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ABSTRACT: Frequency response of the nonisothermal
viscoelastic film blowing process to the ongoing sinusoidal
disturbances has been investigated using transient simula-
tion techniques. Of the many state variables exhibiting reso-
nant peaks with the input frequency, amplitude ratio of the
film cross-sectional area at the freezeline height has been
used as an indicator of the process sensitivity. The effects of
operating conditions and viscoelasticity on the sensitivity
have been scrutinized around the middle point of three mul-
tiple steady states under the given conditions. The sensitiv-
ity results have been interpreted through their correlation

with results from linear stability analysis. Increasing draw
ratio generally makes the system more sensitive to sinusoi-
dal disturbances, whereas the cooling induces more sensi-
tive or less sensitive system, according to the location of a
steady state. Also, the viscoelasticity makes the system of
extensional thickening fluids more sensitive at low Deborah
number and less sensitive at high Deborah number. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 123: 3028–3035, 2012
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INTRODUCTION

Film blowing is an industrially important process in
the fabrication of thin plastic films with biaxial ori-
entation. It involves stretching polymer melts in
both axial and circumferential directions (Fig. 1).
The molten polymer is extruded through an annular
die, and then stretched upwards by nip rolls, i.e.,
axial extension. Concurrent circumferential extension
of the film occurs through its inflation by the injec-
tion of air via a hole at the center of the die. An
external airflow, which is one of the major operating
conditions, supplied from a concentric outer ring
cools down the film.

Mathematical modeling for the steady analysis of
film blowing process was pioneered by Pearson and
Petrie1,2 for an isothermal Newtonian fluid. Since
then, much work, both theoretical and experimental,
has shed light on the dynamics of this complex pro-
cess.3–23 Transient responses during film blowing

operation were studied intensively by Pirkle and
Braatz12 group that successfully established transient
routes between two steady states and systematically
explained the effects of oscillating heat transfer, bub-
ble pressure, and machine tension on film thickness.
Also, they recently introduced multiplicity and insta-
bility in film blowing process accompanied with
crystallization kinetics using the linear stability and
transient simulation of thin-shell model, emphasiz-
ing the role of cooling or heat transfer coefficient.15

Hyun and coworkers18–22 solved periodic draw reso-
nance instability for nonisothermal viscoelastic cases
with or without crystallization effect that incorpo-
rated the orthogonal collocation on finite elements
(OCFE), which quite well predicted experimentally
observed unstable phenomena. Stability windows
for various fluids can be established from linear sta-
bility work.3,4,10,16,19,20,23 Cain and Denn4 presented
detailed stability windows for Newtonian and Max-
well fluids under different boundary condition sets.
Yoon and Park16 first reported the stability of multi-
layer blown films comprising Newtonian and visco-
elastic fluids. Housiadas et al.23 elucidated the stabil-
ity changes by imposing both axisymmetric
(varicous mode) and nonaxisymmetric (sinuous
mode) infinitesimal disturbances to linearized film
blowing systems.
Also, understanding how the unexpected distur-

bances can affect film blowing system is important
for ensuring good film quality and processability.
Many kinds of disturbances which might be inevita-
bly introduced even during stable operations can
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drastically influence the stable film blowing system.
For instance, in the case that air amount confined
inside the inflated bubble or take-up speed or cool-
ing (i.e., heat transfer coefficient) changed in some
way due to imperfect operations, one should imme-
diately clarify causes leading to the nonuniform
products.13,15,22 Such sensitivity is typically inter-
preted through the frequency response methods that
measure the amplitude of sinusoidal outputs (e.g.,
film thickness, blow-up ratio, or cross-sectional area)
with respect to a sinusoidal disturbance. Variation of
the output state variables depends on the frequency
and type of an imposed disturbance. Their responses
obtained from linearized sensitivity24–30 or direct
transient simulation31 methods are plotted against
frequency in a Bode diagram. Sensitivity studies
have been extensively carried out in fiber spinning
processes, since the first reports by Denn24 and
Kase and Araki.25 Compared to the fiber spinning
case,24–30 there have been few reports on the sensi-
tivity of film blowing process because of its compli-
cated dynamics. McHugh and coworkers10,29 elo-
quently explained the effect of crystallization on the
sensitivity using a two-phase fluid model. However,
there remain some issues regarding sensitivity to
elucidate the role of process conditions such as vis-
coelasticity, multiplicity, cooling, etc.

In this study, employing transient simulation tech-
nique devised by Hyun et al.,18 frequency response
method has been applied to investigate the sensitiv-
ity of nonisothermal film blowing process with
respect to ongoing sinusoidal disturbances. Sensitiv-
ity trends of the steady-state point in the BUR

(blow-up ratio)-TR (thickness reduction) diagram
under several process conditions have been corre-
lated with the stability of the system.

TIME-DEPENDENT GOVERNING EQUATIONS
OF NONISOTHERMAL FILM BLOWING

The dimensionless governing equations of the noni-
sothermal film blowing incorporated with visco-
elastic Phan-Thien and Tanner (PTT) fluids32 are
shown below, based on the work of Shin et al.20
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Constitutive equation (Phan-Thien Tanner fluid):
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Boundary conditions:

r¼ 1;e¼ 1;v¼ 1;h¼ 1;s¼ s0 at z¼ 0 and t¼ 0 (6a)

Figure 1 Schematic diagram of film blowing process.
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where r, e, v, t, and z denote the dimensionless vari-
ables of bubble radius, film thickness, fluid velocity,
time, and distance coordinate, respectively. DP is the
difference of air pressures inside and outside the
bubble, with B its dimensionless representation. A is
the air amount inside the bubble and Pa atmospheric
pressure. Other dimensionless variables are: Tz axial
tension; y film temperature, s extra stress tensor, r
total stress tensor, D strain rate tensor, k activation
energy, hC heat transfer coefficient between the film
and the cooling air, an empirical form considering
the dependency of hC on the local conditions of the
film (a and b are fitting parameters), hR radiation
coefficient, yc the cooling air temperature, and ya the
ambient temperature. De0 is the Deborah number, g0

the zero shear viscosity, and k0 the fluid relaxation
time under die exit condition. Also, e and n are the
PTT model parameters, em the emissivity, rSB

the Stefan–Boltzmann constant, R gas constant, q the
density, CP the fluid heat capacity, and Dr the draw
ratio. Overlines denote dimensional variables. Sub-
scripts 0, F, and L indicate die exit, freezeline, and
nip-roll positions, respectively. Also, subscripts 1, 2,
and 3 represent the flow direction, the normal direc-
tion, and the circumferential direction, respectively.
No further deformation of the film is assumed
beyond the freezeline height (FLH, zF) which was
determined by the solidification temperature of a
material.5 Other assumptions have been considered
in above equations—dependence of state variables
on time and z-coordinate, axisymmetric bubble
shape, choice of origin of z-coordinate at the extru-
date swell, and no secondary forces (e.g., inertia and
gravity forces) and crystallization kinetics.20

This work uses the same numerical scheme as
reported in Hyun et al.18 and Shin et al.20 that
involves the orthogonal collocation method on the fi-
nite elements of the z-coordinate (OCFE), transform-
ing a free-end time-distance set into a fixed-end
time-temperature set through the changeable freeze-
line height. It has turned out that this OCFE method
with the optimal numbers of elements (NE ¼ 5) and
inner collocation points (NP ¼ 5), as demonstrated
in Figure 2 of Hyun et al.,18 combining with New-
ton’s method and an implicit 2nd-order backward
scheme, guarantees accurate transient dynamics of
the state variables. Details for this efficient and ro-
bust numerical method are described in the previous
literature.18,20

For frequency response analysis via transient sim-
ulation, a tiny ongoing input or disturbance [eq.

(7a)] with preassigned frequency and amplitude was
introduced to the steady-state system, resulting in a
sinusoidal variation with the same frequency of state
variables such as bubble radius and thickness. They
would, however, have different amplitudes from the
dynamic transient calculation of the above governing
equations.

Y ¼ Ysð1þ d sinxtÞ at t > 0 (7a)
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where Y represents an operating parameter such as
take-up velocity (draw ratio, Dr), cooling air temper-
ature (ya), heat transfer coefficient (hC0), or air
amount inside the bubble (A), which might be an
input perturbation in the system with specific ampli-
tude of disturbance (d) and frequency (x) from its
steady state (Ys).
To construct neutral stability curves in the BUR-

TR diagram, linear stability method described in Lee
et al.19 has been employed, determining the system
stability with respect to infinitesimal perturbations
from the sign of the real part of the first leading
eigenvalue.

RESULTS AND DISCUSSION

A 1% sinusoidal disturbance at take-up velocity,
cooling air temperature, heat transfer coefficient, or
internal air amount has been introduced to the stable
steady-state flow in the frequency domain. Figure
2(a,b) display the one-cycle evolution of the periodic
bubble radius and the film thickness profiles when a
sinusoidal disturbance with frequency, x ¼ 2.8 is
imposed on take-up velocity, using extensional
thickening LDPE data.20 Transient responses of state
variables have different amplitudes and phase lags
with the input disturbance, e.g., the amplitude ratio
of film thickness at FLH is larger than that of bubble
radius in this case [Fig. 2(c)]. Of many possible out-
put responses, amplitude ratio of the film cross-sec-
tional area (¼ 2p � rF � eF) at FLH has been selected
to indicate the system sensitivity, representing the
change of throughput as in fiber spinning25,26,28 and
film casting.31

The amplitude ratio of the output variable relies
on the assigned input frequency. Figure 3 exhibits
some transient responses and corresponding ampli-
tude ratios of film area at FLH for a wide frequency
regime of periodic disturbances introduced to take-
up velocity. The frequency at the first peak in the
frequency domain is almost equal to the imaginary
part of the most leading eigenvalue from the linear
stability theory.27,33
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Figure 4 depicts predicted amplitudes of the film
cross-sectional area at FLH according to the fre-
quency of sinusoidal perturbations introduced to
take-up velocity, heat transfer coefficient, cooling air
temperature, and air amount inside the bubble. The
different patterns of sensitivity curves depend on
the type of disturbance. For instance, a disturbance
of take-up velocity produces film of unity amplitude
ratio at low frequency, which gradually decreases as
frequency increases after the first resonant peak.
Whereas, increasing the frequency of perturbations
of air amount generally increases the amplitude ratio
from a value much less than unity. In agreement
with the observations of Jung et al.,27 ongoing dis-
turbances that change the mass flow rate, e.g., take-
up velocity and extrusion velocity, directly altering
the output response, give unity amplitude ratio at
low frequencies. However, disturbances that do not
influence the mass flow rate, e.g., cooling air veloc-
ity, cooling air temperature, and air amount inside

the bubble, show almost zero amplitude at low
frequency.

Comparison of amplitudes at multiple steady
states

Changes of amplitude at multiple steady states in
nonisothermal cases have been compared (Fig. 5).
The multiplicity of steady-state solutions, one of
interesting features in the film blowing, is clearly
shown in BUR-TR map—two states at the intersec-
tion of constant B and Dr lines in isothermal cases4,16

and three for nonisothermal cases18,20 [points L, M,
H in Fig. 5(a)]. Figure 5(b) shows the amplitude ratio
of film area at these three points with respect to a
disturbance at take-up velocity. It has been revealed
that the middle point is most sensitive to the dis-
turbance. This may be related to the location of the
stable steady state in the stability window. Figure
5(c) illustrates the transient variation of film area at

Figure 2 Transient responses of film variables, when a sinusoidal disturbance is introduced to take-up velocity (BUR ¼
2.465, Dr ¼ 20, De0 ¼ 0.07, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027, x ¼ 2.8, T ¼ 2p/x).
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the three multiple points at FLH when a 1% step
change in take-up velocity occurs. Although the system
is stable, the middle point appears least stable, taking
more computation time to converge to its steady state,
indicating that the middle point M near the unstable
draw resonance region is more sensitive than the other
L and H points. Considering the complexity of film
blowing dynamics, further sensitivity results have
mainly focused on the middle steady point.

Effect of draw ratio on the sensitivity

The effect of draw ratio on the sensitivity under the
same BUR is depicted in Figure 6(a) in which an
ongoing disturbance is imposed on the heat transfer
coefficient. As draw ratio increases, the steady state
shifts towards the unstable draw resonance region
[Fig. 6(b)], leading to a system more sensitive to per-
turbations (higher amplitude ratio of film cross-sec-
tional area at FLH). There is a similar trend in other
extensional deformation processes, e.g., fiber spin-
ning and film casting. As draw ratio rises, the first
resonance peak progressively moves to a higher fre-
quency, consistent with previous results26,27 for fiber
spinning case, confirming that the frequency at the
initial resonance peak is inversely proportional to
the fluid residence time. Therefore, increasing Dr for

a fixed BUR gives a shorter residence time and a
higher frequency at the first peak.

Effect of cooling on the sensitivity

The role of cooling on the stability and sensitivity is
portrayed in Figure 7, when a disturbance is

Figure 3 Frequency response of film area at FLH when a sinusoidal disturbance is imposed on take-up velocity (BUR ¼
2.465, Dr ¼ 20, De0 ¼ 0.07, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027).

Figure 4 Frequency response of film area at FLH with
respect to various disturbances (BUR ¼ 2.465, Dr ¼ 20, De0
¼ 0.07, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027).
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enforced in heat transfer coefficient. As reported in
Jung et al.,34 cooling always stabilizes the fiber spin-
ning and makes it less sensitive from the transmis-

sion linkage with spinline tension. However, cooling
is not always positive factor for a stable or insensi-
tive system19 owing to the more complicated bubble

Figure 5 (a) Multiple steady states at Dr ¼ 20 and B ¼ 0.32, (b) frequency response of film area at FLH with respect to a
disturbance in take-up velocity, and (c) transient response of multiple steady states for the step change of take-up velocity
(Dr ¼ 20, De0 ¼ 0.07, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027).

Figure 6 (a) Effect of draw ratio on the sensitivity for a perturbation in heat transfer coefficient and (b) indication of
draw ratios in the BUR-TR diagram (BUR ¼ 2.465, De0 ¼ 0.07, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027).
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dynamics by the cooling than in the fiber spinning
or film casting cases. As cooling is enhanced by
increasing heat transfer coefficient (e.g., cooling air
velocity), the unstable region in the stability window

as well as the freezeline height shifts downwards,
making the point M (Dr ¼ 20, BUR ¼ 2.465) less sen-
sitive and the point m (Dr ¼ 35.2, BUR ¼ 1.4) more
sensitive under given conditions.

Figure 7 Effect of cooling on the sensitivity at (a) point M (Dr ¼ 20, BUR ¼ 2.465) and (b) point m (Dr ¼ 20, BUR ¼ 1.4)
for a perturbation in heat transfer coefficient and (c) stability in the BUR-TR diagram (hC0 ¼ 0.07, e ¼ 0.015, n ¼ 0.1).

Figure 8 Effect of fluid viscoelasticity on (a) the sensitivity at point M for a perturbation in heat transfer coefficient and
(b) stability in the BUR-TR diagram (BUR ¼ 2.465, Dr ¼ 20, e ¼ 0.015, n ¼ 0.1, hC0 ¼ 0.027).
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Effect of fluid viscoelasticity on the sensitivity

Sensitivity and stability results with fluid viscoelastic-
ity (or De) are presented in Figure 8. As in the previ-
ous case, a sinusoidal disturbance was introduced to
the heat transfer coefficient for the frequency
response. It is well known that for the extensional
thickening fluids, extensional deformation processes
such as fiber spinning and film casting are stabilized
and become less sensitive with increased fluid viscoe-
lasticity.27,35 However, this is not the case for film
blowing [Fig. 8(b)]. The unstable region is extended,
i.e., the process is destabilized with increasing fluid
viscoelasticity at low De region (less than about 0.1).
At high De (higher than about 0.1), the stabilizing
effect of viscoelasticity for extensional thickening flu-
ids is exhibited as in other extensional processes, i.e.,
the system is stabilized with increasing De. Therefore,
the system is more sensitive to a disturbance at low
De and thereafter less sensitive at high De [Fig. 8(a)].

CONCLUSIONS

The sensitivity of the nonisothermal film blowing
process to the various ongoing sinusoidal disturban-
ces has been investigated via transient simulations,
incorporating an orthogonal collocation on the finite
elements (OCFE). The hyperbolic-like feature of the
system makes amplitudes of the film cross-sectional
area at freezeline height show resonant peaks with
respect to the frequency of the sinusoidal disturban-
ces. Similar to other polymer extensional processes,
such as fiber spinning and film casting, the fre-
quency at the first resonant peak corresponds to the
imaginary part of the first leading eigenvalue
obtained from linear stability analysis. The effects of
important process conditions and material properties
on the stability and sensitivity have been elucidated.
The results show how operating conditions such as
draw ratio, blow-up ratio, and cooling affect the pro-
cess sensitivity. The middle of three multiple steady
states exhibits the most sensitive pattern with
respect to any disturbance. Viscoelasticity gives the
interesting effect of a varied response: for extension
thickening fluids it makes the system more sensitive
at low De and reversely, less sensitive at high De.
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