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ABSTRACT: A gas-solid-liquid three-phase model for the simulation of fiber-reinforced composites mold-filling with phase change is
established. The influence of fluid flow on the fibers is described by Newton’s law of motion, and the influence of fibers on fluid flow
is described by the momentum exchange source term in the model. A revised enthalpy method that can be used for both the melt
and air in the mold cavity is proposed to describe the phase change during the mold-filling. The finite-volume method on a non-
staggered grid coupled with a level set method for viscoelastic-Newtonian fluid flow is used to solve the model. The “frozen skin”
layers are simulated successfully. Information regarding the fiber transformation and orientation is obtained in the mold-filling pro-
cess. The results show that fibers in the cavity are divided into five layers during the mold-filling process, which is in accordance with
experimental studies. Fibers have disturbance on these physical quantities, and the disturbance increases as the slenderness ratio
increases. During mold-filling process with two injection inlets, fiber orientation around the weld line area is in accordance with the
experimental results. At the same time, single fiber’s trajectory in the cavity, and physical quantities such as velocity, pressure, temper-
ature, and stresses distributions in the cavity at end of mold-filling process are also obtained. © 2015 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Mold-filling is the main stage of injection molding and is a notably
complex physical process. In this process, under the action of pres-
sure, a non-Newtonian polymer melt at elevated temperature is
injected into the mold cavity, which is at a lower temperature.
However, the temperature difference between the melt and the
mold cavity leads to solidification, volume shrinkage and possible
crystallisation. Therefore, the quality of injection-molded parts is
very difficult to predict and control without simulations relying on
complex computer techniques. Some researchers have studied the
mold-filling process numerically, using tools ranging from the
Hele-Shaw model to the Navier-Stokes equations, without consid-
ering the interface motion.'™® Some studies investigating the
mold-filling process using interface tracking techniques have been
published."*! However, these papers studied the mold-filling
problem by ignoring the temperature variation despite the temper-
ature on the side walls of the mold cavity being much lower than
that of the melt. As a result, near the mold walls, the viscosity is
higher due to the decreased temperature. The polymer tends to
solidify as the viscosity increases, which is known as a phase change
or a “frozen skin” layer. Meanwhile, a great amount of heat, known
as latent heat, is released at the moment when the melt begins to
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solidify, which stops the melt from solidifying. Because the frozen
skin layer is not desirable, as it contributes to the “molded-in”
strains in the molded article, the phase change and the temperature
variation should be studied carefully. However, few studies have
considered the phase change and latent heat in the mold-filling
process.

However, fibers motion and orientation must be considered
for fiber-reinforced composites mold-filling process. However,
many papers focus more on the mechanical properties of
fiber-reinforced composites than the forming process of fiber-
reinforced composites.”>>* The fiber orientation in the mold-
filling process was simulated in some articles.”>*° However,
such articles as dynamic simulations of the mold-filling
process for fiber-reinforced composites are few. The difficulty
lies in the fact that both fiber transformation and orientation
and interface evolution must be considered simultaneously.
Yang et al.’® proposed a viscoelastic-Newtonian model for the
mold-filling process, in which the dynamic behaviors and the
interface of fiber-reinforced composites during the mold-filling
process can be captured at each time step. However, the mold-
filling process was isothermal, and phase changes were not
considered in their article.
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In this article, a gas-solid-liquid three-phase model for the simu- 09 _ (o) (1= |V ])
lation of the mold-filling process for fiber-reinforced composites ot, =sign(o 2)
with phase change is established. A revised enthalpy method that d(x,0)=¢o ()

can be used for both the melt and the air in the mold cavity is
proposed to describe the phase change during the mold-filling.
The interaction between the fibers and the polymer melt is con-
sidered in the model. A finite-volume method using a nonstag-
gered grid coupled with a level set method for viscoelastic-
Newtonian fluid flow is used to solve the model.

The remainder of this articles is organized as follows. In section
“Mathematical Model,” the mathematical model is presented for the
simulation of the mold-filling process. In section “Fiber Dynamics,”
the equations are given to described fiber translation and orientation
during the mold-filling process. In section “Numerical Method,”
numerical methods are presented to solve the mathematical model
in section “Mathematical Model.” And numerical tests are taken to
test the validity of the methodology. In section “Results and Analy-
sis” simulation results are shown and discussed. In section
“Conclusions,” some brief conclusions are drawn.

MATHEMATICAL MODEL

Level Set Equation for Interface Evolution
Interface tracking plays an important role in the numerical simula-
tion of mold-filling process. We use the corrected level set method

proposed by Sussman et al.*"** to capture the interface in the article.

The basis of the level set method is indicating the interface
implicitly by a level set function ¢(x, y, t), which is defined by
the algebraic distance between any point of the domain and the
melt flow front. The melt flow front is thus described by the
zero level sets of the level set function ¢. In this article, the fol-
lowing level set equation is chosen’

¢

ot

where u is the velocity vector.

+u- V=0 (1)

Moreover, a reinitialization algorithm must be applied to keep ¢
as the algebraic distance to the interface. The algorithm is based
on the iterative solution of the following initial value problem™
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where f, is a pseudo time and sign(¢,) is the sign function of
¢, which is defined as

b0
\/(;50 +[min (Ax, Ay)}

where Ax and Ay are the grid widths along the x and y directions,
respectively. [min (Ax, Ay)]” is used here to prevent division by
Zero.

(3)

sign(¢o)=

Equation (2) does not change the position of the zero level set
of ¢ Unfortunately, in numerical computation, this may not be
true. We use the method presented by Sussman et al’'* to
improve the accuracy of solving the reinitialization equation. A
local correction item @d,(¢)|V¢|, is added to the reinitializa-

tion eq. (2). Thus, the revised equation is*"*?

0
5 +sign(dh) (V| -1)=

where @ is a local correction coefficient and the smoothed
Dirac delta function J,(¢) is defined as

@6:(4)|V| (4)
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Figure 1. A fiber orientation vector in Cartesian coordinates.
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Figure 2. Coupling relationship between equations.
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0, otherwise

0.(d)=

Here, ¢ is the thickness of the interface, which is proportional to the
spatial mesh.

Governing Equations for the Fluid

The fluid problem of this paper to be solved is two-dimension
and time-dependent, the computational domain is the vertical
middle plane of the mold without taking into account the width
W. Both the gas phase and the liquid melt are regarded as
incompressible, the gas phase in the cavity is a Newtonian fluid,
and the liquid phase in the cavity is a viscoelastic melt. The two
phases are treated in a single Eulerian grid by the level set
method in this article.

Define the Heaviside function as®'

0 ¢ < —¢
Hy(¢)= % l+%+sin (n/e) /x| |o] < 6)
1 ¢ >

The governing equations for the two-phase flow can be written
as a united generalized Navier-Stokes system by the Heaviside
function, the continuity equation, momentum equations, and
energy equations as below™*

Continuity equation

 Ax | AXT
I I |
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Figure 3. Sketch map of the nonstaggered meshes.
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y-momentum equation

Apu) . dpuu)  d(pvu) _ (0*(nu) O (nu)
ot * Ox * Ay ( Ox? - dy? )
__Op o (OP(qu) | OF(nu) O
= Papon (5 T e e ®)
0Ty
+8—;Hs(¢)
y-momentum equation
Apv) , Opuv)  dpvv) _(0*(nv)  0*(nv)
ot - Ox " oy ( Ox? - 0y? )
_ O (PPy) | P(nv) Oty
= g0 (T ) e G ) ©)

ot
+ %
S H(9)

Energy equations

ﬁ(ch)+v - (pCuT)=V - (KVT)+6:D

ot (10)

Where
p(@)=pg+ (0 pg ) H(9) n($)=ny+ (m,—n, ) Hule)

C(¢):Cg+ (Cm_ Cg)Hn(¢) K(¢):Kg+(Km_Kg)Hs(¢)

p is the density; u, v are the x-, y-direction velocity, respectively;
n is the viscosity; p is the pressure; f§ is the ratio of the Newto-
nian viscosity to the total viscosity; C is the specific heat; T is
the temperature; K is the thermal conductivity; ¢ is the Cauchy
stress tensor, 6=—pl+yD; and the subscripts m and g represent
the melt and gas phases, respectively.

Notice that in eq. (7), the density p cannot be omitted because
the values of p may be different on the two sides of the interface.

Because the melt for the mold-filling is viscoelastic, a proper con-
stitutive equation describing the rheology of polymer melts must
be chosen. The single eXtended Pom-Pom (SXPP) model,*> which
can describe the shear and tensile behavior of thick polymer sys-
tems, is used to describe the constitutive relationship of the visco-
elastic HDPE melt in this paper, which is givens as follows.
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(a). comparison of the results at =1s
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Figure 4. Comparison of the results on grid 100 X 100 between the traditional level set method and the revised level set with high resolution scheme.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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G
0
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Here, 1 is the backbone stretch used to represent the stretching
degree of the polymer molecule; t is the stress tensor; Ay, and
Aos denote the orientation and backbone stretch relaxation
time-scales of the polymer chains, respectively; Gy is the linear
relaxation modulus; I is the identity tensor; o is a material
parameter defining the amount of anisotropy; D is the strain

V= %H—u - Vi—(Vu)" - 1—1- (Vu)

Equations (7-11) can be written in dimensionless form by
introducing the dimensionless variables

x=Lx, y=Ly, u=Uu, v=Uv, t=(L/U) ¢, p=pp, U’
p=p,,,p’7 11=;7mn’,‘cik=11mUr’ik/L, c=C,C,K=K,K, T=T,T

Where the primes denote dimensionless variables. Substituting
these dimensionless variables into eqgs. (7)—(11) and dropping
the primes, we have

Continuity equation

tensor; q is the number of arms of the polymer chains; and the 9p + 9(pu) + dpv) _ (12)
superscript symbol V over t represents the upper-convected ot Ox dy
derivative, defined as y-momentum equation
1 1
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(a). comparison of the results at =1s

(b). =0s and 2s

Figure 5. Comparison of the results on grid 200 X 200 between the traditional level set method and the revised level set with high resolution scheme.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. The errors e, changes versus time under two different grids
using the revised level set method with high resolution scheme. [Color
figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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Here, the Reynolds number Re=p, LU/n,, the Peclet number
Pe=p,,C,,UL/K,,, the Brinkman number Br=,,U?/K,, T, and
the Weissenberg number Wi=/,U/L. Furthermore,

p(¢)=pg/pm+(I*pg/ﬂm)Hs(qﬁ)
n(P)=ng/Mm+ (l—ng/nm) H;(¢)

C(¢):Cg/cm+ (17Cg/cm)Hs(¢)
K(¢):Kg/Km+ (lng/Km)Hc(d))

Phase Change Model

Various models and methods have been proposed to describe
phase changes, such as the Stefan model,”° the enthalpy
model'>**™** and the phase-field model.® The enthalpy model
must include the relationship between enthalpy H and tempera-
ture T for both the melt phase and the air phase. In our previ-
ous work,” a revised enthalpy method was established to
describe the latent heat for the viscoelastic melt and the air
simultaneously in the cavity. In this article, we use the revised
enthalpy model to describe the latent heat for the viscoelastic
melt and the air in the cavity.

Defining C(T)=g—¥, the transformation relationship between

enthalpy H and temperature T is given as follows.

H<O0
0<HK< LH+C;,(T[—TS)

H> Ly+Cy(T—Ty)

Co= et (Cuns= Go) Ha(§) =G+ (Cnn— C) Hul$)
C1=Cy+(Ci—Co)Hi(9)

where the subscripts m, g represent the melt phase and the gas
phase in the cavity, respectively. The subscripts s, h, | represent
the solid, mush and liquid states of the polymer melt, respec-
tively. Ty is the gas-phase temperature. T, T, is the temper-
ature threshold of the solid and liquid states for the melt phase,

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42881
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Figure 8. Surge front position s along h versus time. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

respectively. Ly is the latent heat. L,,, L, are the latent heat val-
ues of the melt phase and gas phase, respectively. C, is the
change rate of the gas enthalpy change with temperature. C,,; is
the change rate of the enthalpy change with temperature when
the melt is in the solid state. The meanings of C,,;, and C,,; are
analogous to that of C,,; Thus, these expressions describe the
relationship between H and T for the melt when H.(¢)=1 and
for the air in the cavity when H,(¢)=0.

Introducing the Kirchhoff temperature Ty, =I'(H)H+S(H), the
expression of the enthalpy model can be given as follows.
2
Pe 8pH+ 8puH+ dpvH\ _ O’I'(H)H
ot Ox dy Ox?

+

OPT(H)H | 9*S(H)  9*S(H) (18)
+ + +Br(e : D)
y? Ox? dy?
in which
K H<0
Cs -
kn(Ti—T)
I'H={ —M——"— 0< H< Ly+Cy(T—T;
=\ L m-1y <Lut+G(Ti=T)
K,
- H > Ly+Cy(T1—Ty)
G
0 H<O0
S(H): 0 0< H< LH+Ch(T1—TS)
Ly+(C,—C)(T1—Ts
g (G CZ)( L) g (T
1
and

Ksng+ (Km,s_Kg)H8(¢) thg + (Kmh_Kg)Hé(qb)
KZZKg-l‘ (KmAl—Kg)Hg((ﬁ)
where K, is the thermal conductivity of gas. K, K., and

K,,; are the thermal conductivity when the melt phases are
solid, mush and liquid, respectively.

Cross-WLF Model

The Cross-WLF model, which is the most appropriate model
for studying both the filling and the packing phases, has been
chosen to assess the total viscosity 1 of the polymer melt and
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t
Figure 9. Remaining water column height x-direction versus time.[Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

better adjust the temperature and pressure sensitivities of the
zero-shear-rate viscosity.*® It specifies that

’70(T7P)
VRN
(o7 /e) "
where j is the shear rate. ° is a constant that gives the shear
stress rate at which the pseudoplastic behaviour of the melt

begins. 7y is the non-Newtonian index. n,(T, p) is the melt vis-
cosity under the zero-shear-rate condition and is a function of

WI(T»?:P): (19)

temperature and pressure; it reflects the influence of tempera-
ture and pressure on the melt viscosity.

The WLF expression determines the viscosity of the melt under
zero-shear-rate conditions

=D Bl S )
o= thexp {A2+(T7T*)

where T*=D,+D;p, A2:A2+D3p. The constant A; is the tem-
perature dependence of the melt glass transition temperature
under zero-shear-rate conditions. The value of parameter A,
depends on the type of polymer melt considered. The constant
D, is the melt viscosity under zero-shear-rate conditions at the
melt glass transition temperature and atmospheric pressure. D,
is the glass transition temperature. D; is the variation of the
glass transition temperature of the melt with pressure. 7% is the
glass transition temperature of the melt, depending on the
pressure.

Boundary Conditions and Time Step

Proper boundary conditions must be posed on the solid walls
of the cavity. We used the boundary conditions proposed by
Yang et al. for two-phase flow.*

1. On the wall of the cavity, for the melt in the cavity, no-slip
boundary conditions are used for the velocities, that is,
u=v=0; for the gas in the cavity, % = % =0.

on n .

2. On the wall of the cavity, for the melt in the cavity, no-

penetration boundary conditions are used for the pressure,

that is, g—fi =0; for the gas in the cavity, we use P=0.

The time step Ar is determined by the restrictions resulting
from the Courant-Friedrichs-Lewy (CFL) condition and viscos-
ity.”> Define

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42881
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Figure 10. The position of the free surface water bodies in different time (shaded areas denote the water). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Sketch map and computational area (shaded area) of the

A Ax?
At,=min ax At,=min 3 pReAx
|l 14

The overall restriction on the time step is then

mold.

1
At= Emin (At., Aty)

FIBER DYNAMICS

We used the method proposed by Yang et al'’ to simulate the
dynamics of fibers, which include the translation and orienta-
tion processes caused by the force imposed on the fibers by the
melt.

Translation Motion of the Fibers
The translation motion of fiber i is described by Newton’s law
of motion, which is expressed as follows.

du,-
F,:mi—

dt
where F; is the resultant force imposed on fiber i and
Fi=((F);, (F,);), m; is the mass of fiber i and u;j=(u;, v;) is the
velocity of fiber i. The velocity u; at the (n+ 1)th step can be
obtained using eq. (22).

21)

F;At
+
mj

n+l___n
i T

(22)

where u is the velocity of fiber i at the nth step and At is the
time step.

Several different forces may be imposed on each fiber. This
paper considers the drag and pressure gradient forces, which are
the major forces imposed on the fibers.

The drag force can be expressed as*®
(Fa);=(Ca);(Ap)ipr|w—wi|(w—w;) /2

where (Fy); is the drag force and (Cy); is the coefficient of the
drag force for fiber i. (A,); is the projected surface area of the
fiber normal to the direction of its motion. u; is the polymer
melt velocity. The choice of C; is very important for the com-

putation of the drag force. The formula for C; used in this arti-
48

(23)

cle is

Table II. Material Properties of HDPE®®

WILEYONLINELIBRARY.COM/APP

Applied Polymer

24 dy 0.15 (dy . "%
Co= =2 (1422 (2g
d Rey dn( \/E (dn ef)
2
0
. 0.42(%)
—1.16
\/E<1+4.25><1o4(j—jRef) )

where Rey is the Reynolds number of the fiber. dy=./4A,/7 is
the surface equivalent sphere diameter. d,=/6Vy/m is the vol-
ume equivalent sphere diameter or nominal diameter. V; is the
fiber volume, and c¢ is the fiber circularity. The relationship
between the fiber circularity ¢ and fiber aspect ratio r. is
¢=2.62r2/3/(1+2r.). The Reynolds number (Res); of fiber i
can be computed as follows.

(24)

_ pilua—ul(d)
(Rer),= :

m
where uy;, is the virtual velocity at the centroid of fiber i and
w;; can be computed by the bilinear interpolation formula.*’ d,,
is the diameter of fiber i. 7; is the viscosity of the fluid.

(25)

The expression of the pressure gradient force is (Vy);Vp.
Enclosing the drag force and the pressure gradient force, the
resultant force F; imposed on fiber 7 can be expressed as

Fi=(Fq);+(Vy),Vpi (26)

The new position of fiber i at the (n+ 1)th step can be
expressed as follows.

W =W +u) A (27)

where W;=(W,, W,) is the position vector of fiber i and W is
the position of fiber i at the nth step.

Fiber Orientation

The orientation of a fiber can be expressed in three-dimensional
space coordinates as shown in Figure 1. Because the fiber has a
circular cross-section and does not bend, the orientation is
determined by ¢ and @. ¢ is the angle between x-axis and the
projection of the fiber on x-y plane. @ is the angle between the
fiber vector and z-axis.

Jeffery’s equation describes the orientation of a fiber as™

R=o - R+/s(¢-R—2: RRR) (28)

where R is the unit vector aligned with the fiber axis. A dot
over a variable denotes the time derivative throughout this
paper. ®=(Vu'—Vu)/2, e=(Vu'+Vu)/2 is the deformation
rate tensor, Ay=(r?—1)/(r’>+1). Zhou and Lin’' derived the
fiber orientation distribution based on classic mechanics and
kinetic theory. They depict the fiber orientation for a planar
flow field aligned with the x-y plane. For convenience, we
denote

° no o (Pa)

Parameter (unit) pm (kg m™

D4 (Pas)

D5 (K) Ds (Pa K™Y Ay As (K)

Value 1.02 0.3794 105,985

5.769 x 103

233.15 0.1 32.344 51.6

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42881 (8 of 18)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42881



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table II1. Thermal Property Parameters of HDPE>®
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Km.s
Parameter Wm™* KprWm?t Ko Wm?t Chelkg? Cnskgt CnilUkg? Ln T
(unit) °C1) °C1) °C1) °C1) °CY °CY) (Jkg™) (°C) T (C)
Value 0.316 0.298 0.238 2042 2516 2990 1.8 x 105 104 108

Ou_.. Ou_. Ov — k) ov_ ..
ax V' dy 7 ox ay 4
The variance ratio of ¢ and 6 can then be expressed as follows
according to Jeffery’s equation.’’

o= % [A7(k+1)cos (2¢) +k—1—2sin (2¢0)] 7 (29)

0= iﬂfsin (20)[2jcos (20)+ (k+1)sin 20)]5  (30)
Effect of Fibers on Polymer Flow

The influence of fibers on the fluid flow is described by the
momentum exchange source term in the model. The momen-
tum exchange source term Sp=((Sp),, (Sp)y)T is added to the
momentum eqgs. (13) and (14) as follows.

u-momentum equation

dpu)  O(puu)  O(pvu) _

1 (0*(uu) | O*(uw)\__Op
or | ox oy _( o2 oy )_ ax (9
(B=1) (O (uu) | O (uu) 1 Oty
- Re <8x2 " 0y? )HS(¢)+R6 BxH(¢)
0Ty
R oo H(9)= (5), H(@)
(31)

v-momentum equation

Apv) , dpwv)  O(pwvv) 1 (0*(wv) P (uv)\__ Op
ot T ox T dy E( o dy? )‘ ayH*(‘ﬁ)
(p=1) (P (uv) | O (wv) 1 Oty
O (T T b gy S i)
P
e H )= (57), H(9)

(32)

The momentum exchange source term S, in a control volume
(width Ax and height Ay) is calculated as

1 &

$,= F, (33)

Vcell =1

Here, N* is the number of fibers in this control volume, F; is
the resultant force imposed on fiber i in this control volume
and V. =AxAy is the area of the control volume.

Table IV. Thermal Property Parameters of Air in the Cavity”®

Parameter Ky Cq Ly Ty
(unit) Wmt°C™) (Jkg™t°C™l) Ukg™) (K
Value 0.023 1000 2260 Twall
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Equations (1), (4), (12), (15), (18-20), (31), and (32) and the
boundary conditions compose the model for the gas-solid-liquid
three-phase model for the simulation of the fiber-reinforced poly-
mer mold-filling process considering phase change. The coupling
relationship between the equations is shown in Figure 2.

NUMERICAL METHOD

Discretization

The finite volume SIMPLE methods on a non-staggered grid
are used to solve the governing egs. (12), (15), (18), (31), and
(32). A nonstaggered grid arrangement, which stores all the var-
iables at the same physical location and employs only one set of
control volumes, is shown in Figure 3, where the dashed lines
are the faces of control volumes or cells and the intersection
points of the solid lines are the nodes on which all the physical
quantities are located.”>

Continuity Equation

The continuity eq. (12) can be discretized to be the following
form by integrating in the control volume

[(pu),=(pu), JAy+[(pu),—(p

Momentum Equations
The discretization of the momentum egs. (31) and (32) can be
written as the following form by a generalized quantity ), that is,

apyp=agp+awiyy +anpy+asys+Sy (35)

where Sy, is the source term in the momentum equation. The coef-

ficients ag, ayw, an, as, ap can be expressed as the combination of

the convection term and the diffusion term, that is,
ag=D,A(|P,|) + max (= F,,0), aw=D,A(|P,|)+max (F,,0),
an=D,A(|P,|)+max (—F,,0)

u) JAx=0 (34)

ko
oy

: ﬂli Dl‘l OIE DIB 1
X
(b) A partial enlargement of Figure 12(a).

Figure 12. Distribution of initial generated fibers. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Temperature distribution at the end of the mold-filling process
(Than =303 K, Tna=433 K, u=—-40 X (y—057°+1y €
[0,1],t= 7546 At). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

as=D,A(|P;|) + max (F;,0), ap=ag+aw +ax+as+AxAyp/At

where P, P, P,,, P,, are the Peclet numbers on the cell faces,
F,, F,, F,, F, are the cell faces flux, and D, D,, D,,, D,, denote
diffuse derivatives on cell faces. The form of A(|P,|) can be dif-
ferent under different discretization schemes for the convection
term. For example, A(|Pa|)A(|Pa|) equals to 1 for the upwind
scheme while 1—0.5|Ps| 1—0.5|Pa| for a central scheme. We
take A(|Pa|)=1 A(|P.|)=1 in this article. All the coefficients are
formulated as follows.

n.Ay F,
F.=(pu) Ay D,=—2*~ _ p=_¢ 36
«=(pu). Ay D (xg—xp)Re ° D, (362)
N Ay F,
F,= Ay D,=—m" __ p =_" 36b
w (pu)w y (xp—xW)Re w DW ( )
A F,
F,=(pv) Ax D,= =% p_"n (36¢)
(yn—yp)Re D,
A F,
F=(pv),Ax D,=—1=%  p—_% (36d)
(yp—ys)Re D

Constitutive Equations
The discretization of the constitutive eq. (15) can also be writ-
ten as the following form by a generalized quantity, that is,

a}sz:aTElpE-i-athpW+a;,le+a§1pS+S§/

where S, is the source term in the constitutive equation and
1 T T T T T
the coefficients ap,aj,,ay,ag.ap can be expressed as

ap=Wimax (—F,,0), a},=Wimax (F,,0), ay,= Wimax (—F,,0),
AxAy
At

Here, the expressions of Fe, Fs, Fw, and Fn are identical to (36).
The discrete constitutive eq. (37) can be solved only in the lig-
uid part. However, the free surface stress conditions have to be
dealt with as has been done by Sussman et al*' and Aboubacar

(37)

ag=Wimax (F;,0), ap=ap+aj, +ay +ag+ Wi

et al®® In this paper, we try to avoid doing this by defining

1
0.5
] S -

2 4 B 8 10
X

Figure 14. Frozen skin layer at the end of the mold-filling process
(Tt = 303 K, Tt = 433 K, 1= —4.0 X (y—0.5)2+1,y € [0,1],t= 7546
At). [Color figure can be viewed in the online issue, which is available at

FETTTTIT

o

wileyonlinelibrary.com.]
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U.EE'*'

0.4
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Figure 15. Fountain flow effect at t=4000 At. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

another Weissenberg number Wi =WiXH,(¢) and let
S’,I,=S§,><HE(¢). Equation (37) then change into
A =agh i aly Y+ al iyt ais TSy

The coefficients a, aj,, - ay, a3, aj, can be expressed as

(38)

ab=Wimax (—F,,0), al,=Wimax(F,,0),
ay= Wi max (—F,,0), ag= Wi max (F;,0)

ap=ag+ay, +ay+ag+ wi % +e

where ¢; is a small positive number for avoiding dividing by zero.
Thus the constitutive equation can be regarded to be hold in the
whole computational domain. In particular, as for the gas phase in
the cavity, eq. (37) will be &1, =0, which implies 1, =0. By doing
this, we see that the stresses 7y, Tx, and t,, will appear only in the
melt phase, although the constitutive equations are solved in the
whole computational domain. It is worth pointing out that special
interpolation technique, proposed by P.J. Oliveira et al.>® is used to
compute the stresses at cell faces from stress values at cell centers,
which solves the stress-velocity coupling problem successfully.

08

04

02

o 5 n n n 4 1 n " n n 1 n n n " 1
0 1 2 3
shear-rate

Figure 16. Shear rate distribution at x= 5. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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(e) # = 7546 At

Figure 17. Translation and orientation of fibers versus time during mold-

filling process. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Energy Equations
The discretization of the Energy equation can be written as the

following form, that is,
apr=aETE+aWTW+aNTN+u5TS+ST (39)

Similarly, the coefficients ag aw, ay as ap can be expressed as the
combination of the convection term and the diffusion term, i.e.

agD.A(|P,|) +max (—F,, 0), aw=D,,A(|P,|) + max (F,, 0),
an=D,A(|P,|) +max (= F,,0)
asDsA(|Ps|)+ max (—F,, 0), -ay=ag+awayas+ PeAxAyp /At

where
Fo=Pe(pu) Ay Do=T(H)—>— p=Le (400
.=Pe(pu), = — P,=— a
p 4 (xg—xp) D,
Ay E,
F,=P Ay D,=T(H)——~2 p,=-" 40b
e(pr) Ay Du=T(H) (25 = aob)
Ax F,
F,=Pe(pv),Ax D,=T'(H)——— P,=—" (40¢)
(yn—yp) D,
Ax F.
F,=Pe(pv) Ax D;=T"(H P=— (40d)
s (pv) s =I( )()’P_}’S) "D,

Numerical Methods for Level Set and the Reinitialization
Equation

Level set evolution eq. (1) and the reinitialization eq. (4) are
solved by the finite difference method on a rectangular grid.

M WWW MATERIALSVIEWS.COM
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The spatial derivatives are discretized by the fifth-order
weighted essentially nonoscillatory (WENO) scheme and the
temporal derivatives are discretized by the 3rd-order Total Vari-
ation Diminishing Runge-Kutta (TVD-R-K) scheme.”>**°

WENO Scheme

Define ¢i4j:¢(xl?y]) A+¢1] ¢1+1] ¢1]> A+¢1] ¢1]+1 ¢
i, ji;=d(xi, ), A+¢1J $ir1;— i then the 5-order WENO
scheme for the numerical approximations of the partial deriva-
tives ¢, ¢, ¢, ¢, can be expressed as

_ A:crqsifz,j +7 ¢1 1,j +7 ¢ ij A;r(ybﬁl‘j
Ax Ax Ax

+\.PWENO (AxA;r ¢ii2,j A;A;r ¢iil,j A; A:cr ¢1,] A; A:cr ¢1+1]>

sl

=
qsxjﬁj_

Ax ’ Ax ’ Ax ’ Ax
(41)
+ ¥ N N
:”:i _Ay ¢i7j 2 7Ay ¢11 ! +7AY ¢'«1_Ay ¢i~j+1
T Ay Ay Ay Ay
- - o .
4+ pWENO AjA bijer By A Gijer A A bij Ay A ey
—_ A)/ 9 Ay 9’ Ay 3 Ay

(42)

Where, the function ¥WENO ig expressed as
1 1
l//WENO(a7 b,c, d)=—5w0(a—2b+c) A (WZ >(b 2¢+d)

The expressions of wy, w, are
o 0

= Wy —————
060+OC1+062 060+O(1+062

where
_ 1 _ 6 -~ 3
w (£+8)" n (£+8)" e (£+8)"
So=13(a—b)’+3(a—3b)’

Si=13(b—c)*+3(b+c)*, $,=13(c—

d)*+3(3c—d)*

and ¢ is a very small number used for avoiding divided by zero.

TVD-R-K Scheme
The 3-order TVD-R-K scheme can be expressed as

V) = ¢© +ArL(¢) (43a)
gt o) afe))
-0 o) o)) 00
where ¢©=¢", $=¢""", and L(¢p)=—ud,—v¢, for the level

set function, while L(¢) =31gn(¢0) (1—|V¢|) for the reinitialization
equation.

Numerical Tests

Numerical Test for the Rotation Plate Problem. To test the
numerical scheme for the level set method, we use the following
velocity field on the unit square:

u=mncos (n(x—0.5))sin (n(y—0.5))

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42881



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

(a) A partial enlargement of Figure 17(e).
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(b) Fiber structure of Yang et al.*

Figure 18. Comparison of the fiber structure obtained using our model and that of Yang et al.>* [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
v=—mnsin (n(x—0.5))cos (n(y—0.5))

A circle with radius 0.2 centered at (0.5, 0.3) is used as initial
condition. At = 1.0, the flow field is reversed, so that the exact
solution at t=2.0 should coincide with the initial condition.
The grids we use are 100 X 100 and 200 X 200, respectively.
The comparison between the results of the traditional level set
method and the revised method with high resolution method
used in this paper with different grids are shown in Figures 4
and 5, and the errors under different grids are given in Figure
6, all of which show the effectiveness of our numerical scheme.

Numerical Test for the Broken Dam Problem

We take the broken dam problem shown in Figure 7°° to test the
validity of the methodology. The computational domain is 4a X 2a,
where a is the width of the water body. s and & denote the surge front
position and the remaining height of the water column respectively
and are used to measure the spreading velocity and the falling rate of

the water column. A uniform grid of 500 X 250 is used and we take
a=>5 in the simulation. Figure 8 shows changes of the surge fronts
along x-direction. Figure 9 shows remaining water column height
versus time together with those obtained by a CLSVOF (Coupled
level set and Volume of Fluid) method proposed by Sussman et al.*'
All the results are in well agreement. Figure 10 gives the positions of
the interface at some select times.

RESULTS AND ANALYSIS

Computational Domain and Parameter Setting

A sketch of the injection mold is shown in Figure 11, in which
the shaded area, that is, the vertical middle plane of the mold,
is the computational domain. Suppose the length and width of
computational area are 10.0 and 1.0, respectively. The grid in
the simulation is 400 X 40.

High-density polyethylene (HDPE) is used as the polymer melt, and
its material properties parameters and thermal property parameters

©

Figure 19. The experimental result of Liu ef al>” (a) Fiber orientation in the cavity(from the view that is perpendicular to the flow direction), (b) Fiber

orientation near the surface of the cavity, (c) Fiber orientation near the subsurface of the cavity, and (d) Fiber orientation in the middle of the cavity.
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Figure 20. The influence of fiber slenderness ratio on physical quantities versus time. (a) The variation of maximum value of u versus time, (b) The var-
iation of maximum value of p versus time, (c) The variation of maximum value of 1, versus time, (d) The variation of maximum value of t,, versus
time, (e) The variation of maximum value of t,, versus time, and (f) The variation of maximum value of first normal-stress difference versus time.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

are given in Tables II and III, respectively. The solidification tempera- ~ The fibers in the cavity are short glass fibers for the simulation
ture of HDPE is 377 K. The thermal property parameters of the air ~ in this paper, and each fiber is regarded as a short rigid rod
in the cavity are given in Table IV. It is worth mentioning that the ~ with a slenderness ratio of 40. The density of fibers is 2.49 X
parameter values in Table IV guarantee that the air is always in the 10’ kg/m?, and 200 fibers are distributed randomly in the initial
gaseous state. melt, which is shown in Figure 12(a). A partial enlargement of
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Figure 21. Single fiber trajectory in the cavity versus time. (T, =303 K,
Thee =433 K, u=—4.0 X (y—0.5)*+ L,y € [0,1], t=7546 At). (a) Dis-
tribution of pressure, (b) distribution of u velocity, (¢) distribution of t,,,
(d) distribution of t,,, (e) distribution of t,,, and (f) distribution of first
normal stress difference. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the image within the square box is shown in Figure 12(b). In
the mold-filling process, new fibers enter the cavity at each time
step. Thus, new fibers must be generated randomly near the
inlet at every time step. A total of 6000 fibers are generated dur-
ing the mold-filling process in the simulation. For the flow field
computation, Re =0.01 and We=0.01 and the inlet velocity
u=—40 X (y—0.5)*+1, y € [0,1].

“Frozen Skin” Layers

When cavity wall temperature T,,,; = 303 K, melt temperature
Tmere = 433 K, injection rate u= —4.0 X (y—0.5)2+ L, y €
[0,1], t=7546 At the temperature distribution in the cavity
when the cavity is filled with melt is given in Figure 13, from
which we see that the temperatures near the solid walls are very
low. The temperature values decrease from the inlet to the end
of the cavity. Figure 14 shows the frozen skin layer distribution
(temperature distribution below the solidify temperature in the
cavity) when the mold-filling process ends. A very thick frozen
skin layer can be found near the solid walls of the cavity, espe-
cially at the end of the cavity. The frozen skin layers under dif-
ferent temperatures of melt and wall in the cavity and different
injection velocities conditions were discussed in our previous
work,”” which showed that increasing the temperatures of the
melt and the wall or increasing the injection velocity can effi-
ciently eliminate the frozen skin layer.

Fountain Flow and Shear Rate Distribution

Figure 15 clearly shows the fountain flow effect at = 4000 At,
that is, the polymer melt approaches the flow front from the
center and diverts toward the wall.

Figure 16 shows the shear rate distribution at x=5, = 7546
At. We can see that shear rate of the melt in the frozen skin
layer near the wall is zero. Furthermore, the shear rate reaches
the largest value near the subsurface of the cavity and very small
in the middle of the cavity. This is in accordance with the find-
ing reported by Yang et al.*°

Fiber Dynamics

Fiber Orientation. Figure 17 shows the translation and orienta-
tion of fibers with time in the cavity during the mold-filling
process. Figure 18(a) shows a partial enlargement of Figure
17(e). In Figure 18(a), a skin-sub skin-core-sub skin-skin five-
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Figure 22. Physical quantities distribution in the cavity at the end of the

mold-filling process. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

layer structure of the fibers orientation is observed. In the skin
region, the fibers are distributed randomly, in the sub skin
region, the fibers tend to align along the melt flow direction,
while in the core region, the fibers are randomly oriented. The

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42881
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Figure 23. Stresses distribution in the cavity at the end of the mold-filling
process without consideration of the influences of fibers and phase change
(Twan =303 K, Toa=433 K, u=—40 X (y—05°+1Ly € [0,1],
t=7546 At). (a) Distribution of t,,, (b) distribution of t,,, (c) distribu-
tion of 1, and (d) distribution of first normal stress difference. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

reason for this alignment is that strong shearing takes place
near the upper and lower side walls of the mold (subskin area),
while the shear rate near the horizontal mid-line of the mold
(core area) is low. At the same time, the temperature on the
side walls of the mold cavity is much lower than that in the
middle of the cavity, the polymer tends to solidify near the solid
walls of the cavity, which is known as the phase change or fro-
zen skin layer. Because there is no shear rate in the “frozen
skin” layer, so fibers near the wall (skin area) are distributed
randomly.

Figure 18(b) shows the translation and orientation of fibers at
the end of the mold-filling process studied by Yang et al*®
Comparing Figures 18(a) with 18(b), we can see that the fiber
structures are not the same. The fibers are divided into three
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Figure 24. Fiber motion in the cavity versus time. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

layers in Figure 18(b), and only a skin-core-skin structure of
fibers exists within the rectangle box. However, the fibers are
divided into five layers in Figure 18(a). This difference is a
result of the phase change being ignored in Yang et al

simulation.*

Figure 19 is the experimental result of fiber orientation for fiber
reinforced Polypropylene during mold-filling process in Liu
et al”’ In the experiment, short glass fibers with a length of
0.3mm and mass fraction 30% were taken. The mold tempera-
ture was 40°C, and the injection speed and injection time were
45 cm’/s and 1.2 s, respectively. Figure 19(a) is the picture of
fiber orientation, which is observed perpendicular to the direc-
tion of fluid flow in the cavity. Figure 19(b) gives fiber (near
the cavity wall) orientation near the surface of the cavity, from
which we see that the fibers orient randomly. Figure 19(c) gives
fiber orientation near the subsurface of the cavity, from which
we find that the fibers orient along fluid flow direction. Figure
19(d) is the fiber orientation in the middle of the cavity, from
which we can see that the fibers orient randomly. Thus, it can
be seen that the simulation results in this article is completely
consistent to the experiment results of Liu et al.>’

Influence of the Slenderness Ratio of the Fiber on Flow Field
Here is to discuss the disturbance influence of the slenderness ratio
of the fibers on the physical quantities in the flow field. The fiber
in melt is bound to have an impact on the velocity, stress and
other physical quantities. The influence of the slenderness ratio of
fibers on the maximum of velocity, pressure, stress and first nor-
mal stress difference are discussed in Figure 20. In Figure 20(a),
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Figure 25. The comparison of fiber orientation in weld line area between simulation result of this article and existing experimental results. (a) Simula-

tion result of this article, (b) existing experimental results.”® [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

the value of the velocity of melt without fibers is larger than
that of melt with fibers. A bigger slenderness ratio of fibers has
a stronger power to decrease the melt velocity. In Figure 20(b),
the pressure in the cavity without fibers is smaller than that of
melt with fibers. Figure 20(c—f) show that fibers orientation has
disturbance on the stress and first normal stress difference. The
influence is proportional to the slenderness ratio of the fibers. It
is worth pointing out that the stress oscillates even without
fibers in the melt. This may be caused by the phase change in
the mold-filling process.

Single Fiber Trajectory in the Cavity

The motion trajectories of eight individual fibers in the cavity are
shown in Figure 21. The initial coordinates of the eight fibers are
(0.1297,0.7562), (0.2706, 0.6061), (0.1749,0.5381), (0.3167,0.5339),
(0.1512,0.4348), (0.3258,0.4141), (0.0948,0.3713), and (0.2706,
0.3005), respectively. It can be seen from Figure 21 that the fibers
near the upside and downside walls of the cavity move toward the
upside and downside walls, respectively. This is because the motion
of fibers is influenced by fountain flow effect as shown in Figure 15.
The fibers near the middle of the cavity move nearly straight forward
in a horizontal way.

Physical Quantities Distribution at the End of the Mold-
Filling Process

Figure 22(a) shows the pressure distribution when the mold-
filling process ends. (Tian =303 K, T =433 K, u= —4.0 X
(y— 0.5)> + 1, y € [0,1], t=17546 At). As can be seen in Figure
22(a), the pressure values decrease from the inlet to the end of
the cavity, and the maximum pressure value is always located at
the inlet. Figure 22(b) gives the distribution of u velocity, from
which we can see that the u velocity decreases from the middle
of the cavity to the side walls of the cavity. Due to the appear-
ance of the frozen layer at the end of the cavity which makes
the cavity tunnel narrower, the u velocity becomes larger when
the melt passes through a narrower cavity tunnel. Figure 22(c—
f) show the stress distributions when the mold-filling process
ends, from which we can see that the distributions of ., .,
1), and the first normal stress difference are not smooth. This
may be due to the phase change and the disturbance of fibers
to stresses in the cavity. To show this, the stress values without
the consideration of the influences of fibers and phase change
are given in Figure 23. From the figures we can see clearly that
the stress values without the consideration of fibers and phase
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change look smoother than those with the consideration of
fibers and phase change.

Injection Mold-Filling Process with Double Inlets

Figure 24 shows the fiber motion versus time in the cavity with
double inlets. It can be clearly seen from Figure 24 that the
fibers on both sides in the cavity are still in the skin-sub skin-
core-sub skin-skin structure until the cavity is filled with melt.
In the injection molding process, when there are multigates,
holes or insert in the cavity, the melt will flow along over two
directions in the cavity, when the two melt meet, weld line will
be formed in the product.

The partial enlargement of fiber orientation near the weld line
in Figure 24(e) is shown in Figure 25(a). It can be seen that
fiber orientation in the weld line area is perpendicular to the
melt flow direction. On both sides of the weld line area, the
fiber orientation is in the shape of semi arc, while away from
the weld line area, the fiber orientation is still in skin-sub skin-
core-sub skin-skin structure.

Fiber orientation near the weld line area was studied by experi-
ment in Lim et al>® which is shown in Figure 25(b). In the
experiment, short glass fibers of 0.3 mm and volume fraction
30% were mixed with the polycarbonate matrix. The melt tem-
perature was 593 K and the cavity temperature is 388 K. As can
be seen, the simulation results in this article are in qualitative
agreement with experimental results in Lim et al.”®

Convergence Test

Convergence analysis for the algorithm using three kinds of grid
is shown in Table V. The code is run on a computer with CPU
2.8 GHz frequency, and 512 M memory. The profiles of velocity
u, stress Ty,T,, under different grids at = 8.0, x=3 are shown
in Figure 26, which can validate the convergence of the
algorithm.

Table V. Three Kinds of Grid for Convergence Validation

Mesh Ax(Ay)
Coarse 200 x 20 0.05
Intermediate 400 x 40 0.025
Fine 800 x 80 0.0125
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Figure 26. Convergence analysis for physical quantity under different grids (= 8.0, x=3). (a) Profiles diagram for u, (b) profiles diagram for 7,,, and

(c) profiles diagram for t,,. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

CONCLUSIONS

In this article, a gas-solid-liquid three-phase model for the sim-
ulation of the mold-filling process for fiber-reinforced visco-
elastic composites with phase change is established. A revised
enthalpy method that can be used for both the melt and the air
in the mold cavity is proposed to describe the phase change
during the mold-filling. The interaction of the fibers and the
polymer melt is considered in the model. A finite-volume
method on a non-staggered grid with a momentum exchange
source term is used to solve the viscoelastic-Newtonian fluid
flow. The level set method is used to capture the front of the
melt during the mold-filling process.

1. The frozen skin layers are simulated successfully. Informa-
tion about the fiber transformation and orientation is
obtained in the mold-filling process. A five-layered (skin-sub
skin-core-sub skin-skin) distribution of fibers is found. In
the skin region, the fibers are distributed randomly, in the
sub skin region, the fibers tend to align along the melt flow
direction, while in the core region, the fibers are randomly
oriented, which is in accordance with previous experimental
studies.

2. The influence of the slenderness ratio of fibers on the maxi-
mum of velocity, pressure, stress and first normal stress dif-
ference are discussed. Results show that fibers
disturbance on these physical quantities. The bigger the slen-
derness ratio, the larger the disturbance. At the same time,
physical quantities such as velocity, pressure, temperature,
and stresses distributions in the cavity at end of mold-filling
process are also obtained.

3. The fiber motion versus time in the cavity with double
inlets is simulated. It can be seen that fiber orientation in
the weld line area is perpendicular to the melt flow direc-
tion. On both sides of the weld line area, the fiber orienta-
tion is in the shape of semi arc, while away from the weld
line area, the fiber orientation is still in skin-sub skin-core-
sub skin-skin structure. The results are in qualitative agree-
ment with the experimental results.

have

The model we proposed in this article can capture the interface
evolution and trace the trajectories of individual fibers. Most

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42881 (17 of 18)

importantly, a dynamic mold-filling process can be obtained by
our model. Since phase change during the mold-filling process
is considered, the results that describe distribution of the physi-
cal quantities are more accurate than those ignoring the phase
change.
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