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Abstract. During suction blow molding process, the extruded parison undergoes twisting
deformation within the mold cavity, as the air drawing flow around the deforming parison
exerts non-uniform shear stresses on its surface. This research is devoted in developing a
fluid-structure interaction model for predicting parison deformation during suction blow
molding process, with a specific emphasis on the suction stage. A fluid flow model, based on
Hele-Shaw approximations, is formulated to simulate the air drag force exerted on the parison
surface. The rheology of the polymer during suction is assumed to obey the K-BKZ integral
viscoelastic model. The numerical results of this study allowed identifying a clear correlation
between the twisting deformation undergone by the parison during the suction stage, also
observed experimentally and the design parameters, namely, the air suction speed, the
geometry of the duct mold cavity, and the parison/mold eccentricity.

1 INTRODUCTION

Parison suction blow molding process is commonly used to economically produce
elongated and complex curved 3D hollow parts, as a single plastic piece that cannot be
achieved by other processes [1-2]. In this process, the mold parts first close together so as to
form the cavity defining the contour of the final tubular body. Then the parison is extruded
from the die into the closed cavity. The parison floats on an air stream generated by a suction
device at the exit of the cavity. The parison is drawn down through the mold contours, while
support air flow is blown inside the parison from the upper end to prevent collapsing of the
parison. When the mold is filled, sliders close the upper and lower ends of the parison. The
parison is inflated against the cavity walls by needles located at the parison ends. A schematic
view of the process is shown in Figure 1. Applications of the suction process in automotive
sector include fuel filler pipes, convoluted coolant pipes, and air ducts.
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To date, numerical modeling of the suction blow molding process is almost inexistent in
the scientific literature. In a recent survey, we found no scientific publications in this area,
most publications addressing the die swell simulation problem [3,4] and the modeling of
extrusion blow molding process [5,6], among others. During the extrusion process, the
parison swells and sags as it exits the die. The prediction of the annular swell from classical
conservation principles is difficult because of the free surface present, the viscoelastic
behavior of the polymer, the time dependent nature of the swell and the die gap profile.
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Figure 1: Description of the suction blow molding process: introduction of the parison into the mold and suction
(a), end of suction (b), pinch-off, mold closing and blowing (c), and mold opening and demolding (d).

Whereas in extrusion blow molding process the parison is extruded to the desired length
before inflation, in suction blow molding process, as soon as the parison enters the closed
duct mold, it is simultaneously drawn down through the mold contours by the surrounding
high-speed air flow generated at the mold exit as illustrated in Figure 2.

In this study, we have been interested in understanding the role of the air flow stream, the
mold cavity geometry and the initial parison thickness generated during extrusion on the final
thickness distribution of the hollow body. These design parameters could affect the
deformation undergone by the parison within the mold cavity during suction. In this regard,
numerical modeling can give useful insight in the overall process stages and help defining
optimal design parameters to ensure more appropriate final wall thickness distribution of the
duct part.

In our previous work [5], the integrated modeling of the conventional extrusion blow
molding process was conducted. The individual process phases, namely, parison formation,
inflation and solidification were simulated in sequence.

In the present work the focus is put on the suction phase exclusively, with an emphasis on
the prediction of twisting deformation undergone by the parison within the duct mold cavity
and the prediction of the wall thickness distribution at the end of suction process. The
objective is to relate the final thickness distribution of the hollow body to key design
parameters, i.e., the air drawing speed, the geometry of the mold cavity and the initial parison
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thickness generated during extrusion.

For the sake of clarity, we will find it useful to recall the basic equations for the model
problem shown in Figure 2, along with the numerical techniques used. A thorough description
of the basic equations for the suction blow molding problem has been given by Kabanemi and
Marcotte [2].
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Figure 2: Schematic view of the suction process.

The paper is organized as follows. The mathematical formulation of the fluid-structure
interaction problem for the suction process is first presented. Then, numerical results are
presented and discussed in order to determine the most influential process parameters on
twisting deformation of the parison during the suction stage. Finally, the main findings of the
work are summarized.

2 MATHEMATICAL FORMULATION

The simulation of the parison suction requires the coupled solution of the fluid and
structure interaction problems. During the process, the parison is subject to a high speed air
flow within the mold cavity (Figure 2). As a result, shear stresses or forces appear on the
parison surface. These forces deform the parison and consequently the air flow domain. The
air flow domain, i.e., the gap between the mold cavity surface and the parison free surface,
changes continuously during the suction blow molding as the parison deforms and slides
within the mold cavity. Because the fluid and solid interact through the air drag forces on the
parison and through the deforming annular air flow domain, information has to be exchanged
between both models (fluid and structure) at every time step.

2.1 Air flow model and air drag force

Whenever a body is placed in a flow, it is subjected to a force from the surrounding fluid.
In the suction process, the external force is provided by a high-speed air stream interacting
with the parison free surface. This section is devoted in developing a model that calculates the
air drag force acting on the parison surface.
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The parison is hung vertically in the center of a duct mold, and is supported at the upper
end (die-head) and free at the lower one. Fluid flows downward in a relatively narrow annular
space (Figure 3). Motions of the parison in the confining duct mold are fully three-
dimensional. It is assumed that the thickness of the annular air flow domain, i.e., the gap
between the mold cavity surface and the parison free surface, is small in comparison with the
characteristic dimensions of the annular air flow domain. The flow state in the annulus, which
may be laminar flow or turbulent flow depending on the behavior of the main flow and the
disturbance level, strongly influences the parison deformation in the mold and the
performance of the suction process. The determination of the critical condition for the flow
transition in annulus is therefore of great interest. Such a critical condition for turbulent
transition in annulus flow has been calculated by Dou et al. [7]. As long as the Reynolds
number Re is below the critical value, the flow in the annulus can be maintained as a laminar
flow regardless of the level of disturbance. This assumption is made in the sequel.

As a result, a fluid flow model, based on the Hele-Shaw approximation for thin cavities [8]
is used to predict the air drag force exerted on the parison surface. In our model, the thin
annular air flow domain, bounded by the parison free surface and the mold cavity surface, is
fully defined by its midsurface and the local gap-wise thickness. The sketch of the problem is
shown in Figure 3. At any point P* of the midsurface, an orthonormal frame (&,6,0) is defined
such that P*C is normal to the midsurface. This implies that P*& and P*6 are tangent to the
latter surface as shown in Figure 3. In our formulation, P*6 is oriented to the circumferential
direction while P*§ is oriented to the stretching direction. Finally, the gap thickness of the
annular air flow domain is a function of the position of the midsurface, i.e., h=h(&,6) and
assumed to have a smooth variation.

By averaging the continuity equation over the gap of the annular air flow domain, one
obtains the resulting boundary value problem in the midsurface, given by the Hele-Shaw
equation (V stands for the gradient operator in the reference frame system):

V(=S¢ Vp) =0 (1)

where p is the pressure and Sg. = h®/3n is the fluidity parameter. The shear rate is
ou,,

approximatively given by:
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where n is the viscosity, u, is the velocity vector in the midsurface, u, is the velocity

() =

component parallel to P*¢ (stretching direction) and u, is parallel to P*0 (twisting direction).
The next step is to calculate the air drag force acting on the parison. Along the free-surface

of the parison, the shear stress due to the drag from the surrounding air is computed as:
T=nY(c) @)

The force due to the pressure acts normal to the parison surface, i.e., oriented along P*C,
while the force due to the shear stress acts tangentially and oriented with the shear direction.

The tangential shear force per unit surface, t, on the parison can be decomposed into a
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component t, parallel to the local twisting (circumferential) direction and the other t,
oriented along the parison axis P*¢ (stretching direction, see Figure 3).

T o ——

......

Mold Wall—= ]

o o e

Midsurfac&s-)

Parison — =

S e e e e e e e e

.
S~
N e e o o e e

- _ Parison Axis
Y

Figure 3: Sketch of the problem: definition of the midsurface (a) and definition of the local orthonormal frame at
a generic point P* (b).

Therefore, the total aerodynamic force per unit surface, t, , acting on the parison surface is
expressed as:

4)

u u
L=tg +t=tg +t,9,+t.9 =—-pg + Ju : ” g, Ju : ” Y9,
The air drag force t; is exchanged from fluid to solid model at each time step.

2.2 Equilibrium equations

The material description for the principle of virtual work, i.e., the weak form of the
equilibrium equations, involving the second Piola-Kirchhoff stress tensor S through the
membrane force N, the bending moment M, the variation of the membrane strain tensor oE
and the variation of the curvature tensor &y can be expressed as [2]:

SW(u,du) = L (N:SE+M:8)dQ, — jQ BSu(t)dQ, — LQ;T ()Su(t)dA =0 ©)

where u is the displacement field, Qo and 0Q stand for the volume of the initial

configuration and the surface of the deformed configuration, respectively, t.(t) is the
Eulerian contact force acting on an infinitesimal deformed body surface dA. The derived
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variational principle is nonlinear in the displacement vector field u. Therefore, we have to
linearize the problem to achieve update formulas which are linear in every iteration step.

The rotation-free basic shell triangular (BST) finite element proposed by Ofiate and Flores
[9] is used to accurately describe the bending deformation of the parison occurring during the
suction stage. It has no rotational DOFs.

2.3 Constitutive model

As the suction process also involves stretching, bending, twisting and sliding of the parison
within the mold cavity, the deformations of the parison during the process are modeled with
an integral viscoelastic constitutive equation of the K-BKZ type [10]:

: (6)
o(t) = —pl+$jm(s)H(ll, 1,)[Ct(t—s)+0C(t—s)ls

where o is the Cauchy stress tensor, p is the pressure, 6 is a parameter that refers to the
second normal stress difference in the deformation (biaxial effect), C(t-s) is the right Cauchy-
Green relative strain tensor, C*}(t-s) is the Finger strain tensor, H is the damping function, and
m(s) the memory function, given by:

m(s) = ep(-s/n,)

k

U]

where Ak are relaxation times and gk are material constants. The damping function proposed
by Papanastasiou was used to represent the strain dependency under nonlinear viscoelastic
deformation [11]. It is written in the following form:

_ a (8)
o+ [l +@-p)I, -3

where o and B are damping coefficients (material parameters) and I1 and I» are invariants of
C(t-s) defined as follows:

H(1,,1,)

L =tlcit-s)], 1, =tlcE-9)] ©

2.4 Coupling method between fluid and structure models

To complete the governing equations for the fluid-structure problem, it remains to model
the interaction between the flow and the structure, i.e., to set corresponding boundary
conditions on the fluid-structure interface.

The resolution is performed in a decoupled fashion using an iterative scheme, based on a
fixed-point method. At each time step, the parison deformation problem is first solved with
known air drag forces for the new position and shape of the parison in the mold, and then the
fluid dynamics problem is solved on the new annular air flow domain for the air drag forces
on the parison.

As described in the preceding sections, there are two fluid forces acting on the parison
surface, i.e., the pressure and the shear forces. At time step tn, the total aerodynamic forces are
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computed by solving the Hele-Shaw equation in the current annular air flow domain from the
knowledge of the parison position in the mold cavity, which yields:

(10)

_ Ug U,
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The total aerodynamic force is then applied on the parison surface and the new position of
parison is determined by solving the solid mechanic problem. When the parison deforms
under the aerodynamic force, the annular air flow domain also deforms as the annular gap,
2h(E,0), between the parison surface and the mold cavity is modified. This leads, at time step
th+1, to @ change in the flow field, i.e., the velocity, pressure and shear stresses, which are
subsequently applied on the parison surface.

3 CASE STUDY: PARISON SUCTION IN A “U” DUCT MOLD CAVITY

We consider the case of parison suction in a “U” duct mold cavity shown in Figure 4, and
analyze the effect of various parameters on the parison deformation during the process. The
geometry of the duct mold of 50 mm diameter in which the parison is sucked belongs to a
single plane as shown in Figure 4. The polymer investigated in this study is the HDPE
Lupolen, grade 4261A [2].

The initial thickness and diameter of the parison segment at die exit are respectively, 2 mm
and 30 mm. Two cases are analyzed. The free extrusion without suction force and the
simultaneous extrusion-suction during which a suction air flow is produced to enhance the
sliding motion of the parison within the duct mold cavity. The air flow rate is 265 cm?®/s
which corresponds to an average annular air flow velocity of 20 cm/s and to Re of about 400.
Such a value is largely below its critical value for the turbulent transition in the annulus, i.e.,
Rec = 2000. The air viscosity is set to 10° Pas and its density p to 1 kg/m®. A small air
pressure of 10° MPa is blown inside the parison from the top to prevent collapsing of the
parison. The difficulty of this problem comes from the fluid-structure interaction and also
from the sliding contact between the parison and the mold surface. Information has to be
exchanged between both models (fluid and structure) at every time step. The flow domain is
updated at each time step based on the shape and position of the parison in the mold cavity.

Mold Inlet Suction

] 111

(a) (b)

Figure 4: “U” shape duct mold geometry belonging to a single plane (a) and finite element mesh highlighting
the mold inlet and suction direction (b).
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Figure 5 presents early parison shapes at the beginning of the suction process and the
corresponding path within the duct mold, highlighting the effect of the air drawing force.
First, the parison arrives from the extrusion head and is brought into the “U” duct mold cavity
at the mold inlet and simultaneously extruded and drawn inside the cavity (Figure 5 at time
t1). Then, the parison follows two different paths that depend on the air drawing force. In the
free extrusion, without air drawing force as shown in Figure 5a at two stages (t1 and t.), the
parison remains straight during extrusion before it hits the exposed points of the mold surface
along the extrados of the elbow (Figure 5a at stage t2). However, when the air drawing force is
present (Figure 5b at stage t»), the parison already starts to bend as it approaches the elbow
due the air drag on it.

Thick (mm) r
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Figure 5: Parison shapes and deformation at two early stages t; and t, during the suction process: without air
suction force (a) and with air suction force (b).

Additional results of the parison shapes and the corresponding path at subsequent stages of
the process are shown in Figure 6. This figure is the continuation of the previous figure
(Figure 5). In the free extrusion, without air drawing force as shown in Figure 6a at three
different stages (ts to ts), the parison deviates from its trajectory only after hitting the lower
part of the mold (extrados mold surface, Figure 6a at stage t3). At this point it starts to bend
while sliding along the mold cavity surfaces (Figure 6a at stages t3 to ts). On the other hand,
when the air drawing force is present, the parison early moves away from the central axis and
starts to bend due to air drag on it (Figure 6b at stage t3). Hydrodynamic forces deform the
parison and consequently the air flow domain. Then, the parison follows a completely
different path, corresponding to the upper region of the “U” duct mold surface. At the end of
the suction phase, the parison has almost completely matched the shape of the upper surface
of the “U” duct mold due to the air drawing force. In the course of suction, the parison never
touches the bottom surface of the mold. Although the same quantity of material has been
extruded, the final length of the parison is considerably increased because of the large
stretching deformation experienced during suction (Figure 6 at stage ts). Furthermore, the
surfaces of the parison already in contact with the mold cavity surfaces at the end of suction
(Figure 6 at stage ts) will almost exhibit no additional deformation during the subsequent
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stage of inflation, which may have a large effect on the final thickness distribution of the
product. In fact, the inflation stage involves complex displacements and thickness non-
uniformities of final product.

We shall continue with the analysis of the flow behavior around the parison during the
suction process. The average flow velocity vectors in the gap between the mold and the
parison at stage ts during suction are shown in Figure 7. It can be seen from Figure 7 that the
air flow from the mold inlet is considerably reduced on the intrados surface with its velocity
decreasing. We notice how the air flow gets around the parison in the first intrados, as the
parison gets closer to the mold surface. While the flow field around the inlet region is almost
aligned with the central axis of the parison, very complex shearing flow develops near the
intrados region where strongest stretch is generated.

Thick (mm)

-," 24500
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Figure 6: Parison shapes and deformation at later stages (ts to ts) during suction process: without air suction
force (a) and with air suction force (b).

Another quantity of interest is the twisting deformation experienced by the parison during
suction. Such a twisting deformation can compromise the specific radial or circumferential
variations of the parison thickness that are intentionally generated during extrusion. In this
regard, let us consider the effect of parison/mold eccentricity on twisting deformation. Figure
8 defines the problem, where the parison center is displaced eccentrically in the z direction by
eccentricity, e=-4mm, with respect to the center of the cross-section of the mold inlet.
Notice that, the parison translation along the z axis is perpendicular to the x axis which is
precisely oriented along the horizontal section of the duct mold.

Figure 9 shows twisting deformation caused by making the parison center eccentric with
respect to the mold center. As long as the parison is centered with the mold, no twisting
deformation is exhibited as shown in Figure 9a, and generatrix lines of the parison are aligned
with the parison central axis at each stage. Conversely, when the parison is displaced
eccentrically, the upstream flow around the parison is no longer symmetric with respect to the



Kalonji K. Kabanemi and Jean-Philippe Marcotte

plane shown in Figure 4. The parison undergoes complex shear stresses, which induce
twisting moment. As a consequence, the parison twists clockwise (from left to right) as shown
in Figure 9Db, in accordance with the shear force experienced by the parison.

Velocity (mm/s)
41.9

200.0

-100.0

0.5

Figure 7: Average flow velocity vectors in the gap between the mold cavity and the parison surface at a given
stage during suction.

Therefore, in order to generate a particular twisting deformation and to control the
circumferential thickness distribution at the end of suction, the parison eccentricity with
respect to the center of the cross-section of the mold inlet must be specifically defined. The
result in Figure 9a suggests that parison suction within a duct mold belonging to a single
plane does not induce twisting deformation, unless the parison is displaced eccentrically with
respect to the center of the cross-section of the mold inlet.

Parison
cross-section

=

Mold IZ

cross-section
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Figure 8: “U” duct mold geometry with axis (a) and cross-section of the parison showing the eccentricity with
respect to the center of the cross-section of the mold inlet (b).

A more quantitative inspection of the rotation undergone by the parison during the suction
phase can be done by tracking some selected points of the parison from the mold inlet to the
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end of suction. We selected 3 points at the mold inlet as shown in Figure 10. The angle
between two successive points at the inlet is 60 degrees. The results in Figure 10 show the
rotation experienced by those selected points at stage ts during suction. In particular, the final
location of points 1 and 2 shows that they have undergone a total rotation of about 55 degrees
with respect to their initial circumferential position.

(@) (b)

Figure 9: Parison deformation and generatrix lines showing the effect of parison/mold eccentricity on twisting
deformation exhibited by the parison at two different stages t; and ts during suction: without parison eccentricity
(a) and with parison eccentricity e = - 4 mm shown in Figure 8 (b).

Initial position of
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Final position
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Figure 10: Generatrix lines showing the rotation undergone by the parison at stage ts (as reported in Figure 9b),
with eccentricity e = - 4 mm. Points 1 and 2 have undergone a rotation of about 55 degrees from the mold inlet to
the mold exit (a) and angle between successive selected points at mold inlet is 60 degrees (b).
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4 CONCLUSIONS

We carried out a numerical study of the suction blow molding process based on a fluid-
structure interaction model, with an emphasis on the suction phase. Overall, the present
numerical model is capable of predicting the flow around the parison and deformation of the
parison during suction, at least, in qualitative manner. The results obtained allow identifying a
clear correlation between the flow conditions and the twisting deformation. Our numerical
results suggest that parison suction within a duct mold belonging to a single plane does not
induce twisting deformation, unless the parison is displaced eccentrically with respect to the
center of the cross-section of the mold inlet. Such twisting deformation may compromise the
specific radial and circumferential variations in parison thickness that are intentionally
generated during extrusion and should be accurately predicted to prevent defects in the final
product. Among the major parameters that contribute to twisting deformation we can cite: the
parison/mold eccentricity, the geometry of the duct mold cavity and the air suction speed.
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