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Abstract—In Injection molding of short-fiber-reinforced plastics, the flow during a mold filling process plays
an important role in forming a flow-induced fiber orientation field. However, the flow field is also affected
by the orientation of fibers. Dinh and Armstrong’s rheological equation of state including an additional stress
due to the existence of fibers was incorporated into the coupled analysis of mold filling flow and fiber orienta-
tion. The mold filling simulation was performed by solving the new pressure equation including in-plane velocity
gradient effect and energy equation via a finite element/finite difference method as well as evolution equations
for the second-order orientation tensor via the fourth-order Runge-Kutta method. The in-plane velocity gradient
effect on the flow field was examined at the diverging flow around the point gate and the converging flow
through the line gate. In the case of the diverging flow, the new terms due to the in-plane velocity gradient
tends to increase the flow rate for a given pressure gradient. In other words, for a given flow rate, a smaller
pressure gradient is required when the new terms are included than when they are not taken into account.
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In the case of the converging flow, the opposite results were observed. It was found that the in-plane velocity
gradient effect increases with the fiber volume fraction and the aspect ratio.
Keywords: Injection molding, fiber orientation, coupled analysis, rheological equation of state, in-plane velocity

gradient effect
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Fig. 1. Schematic diagram of a cavity with coordinate
system.
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Table 1. Physical properties of polypropylene used
in numerical simulations

p [gm/cm?] 0.77
C, [erg/(gm K)] 3.46 X107
k [erg/(sec cm K)] 151X 10*
m 0.35

B [gm/(cm sec)] 9.6X1072
C [(gm/(cm sec?))™ 1] 48X107*
Ty [K] 59X 10°

Y

Lx

Fig. 2. Finite element mesh for a diverging flow with
370 elements and 214 nodes.
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Fig. 3. Simulation results for a diverging flow at 179 nodes filled.
(a) filling pattern (step increment=0.015 sec, filling time=1.015 sec)
(b) pressure contours (step increment=0.302 MPa, maximun=3.322 MPa)
(c) velocity field ‘
(d) fiber orientation state at z=0
(e) fiber orientation state at z=0.3b
(f) fiber orientation state at z=0.6b
(g) fiber orientation state at z=0.9b

The Korean J. of Rheology, Vol. 6, No. 2, 1994



112 A9 - A

DIVERGING FLOW AROUND THE GATE

T T T T
including in-plane velocity gradient effect +—
jecting in-plane velocity gradient effect -+

:N= 00(Vi= 0%)
:N= 155(Vi=10%)
‘Nw 387 (VI=20%)
:N= 68.1(Vi=30%)
*N=103.5(Vi=40%)

moom»

PRESSURE (M Pa)

0 " "
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Fig. 4. Pressure along the distance from gate with
various particle number N for a diverging
flow.
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Fig. 5. Variation of velocity components along the
gapwise direction for a diverging flow: (a)
at element 22 and (b) at element 66 indicated
in Fig. 2.

Ul, V1: coupled analysis (N=103.5) neglec-
ting in-plane velocity gradient effect

U2, V2: coupled analysis (N=103.5) including
in-plane velocity gradient effect

o
b
w

HTHF Qi 10945 cm¥/secolm] A Ale]9] 7]
AAQ] A5 ag-o =g JehlE A G 0.005
E 3MAell 2183151t} Fig 9+ 368709 §&+a 49}
216789 A< 7HAle /384 WS Y
FAMEeZ 15709 FRAEARE x9lsiich

Fig. 102 29|59l A-§-2] A< no) 2898¢] 1
Ao B9EE vas 10%, YAAS N& 15479
st A9 4 29 2324 Fig 10(a~c)=
216709 AHZFo A 207702 o] A9 AL w9



PRESSURE (M Pa)
o

HeLePlEss L9 AE4Y FARETS AR QA4 113
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Fig. 6. Pressure along the distance from gate at par-

Center Layer

ticle number N=103.5 with various C;, b and
Q for a diverging flow.
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Fig. 7. Transverse (on x-z plane) fiber orientation

state with a view direction along y-axis for
a diverging flow at cross sections A-A’ and
B—B’ indicated in Fig. 2.

(a) uncoupled analysis neglecting in-plane ve-
locity gradient effect

(b) coupled analysis (N=103.5) including in-
plane velocity gradient effect
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Fig. 8. Variation of velocity components along the

gapwise direction for a diverging flow: at
cross sections A-A’ indicated in Fig. 2.

U0, VO: uncoupled analysis neglecting in-
plane velocity gradient effect

U2, V2: coupled analysis (N=103.5) including
in-plane velocity gradient effect

AA

Fig. 9. Finite element mesh for a converging flow

with 368 elements and 216 nodes.
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Fig. 11. Pressure along the distance from gate with
various particle number N for a converging
flow.
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Fig. 12. Variation of velocity components along the
gapwise direction for a converging flow: (a)
at element 67 and (b) at element 179 indica-
ted in Fig. 9.

U1, V1: coupled analysis (N=103.5) neglec-
ting in-plane velocity gradient effect

U2, V2: coupled analysis (N=103.5) inclu-
ding in-plane velocity gradient effect
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Fig. 13. Pressure along the distance from gate at
particle number N=103.5 with various C;,
b and Q for a converging flow.
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Fig. 14. Longitudinal (on y-z plane) fiber orientation

state with a view direction along x-axis for
a converging flow at cross section A-A’ indi-
cated in Fig. 9.

(@) uncoupled analysis neglecting in-plane
velocity gradient effect

(b) coupled analysis (N=103.5) including in-
plane velocity gradient effect
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Variation of velocity components along the
gapwise direction for a converging flow: at
second element from A along cross section
A-A’ indicated in Fig. 9.

U0, VO: uncoupled analysis neglecting in-
plane velocity gradient effect

U2, V2: coupled analysis (N=103.5) inclu-
ding in-plane velocity gradient effect
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At
o] =& 1993d% e EActe] Zu}

A QAale] ool ATEen] WA ol 3t
A=Y

2 =
a; - second-order orientation tensor
agq - fourth-order orientation tensor
ajn - linear closure approximation for fourth-or-

der orientation tensor
& - quadratic closure approximation for fourth-
order orientation tensor

age - hybrid closure approximation for fourth-

order orientation tensor

b . half gap thickness

C; . a phenomenological coefficient modeling
the randomizing effect

C, . thermal capacity of the thermoplastic me-
dium

D . fiber diameter

f . scalar measure of orientation

h . average distance from a given fiber to its
nearest neighbor

k . thermal conductivity of the thermoplastic
medium

l . characteristic length of injection molded
part

L . fiber length

n . number of fibers per unit volume

ny, Ny - components of unit outward normal vector
on the boundary

N . particle number

p . pressure

Q . inlet flow rate

re . the aspect ratio of fiber

t . time variable

T . temperature

Tn © melt temperature

T - mold wall temperature

u . x-component of velocity with respect to lo-
cal coordinate system

U . characteristic velocity
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. y-component of velocity with respect to lo-

<

cal coordinate system
u v o gapwise average velocity
w; .- gu/gu; velocity gradient tensor
Vi . the volume fraction of fibers
X, ¥,z local coordinate system
m, B, C, T, : coefficients of viscosity function
D/Dt : material derivative

Greek letters

Y : the generalized shear rate

Yi . the rate of deformation tensor

) . the out-of-plane fiber orientation

&;  :the unit tensor

€ : the slenderness of the cavity

n . viscosity of the thermoplastic medium

Mo - zero shear rate viscosity

A . a geometric parameter related to the parti-
cle aspect ratio

p . density of the thermoplastic medium

Tjj . stress tensor

¥ . linear shape function

i - vorticity tensor

Q . the domain
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