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Introduction

The tubular film blowing process (Fig. 1), which is typically an extensional
deformation process, produces biaxially-oriented thin film or sheet by
simultaneously stretching polymer melts in the axial and radial directions. The
film blowing is somewhat similar to fiber spinning and film casting in that
all these are mainly governed by extensional flow with free surfaces.
However, the major difference of the film blowing process compared with
other processes is that two-directional deformation simultaneously occurs in
the flow regime, allowing for the precise control of films with good physical
and mechanical properties. Therefore, there have been many theoretical
attempts and experimental observations on this process in last three decades
due to its academic and industrial importance (Pearson and Petrie, 1970; Han
and Park, 1975; Kanai and White, 1984; Cain and Denn, 1988, Cao and
Campbell, 1992; Ghaneh-Fard et al, 1996; Yoon and Park, 1999). So far,
however, theoretical approaches on this instability have been limited to the
isothermal case with fixed freezeline employing Newtonian or simple
viscoelastic models like upper-convected Maxwell (UCM) based on the linear
stability method, not showing any nonlinear characteristics of this process.

In the film blowing process, multiple solutions with more than one flow
profile under the specific operating parameter set were observed. The
existence of multiple steady state solutions in the film blowing process was
found by Cain and Denn (1988) for isothermal case employing simple
Newtonian and UCM fluids. In this study, multiplicities of steady flows,
depending on operating conditions, have been scrutinized using nonisothermal
modeling with Phan-Thien Tanner (PTT) fluids as a resonable viscoelastic
constitutive equation for extensional flow. By adopting more realistic
governing equations, another multiple solutions are discovered in the higher
blow-up ratio region, and unrealistic points such as showing infinite tension
disappeared. The .theoretical results are quantitatively confirmed by comparing
with experiments.

Formulation of the Problem

Dimensionless governing equations of the nonisothermal film blowing with
PTT fluids, based on the Pearson and Petrie (1970) are as follows.
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Equation of continuity:
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Equation of motion:
Axial force balance:
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Circumferential force balance:
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Constitutive equation (PTT model):
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Equation of energy:
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where, r denotes dimensionless bubble radius, w dimensionless film thickness,
v dimensionless velocity, ¢ dimensionless elapsed time, z dimensionless spatial
coordinate in flow direction, B dimensionless blow-up pressure, T,
dimensionless axial tension, 0 dimensionless bubble temperature, <t
dimensionless extra stress tensor, 0 dimensionless total stress tensor, h
dimensionless heat transfer coefficient, Dr drawdown ratio, and xr freezeline
height. The boundary condition at the freezeline height denotes no
deformation over this position.

Several assumptions have been incorporated. First, the thin film
approximation that all state variables only depend on one spatial coordinate,
z, simplifies this system to a one-dimensional model. Second, the bubble
shape is axisymmetric. Third, secondary forces acting on the bubble such as
inertia, gravity, air-drag, and surface tension are neglected. Fourth,
crystallization kinetics of polymer liquids is not considered here. Finally, the
origin of the flow distance is chosen at the point of extrudate (die) swell,
meaning that all pre-history deformations of polymer melts inside the die is
not included in the present model.
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Results

Figure 2 shows isothermal steady solutions on the TR-BUR plane of (a)
UCM fluids and (b) PTT fluid under the given material conditions at a fixed
freezeline height, xr=5, when dimensionless bubble pressure (B) and
dimensionless axial tension (T,) are varied. In the Fig. 2(a), all points
ultimately go to BUR=1 and TR=50, albeit tension is enormously increased.
These behaviors of UCM fluid reveal that there is a limitation to describe
extension deformation flow due to characteristic of UCM model, which shows
divergence of the stresses at an extension rate. Whereas, PTT model in Fig.
2(b) does not show these unrealistic phenomena. That is, the film thickness is
continuously decreased without any concentration point, as the axial tension
goes up.

Figure 3 shows the multiplicity of the nonisothermal steady state solutions
on the TR-BUR map. In this case, another multiple solutions were found in
the higher blow-up ratio region. To compare with experimetal data, these
three points on the TR-BUR map having same bubble pressure and draw
ratio, not axial tension like the isothermal case. Differ from isothermal case,
which is fixed freezeline height, the freezeline height of nonisothermal model
is calculated by the glass transition of the sample. For the isothermal case,
the bubble pressure is continuously decreased as the BUR increased. That is,
the bubble pressure shape shows like quadratic function of the BUR. Whereas,
for the nonisothermal model, shows like cubic function, consequently, bubble
pressure decreasing region only exist up to BUR=3. In the experimental
studies, same behavior of the bubble pressure was observed.
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Figure 2. Isothermal steady state solutions of (a) UCM fluids and (b) PTT
fluids
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Figure 3. Nonisothermal steady state solutions with experimental data




