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Abstract—In such acomplex stuation as the cavity of two square plates connected to cavities composed of four pipes
with same length and different diameter connected in series and pardld, the resistance of cavity of two square plates
should be combined with that of pipes to determine the gas direction in gas assisted injection molding (GAIM). The
flow model of Newtonian fluid was previoudy suggested under the fan-shaped geometry incuding relatively thin cavity
of two square plates when pv,H/(H/R,)<<1, (H/R,)1/62<«1 and (H/R,)’<<1. However, one may frequently encounter
the problem of relatively thick fan-shaped cavity between two square plates where (H/R,)? is around 107 and 82 is the
order of one. The rule of thumb containing afirst order-approximated flow model by perturbation technique was intro-
duced to show, in quditative way, whether the resistance of the relatively thick cavity of two square plates may affect
the gas direction in GAIM under the fore-said geometry. Subsequently, various smulations were performed under the
conditions that al dimensions of cavity of two square plates and pipes were fixed except for the diameters of pipes.
The results of smulation were compared with the results of the rule of thumb (RT1) containing the approximated flow
mode as well as those of another rule of thumb (RT2) without the resistance of the relatively thick cavity of two square
plates. The results of smulations were generaly consstent with the former in quditative way to determine gas directions
in gas assisted injection molding even though arelatively large value of 0.36 was applied as the vaue of € to describe a
relatively thick cavity of two square plates. In addition, the situation was treated when cavities of pipes and runners
were involved in configuration. The rule of thumb was used for the ratio of initia velocities to be recalculated at the
first coming change of diameters when the ratio was close to unity and it was quite consistent to the results of sm-
ulation.
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INTRODUCTION

In the gas-assisted injection molding (GAIM), gas should flow
towards the intended directions. If gas goes in a wrong direction,
many problems occur induding aphenomenon caled “blow through”
and another phenomenon caled “ penetration into thin waled region”
If the gas does not enter where it is expected, a problem like snk
mark occurs. The control of gas direction is thus one of the most
critical agpectsin the application of the technology.

Many ressarchers [Chen, 1995; Khayat et d., 1995; Chenet d.,
199643, b; Geo et d., 1997; Shen, 1997, 2001; Parvez et d., 2002]
have investigated the primary and secondary gas penetration in terms
of gasliquid interface and polymer mdt front in GAIM. Chen &
d. [1995] performed both experimentd investigation and numeri-
cd smulaion on the characterigtics of the secondary ges pendtra
tion in a spird tube during the GAIM. Khayat et d. [1995] Sm-
ulated the primary gas penetration stage of GAIM process USING
Eulerian boundary-element gpproach. Chen et d. [19963, b] sud-
ied gas and mdt flow on GAIM for the design of athin plaie’angle
bracket part with a gas channd with numerica smulations using
control volumeffinite ement method. Geo & d. [1997] devel oped
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anumerica modd capable of predicting the gas penetration using
multiple gas-injection units. Shen [1997] develop the modd to pre-
dict the gasliquid interface and polymer melt front of generdized
Newtonian fluid in GAIM. Later Shen [2001] developed an dgo-
rithm for commercid software to predict the polymer melt front,
gas front and solid layer in GAIM. Pavrez et d. [2002] carried out
computer smulation of the GAIM process using Moldflow, acom-
mercid software and its outcome were compared with the experi-
menta results. However, the method of their gpproach cannot be
regarded as a rule of thumb but was dose to the way of commer-
cid software for GAIM in that numerical smulations were per-
formed by the use of control volumeffinite dement method or bound-
ary-dement gpproach.

It isawdl-known rule of thumb that the prerequisite condition
for gas flow is the existence of an unfilled region or short shot a
the moment of gas injection. “Gas goes to the direction of the last
resn fill ared’ is a very common datement to many GAIM engi-
neers and mold/part designers. Once this unfilled region exids, gas
flows to that direction. However, when more than one area exigts
to fill with resin, amold design engineer for GAIM technologies
has to determine to which direction gas goes that commercid soft-
warefor GAIM (eg., Madflow) may be utilized for itsmold design.
However, commercid oftwareis generdly expendve and is some-
times hard to be familiar with. The goa of this paper is to suggest
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arule of thumb to predict agasdirection in GAIM that must be very
important information. When there exists more than one unfilled
region and these paths are competing for the direction of gas, it hes
been believed that the gas preferred the direction of the leest resis
tance. In other words, during the injection stage the gas usudly tekes
the peth of least flow resstance to catch up with the mdt front [Chen
e d., 19963, b]. Thus “Gas goes to the direction of the leest ress
tance’ has been another common statement for GAIM experts.

The rule of thumb on the direction of gas flow for GAIM has
been invedtigated [Lim and Soh, 1999; Soh, 2000; Soh and Lim,
2002; Lim and Lee, 2003; Lim, 20044, b; Lim and Hong, 2004]
and smulation packages have been usad to verify the gas direction
predicted by the rule of thumb. Soh [2000] used a pressure drop
requirement as avarigble for the resstance of gas directions, where
the resistance of gas flow was proportiond to the pressure drop re-
quirement to keep velodities to both sdes same. Upon comparing
pressure drops of both Sides, gas directions are predicted to the Sde
of thelower pressure drop. In complex Situations, however, thismeth-
odishardly gpplicable. Lim and Soh [1999] assumed that the pres-
sure difference between a gas injection point and appropriate vent
aress a both sdes of wel-maintained molds is equd. Consequently,
the pressure drops a both Sdes are equated to compare the ress-
tances and to predict the gas direction.

If the resgtance in the sentence of “gas goes to the direction of
the least resgtance’ is the resstance to flow rates, this Satement is
not dways correct. The resstance to flow rates cannot be a crite-
rion in the prediction of gas flow direction in GAIM. Soh [2000]
quditatively trested the spedid case that the same ressancesto flow
rates for both sSdes resulted in the same flow rates for both sdes
under the geometry that two same sets of two different pipes con-
nected in series are located in pardld. Soh and Lim [2002] sug-
gedted the definition of the resstance to velocity to predict the gas-
preferred direction under the smplest geometry of two different
pipes connected a one connection point. However, if more com+
plicated geometries areinvalved, the change of velodity of mdt resin
becomes unavoidable. Therefore, as a rule of thumb, a more de-
veloped-precise definition of the resistance to velocity should be
egtablished. In such a complex Stuation as runners or thick cavity
of two square plates connected to cavities composed of four pipes
with same length and different diameter connected in series and
parald, Lim and Lee [2003] proposed the developed concept of a
criterion in the prediction of gas flow direction of GAIM asthere-
sgtance of pipesto theinitid velocity of met polymer at the nearest
geometry to agasinjection point.

Lim [20044] proposed a new equation to describe the pressure
drop reguirement for agteedy ate flow through agenerd fan-shgped
cavity formed by two pardld plates Then the definition of aress
tance to initid velocity was proposed as a rule of thumb to com-
pare the resullts of smulation performed by such acommercid soft-
ware as Moldflow with those of diagnos's on the direction of gas
flow using the suggested rule of thumb. Lim and Hong [2004] firs-
ly performed the modding agebraicaly on GAIM process by use of
both the mass baance of resin in consderation of coated layer in-
duding frozen layer and hydrodynamic layer |eft benind near mold
wal and the equation describing pressure drop reguirement in order
to predict the time-dependent length of gas penetration between ges
injection point and moving gasliquid interface. Lim [2004b)] applied

Fig. 1. Theflow through between pand areas of fan-shaped geom-
ery where a molten polymer liquid isfed into the mald at
r=R, with the pressure of P, and is going out of the mold
at r=R, with the pressure of P,

themodd on GAIM process previoudy suggested by Lim and Hong
[2004] to various geometries of mold-cavity including that of two
suareflat plaesaswel asthat of aset of pipes.

In this paper the authors shal combine the resistance of cavity
of two square plates with that of pipes to determine the gas direc-
tion under the foresaid geometry that Lim and Lee [2003] dedlt with.
Theflow modd of Newtonian fluid was previoudy suggested under
the fan-shgped geometry induding rdatively thin cavity of two square
plateswhen ov, HIU(H/R,)<<1, (H/IR)?1/6%<<1 and (H/R,’<<1 [Lim,
1999, 20044). However, one may frequently encounter the prob-
lem of rdatively thick cavity between two square-plates where (H/
Ry)?isaround 10™ and 62 is the order of one. For these condiitions
afirg order-gpproximated flow modd and rule of thumbs shdl be
introduced to show whether the resstance of the rddivey thick
cavity of two square plates may affect the gas direction in GAIM
under the fore-said geometry, and the result of smulation shal be
compared with the result of rule of thumb for both conditions.

METHODS

1. Theory
For incompressible fluids, continuity equation in cylindrica coor-
dinates becomes:

+OVa_
rar(r ) 0z =0 @

when v, isassumed to be zero velocity.
Momentum equetion for Newtonian fluid, neglecting gravity,
becomes

@Ve 4, Ve, OV a@a 16vr o’v,
Priat V’ar VzazD 6r arﬂar )H r,96° " zz} 2

R, 0 vy 0P F1000N, 10, O
0z “[rar orl r,pp? az:|

Phat MVrar MViaz0
In order to compare the order of magnitude of eech term of Egs.
(2) to (3), one may make these equitions dimendonless.

For the characteritic pressure of fan-shaped geometry (Fig. 1),
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the force balance between r=R’ (randomly chosen between r=R,
and r=R,) and r=R,,, can be gpproximated as below.

B(R WP -RP) =2(RE R @
where 6 is the vertex angle of the fanshaped radid flow and v, is
not only average velocity between r=R’ and r=R, but aso charac-
terigic velocity inr direction.

In Fg. 1, P, correponds to the pressure of gas phase between
leading mdt phase front and the end of the mold with gppropriate
vent area in gas assgted injection molding and is assumed to be
negligible compared to P so that P>>(R/R) P,.

Thus Eq. (4) can be reduced into:

OR 0P =2(Re R ©

Sating R & Ry2, P becomes 3uv, Ry4r? which is 3uv, RyH?
Thus the characteristic pressure, P, may be sat as uv, RyH? to
render di- mensionless pressure, P, into P/P in this manner.

Further dimensonlessvaridblesareteken as

wheret ischosen asR/V, and V, ischosenasH/R,V, .
Then continuity and momentum equtions are rendered into di-
mensonlessform asbelow.

57 *55 =0 ©®

aF 9 [RALHFar R @22 520
eV HHITIY, 0%, 0,
T ERJ][@T Vo TV z}
_0P [ HH(L9 30V, 1197 EPiDZ"ZV
oz {E‘?Q%af%aﬁré% 67 RH o7 @

When (H/R)*1/6%<<1 and (H/R,)? is the same order as or lessthan
0 (1), neglecting end effects on both sides in 6 direction, the be-
havior of the flow between two fan-shaped plates in conventiond
injection molding may be considered as the part (i.e,, 8/27) of the
radid flow between two entire round plates When pv, H/u(H/R,)
<1, (H/IR)/6%<1 and (H/R,)*<<1 the flow mode of Newtonian
fluid was previoudy suggested under the fan-shaped geometry [Lim,
1999, 20044].

On the other hand for pv, H/(H/R,)<<(H/R,)’<<1 (H/R,)* and
(H/R)?1/6? may be replaced by small parameter, £ when 62 isthe
order of one. Hence Eqgs. (7) and (8) may be reduced into quas-
Seady date equations as:

__0P, 6v 9 ... 10%
=% "oz %%Br(rv)m+%£2%+o(gz) ©
0=- ‘3'3 Z+0(sz) (10)

In addiition P, ¥,, and ¥, may be perturbed around (P),, ¥,,, and 7,,,
November, 2004

using perturbation technique, interms of €as

P=(B)+(B)i +0(£) (W)
U, =0, +7,,£ +0(&) 12
U=V, +7,,6+0(£) 13

Egs (11) to (13) may be subdtituted into Egs. (9) and (10). Then
those equations and their boundary conditions a both 2 =0.5 and
Z2=—0.5, may be sorted in accordance with the order of magnitude
of each term of two equations.

Dow:
(X@_rb aa 20 (14
o=—‘xaf}’ (15)
C.: ¥,,(2=+05)=0
2) ofe): )
o ﬁ 5 gt A

[ A
02 97 @7
B.C.: ¥,,(2=+0.5) =0
With gppropriate procedures the solutions of Egs. (14) and (15) may
be derived, as previoudy derived in Lim [1999, 20044, as beow:

\7r0( :}.M% lD (18)
V,0(T,2) =0 (19)
Then the pressure distribution of 0(1) becomes
(B)o =Bzl 4, @
In=2
Ro

Subdtituting Egs. (18) and (19) into Eq. (16) and (17), respectively,
one may obtain asmilar st of P D. E.sfor O(¢) to that for O(1) as
below:

A
o 07 @
__9(P)
0=-"53 @
B.C. ¥,,(2=0.5) =0
Thusthe solutions for 0(€) becomes:
¥,,(7.2) :Z—LU—)—P“ P‘”% - (239)
V,(F,2)=0 (230)
Then the pressure digtribution of 0(€) becomes
(B),=EL B+, (2
In=*
Ro
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Consequently, one may obtain the fallowing solutions truncating
thetermsless than or equd to 0(¢?):

W,(2) = 1P1 PO% ~3+0() 25
Ro
U(7,2) =0(£°) (26)
P :R;ng"mr +P +0(£) (79)
In=
Ro

when pv, HIU(H/R,)<<(H/R,)’<<1 and 62 is 0(2).
Thus the pressure distribution may be first order-gpproximated,
neglecting 0(¢?) from Eq. (279), as:

PPyt ip, @)

P_ R,

In=
0

where P, and P, isthe pressure a r=R, and R, repectively.
The veodity profile may be dso gpproximated up to first order as

R e

Fig. 2a. A cavity composed of two pipes, pipe 1 and pipe 2, con-
nected in paralld. Thick cavities of two square flat plates
(SFP) are attached to each sde of these pipes The length,
depth and width of a cavity between two SFP were 20 mm,
12 mm and 40 mm, respectively.

zd

[

Fig. 2b. A cavity composed of two pipes, pipe 1 and pipe 2, con-
nected in paralld. At theleft Sde of these pipesbranching
runnersarereplaced for athick cavity of two square plates
to ddiver resin to both sides of pipes.

when pvV, HIu(H/R)<<(H/R,)’<<1 and 6%is 0(1).
Integrating v,(r, Z) from Eq. (28) with z, the expresson of mdt
phase flow rate (Q) of Eq. (29) isobtained as

Q=6rHI I]—ZJ”V (r,2)frdz _26h Py RPO (29)
In=2
where <v,>: average veocity of mdt phase flow
Eq. (29) may berearranged as
APfan plates — 12“Q| RO 12/-“’w q RO (30)

H® R H? R,

when pv, HIU(H/R)<<(H/R)’<<1 and 62 is 0(1).

One may frequently encounter the problem of fan-shaped cavity
between two sguare plates where (H/R)? is around 107" instead of
thelimiting condiition of (H/R,)’<<1, and 62 isthe order of one.

Egs. (28), (29) and (30) may be digible without significant error
to the problem of fan-shaped geometry in case that not only (H/R,)?
<1 but dso (H/R,)? is even around 10™ with the condition of pv, H/
U (HR)<<(H/IR,)

2. Resistance of Heterogeneous Geometries

Figs. 2aand 2b show a cavity composed of two pipes, pipe 1 and
pipe 2, connected in pardld. Relaively thick cavities of two square
plates are atached to each sde of these pipesin Fig. 2a The left-
reatively thick cavity of two sguare plates is replaced by two run-
nersasin Fg. 2b. Pipe 1 is compaosad of pipe 11 and pipe 12 con-
nected in series, and pipe 2 is composed of pipe 21 and pipe 22.
These four pipes have the same length and may or may not have
the same diameter. The polymer and gas injection points are located
a the center of the front sde of a reaively thick cavity between
two sguare platesin the left hand Side. Pipe 1 islocated a the upper
dde and pipe 2 is e the lower sde. In this paper subscript 11 and
subscript 12 denote the firgt pipe and the second pipe from the left
hand sde a the upper side respectively while subscript 21 and sub-
script 22 denote thefirgt pipe and the second pipe from the left hand
sSdeat thelower side, respectively.

2-1. Definition of Proposed Resstance

The definition of resstance may be developed and proposed to
ber asaresganceto V' of theinitia velocity of mdt polymer a
the nearest geometry to a gas injection point, while the resstance
to flow rate was previoudy defined asr [Lim and Lee, 2003]. Con-
sequently, the proposad resistance of steedy sate flow of aNewtonian
liquid under the following geometry may be rearranged as below.
2-2. Proposed Resistance for Four Conduits

Ap=Qn=V'n=Van (31
Dp=Qn=V =Vl (32
where
L,
. =12, =32uD% Bt + i ()
1 4 1nhi1= 11%1;1 iZD
D21, =32uD? 21+4D (34)
4 2112 21%21 Dzz
Thus
r, _r,D3
2 =22 (35)

. 2
rn rDL
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2-3. Proposed Resigtance for the Cavity between Two SFP

Eq. (30) may be transformed into the form that includes the ve-
locity (V") instead of the flow rate (Q), at the half of the distance of
initid leading met front. Then the proposed resistance of steedy
date flow of a Newtonian liquid under fan-shaped geometry may
be rearranged as below.

AP=V'r wherer’ =gﬁ—1&’ln&3

H* 2 R,

if oV, HIU(H/R,)<<(H/R,)’<<1 and 62 is 0(2).
2-4. Proposed Rule of Thumb under the Geometry Composed of a
Cavity between Two SFP and Four Conduits

One may congder that the vertex angle of fan-shaped peth (i.e,
0) for gas penetration may be divided into two sections for both
the upper and the lower sides. For each side the vertex angle may
become 6/2. The flow rate (Q,) for the upper Side may be described
with the initial velocity of met resin a the hdf of the distance of
initid leading mdt front as

.
Q=5 =50 @

The pressure drop under the combined geometries may be expressed
for the upper Sdeas

(36)

AP=Vr; (39

E&D%' 12u Ry, 128urly , Lo
whee. =Gt (AR by, o]
2

if oV, HIU(H/R)<<(H/Ry)><<1 and 62 is 0(2).
In the same manner the pressure drop may be described for the

lower side of the configuration.
Thus
Vi_h
1= 39
V, nn 9
where
- z&a%% 120 Ry 128urly | Luy
rn= =In="+ + 40
ted H3Q R, n %‘111 D‘l‘ZD ( )
L 2 J
- a&a%% 124, Ry 128urln , Lo
rn= =In—+ + 41
0 H3Q R n %21 DgzD D
L' 2 J
Table 1. Smulation conditions of MOL DFL OW
Simulation factor Description
Resin filling Short shot molding (85-95%)
Gas control Volume control
Resin PET (DP400)
Resin melt temperature 210°C
Mold temperature 100°C
Gasinjection pressure 15 M pasca
Gasdelay time 0.5sec
Gas piston time 1sec

November, 2004

3. Smulations and M odd-predictions

The smulaion and modd-prediction were performed under the
geometry composad of two pipes (pipe 1 and pipe 2) connected in
pardld aswell astwo rdatively thick cavities between two square-
flat-plates (SFP) attached to each Sde of them as shownin Fg. 2a
Theinitid polymer shut-off totdly filled the cavities of apipe 1 and
pipe 2 (center) as wel as the left (polymer/ges nozzle sde) cavity
between two SFRP. On the other hand the right cavity between two
SFP was partidly filled by 85-90% with met resin due to a short
shat. Thelength, depth and width of a cavity between two SFPwere

Table 2. Various geometrical conditions of pipesasin Fig. 2a

C% Dl D21 D22
Fig. 3 5mm 6 mm 4mm
Fig. 4 5mm 8 mm 4mm
Fig.5 5mm 10mm 4mm
Fig. 6 5mm 2mm 8 mm
Fig.7 5mm 4 mm 8 mm
Fig. 8 5mm 5mm 4.5mm
Fig. 9 4.5mm 5mm 4.5mm
Fig. 10 4.5mm 7.5mm 5mm
Fig. 11 6 mm 55mm 6 mm

Table 3. Various geometrical conditions of runnersand pipesas

in Fig. 2b
Case D: D; D, D2 D2
Fig.12  3mm 3mm 5mm 8mm 4mm
Fig.13 3mm 3mm 5mm 10mm 4mm
Fig.14 3mm 3mm 5mm 2mm  8mm
Fig.15 3mm 3mm 5mm 4mm  8mm
Fig.16  3mm 3mm 5mm 42mm 8mm
Fig.17  3mm 3mm 5mm 7mm  45mm
Fig.18 3mm 3mm 5mm 8mm  45mm
Fig.19 3mm 3mm 5mm 9mm  45mm
Table 4. Values of dimensionless numbers
2
Dmm) L(mm) v (g ELHHD BEE o
p [RH B0
2 100 0.0039 0.00010 0.14605
3 100 0.0198 0.00053 0.14605
4 100 0.0624 0.00166 0.14605
5 100 0.15169 0.00404 0.14605
6 100 0.31225 0.00833 0.14605
7 100 0.57164 0.01524 0.14605
8 100 0.95783 0.02554 0.14605
9 100 1.49551 0.03988 0.14605
10 100 220184 0.05872 0.14605

* Thevduesof R, R,, H and 6 weregiven as1 mm, 20 mm, 12 mm
and 71 respectively.

e Each vaue of v, a r'=Ry2 was caculated from Eq. (38) where
viscosity of 270 Pa sec was assumed.
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20mm, 12 mm and 40 mm, respectively. Pipe 1 and pipe 2 were
composed of two identicd or different pipes, respectively, each of
which was 50 mm long. Both ends of pipe 1 and pipe 2 were con-
nected to the left and right cavities between two SFR, respectively.
The connection points between pipes and the cavities between two
SFPwerelocated a the centers of the 1st and 2nd hdlf of the cavity-
width. The vertex angle () of fan-shaped cavity wasinitialy 7rand
it remained & this value at the incipient stage of gas penetration.
Thusthe vaue of vertex angle (8) was chosen 7rto apply to the pro-
posed rule of thumb or flow modd. In addition, Smulaion and mod-
d-prediction were performed under the geometry composed of two
pipes (pipe 1 and pipe 2) connected in pardld aswell as a runner
and ardativdy thick cavity atachedtoL. H. S and R. H. S, of them,
respectively, as shown in Fg. 2b. The Smulation conditions were
as the same as given in Table 1 when the commercid software of
MOLDFLOW (versgon of MP! 4.1) was used to perform the Sm-
ulaions of the cases as hownin Tables2 and 3. Tebles2 and 3 show
geometrica conditions Stuated when the cavities of pipes (center)
as wdl as two cavities between two SFP (left and right) and the
cavities of pipes (center), arunner aswell as a cavity between two
SHP (right) wereinvolved in the configuration asin Fig. 2aand FHg.
2b, respectively. The diameter of each pipe varied from 2 mm to
10mm asin Tables2 and 3. For eech case of Tables2 and 3 the
volumeratio of resn filling a polymer shut-off was chosen between
85%-95% to avoid blow-through at the stage of gasinjection. Teble
4 showsthe values of dimensonless numbers for various vaues of
diameter of pipe (L=100 mm) atached to the cavity of two SFPs,
of which the criterion met the condition that (H/R,)?1/(8/2)? and
(H/R,)? are around 10™ with the condition that pV, H/u(H/R,)<<(H/
R,)* to saisfy Eq. (38) even though the small pameter, &, became
larger.

Finite dement method (FEM) was adopted to Smulate the center
(apipe) and the left and right hand sdes (SFP), modded with line-
dements and triangle-dements repectively, of Fig. 2ain the envi-
ronment of MOLDFLOW (verson of MP 4.1). In the Smilar man-
ner, asin FHg. 2b, finite dement method (FEM) was adopted to Sm-

A5_6_A.FNR GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0 o 7.417
o 70

= 7.034

= 7.069

7.104

7.139

[—‘ 7.174

7.208

b i 7.243
7.278

&

7.313
7.348

= 7.382
" 7.417

A5_6_4

m

MOLDFLOW 0

Fig. 3. Pipe 11 with a diameter of 5mm and a length of 50mm is
connected to pipe 12 with a diameter of 5mm and a length
of 50 mm. Pipe 21 with a diameter of 6mm and a length
of 50 mm is connected in serieswith pipe 22 with a diame-
ter of 4mm and a length of 50 mm.

Table 5. Comparison of smulation results and proposed rule of
thumbs (RT1and RT2)

Flow direction
Case RT1 RT2 (Simulation results)
Fig.3 146(0O) 211(0) Upper
Fig.4 130(0) 332(0) Upper
Fig.5 125(0) 5.01(0) Upper
Fig.6 1957(0O) 313(0) Upper
Fig.7  129(x) 083(0) Lower
Fig.8 126(0O) 126(0) Upper
Fig.9 083(0) 1.02°(X) Lower
Fig.10 039(0) 1.09°(x) Lower
Figg11 121(0O) 1.02°(0) Upper

¢ RT1 and RT2 are the results of the proposed rules of thumb from
Egs. (39) and (35), respectively.

* Thevauesof R, R, and H weregiven as1 mm, 20 mmand 12 mm
respectively.

«“O"and* X" denotes“correct” and “incorrect” respectively.

« The superscript of cin Table 5 denotesthat itsratio of resistances
isvery closeto unity.

ulate the center (a pipe), the left (runner) and the right hand side
(SFP), modded with line-dements, line dements and triangle-de-
ments, respectively.

RESULTS AND DISCUSSION

1. Situation when Cavities of Pipes and Thick Plates are In-
volved in the Configuration

AsinHg. 24, a the upper Sde, pipe 11 with thelength of 50mm
was connected to pipe 12 with the same diameter and the samelength
as pipe 11. At lower sde, pipe 21 with the length of 50 mm was
connected in series to pipe 22 with the same length of 50 mm. The
applied diameters of pipes are shown in Table 2. Condder a Stua
tion where aresin fluid is flowing to the direction of right hand Sde
a Seady sae. For Figs. 3 to 10, the rule of thumb of Eq. (39) was
utilized to olotain the vaue of ratio (RT1) of initid resin radid veoc-

A5 8_4A.FNR

/8 GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0

to  7.410
o 70
5 7.034
= 7.068
7.102
7.136
7.170
7.205
7.239
7.273
7.307
7.341
27376
" 7.410

BN

A5 8_4

m

MOLDFLOW 0

Fig. 4. The geometry isthe same as Fig. 3 except that diameter of
pipe21is8 mm.
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A5_10_4.FNR GAS TIME [sec]
MULTFLAMINATE ALGORITHM 7.0 to  7.408
o 70
5 7.034
o 7.068
7.102
7.136
7.170
- 7.204
- 7.238
7.272
7.306
7.340
- 7.374
" 7.408

A5_10_4

m.

MOLDFLOW n

Fig. 5. The geometry isthe same as Fig. 3 except that diameter of
pipe21is10 mm.

B5 2 8.FNR

 2_8. GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0

to  7.453
o 70
5 7.037
5 7.075
7.113
7.151
7.188
5 7.226
= 7.264
7.302
7.339
7.377
= 7.415
" 7.453

L

B5_2_8

m

MOLDFLOW 0

Fig. 6. Pipe 11 with a diameter of 5mm and a length of 50mm is
connected to pipe 12 with a diameter of 5mm and a length
of 50 mm. Pipe 21 with a diameter of 2mm and a length
of 50mm is connected in serieswith pipe 22 with a diame-
ter of 8mm and alength of 50 mm.

B5_4_8.FN|

_4_8.FNR GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0

to  7.385
o 7.0
7.032
= 7.064
7.096
7.128
7.160
57192
o 7.224
7.256
7.288
7.321
= 7.353
" 7.385

B5 4.8

m. .

MOLDFLOW 0

Fig. 7. The geometry isthe same as Fig. 6 except that diameter of
pipe21is4 mm.
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AB5 5 45.FN

5 R GAS TIME [sec]
MULTILAMINATE ALGORITHM 7.0

to  7.415
= 7.0
5 7.034
= 7.069
7.103
7.138
'—l 7173
» 5 7.207
b\] o 7.242
ey 7.276
731
7.346

= 7.380
= 7.415

AB5_5_45

m

MOLDFLOW 0

Fig. 8. Pipe 11 with a diameter of 5mm and a length of 50mm is
connected to pipe 12 with a diameter of 5mm and a length
of 50mm. Pipe 21 with a diameter of 5mm and a length
of 50mm is connected in srieswith pipe 22 with a diame-
ter of 4.5 mm and alength of 50 mm.

AB45_5_45.FNR

6l GAS TIME [sec]
MULTI-AMINATE ALGORITHM 7.0

to  7.500
o 70
5 7.041
5 7.083
7.125
7.166
7.208
7.250
o 7.292
7.333
7.375
7.417
= 7.459
" 7.500

AB45_5_45

m

MOLDFLOW 0

Fig. 9. The geometry isthe same as Fig. 8 except that diameter of
pipe lis4.5mm.

ities a r=Ry/2 for upper Sde and lower sSde of the configuration.
Smilarly, the rule of thumb of Eq. (35) was used to evaduate the
vae of theratio of initid axid velocity as RT2. Thus RT1 may be
used as a criterion to determine where the gas flows earlier between
to upper pipes and to lower pipes while RT2 may be used to de-
termine where the gas flows fagter between inside upper pipes and
ingde lower pipes. Table 5 providesthe vdues of RT1 and RT2 for
Figs 3 to 11. The results of smulations were generdly consstent
with the former, except for Fig. 7, in aquditative way to determine
ges directions in gas assigted injection molding even though ard-
atively large value of 0.36 was gpplied asthe value of ¢ to describe
arddivdy thick cavity of two square plates One may observe that
the gas flows somewhet faster or dower in the upper sde of the
cavity of two SFP than in the lower sdefor Figs. 3, 4, 5, 8 and 11
or Figs 9 and 10, respectively, where the vaues of RT1 are near
1.0. However, the gas direction was initidly determined to upper
dde asin Fig. 6 where the gas flows dragticaly fagter in the upper
sdesncethe vaue of RT1 becomes 19.57. Y, it may be observed
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AB45_75 5.FNR

L ES GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0 to

7.330
o 70
» 7.027
= 7.055
7.082
7.110

’7 7137
7.165

S ' 7.192
7.220
7.248
7.275

= 7.303
" 7.330

AB45_75_5

m

MOLDFLOW 0

Fig. 10. Pipe 11 with a diameter of 45mm and alength of 50 mm
is connected to pipe 12 with a diameter of 45mm and a
length of 50 mm. Pipe 21 with a diameter of 7.5 mm and
alength of 50mm is connected in serieswith pipe 22 with
adiameter of 5mm and a length of 50 mm.

AB6_55_6.FNR GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0 to 7.240
o 70
= 7.020
5 7.040
7.060
7.080
Iﬁ 7.100
7.120
J 7.140
7.160
7.180
7.200
o 7.220
" 7240
AB6_55_6
.
0
MOLDFLOW 0

Fig. 11. Pipe 11 with adiameter of 6 mm and alength of 50 mm is
connected to pipe 12 with a diameter of 6mm and a length
of 50 mm. Pipe 21 with adiameter of 5.5mm and alength
of 50 mm is connected in srieswith pipe 22 with a diame-
ter of 6 mm and alength of 50 mm.

that the gas flows somewheat faster or dower in the upper pipe 1
than in the lower pipe 21 for Figs. 3, 4, 5, 6, 8 and 11 or Fg. 7, re-
Spectively, which is condstent with flow directions predicted accord-
ing to the values of RT2 asin Table 5. For exceptiona cases, RT1
was not congstent with the smulation results (i.e, flow directions)
in the case of Fig. 7 while RT2 was not congstent in the cases of
Figs. 9 and 10. Thismay be generdly interpreted, for Fg. 7, asthat
the gas may not flow to pipes of the Sde where the ges enters earlier
if the gas flows dower in the pipes of that Sde; and for Figs 9 and
10, asthat the gas may flow to pipes of the Sde where the gas enters
edlier even if the gas flows alittle bit dower in those pipes. Thus,
such a developed modd as time-dependent modd is required to
describe trangent behavior of the interface between gas phase and
resin phase, which will be trested in part 2 of this paper.

2. Stuation when Cavities of Pipes and Runners are Involved

Table 6. Comparison of smulation resultsand proposed rulesof

thumb
Flow direction
Cese RT CRT (Simulation results)
Fig.12 1.06°(0O) 271(0) Upper
Fig.13 1.05°(0O) 4.20(0) Upper
Fig.14 477(0) N/A Upper
Fig.15 1.06°(X) 0.68(QO) Lower
Fig.16  1.01°(x) 0.72(0O) Lower
Fig.17  0.98°(X) 1.92(0O) Upper
Fig.18 097°(x) 248(0) Upper
Fig.19 096°(x) 312(0) Upper

« RT and CRT aretheresults of the modified rules of thumb from Eq.
(35) to include the effect of runners and its corrected rule of thumb,
respectively.

«“O" and“ X" denotes “correct” and “incorrect”, respectively.
» The superscript of cin Table 6 denotesthat itsratio of resistances
isvery closeto unity.

C5 8 AFNR GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0 to 7.317
a 7.0
= 7.026
= 7.052
7.079
7.105
7.132
7.158
= 7.185
7.211
7.238
7.264
5 7.291
8 7.317
C5.8 4
m.
0
MOLDFLOW 0

Fig. 12. The geometry issmilar to Fig. 4. Ingtead of athick cavity
of two sguare plates, branching runnerswith diameter of
3mm are attached at theleft hand Sdeto ddliver resn to
pipesat both upper sideand lower side.

C5_10_4.FNR

_10_ GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0

to 7.315

570

5 7.026

5 7.052
7.078
7.105
7131
7.157
7.184
7.210
7.236
7.263

. 7.289

" 7.315

c5_10_4

|

0

Fig. 13. Thegeometry issimilar to Fig. 5. Instead of a thick cavity
of two square plates, branching runnerswith diameter of
3mm areattached at theleft hand Sdeto ddiver resin to
pipes at both upper sdeand lower sde.

MOLDFLOW
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GAS TIME [sec]
7.0

D5 2 8.FNR
MULTI-LAMINATE ALGORITHM to 7.286

.70
7023
* 7.047
7.07M
7.095
L 7.119
57143
" 7167
7.190
7.214
7.238
" 7.262
" 7.286
D5_2_8

m. .

MOLDFLOW

Fig. 14. The geometry issimilar to Fig. 6. Ingtead of a thick cavity
of two square plates, branching runnerswith diameter of
3mm are attached at theleft hand Sdeto ddiver resin to
pipesat both upper sdeand lower side.

D5 4 8.FNR

.FI GAS TIME [sec]
MULTI-LAMINATE ALGORITHM 7.0 to

7.305

L 7.0

" 7.025

" 7.050
7.076
7.101
7.127

S = 7.152

- " 7.178

-

T 7.203

7.228
7.254
5 7.279
® 7.305

D548

m

0

MOLDFLOW

Fig. 15. The geometry issmilar to Fig. 7. Instead of athick cavity
of two square plates, branching runnerswith diameter of
3mm areattached at the left hand sdeto ddiver resin to
pipes at both upper sdeand lower side.

GAS TIME [sec]
7.0

D5 _42 8.FNR
MULTIFLAMINATE ALGORITHM to 7.277

.70
= 7.023
" 7.046
7.069
7.092
57115
= 7138
7162
7.185
7.208
7.231
5 7.254
" 7.277
D5_42_8

m. .

MOLDFLOW

Fig. 16. The geometry is similar to Fig. 7 except that diameter of
pipe 21 is4.2mm. Ingead of athick cavity of two square
plates, branching runnerswith diameter of 3mm are at-
tached at theleft hand sdeto ddiver resin to pipesat both
upper sdeand lower sde.
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CD5_7_45.FNR

GAS TIME [sec]
MULTILAMINATE ALGORITHM 7.0 to

7.324
. 7.0
= 7.027
" 7.054
7.081
7.108
7.135
7162
- - = 7.189
""h.:-,,r:,v___ 7.216
7.243
7.270
s 7.297
= 7.324
CD5_7_45

m.
360

MOLDFLOW

Fig. 17. The geometry is smilar to Fig. 8 except that diameter of
pipe21is7 mm. Ingtead of a thick cavity of two square
plates, branching runnerswith diameter of 3mm are at-
tached at theleft hand sdeto ddiver resin to pipesat both
upper sideand lower sde.

CD5_8_45.FNR

N GAS TIME [sec]
MULTITAMINATE ALGORITHM 7.0

o 7.326
L 70
= 7.027
" 7.054
7.081
7.108
7.135
" 7.163
- " 7.190
oy 7.217
7.244
727
2 7.299
" 7.326
CD5_8_45
_}( 359
360

MOLDFLOW

Fig. 18. The geometry is smilar to Fig. 8 except that diameter of
pipe 21is8 mm. Ingtead of a thick cavity of two square
plates, branching runnerswith diameter of 3mm are at-
tached at theleft hand Sdeto ddiver resn to pipesat both
upper sideand lower side.

CD5_9_45.FNR

GAS TIME [sec]
MULTITAMINATE ALGORITHM 7.0 to

7.325
.70
= 7.027
" 7.054
7.081
7.108
7135
s 7.162
27189
7.216
7.243
7.271
5 7.298
" 7.325
CD5_9_45

.
360

MOLDFLOW

Fig. 19. The geometry is smilar to Fig. 8 except that diameter of
pipe21is9 mm. Ingtead of a thick cavity of two square
plates, branching runnerswith diameter of 3mm are at-
tached at theleft hand sdeto ddiver resin to pipesat both
upper sideand lower sde.
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in Configuration

Fig. 2b shows a cavity composed of two pipes, pipe 1 and pipe
2, connected in pardld. At theleft Sde of these pipes athick cavity
of two square plates is replaced with branching runners to ddiver
resin to both sides of pipes The length (L;) and the diameter (D)
of the runners a the upper side of pipes are 51 mm and 3mm, re-
spectively. The same geometric condition is applied to the runner
a the lower sde of pipes Here a prime () denctes runners con-
nected to the pipes. In this Stuation, the gas has to choose the pre-
ferred direction between pipe 1 and pipe 2 at the dividing point of
the runners or the gas injection point. Thus veodities to two direc-
tions & this dividing point should be compared. The gpplied diam-
eersaof pipesand runnersare given asin Table 3. The rule of thumb
of Eq. (35) was modified to include the effect of runners and was
used to evduate the value of the ratio of initid axia veoditiesin
runners (RT) between upper Sde and lower sSde. Table 6 provides
thevaues of RT for Figs. 12 to 19. The vaues of RT turned out to
be quite condgtent with the reaults of the smulations for Figs. 12
to 14. However, the values of RT were not condgtent with the Sm-
ulation results (i.e, flow directions) in the cases of Figs 15 to 19
where they were very closeto unity. Since the vaue of RT was ob-
tained based upon theinitid velocities in both Sdes of runners, the
direction of gas flow may be reversed according to the remaining
ressancesin both sdes when the vaues of RT were very doseto
unity [Lim and Lee, 2003]. Therefore, the ratio of initid veocities
should be recaculated a the first coming change of diametersin
both sides (i.e, D, and D,,) to obtain the corrected ratio of initid
velocities (CRT) asin Teble 6 when the vdues of RT arevery dose
to unity. Thus the vaues of CRT were congdered only when the
vaues of RT were dose to unity. The flow direction predicted ac-
cording to the vaues of CRT was quite condstent with the result of
smulaion (MOLDFLOW).

CONCLUSION

One may frequently encounter the problem of rdatively thick
fanrshaped cavity between two souare plates where (H/R,)? is around
10" and 62 isthe order of one. For these conditions the rule of thumb
containing afirst order-approximated flow modd was introduced
to show, in quditative way, whether the resstance of the rdaively
thick cavity of two sguare plates may affect the ges direction in GAIM
under the aforesaid geometry. Subsequently, various smulations
were performed under the conditions that al dimensions of cavity
of two square plates and pipes were fixed except for the diameters
of pipes and the results of Smuletion were compared with the re-
aults of rule of thumb (RT1) containing the goproximated flow mod-
d aswel as those of another rule of thumb (RT2) without the re-
sSgtance of the rdatively thick cavity of two square plates. RT1 may
be used as a criterion to determine where the gas flows earlier be-
tweeen to upper pipes and to lower pipes while RT2 may be used to
determine where the gas flows faster between ingde upper pipes
and indde lower pipes. The results of Smulations were generdly
condgtent with the former in a quditative way to determine gas di-
rections in gas asssted injection molding even though ardaively
large vaue of 0.36 was gpplied as the vdue of ¢ to describe ard-
aively thick cavity of two square plates. There were some excep-
tiond cases that RT1 or RT2 were not conggtent with the Smula:

tion results (i.e, flow directions). Both cases may be interpreted as
thet the gas may not flow to pipes of the Side where the gas enters
ealier if the gas flows dower in the pipes of that Sde or may be
interpreted as that the gas may flow to pipes of the Sde where the
ges enters earlier even if the gas flows a little bit dower in those
pipes, respectively. Thus such a developed modd as time-depent
dent modd s required to describe transent behavior of the inter-
face between gas phase and resin phase, which will be trested in
part 2 of this paper.

In addition, the Situation was treated when cavities of pipes and
runners were involved in the configuration. The rule of thumb was
usad for the ratio of initid velodities to be recaculated a the firgt
coming change of diameters when the ratio was close to unity and
it was quite cond stent with the results of smulation.

NOMENCLATURE

CRT : corrected ratio of initid velocities at first coming change of
diametersin upper side and lower side of Fig. 2b

: diameter of pipe or conduit

: diameter of arunner

: distance between top or bottom plate and center-line of the
cavity

: distance between two parald plates

- length of pipein the direction of flow

: length of arunner

: pressure

> pressure at r=R;

. pressure at r=R’

:pressure at r=R,

: dimensionless pressure

: characterigtic pressure

: pressure drop along the distance

: flow rate of melt resin

: radius of nozzle for melt resin- or gas-injection

: radius of initia polymer shut off

: pogition randomly choseninr direction betweenr=R, and r=
Ro

: ratio of initid axid veocitiesin runners between upper Side
and lower side of Fig. 2b

RT1 : ratio of initid resin radid velocities at r=R,/2 of the cavity

of two square fla plates connected to upper pipesand lower
pipesof Fig. 2a

RT2 : ratio of initid axia veocity of upper pipesand lower pipes
neglecting the cavity of two squareflat plates of Fig. 2a

: coordinate in cylindrical coordinate

: dimensinlessradia coordinate

: resaancetotheinitid velocity of melt polymer a the near-
es geometry to agasinjection point

:resistanceto Q

: characterigtic time

: dimensionlesstime

: average axid velocity

;initid velocity of melt polymer at the nearest geometry to
agasinjection point

: velocity inr direction

. - velocity inzdirection

> 00

a ;U_CEUH:UO%'UI'UIQU'U_':UUI__I_I

=, = ==
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V, :characteristic velocity inr direction
V, :characterigtic velocity in z direction
V, :dimensionlessradia velocity

V, :dimensionlessaxia velocity

V.0 : averageradia velocity

z : coordinate in cylindrical coordinate
Z  :dimensinlessaxia coordinate

Greek Letters

p  :density of polymer melt phase

6  :coordinatein cylindrica coordinate

6  :vertex angle of the fan-shaped radial flow
6  :dimensionless O coordinate

U newtonian viscosity

Subscripts

1  :uppersde

11 :thefirdt pipe at upper side
12 :thesecond pipe at upper side
2 :lowerdde

21 :thefirgt pipeat lower side
22 :thesecond pipe at lower side
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