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ABSTRACT: Despite the fast growth of co-extruded film production, little
research work has been devoted to this process. Films of LDPE, ULDPE,
LDPE/ULDPE and ULDPE/LDPE were produced at various processing condi-
tions. A continuous experimental set up was used to evaluate the in-plane
birefringence during bubble formation. The data collected were used to derive
the axial and transverse stresses. A non-isothermal Newtonian model that
allows the determination of the kinematics and dynamics of the two-layer film
blowing process was then used to calculate the axial and transverse stress.
Generally the calculated stresses are in agreement with the experimental values.

KEY WORDS: film blowing, co-extruded, birefringence, stress, numerical
modeling.

INTRODUCTION

THE FILM BLOWING process has been used to produce polymer films
since 1940. It is one of the most widely used polymer processing

technologies. A thermoplastic melt, typically a polyolefin, is extruded
through an annular die at a constant output as illustrated in Figure 1.
The molten tube leaving the die is pulled upwards by the nip rolls.
Concurrently to the axial drawing, air is introduced into the tube
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through an opening in the center of the die to inflate the tube and
produce a bubble. The inflation of the tube produces a film that is
inherently biaxially stretched. The take up ratio (TUR) is defined as the
speed of the film at the nip rolls over the speed of the polymer melt
at the die exit. The blow up ratio (BUR) is defined as the final bubble
diameter over the diameter of the die. Simultaneous to the stretching,
air is projected at high speed on the bubble outer surface in order to
increase the cooling rate and the overall output. The position at which
the melt crystallizes is named the frost line height or FLH. The FLH can
be used to evaluate the cooling rate of the film. It is possible to increase
the overall cooling rate by adding an internal bubble cooling system
(IBC) to the film blowing line. Despite the complex interaction between
the process parameters, the film blowing process is interesting because
of the wide range of physical and mechanical properties of the film
produced. To produce co-extruded films, which can be composed of up to
eleven layers, additional extruders are added to feed the die, but the
blowing process itself remains unchanged. The different experimental
aspects of the film blowing process have been widely covered in
literature. For example, Ghaneh-Fard et al. [1] used birefringence to
determine the stress level in the melt zone and the total orientation
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Figure 1. General view of the co-extruded film blowing process.

128 E. GAMACHE ET AL.



in solidified LLDPE blown film. Babel and Campbell [2] reported a
correlation between the amount of plastic strain and the ultimate
physical properties of the film. Kuijk et al. [3] were able to demonstrate
that mechanical properties such as machine and transverse direction
moduli, elongation at break, tensile strength yield stress and tear
resistance, correlate well with the stress level in the polymer melt at
the freeze line. So the determination of the stress generated during the
blown film process, either from experimental data or from numerical
calculation, could give us insight into the properties of the film
produced. Furthermore, Han and Park [4] documented the various
types of instabilities occurring in the process. Cao and Campbell [5]
showed that the predicted shape of the bubble was more adequately
represented when the air ring effect on the blown film dynamics was
taken into account.

The first attempt to develop a model that will predict efficiently the
behavior of the film blowing process was made by Pearson and Petrie
[6,7]. They used a Newtonian rheological behavior under isothermal
conditions to evaluate the kinematics and stresses using a membrane
approximation. Subsequently, Petrie [8] improved that first approach by
using a viscoelastic rheological model. Heat transfer was included for
the first time in the simulation by Han and Park [9], but they did not
take into account the crystallization process. More recently, Andre [10]
elaborated steady state non-isothermal Newtonian and viscoelastic
models in which the position of the frost line was obtained by
calculation. He showed that the calculated bubble shape depends
strongly on the initial angle of the bubble at the die exit. This fact has
been hidden in previous work. The existence of multiple solutions for
the bubble shape and of an unattainable zone was underlined in the
viscoelastic case. This signifies that viscoelastic results can be obtained
only for cases close to a Newtonian behavior (when the Deborah number
is small). This means that the addition of viscoelasticity to the model
leads to relatively small improvement to the numerical results because
of these numerical constraints. Laffargue [11] used a technique initially
presented by Housiadas and Tsamopoulos [12,13] to express mechanical
and thermal balance equations in a fixed coordinates system. Using
this method, it is possible to develop a set of equations at various orders
of magnitude of a small parameter (the ratio of the initial thickness
of the film over the initial radius of the bubble). This method allows
Laffargue et al. to solve the film blowing process in steady state but also
in unsteady state conditions. It did not take into account the crystal-
lization process and the bubble temperature profile that was imposed
between the die exit and the FLH.
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Surprisingly, despite the fast growth of co-extruded film production,
relatively few studies have been done to numerically describe this
process. The main effort has been done by Yoon and Park [14] in 1992
who studied a bicomponent film composed of a Newtonian inner layer
and an upper-convected Maxwell outer layer. They illustrated the effect
of the relaxation time and the flow rate ratio on the bubble shape. The
main drawback of their work is that the blown film process is supposed
to be isothermal. Recently, Gamache [15] developed a model to take into
account the dynamics, kinematics, and heat transfer occurring in the co-
extruded film blowing process. The model was based on the single layer
film blowing model developed by Laffargue [11].
Our goal is to evaluate the birefringence in a two-layer blown film in

order to determine the stress profiles in the polymer. This will allow
us to determine the effect of the flow rate of each layer, of the layer
positioning, and of the processing conditions on the axial and transverse
stress profile. These data will then be used to validate a Newtonian
non-isothermal numerical resolution scheme that was developed
previously.

EXPERIMENTAL PROCEDURE

The rheological characterization of the polymers used (LDPE
Dow 609a and ULDPE Attane 4201) was carried out using a SR5000
Rheometric Scientific rheometer at a deformation rate between 0.628
and 62.8 rad/s and at various temperatures. The activation energy, Ea

of LDPE and ULDPE was respectively, 44 and 26 kJ/mol. The viscosity
of these two materials at the Newtonian plateau at the reference
temperature Tr¼ 220�C was found to be respectively 12,000 and
6,200Pa s. A DSC analysis was also performed on both materials to
obtain their respective crystallization temperatures and enthalpy. The
crystallization temperature is used as a boundary condition in our
calculation. The thermal dependence of viscosity in our calculation can
be taken into account with the following Arrhenius function:

�ðTÞ ¼ eðEa=RÞ ð1=TÞ�ð1=TrÞ½ � �ðTrÞ ð1Þ

Monolayer and two-layer films were produced on a Brampton
co-extruded blown film line. The die had an external diameter of
101.6mm and a gap of 1.1mm. The flow rate of the extruders was
controlled with gravimetric balance. The total flow rate was kept
constant at 7.2 kg/h in all cases. The die temperature was set to
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230�C and the cooling air flow rate was kept at a constant value for all
experiments. The process parameters investigated were:

. take up ratio

. blow up ratio

. layer position

. flow rate ratio of each layer in the film.

The technique presented by Ghaneh Fard et al. [1] to measure online
birefringence was slightly modified in order to be able to measure
birefringence in a continuous mode. For this purpose we positioned our
laser (A) (632.8 nm) and detector (B) on the moving tower (C) of the
blown film line as shown in Figure 2. The axial position of the light
source was evaluated from the initial and final positions of the tower
and the acquisition time. At least three series of measurements were
done for each processing condition studied. Repeatability of the
birefringence data was found to be excellent. At the end of the last
birefringence scan, the bubble was cooled down by simultaneously
stopping extruders and the nip rolls and by increasing the cooling air
flow rate. This allowed us to obtain a solid shell of the bubble on which it

Figure 2. Experimental setup.
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was possible to evaluate the film radius and thickness as a function of
axial position. The pressure inside the bubble was also measured with a
manometer connected to the bubble inflation air line. These values are
necessary to derive the stress profiles from the birefringence data.
It is possible to derive birefringence from the measured retardance

�(z), which is the time delay between the ordinary and extraordinary light
beam generated in an anisotropic material using the following relation:

�3nðzÞ ¼ n11ðzÞ � n33ðzÞ ¼
�ðzÞ� cosð�rðzÞÞ

2�hðzÞ
ð2Þ

where

h ¼ film thickness

� ¼ light source wavelength

�nðzÞ ¼ birefringence

�r ¼ refraction angle

It is possible to obtain the refraction angle from the Snell law:

sin �r ¼
sin �i
n

ð3Þ

where

n ¼ refractive index

�i ¼ inflation angle evaluated from the frozen shell of the bubble

It is then possible to link the birefringence to the difference between
the axial and transverse stresses.

n11ðzÞ � n33ðzÞ ¼ Cð�11ðzÞ � �33ðzÞÞ ð4Þ

The Brewster coefficient C is equal to 2.1� 10�9m2N�1 for poly-
ethylene. The actual value of the axial and transverse stresses can be
evaluated by combining the previous equations with the following
relations deduced from the Pearson and Petrie model [6,7]:

�P

hðzÞ
¼

�11ðzÞ

R1ðzÞ
þ
�33ðzÞ

R3ðzÞ
� �g sin � ð5Þ

where R1 and R3 are the local radius of curvature

R3ðzÞ ¼ RðzÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan �ið Þ

2
q

ð6Þ

R1ðzÞ ¼
�ð1þ tan �ið Þ

2
Þ
3=2

ðd2r=dz2ÞðzÞ
ð7Þ
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From the radius profile of our frozen shell, it is possible to evaluate the
inflation angle, the refraction angle, and the values of R1 and R3.

RESULTS

We produced bubbles at various take up ratios between 11 and 19, and
at blow up ratios between 1.6 and 2.4, to cover a wide range of operating
conditions. Figure 3 illustrates an experimental radius profile obtained
for a monolayer LDPE film. The FLH of this bubble was approximately
0.9m. This is quite high for the film blowing process, but this is
consistent with the very low air flow rate that we used in order to be able
to measure birefringence on a wide axial position range. The simulation
result (radius and temperature) shown in Figure 3 was obtained using
the numerical model described in Gamache [15] by fitting on the heat
transfer function. Because we kept the cooling air rate at a constant set
point, we can assume that the convection heat transfer function that
allowed us to describe the radius profile of this bubble remains valid
for a range of other experimental cases. The heat transfer relation that
allowed us to obtain these calculated results is illustrated in Figure 4,
which also presents convective heat transfer of other authors compiled
by Nagarajan and Campbell [16]. Our values are much lower than those
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Figure 3. Calculated and experimental radius profile for LDPE monolayer film.
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of Petrie [17] and Zeppenfeld [18]. This is not surprising because, as we
stated previously, the cooling rate of the air ring was kept quite low. For
every subsequent simulation, we will use the relation shown in Figure 4.
This means that only the simulation results shown in Figure 3 are fitted
results.
Figure 5 shows that the calculated results properly describe the

experimental radius profile for the ULDPE monolayer film blown at
other processing conditions than those shown previously. This means
that the models that we developed allow us to describe the monolayer
film blowing of both materials. The calculated temperature profiles
illustrated in Figures 3 and 5 are quite similar to experimental data
reported previously by Laffargue [11].
Figure 6 illustrates the influence of the LDPE position either on the

inner layer (black) or on the outer layer (white), for a co-extruded film
composed of LDPE and ULDPE, on the experimental radius profile of
the co-extruded bubble. It is clear that the material position does not
affect significantly the blowing process of the bubble. In addition, the
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calculation results obtained with the convective heat transfer relation
shown in Figure 4 are quite close to the experimental radius profiles.
Figure 7 illustrates the calculated axial stress generated in each layer

as a function of material position. We observe that the calculated stress
is always higher in the LDPE layer than in the ULDPE layer. This
results from the fact that the LDPE layer is more viscous and has higher
activation energy than the ULDPE. Basically, it means that the
controlling material in this case is the LDPE. The magnitude of the
force applied at the nip rolls will be mostly a function of the LDPE
rheological properties. Because the experimental stress obtained from
birefringence are averaged stresses in the film thickness, it is necessary
to average also the calculated stress, if we want to compare experi-
mental and calculated results.
Figure 8(a) and (b) illustrates the experimental and calculated average

axial and transverse stress profiles. The experimental data show that a
material can be located on the inner or outer layer without any effect on
the properties of the film. The small difference that can be seen might be
attributed to the fact that the take up ratio of the ULDPE/LDPE film is
slightly higher than the take up ratio of the LDPE/ULDPE film (11.8 vs.
11.5). If identical process parameters, at the exception of materials
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(a)

(b)

Figure 8. Experimental and calculated average axial and transverse stress: (a) axial
stress and (b) transverse stress.
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position, are used in the calculation of ULDPE/LDPE and LDPE/
ULDPE films, the calculated average transverse and axial stresses
and radius profiles are identical. The calculated results seem to describe
properly the experimental data. The sharp fall off of the calculated
transverse stress can be explained by the fact that it is partially
dependent on the radial velocity of the bubble. When the bubble
approaches the frost line, its radial velocity decreases suddenly,
resulting in a sharp decrease in the transverse stress. Basically, at the
end of the blowing process, the transverse stress at the frost line is
mainly governed by the hydrostatic pressure in the bubble.
The next step was to study the influence of the blow up ratio on

the radius profile (Figure 9). A high BUR leads to a lower FLH. This is
consistent with results previously observed for single layer film blowing.
An increase of BUR leads to a higher bubble surface, which in turn
leads to an increase of the cooling rate, even if the cooling air flow
rate remains constant, which finally leads to a lower FLH. In this figure
it is possible to notice that the calculated results adequately fit
the experimental data for the low blow up ratio. On the contrary, at a
high blow up ratio, the calculated bubble shape (full line) is far from the
experiment. Furthermore, it drastically overestimates the FLH position.
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This discrepancy between the calculated and experimental results
is caused by the fact that, despite the use of a constant air flow rate,
the convective heat transfer coefficient does not remain constant when
the bubble is subjected to a fast inflation. It is possible to observe on
Figures 3, 5, and 6 that the bubble diameter at the air ring exit location
is between 1 and 1.1. On Figure 10 it has a value of 1.3. This means the
area available for the cooling air to flow between the air ring and the
bubble is smaller, which leads to a higher cooling air velocity. This fact
has already been highlighted by Sidiroupoulos and Vlachopoulos [19,20],
who conducted an extensive numerical study of the bubble cooling
process. They were able to show that the air ring designs (single lip vs.
dual lips) as well as the bubble shape affect quite strongly the air flow
around the bubble. This has a significant impact on the convective
behavior and on the pressure difference between the outer and inner
side of the bubble. We must take this phenomenon into account if we
want to describe the film blowing process properly.

The convective heat transfer can be related to the cooling fluid
velocity through the following relation:

hðzÞ ¼ A VmaxðzÞð Þ
e

ð8Þ

Zeppenfeld [18] and Kanai and White [21] reported value of e to be equal
to 0.8, while Menges and Predohl [22] and Petrie [17] reported a value of
1.5. A is a constant, which differs from author to author.

An increase in the cooling air velocity will lead to an increase of the
convective heat transfer coefficient. With the air ring geometry and a
mass balance, it is possible to evaluate the velocity increase and then
to deduce a corrected convective heat transfer coefficient valid for high
blow up ratio. When this correction was applied (dashed line on Figure
9), the calculated bubble radius overlapped the experimental data for
both materials. The numerical results following have been corrected
when necessary.

Figure 10(a) and (b) show that an increase in the BUR leads to higher
average axial and transverse stresses in the film. The amplitude and
the slope of the profiles are strongly affected at the higher BUR.
Both the axial and transverse stresses are increased by almost 300%.
This strong increase could potentially have a significant impact on the
film’s properties. The calculated stresses for the low BUR bubble
are superimposed with experiments. A small difference between the
calculated and experimental axial stress can be observed for the high
blow up ratio, but the overall curve representation is still relevant.
The discrepancy for the transverse stress is significant.
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Finally, Figure 11(a) illustrates the effect of two-layer film composi-
tion on the radius profile. The monolayer LDPE film blows slightly
faster than the two-layer films. This is expected because, as we stated
previously, the LDPE is the more viscous material. An increase in
the amount of LDPE should generate higher stress, which in turn
leads to a faster bubble blowing. The calculated results for the three-
film compositions are almost equivalent. The calculated LDPE mono-
layer film reaches its FLH a little faster than both two-layer films.
In Figure 11(b), we observe a clear increase in the calculated and
experimental axial stresses with the amount of LDPE in the film. The
same pattern can be observed for the calculated transverse stresses on
Figure 11(c), but this is not the case for the experimental values.

CONCLUSION

Birefringence measurements were made on monolayer and two-layer
films of LDPE and ULDPE. An increase of TUR and BUR leads to an
increase of the average axial and transverse stress in the monolayer and
two-layer films. The polymer position in a two-layer film does not affect
the bubble shape or stress profile. It seems that the stress in the film
can be related to the amount of the PE which has a higher viscosity and
activation energy.

The non-orthogonal mapping technique applied to the film blowing
process and especially to the heat transfer equation allowed us to
compute the bubble shape, average temperature profile and stress
field for both the monolayer and two-layer blown film extrusion
process. A heat transfer function, similar in shape to data previously
published has been deduced from one reference experiment. This
function was then applied to realize calculation at processing
conditions (TUR and/or BUR) that are different from the reference
experiment. Generally, for both the monolayer and two-layer films,
the slope and the value of the calculated axial and transverse stress
are approximately the same as the experimental ones. Nevertheless,
at high TUR and BUR our model seems to overestimate the axial and
transverse stresses.

It would be interesting now to evaluate film properties, such as impact
strength, tear strength, and tensile strength, and to correlate those
values to the axial and transverse stresses. This could lead to the
development of films for specific use, by a modification of the process
parameters.
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