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Abstract

An outstanding problem in extrusion blow-molding process of polymers is the
precise prediction of the parison shape inside the part along the pinch-off
weld. Such a prediction is highly relevant for producing components with an
accurate wall thickness distribution along the parting line as blow-molded
parts often fail at the parison pinch-off weld of the mold parting line. In this
paper, we report on the numerical study of the parison pinch-off modeling in
extrusion-blow molding using a coupled level set (LS)-arbitrary Lagrangian-
Eulerian (ALE) method. The deformation of the parison-free surface during
the mold closing stage is approximated by means of the level set technique on
a deforming mesh domain caused by the simultaneous mold halves displace-
ment. The multi-mode Phan-Thien and Tanner (mPTT) constitutive equation
is employed to model the parison deformation in the pressure zone, the flash
pocket, and along the pinching edge. The developed LS-ALE approach is first
validated on a benchmark squeeze flow problem between two parallel coaxial
disks for both Newtonian and viscoelastic fluids before the numerical simula-
tion results for the pinch-off problem are discussed. We report numerical
experiments related to the mold closing velocity effects on the parison shape
behavior and parison wall thickness distribution along the pinch-off weld for a
high-density polyethylene (HDPE). For this viscoelastic polymer, the parison
exhibits a rounded shape along the pinch-off weld line inside the part, and this
rounding becomes more pronounced as the mold closing velocity increases, in
accordance with experimental observations. Whereas, for a Newtonian fluid,
the parison displays an angular V-shape along the pinch-off weld inside the
part and does not depend on the mold closing speed. The parison thickness
along the weld line is increased by 126% for the HDPE studied while it only
increases by 72% for a Newtonian fluid with the same zero shear-rate viscosity.
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1 | INTRODUCTION

The extrusion-blow molding process involves four main
stages, namely, parison formation, mold clamping, pari-
son inflation, and part solidification. Once the parison is
extruded to the desired length, the clamping stage begins,
during which the parison is deformed by the simulta-
neous mold halves displacement and pre-blow pressure
application. A schematic view of the process is shown in
Figure 1A. A detailed report on the process may be found
in References [1-4] among others. In this paper, we shall
not be concerned with the numerical simulation of the
extrusion problem as such but shall concentrate on the
simulation of parison pinch-off problem, which has not
yet been resolved. A schematic close-up view of the
pinch-off process is highlighted in Figure 1B. The two
pinch tools touch the parison in position (a). During the
pinch-off process, they gradually deform the parison in
the surroundings of the pinching zone in positions
(b) and (c). The pressure develops progressively in the
pressure zone and pushes the molten polymer from this
pinching zone upwards to the bottom of the deformed
parison inside the part and downwards in the flash
pocket.

The pinch-off mold section is designed to cut through
the excess extruded material (flash) that extends beyond
the part and separate it along the mold parting line.” It is
well known that extrusion-blow molded parts exhibit
lower mechanical properties along the weld line, and are
likely to fail precisely at that location. Both processing
conditions and pinch-off design geometry will influence
the shape of the parison inside the part and the quality of
the parison pinch-off weld.

Experimental observations show that, along the weld
line, the parison geometry can exhibit either a rounded
shape or an angular shape, depending on operating

mold pinch-off design.

The predicted parison wall thickness distribution around the pinching zone
represents an important step in optimizing both processing conditions and the

« A coupled LS-ALE method was developed to simulate parison pinch-off.
« The method successfully validated on squeeze flow for Oldroyd-B fluid.

« Viscoelastic fluids exhibit a rounded shape at pinch-off weld inside part.
« Newtonian fluids exhibit a V-shape along pinch-off weld inside part.

« Material rounded shape inside part increases with mold closing speed.

ALE method, extrusion-blow molding, finite element method (FEM), level set method,
mPTT viscoelastic model, parison pinch-off

conditions, material rheology, and design of the pressure
zone of the mold. Thus, the prediction of the parison
shape along the pinch-off mold parting line during mold
closing stage and subsequent inflation is of great interest
as it will allow one to design better the mold pinching
section and to assign appropriate processing conditions.

Few studies are available in the literature on parison
deformation along the pinch-off weld during the clamp-
ing stage in extrusion-blow molding process, with most
publications addressing the die swell simulation problem.
In those studies,*'° emphasis has been put specifically
on die swell phenomenon due to stress relaxation at die
exit. Other studies focused on extrusion-blow molding
with an emphasis on the calculation of the inflation stage
and the final part deformation after solidification,*?
among others. The only work to the authors’ knowledge
addressing simulation of the clamping stage is that of
Fukuzawa et al."' The authors discussed the multi-layer
parison shape at pinch-off stage in extrusion blow mold-
ing by a purely viscous non-Newtonian flow simulation.
In a comparison with experimental data of parison thick-
ness ratios, the simulation results were overestimated.
Effects of elasticity on the free surface shape have not
been reported. As will be shown later in this paper, the
shape of the parison along the parison welding line inside
the part is dependent on the design of the compression
chamber, operating parameters as well as the polymer
rheology. The deformed parison may exhibit a rounded
shape or an angular V-shape along the pinch-off weld
inside the part. This has a direct impact on the quality of
the weld surface. Ferguson* analyzed the pinch-off prob-
lem from a technological perspective, providing some
possible solutions and guidelines to improve the quality
of the pinch-off weld. Common forms of part failure at
the pinch-off weld line include fatigue failure from bend-
ing and cracking from impact.
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FIGURE 1 (A) Description of the (A) Extrusion Mold closing Inflation Ejection
extrusion blow molding process E
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Computer-aided engineering technology provides use-
ful tools for modeling and optimizing the pinch-off mold
section. In this regard, numerical modeling can give use-
ful insight into the overall parison deformation along the
pinch-off weld during the clamping stage, namely, the
material flow development in the pressure zone, the way

parison surfaces come into contact in the pressure zone,
and their evolution throughout the clamping process and
finally the parison deformation along the pinch-off seam
after solidification and ejection from the mold.

The focus in this report is put on the clamping
phase solely, with an emphasis on the prediction of the
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parison-free surface deformation and material distribu-
tion throughout the mold parting line at the end of the
clamping process. One of the key issues in the simulation
of the clamping process is the proper modeling of the free
surface deformation and the squeeze flow in the pinch-off
mold section involving self-contact of the parison-free sur-
face. In order to address such a complex free surface flow
problem for a viscoelastic fluid, the level set method'*° is
derived. In addition, various stabilized methods,'”™° that
is, the discrete elastic viscous stress splitting method
(DEVSS), the arbitrary Lagrangian-Eulerian (ALE)
method, and the streamline upwind Petrov-Galerkin tech-
nique (SUPG), are used. Numerous factors that could
influence the parison thickness and shape along the
pinch-off weld are investigated including the mold closing
speed and the fluid rheological behavior.

The rest of the paper is organized as follows: In
Section 2, we present successively the basic equations for
the viscoelastic fluid flow problem along with the matrix
logarithm of the conformation tensor in the context of
multi-mode Phan-Thien and Tanner (mPTT) constitutive
equation, the level set equation, the mesh update
method, and the numerical details regarding the govern-
ing equations for the flow together with the stabilized
space-time formulation for the fluid equations. Section 3
is devoted firstly to validating the method on a bench-
mark squeeze flow problem with free surface for Newto-
nian and Oldroyd-B fluids between two parallel coaxial
disks, and secondly to simulating the parison pinch-off
problem. Various analyses are conducted to determine
the parameters that have a large effect on the final shape
of the parison along the pinch-off weld. Finally, conclud-
ing remarks are given in Section 4.

2 | COMPUTATIONAL MODELING

2.1 | Description of the problem and
governing equations

A schematic view of the process is shown in Figure 1A.
The parison is hung vertically after the extrusion in the
center of the mold and is supported at the upper end
(die-head) and free at the lower one. When the mold
closes on the extruded parison, the polymer is squeezed
in the pressure zone located along the mold parting line.
A schematic representation of the flow problem of pari-
son pinch-off in the pressure zone with free surface is
depicted in Figure 1C. In this study, we consider a mold
with a pinch pocket located at its bottom. Furthermore,
we assume that the top of that parison section is free, by
assuming that the distance to the die-head is large
enough to neglect its influence. The flow in the pressure

zone and the parison-free surface deformation are of con-
siderable interest to rheologists in that the flow field is a
complicated mixture of shearing and elongational flows.
Shear thinning and elasticity of the polymer are two
important properties influencing the flow behavior in the
pinch-off section, consisting of a pinching edge, a pres-
sure zone, and a flash pocket. The flow in the pinch-off
section and the deformation of the parison-free surface
inside the part, along the welding edge, can be well
described by the mPTT model.*

We study the flow of an isothermal viscoelastic fluid
in the pinch-off section during the clamping stage of the
extrusion-blow molding process. Let p be the pressure, I
the unit tensor and z the extra-stress tensor. For an
incompressible fluid, the Cauchy stress tensor ¢ may be
decomposed as follows.”'°

c=—pl+r. (1)

In order to extend the convergence domain of the
numerical method, the extra-stress tensor 7 is often split
into a polymeric contribution 7, and a solvent contribu-
tion 7, as

T=1,+17, =2nD+1p, (2)

where 7 is the solvent viscosity and D the rate-
of-deformation tensor defined by

D:%(Vu+VuT), (3)

where u is the fluid velocity.

Let p be the fluid density and g the gravity. The
incompressible momentum and continuity equations are,
respectively, given by

—Vp—&—V-T—I—pg:p[%—i-(u-V)u}, (4)
V-u=0. (5)

The boundary conditions are specified as follows:
u=uor u=0,onrl, (6)
and
t=6-n=0,onl7y, (7)
where T" is the mold boundary, I'; is the boundary

between the fluid and the air, & an imposed velocity, n is
the local free surface normal, and t an external force.
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Let A; be a relaxation time, Mpi & viscosity coefficient,
and ¢ a non-dimensional scalar parameter. We use the
mPTT model,” for which the viscoelastic extra-stress ,;
for a mode i is governed by the following equation

v
A (Tpi)TPi +/11 TPi: znpiD’ (8)

where A is a model-dependent scalar function defined as

Mpi

A(rpi) = exp (ﬁtr('tpi)> ) )

v I .
and 7 denotes the upper convected derivative, which
expands to

¥:?+u-V1— (Vu' -t+7-Vu)
ai (10)
:a—t—l—u-VT— (L-T—I-T-LT),

where L=VuT is the transpose of velocity gradient ten-
sor. We model 7, as a sum of the contribution of
m modes as

m
T, = Z Tpi. (11)
i—1

In particular, when £ =0, Equation (8) reduces to the
constitutive law of an Oldroyd-B fluid. The total viscosity
of the fluid, #, is given by

m
N=ns+ Y My (12)
i=1

The relationship between the viscoelastic extra-stress
7p; and the conformation tensor ¢; is defined as

}7 .
Tpi :f(ci -I). (13)

It follows that, Equation (8) can be rewritten as
éi:VuT'cmLci'Vquf(ci), (14)

in which, f; is defined by

fle) = f% exple(tr(c) —3)](ei—1).  (15)

In the context of squeezing flow or pinch-off prob-
lems that we are solving, since there is no inflow velocity,
no boundary conditions have to be enforced for the

PROFESsIONALS AND SCIENCE

viscoelastic extra-stress 7,. Equations (1)-(15) along with
the boundary conditions form the set of equations to be
solved for the pinch-off problem.

2.2 |
tensor

Logarithm of the conformation

Parison deformation in the pinch-off section during
clamping process as shown in Figure 1C involves com-
plex shearing and extensional flows of viscoelastic fluid
in a deforming geometrical domain, implying very high
strain rates. It is known that catastrophic breakdown of
viscoelastic flow problems may be caused by the failure
of polynomial-based approximations to properly repre-
sent exponential profiles developed by the conformation
tensor in complex computational domains, near stagna-
tion points, or in regions of high deformation rate.”'° In
order to cope with such a complex viscoelastic flow prob-
lem, involving free surface tracking and to reach high
deformation rates, we follow the method developed in
References [17,21] to derive the evolution equation for
the conformation tensor ¢ in logarithm base. Let ¢ be a
diagonal matrix whose diagonal elements, cy, are eigen-
values of c. We decompose c as

c=RcR?, (16)

where R is an orthogonal tensor, whose columns are
eigenvectors of c. Next, we define the logarithm of ¢ as

w = logc=R(log¢)R”. (17)

From Equations (14) and (17), we derive the evolu-
tion equation for y as

¥ = RicNamRjm, (18)
where
Nmm :2l~4mm+6y_nl ~mm’ (19)
and
- logCm — logc, -~ -
km = M [(Lkmcmm +Lmkckk)} 7k #m.
(Cmm - Ckk)
(20)
2.3 | Free surface tracking

The level set method used for free surface tracking is
described in References [12-16]. Assume that Q; is the
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liquid domain and Q4 the air domain of the full domain Q
as displayed in Figure 1C. The interface I';, between the
fluid and the air is defined by the level set scalar func-
tion ¢ whose motion results from the following advection
equation

dp
. — 21
En +u-Vep=0, ( )

P(x,1=0) = @o(x). (22)

In the finite element used here, the same set of equa-
tions, Equations (4), (5), and (8) are solved for both
fluids, the only difference being their physical proper-
ties, which are determined by the corresponding value
of ¢ in each volume. Therefore, along the interface
between the two fluids, local variations of fluid properties
are accounted for through averaging of the form
a=H(p)ar, +[1 —H(¢)]air, Wwhere ar, and a,; represent
the properties of the liquid and the air, respectively, and
H(p)€0,1] the local volume fraction of the liquid
defined as

q
>

i=1,¢;>0

H(p) == (23)
l_:Z; 17

k]

where g is the number of nodes in the local volume of
the computational domain.

2.4 | The deformable spatial domain

We now present a mesh update approach suitable
for the pinch-off problem. The mesh deformation is
performed by the method developed in References
[22,23] to ensure that the quality of the finite
element mesh is preserved during the deformation
of the computational domain. This method considers
the mesh as an elastic body, which occupies the
bounded region Q with boundary I' as displayed in
Figure 1C. The internal node displacements are com-
puted by solving the equilibrium equations of linear
elasticity

V-6"=0. (24)

The stress tensor ¢* is related to the elastic strain ten-
sor ¢ as follows

o" =A(tre)I +2ue, (25)

where A and u are the Lamé elastic constants. The strain
tensor € is related to the displacement gradients by the
expression

€ :%(Ver (Vv)T), (26)

where v is the nodal displacement. In general, the system
described by Equation (24) is subjected to Dirichlet and
Neumann boundary conditions, written as

v=",onl}, (27)
6" -n=0,only, (28)

where I'; and I', are complementary subsets of the full
mold boundary I and v an imposed displacement. In the
context of clamping process we are studying, no Neu-
mann boundary conditions are imposed and therefore
the subset mold boundary defined on I'; can be ignored.
The Dirichlet boundary conditions are the displacements,
V, of the mold halves as shown in Figure 1C.

2.5 | Space-time discretization

A thorough description of the method used may be found
in.*' The stabilized DEVSS method developed in Refer-
ence [18] is used to solve the momentum and continuity
equations. In that method, the rate of deformation tensor
D=(Vu'+Vu)/2 is introduced as an additional
unknown for stability purposes and computed from u as.

T
/ D:ppdQ2= / W:%dgv{/@es& (29)
Q0 Q0

where Sp denotes the function space defined on Q for D.
The velocity u" and pressure p" at current time,
t, =ty—1 +Aty, are computed following the theory devel-
oped in References [24,25]. In the ALE formulation
developed in this study, it is stated as follows. Find (u",
p") € S, X S, such that

unfunil n n n
/_QP(A—tn-‘r(u —um)-Vu ) ¢, dQR2
V" +vu'): Ve,de
+ [ ) (VO 4w 9,
—/p"V-d)udQ—i—/(T—ZnaD):quud.Q (30)
Q Q
nel

+/ng-¢ud9— k_lac/m(vu (V- ,)d2

= [ t-¢,dlL, YV, €Sy,

Iy
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n nel
|v-wigaa-3 e
k

n_ gn-1
p (%4— (u" —up,) - Vu")

" (31)
+Vpn - 2(’7s + ”a)v -D

-V (z—2n,D) —pg| -V¢,d2=0,Y¢, €S,

where 7, is an artificial viscosity to achieve numerical
stability, S, and S, denote the function spaces defined on
Q for u and p, respectively, a. and a,, are the stabilization
parameters defined in Reference [25].

In Equations (30) and (31), uj},, denotes the finite ele-
ment representation of the mesh velocity, which is the time
derivative of the internal node displacements computed
from Equation (24). We anchor the motion of internal
nodes of the computational domain to the displacement of
the mold pinch plates. The mesh velocity thus differs from
the fluid velocity and must be accounted for as shown in
these two equations. The Lagrangian method is recovered
when mesh nodes are moving at fluid velocity, u}}, =u".
The present methodology also includes as special case
the Eulerian formulation on a fixed mesh, that is, u}, =0.

Equation (18) is integrated with known kinematics by
using the SUPG technique as developed in Reference [19]
for solving viscoelastic constitutive equations. The confor-
mation tensor ¢ at current time is then calculated from

c" = exp(y") = Rlexp(y")|R". (32)

In solving Equations (18) and (32) for the conforma-
tion tensor, the mesh velocity is taken into account as
explained above for the equations of momentum and
mass conservation.

The level set equation, Equation (21), is hyperbolic.
Due to its pure convective nature, it requires some type
of stabilization technique that has the advantage of
avoiding the spurious oscillations that would otherwise
be generated by using an unstabilized Galerkin tech-
nique. In this study, Equation (21) is solved by an entropy
viscosity technique to stabilize the Galerkin formula-
tion.'®***” The solution method is given by

J
/ ((p+u.v¢> - pdQs
o, \ 1

nel (33)
+Zk 1’uh/ (V¢h)dQL—0 Vcl)h GSh,

where S;, denotes the function space defined on Q for ¢
and the entropy viscosity u,, is defined as

PROFESsIONALS AND SCIENCE
Hpn = mln(/‘maxqu)' (34)

In Equation (34), 4 max = Cmax hk||u[| (g, is an upper
bound to the entropy viscosity, hy is the local mesh size,
||| (g is the usual L-infinity norm in the computational
domaln Q, and Cpna.x is a constant coefficient. The
entropy viscosity uy is defined as

R (E)|[ e
:C h2 k
P E() ~B@)] oy

(35)

where Cg is an absolute constant, E is the space-averaged
value of the entropy E, and RE"°PY s the entropy resid-
ual defined by

REMTOPY () = +u-VE(p). (36)

9E(¢)
at
One can define an entropy for the linear level set
transport equation in many ways, for instance, one can
set E(p) = ||, p>1. Hereafter we choose E(¢p) = ¢. We
could also have chosen another value for p.

3 | NUMERICAL SIMULATION
RESULTS AND DISCUSSIONS

3.1 | Squeeze flow problem with free
surface
3.1.1 | Squeeze flow of a constant mass

sample between two parallel end-disks

In order to validate our fully three-dimensional space
LS-ALE numerical method, we consider the squeeze flow
test problem with free surface analyzed in Refer-
ences.”®?* In this test problem, at the initial time t=0, a
cylinder liquid bridge of a Newtonian or an Oldroyd-B
fluid at rest occupies a cylinder with radius Ry = 50 mm
and height hp =10 mm, which also defines the initial dis-
tance or separation between the two parallel coaxial end-
disks as shown schematically in Figure 2A. This test case
corresponds to axisymmetric squeeze flow of a constant
mass sample between two parallel coaxial end disks
shown in Figure 2B.

Although we are studying an axisymmetric squeeze
flow problem, the fully three-dimensional computational
flow domain is used as the primary objective of the pre-
sent paper is the modeling of the pinch-off problem,
which is inherently three-dimensional.

The initial values of velocity, pressure, and extra stress are
assumed to be zero. At the instant ¢t =07, the top end-disk
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FIGURE 2 (A) Schematic representation of the full 3D flow
domain of axisymmetric squeeze flow of a constant mass sample
between two parallel coaxial end-disks. The dark gray area between
the plates is initially filled with the viscoelastic fluid. (B) Cross-
sectional view of the computational domain showing the
coordinate system. (C) Predicted loads on upper disk for Oldroyd-B
fluids listed in Table 1, as well as asymptotic loads (dashed lines)
for Wi— 0 and Wi — oo.

moves vertically with a constant downward velocity V,
and the bottom end-disk is kept stationary, which results
in a transient squeezing deformation of the liquid column
with velocity V' =100mm/s. At the stationary lower end-
disk and at the moving upper end-disk the no-slip condi-
tion is imposed. Since there is no inflow velocity, no
boundary conditions have to be enforced for the extra
stress.

Following Ingelsten et al.,** the Weissenberg number
is defined as

wi="" (37)

where 4 is the relaxation time of the fluid.

Inertia terms of the momentum equation are included
in our transient squeeze flow calculations while the effect
of gravity is neglected. The material parameters for the

TABLE 1 Parameters used for the viscoelastic squeeze flow.
Quantity Value
Total viscosity 7 103Pa-s
Relaxation time A [1073-10] s
Weissenberg number Wi [1072-107%]
Viscosity ratio 1/9
Liquid density p; 10%kg/m?
Air viscosity 7, 10-°Pa-s
Air density Pair 1.204kg/m?

viscoelastic fluid used in the simulation of the squeeze
flow are taken from References [28,29] and summarized
in Table 1. The total viscosity of the fluid, #, is given by

n="ns+np, (38)
and the viscosity ratio is defined by
B=ns/np- (39)

In our calculations, the normal force on the top-end
disk during the squeezing deformation is obtained by
integrating the total stress over the top-end disk area as

F:/(—p+2nSD+1'p) ‘ndA, (40)
A

where n is the local surface normal and A is the surface
of the circular domain of the top-end disk.

The effectiveness of the LS-ALE method to give
accurate results was tested against previously established
solutions of the squeeze flow.?® The finite element mesh
used consists of 3,379,200 tetrahedrons and 583,473
nodes. Such a grid is sufficiently refined to give accurate
results. A small time step of At=35x10"*s is used, so
that the Courant-Friedrichs-Lewy number is always less
than one. Predicted loads on the upper end-disk versus
time for the Newtonian and Oldroyd-B fluids at different
Weissenberg numbers Wi, are plotted in Figure 2C. In
the limit of Wi — 0 the fluid behaves like a Newtonian
fluid of viscosity n =, +1,, while in the limit of Wi — oo
the fluid behaves like a Newtonian fluid of viscosity
n=n,. There is a good agreement between the present
results with those reported in Reference [28]. The initial
values of the normal force on the top end-disk for the
asymptotic cases Wi— 0 (Newtonian) and Wi— co are
3125 and 350N, respectively, while the corresponding
values in Reference [28] are about 3100 and 345N,
respectively. At time t=0.05s, the predicted normal
forces are 86,459 and 9637N for Wi— 0 and Wi— oo,
respectively. Again, the agreement with Debbaut® is
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good. Note also that, as the Weissenberg number
increases, the load capacity decreases, in accordance with
published data.?**°

3.1.2 | Squeeze flow with constant contact
area between a sample and two parallel end-
disks

We also analyzed the squeeze flow problem with constant
contact area between a sample and two finite end disks.***"
In this case, the two plates approach each other at a con-
stant velocity V' while a no-slip boundary condition is
assumed. The problem is schematically depicted in
Figure 3A. The finite element mesh used consists of
6,067,200 tetrahedrons and 1,037,873 nodes. The initial half-
plate separation is denoted hy as illustrated in Figure 3B
and, hence, the top plate position varies with time as

h(t) =ho — V1, (41)

while the bottom plate position varies with time accord-
ing to, h(t)=—ho+Vt. The exact kinematics for the
squeeze-film flow of the Oldroyd B fluid, based on lubri-
cation theory, has been obtained in References [31,32].
The solution is given by

u,:—%hrg’(z,t), (42)
U =0, (43)
u; =hg(z.1), (44)

where £ is the plate speed relative to the plane of symme-
try z=0, g(z,t) is a dimensionless vertical velocity and
the prime denotes a partial derivative with respect to the
vertical coordinate z, normal to the plates. For our choice
of coordinate system, one obtains

Z z2
) =—[3-—"—|. 45
8@ =5 ( h(t)2> (45)
Therefore, the kinematics takes the form

ur73h (zz 1>’ (46)

=20 e~
up =0, (47)

1h z2
MZZEEZ(?)—?)- (48)

PROFESsIONALS AND SCIENCE
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FIGURE 3 (A) Schematic representation of the full 3D flow

domain of axisymmetric squeeze flow between two parallel coaxial
end-disks with constant contact area between the sample and
plates. The dark gray area between the plates is initially filled with
the viscoelastic fluid. (B) Cross-sectional view of the computational
domain and the axis system. (C) Predicted free surface shapes in a
cross-section at various times for Weissenberg number Wi=1 and
Oldroyd-B fluid. (D) Predicted free surface shapes in a cross-section
for the Oldroyd-B fluid at various Weissenberg numbers, at

time t=0.05s.

The same material properties as in the previous test
case are used. The two end disks approach each other at
a constant velocity V' =50mm/s, while the initial dis-
tance between disks is 2k = 10 mm.

The progressive growth of the free surface for the
squeeze flow at various times during the deformation is
presented in Figure 3C, at Wi=1. As the two plates
approach each other over time, the fluid accelerates and
exhibits a marked swelling upon exiting the confinement
from the two end disks. The calculated free surface
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swelling is a manifestation of the elastic behavior of the
fluid for Wi=1, as the corresponding relaxation time is
within the experiment time. Such a free surface behavior
is similar to that predicted in References [29,33]. For
comparison purposes, we show in Figure 3D the pre-
dicted free surface shapes at time t=0.05s, for the
Oldroyd-B fluid, at various Weissenberg numbers. The
elasticity effect of the fluid is clearly highlighted, with the
material front showing a more marked swelling at
Wi=1. Indeed, for Wi=1, the viscoelastic stresses are
already established at time t=0.05s, whereas for high
values of Wi, the viscoelastic stresses are not yet estab-
lished, and therefore only a slight free surface swelling is
exhibited as expected. The calculation shows a result that
could be considered at a first glance as counter-intuitive:
when increasing viscoelasticity, die swell decreases
because the process is far from being established, while

in a steady state process (die swell at extrusion die exit) it
will increase significantly. This result is also consistent
with that shown in Figure 2C, which displays the pre-
dicted loads on the upper end-disk versus time for the
Newtonian and Oldroyd-B fluids, up to time t=0.05s, at
different Weissenberg numbers. As already discussed in
Section 3.1.1, for Wi — o, the fluid behaves like a Newto-
nian fluid of viscosity 1 =#,.

Typical radial and axial velocity profiles are displayed
in Figure 4A, B for various Weissenberg numbers. We
also added to these figures the analytical solution
obtained from the lubrication theory. The velocity curves
appear to match perfectly and differences are barely
noticeable. Increasing the Weissenberg number from
0 up to 100 does not further change the velocity profile
significantly. The radial velocity, u,ho/(rV), in the mid-
dle plane is about 1.5 as shown in Figure 4A and agrees

(A) 1.0 T T T T T T T
05 4
g oof ]
2 Wi—0 y/
A Wi=0.1
—————— Wi=10
—_———— Wi = 100
————e——  Lubrication theory
-0.5 4
10 T L N L L L L
0.0 0.2 0.4 06 0.8 1.0 12 14 16
u, hy/(rV)
(C) 10 T T T T T T T
I th, =2
——= 1h,=3
......... ’hy=5
05 E
g oo} :
N
-05F 1
10 . \ A A ) . .
0.0 0.2 0.4 06 0.8 1.0 12 14 16
u hy/(rVv)
FIGURE 4

(B) 10 . . .
Wi—0
I p—— wi=0.1
FoooN T wi=10
o5F NN T Wi =100 i
L ——=——  Lubrication theory
g oo} ]
N L
-0.5 .
1.0 L L L
-1.0 -0.5 0.0 05 1.0
u,/Vv
(D) 10
05| <
g oo} il
N
05} 4
-1.0

10

(A) Profiles of the radial velocity across the gap between the two end-disks for various Weissenberg numbers at time

t=0.05s. The velocity V =50mm/s, h(t) = 2.5mm, and hy = 5 mm. (B) Profiles of the axial velocity across the gap between the two end-
disks for various Weissenberg numbers at time ¢t = 0.05s. (C) Profiles of the radial velocity across the gap between the two end-disks for

Wi=10, at time ¢ = 0.05s and various radial positions. (D) Profiles of the velocity gradients D,,, D, D,,, across the gap between the two end-
disks for Wi =10, at time t =0.05s and radial position r/ho = 3.
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well with the analytical solution.>"*** Also, profiles of the
radial velocity across the gap between the two end disks
at various positions from the center of the end-disk is inde-
pendent to the radial position as shown in Figure 4C, in
accordance with the analytical solution based on the lubri-
cation theory. Differences are not visible. The variation in
the velocity gradient components D,,, D,,, and D,,, across
the gap is shown in Figure 4D. The predicted radial veloc-
ity gradient D,,=14.82s"! and axial velocity gradient
Dy, = —29.66s~! along the symmetric plane do not depend
on radial position and are in good agreement with the
lubrication model®" that predicts D, =15s"' and
D, = —30s71, respectively. As expected, the velocity gra-
dient D,,, in Figure 4D, is linear across the gap.

The variation in the rate of deformation y=+/1/21Ip
(where II}, is the second invariant of the rate of deforma-
tion tensor) across the gap for Wi=10, at time t=0.05s
and various radial positions are displayed in Figure 5A.
As can be seen from this figure, the wall shear rate
increases considerably with the radial position. Moreover,
in Figure 5B we show the first normal stress difference
N1 =1, — 14 at time t=0.05s, for Weissenberg number
Wi=10 and various radial positions r/hy. It is seen that
N; increases considerably closer to the disk edge. All
these numerical predictions are in agreement with the
lubrication theory.

Having successfully validated the numerical results
against the analytical solution based on the lubrication
model for the squeeze flow problem, we will now address
the main problem of this work, namely, the parison
pinch-off in extrusion blow molding.

3.2 | Numerical simulations of parison
pinch-off
3.2.1 | Parison pinch-off of a

Newtonian fluid

The computational domain for the parison pinch-off
problem in extrusion blow molding and its dimensions
are shown in Figures 1C, 6A, B, while the finite ele-
ment mesh near the pinch-off section is shown in
Figure 6C, D. The numerical simulation is based on
full three-dimensional modeling. The mesh used in the
present numerical simulation is composed of 1,080,000
tetrahedral elements and 229,421 nodes, with a more
refined grid near the knives of the pinching edge to
better capture the drastic changes in the velocities and
velocity gradients. The initial external radius of the
annular parison is Ry =57.5mm and the thickness is
h=10mm, while its length is Lp =164.25mm. During
clamping stage, the displacements of the mold halves are

PROFESsIONALS AND SCIENCE
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FIGURE 5 (A) Profiles of the rate-of-deformation y = /1/21IIp

across the gap between the two end-disks for Wi =10, at time t =
0.05s and various radial positions. The gap h(t) =2.5mm and

ho = 5mm. (B) Profiles of the first normal stress difference N, =
Ty — Tz across the gap between the two end-disks, for Wi =10, at
time ¢t =0.05s and various radial positions. The velocity

V =50mm/s, h(t) =2.5mm, and hy = 5mm.

modeled by applying the mold closing speed V as a
Dirichlet boundary condition on the mesh boundaries in
the x-direction as illustrated in Figure 1C.

A blow molding grade high-density polyethylene
(HDPE) is used in this study, for which viscometric data
were obtained for the shear viscosity at 170°C by Orbey
and Dealy** and Luo and Mitsoulis.>> The rheological
data are collected in Table 2.

In Figure 7 we display the shear viscosity for mPTT
model of the present work and the experimental mea-
surements.”* The mPTT model fits the experimental
data quite well. The density of the polymer is
p="746kg/ m3. As a two-fluid flow is considered, the vis-
cosity of the air is taken to be 5,;, = 107> Pa-s and its den-
sity iS pir = 1.204kg/m3.

The initial values of velocity, pressure, and extra
stress are assumed to be zero. At time t =07, the parison
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FIGURE 6 (A) Computational domain for the parison pinch-off problem. (B) Close-up view of a cross-section of the pressure zone
along with its dimensions. (C) Finite element mesh for the pinch-off problem in a cross-section. (D) Close-up view of the grid near the

pinching edge.

TABLE 2 Relaxation spectrum at 170°C for HDPE resin with

PTT parameters.

PTT
parameter

No of

mode (i) Relaxation spectrum

i 7; (Pa-s) A (s)
1 5.20 x 10 107
2 1.48 x 10% 1073
3 9.16 x 10° 102
4 421 x 10° 107!
5 8.80 x 10° 1.0
6 2.12 x 10* 10"
7 2.10 x 10* 10°
8 6.0 x 10* 10°

€

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

is deformed by the moving mold plates by imposing a
constant velocity profile.

We now discuss the simulation results at a mold clos-
ing velocity V =20mm/s for a Newtonian fluid whose
viscosity is that of the zero shear-rate viscosity of HDPE
at 170°C, ny =56,926 Pa-s. The results of the pinch-off
simulation at various times during the mold clamping
stage are presented in Figure 8A. An important feature
that the LS-ALE method can accurately compute is the
self-contact (welding) area of the inner surface of
the annular parison. In particular, the LS-ALE method
makes it possible to reach a mold clearance between
mold knives at the end of pinch-off stage of less than
0.2mm, illustrating one of the great challenges in the
pinch-off modeling. An inside view of the parison part
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FIGURE 7 Shear viscosity # of HDPE resin at 170°C and its
fitting curve for the mPTT model. Experimental data are taken
from.**

FIGURE 8

104

along the pinch-off weld surface allows for examining its
shape inside the part at the pinch-off along the seam.

To quantify the material deformation along the
pinch-off weld inside the part cavity, we show the parison
wall thickness at the end of the clamping process in
Figure 8B. The initial parison thickness is 10 mm. The
material thickness at the pinch-off weld is slightly thicker
than the adjacent part wall, measuring approximately
17.2 mm, compared to 12.3 mm, as highlighted in
Figure 8B. The predicted material V-notch shape along
the seam shown in Figure 8B is likely to split with impact
or show fatigue failure with bending as pointed out by
Ferguson.”

In Figure 9A, the general view of the pressure zone
and the pinching zone exit is displayed. The axial velocity
profile u, in the z-axis direction is shown in details in
Figure 9B. The fluid velocity increases as it enters the

\ 11.2mm

11.2mm

12.3mm

17.2mm

\ 11.0mm

S

10.8 mm

\

10:ry

9.4mm

246 mm

(A) Cross-section of the parison shape along the pinch-off weld surface at various elapsed times during the pinch-off stage

for the Newtonian fluid, at a mold closing velocity V =20 mm/s: (t,) early stage of the pinch-off stage at mold clearance between knives of
11.97 mm and t = 2.6, (t,) intermediate time during the pinch-off process at mold clearance between knives of 5.18 mm and ¢t =2.77ss, and

(t3) end of pinch-off process at mold clearance between knives of 0.2 mm and ¢ =2.89s. (B) Cross-sectional view of the material wall
thickness distribution for the Newtonian fluid inside the part at pinch-off weld and at adjacent part wall at the end of pinch-off stage.
(C) Cross-section of the parison shape along the pinch-off weld surface at various elapsed times during the pinch-off stage for the HDPE
viscoelastic fluid. The different times are the same as for the Newtonian case. (D) Cross-sectional view of the material wall thickness
distribution for the HDPE viscoelastic fluid inside the part at pinch-off weld and at adjacent part wall at the end of pinch-off stage.

A °S ‘STOT FEIT8HST

:sdny woiy

9SULDI' SUOWIWO)) dANEAI) d[qearjdde o) Aq pouIdA0S o1k sa[o1IE V() (95N JO SN 10 AIRIQIT AUIUQ AJ[IAN UO (SUOHIPUOI-PUE-SULID)/W0D AA[1M" KIRIQI[DUI[UO//:sdNY) SUONIPUO)) Uk SULID T, 3 39S “[S70Z/90/LT] U0 ATeiqrT aurfuQ AS[IA\ “[IOUN0)) YoIeasY [BUOneN Aq 67 1,7 Uad/Z001 01/10p/W0d K[Im A,



216 Sy wsriss POLYMER KABANEMI ET AL.
2e | WILEY-TF 155, et
o , 200 , ; R : :
( ) 1 ! !
(A) |\ /| (B) LS Pressure <> @sh o
\ | [ : zone 1 pocket Elash
b 1
100 |
L 1
. ) 1
Insrltde = !
pa £ i
i = N Ammmmme S , .
[ = - Inside part ' | ,
N o . 1 |
= Pinching % . X
Pressure { | zone exit > ' !
zone .1‘ 100 - : :
Flash { ‘:‘ E :
| ]
pocket i Pinchingﬂi : :
Flash { ! t zone exit ! |
: 200 : ! ) . A
'z -1.0 -05 0.0 0.5 1.0
\
Normalized z-axis
200 - — ; :
- 1
(C) N (D) > Pressure <>  Flash <> <
\ zone ' pocket i Flash
l ! -
100 | | ! '
1
— ' 1
/ 0 1 )
\ \ Inside  / € : :
A\ part / / £ : f
N oA~ S = Obemmmeee e = e ol SELLLLL LS LEELL e
e 2 - Inside part < ! I
A g 8 : ’
T Pinching o ' X
Pressure N zone exit > : E
zone -100 F : ! _
A 1
Flash { | Pinchingﬂs i !
pocket "l zone exit ! ' !
/8B 1 ! !
Flash ( ' \) -200 ! ) : L !
A -1.0 -0.5 0.0 0.5 1.0
Vz

FIGURE 9

Normalized z-axis

(A) Cross-sectional view of the parison shape for the Newtonian fluid at the end of pinch-off stage at a mold closing velocity

V =20 mm/s showing the pressure zone, flash pocket, flash, pinching zone exit, and the z-axis along which the axial velocity profile u, is
drawn. (B) Axial velocity profile u, along z-axis in the plane of symmetry of the pressure zone at clearance between mold knives of 0.8 mm.
The gap in the pressure zone is h(t) =2.8 mm. (C) Cross-sectional view of the parison shape for the HDPE viscoelastic fluid at the end of
pinch-off stage at a mold closing velocity V =20 mm/s. (D) Profile of the axial velocity u, along the centerline z-axis, in the plane of
symmetry of the pressure zone at clearance between mold knives of 0.8 mm. The gap in the pressure zone is h(t) =2.8 mm.

pinching zone where the gap is much smaller due to its
design near the mold knives. At a mold closing velocity
of 20 mm/s, when the clearance between knives reaches
0.8 mm, the maximum velocity reached near the pinching
zone exit is about 130 mmy/s, highlighting the fluid accel-
eration in the pinching zone.

Finally, numerical experiments showed that for a
Newtonian fluid, the shape of the parison-free surface

inside the part along the pinch-off weld is insensitive to
the mold closing speed. Increasing the mold closing
velocity above 20 mm/s or decreasing the velocity below
20 mm/s does not change the parison shape shown in
Figure 8A, B along the pinch-off weld. These results are
consistent with published extrudate swell results for
Newtonian fluids from annular dies’® where the
material-free surface only depends on the die geometry.
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3.2.2 | Parison pinch-off of a
viscoelastic fluid

Let us now study the pinch-off process of a viscoelastic
material. The fluid considered is a HDPE resin. The basic
material properties are listed in Table 2. The parison
deformation is investigated through the global evolution
of the free surface, the flow kinematics, the rate of defor-
mation within the fluid, and the normal stress in the
fluid.

A cross-section of the parison shape along the pinch-
off weld surface at various elapsed times during the
pinch-off stage for a viscoelastic fluid is shown in
Figure 8C. An inside view of the parison part along the
pinch-off weld surface allows for examining the shape of
the parison inside the part at the pinch-off along the
seam. The material-free surface geometry inside the part
along the pinch-off weld exhibits a huge rounded shape.
To quantify the material deformation along the pinch-off
weld inside the part, we show the parison wall thickness
at the end of the clamping process in Figure 8D. The ini-
tial parison thickness is 10 mm. The material thickness
at the pinch-off weld is thicker, ranging from about 22—
24.6 mm, than the adjacent part wall, about 11 mm, as
highlighted in Figure 8D. That excess material is likely to
experience differential shrinkage compared with the sur-
rounding part wall and could induce warpage deforma-
tion in this zone. Longer cooling time due to thicker wall
thickness in the vicinity of pinch-off weld may also
increase the degree of crystallinity along the pinch-off
weld for HDPE materials, hence possibly induce addi-
tional differential deformations and therefore large part
warpage.

The free surface shapes of the viscoelastic and the
Newtonian materials differ dramatically in the vicinity of
the pinch-off weld as indicated by the parison deforma-
tions in Figure 8. In addition, the comparison of the wall
thickness distribution in a small local area around the
pinching seam shows that the local parison thickness is
about 17.2 mm for the Newtonian material and 22.6 mm
for the viscoelastic one, as highlighted in Figure 8B, D,
respectively. The thickness along the weld line is
increased by 126% for the HDPE studied while it only
increases by 72% for a Newtonian fluid with the same
zero shear-rate viscosity. It is worth mentioning that the
parison thickness distribution is not uniform along
the pinch-off weld due to the end effects associated with
the intrinsic shape of the annular parison as shown in
Figure 8A, C. Therefore, the rheological properties of the
polymer play a significant role in designing the mold
pinch-off section.

The effect of the mold closing velocity on the shape of
the material-free surface inside the part at the pinch-off

PROFESsIONALS AND SCIENCE

weld for a viscoelastic fluid is shown in Figure 10A, B. As
can be seen in these figures, the rounded shape of the
parison near the pinch-off weld is amplified with
the mold closing speed as the elastic effects become large.

Photographs of the parison shape along the pinch-off
weld inside the part for the HDPE resin are shown in
Figure 10C, D. The experimental results were not
obtained under the same conditions as our numerical
simulations and are shown in order to qualitatively ana-
lyze the main features of the results along the pinch-off
seam. Significant rounded deformation of the parison in
the pinch-off region is observed. The trend of the pre-
dicted parison shape near the pinch-off region at clear-
ance between the mold knives of 0.2mm in the
simulation results, displayed in Figure 10E, is qualita-
tively similar to that from experiments as displayed in
Figure 10C, D, although the two geometries of the pinch-
off mold section were not exactly the same. Nonetheless,
these photographs are a good illustration of the rounded
shape of the parison geometry along the pinch-off weld
in real life.

Going back to Figure 9, the general view of the pres-
sure zone and the pinching zone exit is displayed for the
HDPE viscoelastic fluid in Figure 9C. The axial velocity
profile u, along the centerline of the pressure zone is
shown in Figure 9D. The fluid exhibits an acceleration in
the pinching zone where the gap is much smaller, as we
might expect from observing the design of the pinch-off
section. At a mold closing velocity of 20 mm/s, when the
clearance between knives reaches 0.8 mm and the gap in
the pressure zone is 2.8 mm, the maximum axial velocity
reached near the pinching zone exit is high, about
110mm/s. Figure 11A displays axial velocity profiles u,
across the gap in the pressure zone at a distance of 3 mm
from the pinching edge, for both Newtonian and visco-
elastic fluids. As can be seen, both fluids exhibit a para-
bolic profile throughout the gap, with a maximum of
about 90 mm/s at the centerline. Furthermore, as the dis-
tance between the two pinch plates decreases during
clamping stage, the fluid tends to flow downward into
the flash pocket because of the narrow distance between
the mold knives in the pinching zone. Only a small quan-
tity of fluid flows upwards through the pinching zone, as
the pinch-off stage approaches the end. The streamlines
in the pressure zone are displayed in Figure 11B and are
consistent with the velocity profile across the gap for the
viscoelastic fluid. These streamlines clearly show the line
of separation, that is, the point where streamlines start to
shift direction; part of the fluid flows upwards into the
part cavity while the rest flows downwards into the flash
pocket. This line of separation is not centered relative to
the center of the pressure zone in the z-direction due
to its complex design. Furthermore, the position of that
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FIGURE 10
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(A) Effect of mold closing velocity on the parison deformation at the pinch-off weld inside the part at the end of pinch-off,
for the HDPE viscoelastic fluid. The clearance between mold knives is 0.2 mm. (B) Close-up view near the pinch-off weld. (C) Photographs of

a cross-section of the parison near the pinch-off weld showing the rounded material shape along the pinch-off seam inside the part at the
end of pinch-off for an HDPE polymer. (D) Photographs of a cross-section of the parison near the pinch-off weld highlighting, with dashed
lines, the rounded material shape along the pinch-off seam inside the part, and the flash at the end of pinch-off for an HDPE polymer.

(E) Numerical prediction of the parison deformation along the pinch-off weld line inside the part at the end of pinch-off.
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FIGURE 11 (A) Profiles of the axial velocity u, across the gap in the pressure zone at a distance of 3 mm from the pinching edge exit,

for the Newtonian fluid and the HDPE viscoelastic fluid. (B) Streamlines in the pressure zone for the HDPE viscoelastic fluid during parison

pinch-off stage. The gap in the pressure zone is h(t) =2.8 mm and V, =20 mm/s.
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FIGURE 12 (A) Profile of the velocity gradient D,, across the

gap in the pressure zone at a distance of 3 mm from the pinching
zone exit, for the HDPE viscoelastic fluid. The gap in the pressure
zone is h(t) = 2.8 mm. (B) Profiles of the normal stress o,, and shear
stress oy, across the gap in the pressure zone at a distance of 3 mm
from the pinching zone exit, for the HDPE viscoelastic fluid. The
gap in the pressure zone is h(t) =2.8 mm.

line of separation moves toward the pinching edge due to
the narrowing of the clearance between mold knives at
the end of pinch-off stage.

The velocity gradient profile D,, across the gap in the
pressure zone at a distance of 3 mm from the pinching
zone exit is shown in Figure 12A. The gap in the pressure
zone at this instant of mold closing is h(t) =2.8 mm. Our
numerical simulation results show that D,, exhibits a
complex shape across the gap, with a maximum not
located at the mold wall, in accordance with the axial
velocity profile shown in Figure 11A.

Profiles of the normal and shear stresses o,, and oy,
across the gap in the pressure zone at a distance of 3 mm
from the pinching zone exit are shown in Figure 12B.
Normal and shear stress components o, and o, are per-
fectly symmetric and antisymmetric with respect to the
middle-plane, respectively.

PROFESsIONALS AND SCIENCE

4 | CONCLUSIONS

We carried out a numerical simulation study of the
pinch-off process in extrusion blow molding based on a
coupled LS-ALE method. The parison-free surface defor-
mation during the mold closing stage was approximated
by means of the level set technique on a deforming mesh
domain. The mPTT constitutive equation along with the
matrix-logarithm-based formulation of the conformation
tensor of the polymer was employed to model the mate-
rial flow in the pinch-off section. The accuracy of the LS-
ALE approach was successfully validated on the squeeze
flow problem between two parallel coaxial disks with free
surfaces for both Newtonian and Oldroy-B fluids against
published data. For an Oldroyd-B fluid, the flow kinemat-
ics in the liquid can be accurately approximated by a
lubrication theory solution. We have shown through the
numerical simulations of the pinch-off process that the
dynamical behavior of a viscoelastic fluid is dramatically
different from that of a Newtonian fluid, and is mani-
fested by a large increase in the material swelling along
the pinch-off weld line. The parison exhibits a huge
rounded material shape inside the part along the pinch-
off weld line with increasing the mold closing velocity for
a viscoelastic material, whereas when the fluid is Newto-
nian, the material thickness along the weld line inside
the part remains thin. Additionally, the parison exhibits
an angular V-shape along the weld line inside the part
and does not depend on the mold closing speed for the
Newtonian fluid. The thickness along the weld line is
increased by 126% for the HDPE studied whereas it only
increases by 72% for a Newtonian fluid with the same
zero-shear viscosity. Our numerical simulation results for
the parison-free surface shape show that the mold closing
speed, the material rheology, and the geometry of the
pinch-off section of the mold are key parameters affecting
the wall thickness inside the part along the pinch-off
weld. Finally, a qualitative experimental comparison of
the parison shape along the pinch-off weld line inside the
part was also presented. Overall, the trend of the pre-
dicted material rounded shape along the pinch-off weld
inside the part is in qualitative agreement with that from
experiments. Future work will be devoted to quantitative
validations of numerical and experimental results. The
predicted parison shape inside the part at the pinch-off
and parison wall thickness distribution along the mold
parting-line pinch-off seam represent an important step
in optimizing the design of the mold pinch-off section.
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