

RESULTS AND DISCUSSION

1. Effective Solution of the Novel Flow Model
Differentiating both sides of Eq. (9) one may find the value of

R1(t) that makes the inverse of dR1/dt zero, in other words, makes
the value of dR1/dt infinite. Similarly, differentiating Eq. (9) with
R1

2(t) one may obtain:

(11)

where X=R1
2(t)

In order to make the value of dt/dX become zero, X may be chosen
as:

(12)

where X=R1
2(t)

Substituting such value of R1
2(t) into Eq. (10), one may find the time
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Fig. 3. Continued.

Table 3. Accuracy of model-predictions compared to the simula-
tion-results in GAIM (1)

Simulation
Model-

predictions
Ratio of H/R0

(right/left)
SR MR Accuracy

Fig. 3-3(d) Fig. 3-3(g) 1.49 04.4 2.98 Excellent
Fig. 3-3(e) Fig. 3-3(h) 1.98 17.506.9 Good
Fig. 3-3(f) Fig. 3-3(i) 2.55 32.0 10.0 Good

• SR denotes the ratio of simulated gas penetration lengths (right/
left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches mold barrier first.
• MR denotes the ratio of model-predicted gas penetration lengths
(right/left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches the maximum-distance
first.
• Accuracy describes the degree of consistency between simulation
results and model-predictions according to:
1) |SR−MR|/SR<0.5: Excellent
2) 0.5<|SR−MR|/SR<1: Good
3) 1<|SR−MR|/SR<3: Fair
4) |SR−MR|/SR>3: Bad:
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when the melt front resin pushed forward would be used up due to
coating the surface of molds. Since the coated layer left behind was
considered in such a model-prediction that melt resin flow of de-
clining mass due to accumulated coated layer may accelerate the
gas flow, the trajectory of R1(t), i.e., gas penetration, showed an in-
finite value of its gradient with time, as in Fig. 2(d), when melt front
resin pushed forward was used up to coat the surface of molds. The
solution of Eq. (10) is valid in the part of time-dependent trajectory
of R1(t) lower than R1(t) that makes the value of dR1/dt infinite. Thus,
the effective gas penetration of every figure in the model-predic-
tions of Tables 3, 5 and 7 is the lower part from two parts of time-
dependent trajectory in symmetry. However, the proposed model is
not capable of showing the constant length of gas penetration after
the leading front of melt polymer reaches mold barriers.
2. Results with Different Angle of Fans and Different Thick-
ness of Fan-shaped Cavity

The commercial software Moldflow (version of MPI 4.0) was

Table 4. Various geometrical conditions of fan-shaped cavities (2)

Case Position Vertex angle Thickness R1 R0

Fig. 4(a) Left 30o 1 mm 3.1 mm 10 mm
Right 30o 1.2 mm 4.8 mm 20 mm

Fig. 4(b) Left 30o 1 mm 3.1 mm 10 mm
Right 30o 1.5 mm 4.8 mm 20 mm

Fig. 4(c) Left 30o 1 mm 3.1 mm 10 mm
Right 30o 2 mm 4.8 mm 20 mm

Fig. 5(a) Left 30o 1 mm 1.4 mm 10 mm
Right 30o 1.1 mm 4.8 mm 40 mm

Fig. 5(b) Left 30o 1 mm 1.4 mm 10 mm
Right 30o 1.2 mm 4.8 mm 40 mm

Fig. 5(c) Left 30o 1 mm 1.4 mm 10 mm
Right 30o 2 mm 4.8 mm 40 mm

Fig. 5(d) Left 30o 1 mm 1.4 mm 10 mm
Right 30o 3 mm 4.8 mm 40 mm

Fig. 4. (a) to (c) Simulated gas penetration (Refer to Table 4 for geometrical conditions.), (d) to (f) Gas penetration (Left: dotted line;
Right: solid line): d) same condition as in (a); (e) same condition as in (b); (f) same condition as in (c), (g) to (i) Model-predicted gas
penetration (Left: dotted line; Right: solid line): g) same condition as in (a); (h) same condition as in (b); (i) same condition as in (c).
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used to perform the simulations, of which conditions are given as
in Table 1. Table 3 shows the accuracy of model-predictions com-
pared to the simulation-results with various geometrical conditions
as in Table 2. The simulation results of Figs. 3-1(a) to 3-1(c), 3-2(a)
to 3-2(b), and 3-3(a) to 3-3(c) were transformed into Figs. 3-1(d) to
3-1(f), 3-2(c) to 3-2(d), and 3-3(d) to 3-3(f), respectively, that show
the time-dependent trajectory of both directions of gas flows. Besides
Figs. 3-3(g) to 3-3(i) deal with the results of model prediction cor-
responding to Figs. 3-3(d) to 3-3(f), respectively, and show their
time-dependent model-based trajectory of both directions of gas
flows.

It was noted that the simulation results were consistent with the
model predictions in that the dynamic behavior of the interface be-
tween gas and melt resin was independent of the magnitude of a

vertex angle of fan-shaped mold near a gas nozzle, as in Figs. 3-
1(a) to 3-1(c) as well as Figs. 3-2(a) to 3-2(b).

In such transformed simulation-results as in Figs. 3-1(d) to 3-
1(f), 3-2(c) to 3-2(d) and 3-3(d) to 3-3(f), gas penetration lengths,
i.e., the distances traveled of the interface between gas-phase and
melt polymer to both of right and left directions, were simulated
until either of the leading fronts of melt polymer reached mold bar-
rier first. Once either leading melt front reached the mold barrier, its
time-dependent trajectory became flat afterwards. It was observed
that at the side where resin ran faster the resin flow was blocked
after the resin reached the barrier of molds, and the flow direction
was reversed to the other direction.

In particular, it was remarkable that model-predictions described
time-dependent behavior to both directions so accurately compared

Fig. 5. (a) to (d) Simulated gas penetration (Refer to Table 4 for geometrical conditions.), (e) to (h) Gas penetration (Left: dotted line;
Right: solid line): (e) same condition as in (a); (f) same condition as in (b); (g) same condition as in (c); (h) same condition as in (d),
(i) to (l) Model-predicted gas penetration (Left: dotted line; Right: solid line): i) same condition as in (a); (j) same condition as in
(b); (k) same condition as in (c); (l) same condition as in (d).
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to the results of simulation that both their predicted gas penetration
length and their corresponding time scales were exactly matched
to those by the simulation. However, the greater their ratios of thick-
ness between right and left fans were, the greater SRs in the sim-
ulations became than MRs (that their model predicts) did, as shown
in Table 3. This may be attributed to the fact that the shear rate thin-
ning property of pseudo-plastic fluid made the velocity of gas flow
faster than that from Eq. (10). Since the accuracies were generally
above “Good” as in Table 3, the suggested gas-flow model may
replace the simulations performed by commercial software within
the given operating conditions of GAIM.
3. Results with Different Lengths of Initial Polymer Shut-off
and Different Thickness of Cavities

The commercial software Moldflow (version of MPI 4.0) was
again used to perform simulations, of which conditions are given
as in Table 1. Table 5 shows the accuracy of model-predictions com-
pared to the simulation results with various geometrical conditions
as in Table 4. Figs. 4(a) to 4(c) and Figs. 5(a) to 5(d) were trans-
formed into Figs. 4(d) to 4(f) and Figs. 5(e) to 5(h), respectively,
which show the time-dependent trajectory of both directions of gas
flows. In addition, Figs. 4(g) to 4(i) and Figs. 5(i) and 5(l) deal with
the results of model prediction corresponding to Figs. 4(d) to 4(f)
and Figs. 5(e) and 5(h), respectively, and show their time-depen-
dent model-based trajectory of both directions of gas flows.

It was remarkable that model-predictions described time-depen-
dent behavior to both directions so accurately compared to the re-
sults of simulation that their predicted gas penetration length and
their corresponding time scale of Figs. 4(g) to 4(i) were rationally
matched to those by the simulation in Figs. 4(d) to 4(f). However,
just like the previous cases, the discrepancy between SR and MR
was observed to increase between in Figs. 5(e) to 5(h) and in Figs.
5(i) to 5(l), respectively, as the ratio of the values of H/R0 became
bigger. This may also be attributed to the fact that their edge effect

was doubled than those in Figs. 4(a) to 4(c) due to doubled R0 as in
Figs. 5(a) and 5(d). As far as the gas direction is concerned, when
the direction of gas flow is defined as that of longer length of gas
penetration between through right and left fan-shaped cavities until
either of the right and left leading melt-polymer fronts reaches the
mold barrier first, it was always correct even though the accuracy
was “Bad” in the cases of relatively small vertex angle (i.e., π/6) of
a fan-shaped mold as well as relatively large value of the ratio of
H/R0.

With various geometrical conditions as in Table 6, Table 7 shows
the accuracy of model-predictions compared to the results of simu-
lation on the direction of gas flow of GAIM. Figs. 6(a) to 6(c) de-
scribe the simulation results of each process conditions and were
transformed into Figs. 6(d) to 6(f) that show the time-dependent
trajectory of both directions of gas flows. Figs. 6(g) to 6(i) deal with
the results of model prediction corresponding to Figs. 6(d) to 6(f),
respectively, and show their time-dependent model-based trajec-
tory of both directions of gas flows.

The values of MR from Figs.6(g) and 6(i) approached very close-
ly to those of SR from Figs. 6(d) to 6(f), respectively, even though
the ratios of H/R0 were not small compared to those of Figs. 5(e) to
5(h). Thus, it was confirmed that the edge effect was quite dimin-
ished in cases of Figs. 6(a) to 6(c), where the vertex angle of fan-
shaped molds was π/3, that their accuracy belonged to “Excellent”
while the accuracies of Figs. 5(a) to 5(d), where their vertex angles
were π/6, remained around “ Fair”. Since the accuracies of model
predictions of Figs. 6(g) to 6(i) were “Excellent” as shown in Table

Table 5. Accuracy of model-predictions compared to the simula-
tion-results in GAIM (2)

Simulation
Model-

predictions
Ratio of H/R0

(left/right)
SR MR Accuracy

Fig. 4(d) Fig. 4(g) 1.67 0.50 0.42 Excellent
Fig. 4(e) Fig. 4(h) 1.33 0.85 0.67 Excellent
Fig. 4(f) Fig. 4(i) 1.00 1.83 1.13 Excellent
Fig. 5(e) Fig. 5(i) 3.57 0.08 0.35 Bad
Fig. 5(f) Fig. 5(j) 3.33 0.08 0.36 Bad
Fig. 5(g) Fig. 5(k) 2.00 0.35 0.25 Fair
Fig. 5(h) Fig. 5(l) 1.33 1.38 1.50 Excellent

• SR denotes the ratio of simulated gas penetration length (right/
left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches mold barrier first.
• MR denotes the ratio of model-predicted gas penetration lengths
(right/left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches the maximum-distance
first.
• Accuracy describes the degree of consistency between simulation
results and model-predictions according to the same criteria applied
as in Table 3.

Table 6. Various geometrical conditions of fan-shaped cavities (3)

Case Position Vertex angle Thickness R1 R0

Fig. 6(a) Left 60o 2 mm 9.4 mm 43 mm
Right 60o 3 mm 9.4 mm 43 mm

Fig. 6(b) Left 60o 3 mm 9.4 mm 43 mm
Right 60o 2 mm 9.4 mm 43 mm

Fig. 6(c) Left 60o 2 mm 9.4 mm 43 mm
Right 60o 5 mm 9.4 mm 43 mm

Table 7. Accuracy of model-predictions compared to the simula-
tion-results in GAIM (3)

Simulation
Model-

predictions
Ratio of H/R0

(left/right)
SR MR Accuracy

Fig. 6(d) Fig. 6(g) 3.57 0.26 0.28 Excellent
Fig. 6(e) Fig. 6(h) 3.33 0.26 0.31 Excellent
Fig. 6(f) Fig. 6(i) 2.00 0.52 0.76 Excellent

• SR denotes the ratio of simulated gas penetration lengths (right/
left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches mold barrier first.
• MR denotes the ratio of model-predicted gas penetration lengths
(right/left) to both of right and left directions when either of right and
left leading fronts of melt polymer reaches the maximum-distance
first.
• Accuracy describes the degree of consistency between simulation
results and model-predictions according to the same criteria applied
as in Table 3.
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7, the suggested gas-flow model may replace the simulations per-
formed by commercial software within the given operating condi-
tions of GAIM.

CONCLUSIONS

In GAIM a time-dependent-flow model was suggested under fan-
shaped geometry in consideration of a coated layer on the surface
of molds. The coated layer thickness has been well known to be
associated with the capillary number (Ca). At the typical working
range of GAIM (i.e., Ca>1,000), the hydrodynamic layer left behind
occupies a certain number of fractions of the melt resin. In addition to
hydrodynamic layer, the frozen layer at the surface of molds should
also be considered to figure out the amount of resin left behind in
GAIM. According to the results of simulations using MOLDFLOW
(version of MPI 4.0), the polymer fraction turned out to be around
40% on the surface of fan-shaped cavities. Consequently, time evo-
lutions of gas penetration lengths were predicted according to the
model suggested assuming the thickness (δ) of each coated layer

on each plate of fan-shaped molds to be 20% of thickness of the
cavity. In model-predictions, the valid trajectory of R1(t) was the
lower part between two parts of time-dependent trajectory in sym-
metry.

When different vertex angle of fans, different thickness of fan-
shaped cavity and the same lengths of polymer shut-off on both sides
were applied as geometrical conditions of fan-shaped molds, the
model-predicted accuracies were generally above “Good,” as in
Table 3, even though melt-PET, which is reported to be a non-New-
tonian fluid, was treated as a Newtonian fluid so that the suggested
gas-flow model may replace the simulations performed by com-
mercial software within the given operating conditions of GAIM.
On the other hand, different lengths of initial polymer shut-off, dif-
ferent thickness of cavities and the same vertex angles of fans on
both sides were used as the geometrical conditions. In those cases
the discrepancy between SR and MR was observed, as in Table 5,
to increase as the ratio of the values of H/R0 on left and right sides
became bigger. This may also be attributed to the fact that their edge
effect was unbalanced on both sides due to their different lengths

Fig. 6. (a) to (c) Simulated gas penetration (Refer to Table 6 for geometrical conditions.), (d) to (f) Gas penetration (Left: dotted line;
Right: solid line): d) same condition as in (a); (e) same condition as in (b); (f) same condition as in (c), (g) to (i) Model-predicted gas
penetration (Left: dotted line; Right: solid line): g) same condition as in (a); (h) same condition as in (b); (i) same condition as in (c).
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of initial polymer shut-offs. As far as the gas direction was con-
cerned, it was always correct even though the accuracy was “Bad”
in the cases of relatively small angle (i.e., π/6) of a fan-shaped mold
as well as relatively large value of the ratio of H/R0, as in Table 5.

However, the model predicted trajectorys accuracy of the addi-
tional cases from Table 6 with the same geometrical conditions as
in the previous cases from Table 4 except for wider vertex angles
(i.e., π/3) of two fan-shaped molds, turned out to be “Excellent” as
in Table 7. Since the accuracies were generally around “Excellent,”
the suggested gas-flow model may replace the simulations per-
formed by commercial software within the given operating condi-
tions of GAIM.
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NOMENCLATURE

A : injected volume of melt resin into fan-shaped geometry for
initial polymer shut-off

h : distance between top or bottom plate and centerline of the
cavity

H : distance between two parallel plates
MR : ratio of model-predicted gas penetration lengths (right/left)

to both of right and left directions when either of right and
left leading fronts of melt polymer reaches the maximum-
distance first

P : pressure
P1 : pressure at r=R1
P0 : pressure at r=R0
Q : flow rate of melt resin
r : radial coordinate
R1 : radius of nozzle for melt-resin/gas injection
R0 : radius of initial polymer shut off
SR : ratio of simulated (by MOLDFLOW) gas penetration lengths

(right/left) to both of right and left directions when either
of right and left leading fronts of melt polymer reaches mold
barrier first

t : time
Vr : velocity in r direction
V1 : velocity in r direction at r=R1
<Vr> : average radial velocity

Greek Letters
δ : coated layer thickness

: angle of the fan-shaped radial flow
µ : Newtonian viscosity
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