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Absract

Commercid blown film production is often limited by the rate of cooling that can be achieved in
the production line. The flow of the cooling air (through narrow passages and around the curved bubble)
is characterized by rather complex aerodynamics, including the Venturi and Coanda effects. Numerica
samulations of cooling equipment for blown film bubbles have been carried out. It is shown that cooling
efficiency is criticdly sendtive to varying arflow rates as well as the ar ring design, as minor
modifications cause large variaions in cooling performance. Furthermore, even for a given design
different setup of the adjustable parts can cause sgnificant differences in the ar-flow pattern and loca
cooling rates. In stacked-disk IBC equipment design, flow balancing is crucid for optimum operation.



| ntr oduction

Theair cooling sysem isan integrd part of any blown film line. It greatly affects not only the heat
transfer from the molten polymer film but aso the formation and sability of the bubble. For most blown
film bubbles the shape is primarily determined by mechanica manipulations and aerodynamics”. Severa
researchers”® have examined the importance of heat transfer in film blowing modding, as bubble
cooling ultimately affects both production rates and find film properties.

Most conventiond ar-rings are dud orifice, though single orifice implementations are il used
for high-stak, HDPE bubbles. In adua orifice setup, some of the air flow is injected through the lower
orifice and flows between the cone and the bubble surface. It lowers the film temperature just enough for
the film to become more durable. The rest of the cooling air is injected through the higher orifice onto the
bubble surface. The operationd setup of the air-ring determines the proportion of the cooling air that will
flow through each orifice. Its adjustment is a delicate, mostly empirica process. Some air-rings dso
include a chimney and possibly more complex devices (like an IRIS digphragm) to further redirect the
cooling air and increase gability.

Two important aerodynamic phenomena are associated with the cooling airflow, namely the
Venturi and Coanda effects”. The well known Venturi effect is caused when a fluid flows through a
congricted area: its speed increases and the pressure drops (figure 1). In film blowing, the bubble is
pulled by the partial vacuum towards the walls of the air ring. The less known Coanda effect”® occurs
when a free jet emerges close to a surface: the jet tends to bend, “attach” itsef and flow aong the
surface. The surface may be flat or curved and located inclined or offset to the jet (figure 2). The
Coanda effect is more pronounced near curved surfaces, and blown film bubble surfaces with the
cooling ar impinging on them at an angle, offer the possibility of gppearance of the Coanda effect.

Most modern air ring designs are quite complex, based on an abundance of design techniques
and patents”™?. Although air-rings offer some flexibility in adjusting some of the air flow settings, the
adjustment itsdlf is arather empirica process usudly performed by the line operators and perfected by
experience. However, both Venturi and Coanda effects may be significantly influenced by only minor
modificationsin the origina design and/or the operationd set-up of an air-ring. This makes the tune-up of
the air cooling system in blown film lines a rather unpredictable and avkward task.



As an addition to externd ar cooling, Internd Bubble Cooling (IBC) of blown film bubbles
employs various mechaniams to exchange the internd air of the bubble. Naturdly, this helps to increase
the overdl cooling of the film which would ultimately lead to increased production rates. IBC typicaly
involves specificdly designed equipment, engaged in exchanging the warm internal ar with colder
externd ar and aso congtantly circulating and mixing the internd ar. In some cases the externd air is
chilled before being injected indde the bubble to maximize the cooling benefit. With IBC, the expected
production rate improvement becomes increasingly important as die sze and film layflat width increase.
Production rate increases range from 20% for small bubbles (up to 8 in die diameter) to as much as
80% for very large bubbles.

Although IBC systems decisively increase the production rate of numerous blown film bubbles,
the expectations and excitement that was generated with the inception of the technology have only
partidly materialized. The reason appears to be the increased complexity of the technology and the
introduction of many additiond variables, which must be controlled.

Literaturereview

Isothermal modd's for film blowing (based on the balance of forces with the thin membrane
approximation) started with the work of Petrie and Pearson™. Petrie® introduced a non-isothermal
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rheological moddl. Ast? was the first one to atempt a solution of the energy equation. Wagner
Cao and Campbell™ introduced non-linear, non-isothermal, viscodastic models. They redized the
importance of the film temperature as a parameter in their modding studies. Numerous other publications
appeared'®? involving numericd modding of the film blowing process, using Newtonian and visco-
eladtic condtitutive equations. The main objective of these investigations was the determination of the
bubble shape. It was shown that the effect of viscodadticity is to decrease the ultimate bubble radius.
However, this line of research did not produce any identifiable advances in blown film technology. In
practice, the bubble shape is not determined by the polymer properties, but rather by mechanica
manipulations and ar-flow adjusments amed a diminating bubble ingabilities and improving the end
use of find film properties.

Some research has aso been done on the experimental aspects of the problem. Kanai and
White”? studied the effect of cooling rate on crystallization and Cao et d® measured the temperature

gradients in the normd direction. In most of the previous studies hegt transfer has been examined semi-



empiricaly without focusng on the actud trangport mechanisms. Additiondly, the cooling air imposed
forces and tharr effects on the formation of the blown film bubble have been largely neglected.

Campbell et d” addressed the problem by introducing a full aerodynamic andysis (momentum
and heet trangfer) on the cooling air by using the method of superposition of stream functions as well as
macro-balances of mass and energy. Wolf et d*® used the finite dement method to solve the equations
for jetsimpinging on a blown film bubble. Sidirapoulos et d*? used numerica smulation to compare the
cooling profiles of sngle and dud orifice air-rings. Also, Hauck and Michadi®® carried out an
experimenta investigation of film cooling and proposed an andyticd modd for the caculation of the heet
transfer coefficients.

More recently, Akaike et d?® smulated a single orifice ar ring and attempted to estimate how
the cooling air affects the bubble formation in a coupled smulation. Sidiropoulos and Vlachopoulos
studied the importance of the Venturi and Coanda effects”, examined the senstivity of ar-ring
performance on geometrical changes of the origind design®” and looked at the performance and
efficiency of interna bubble cooling (IBC) devices™. Wortberg and Spirgatis™ presented a detailed
experimenta study of the turbulent characteristics of the cooling airjet.

Theory

The Navier-Stokes equations are used to caculate the momentum transfer in the cooling air
stream. Since the air flow is turbulent, the instantaneous velocities can be congdered as the sum of a
mean and a fluctuating velocity (u=U;+ul;). By taking the time-average of the Navier-Stokes equations
(Reynolds averaging) mogt of the terms with fluctuating velocities vanish. The Reynolds averaged

Navier-Stokes equations can be expressed as
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In equation (1) the effect of turbulence is included through the Reynolds stresses (-r@:), which

involve products of the velocity fluctuations,
The contribution of Reynolds stresses to the momentum baance is introduced through the
concept of the effective viscosity (Boussinesq approximation). The Reynolds stresses are considered

the product of a turbulent viscosty and the mean veocity derivatives. In contrast with molecular



viscogity, turbulent viscosty is not a fluid property and depends on locd flow conditions. A variation of
the so-called k-e turbulent modd (the RNG k-€)** was used to reduce the number of unknowns (the
three velocity components U,, U,, U3, pressure and the velocity fluctuations) to the number of equations.
The eguations are the three components of the equation of conservation of momentum (1) and the
equation of continuity (conservation of mass). The reduction of number of unknowns to the number of
equations is known in the relevant literature as the turbulence closure problem.

Using the effective viscosity the mean momentum equation for two-dimensiond flow becomes
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A dmilar to momentum transport equation (2) can be gpplied for the turbulent transport of

energy, which in smplified form can be written as,
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wherea istheinverse of the turbulent Prandtl number.

A commercidly available, adjustable dud-orifice air-ring (Future Design Inc.) was smulated
usng a finite volume computationd method (FLUENT) in order to solve the system of differentia
equations. For each of the finite volumes, solution of equations (2) gives locd vaues for pressure and
veocities, while solution of equation (3) gives locd vaues of temperature. The flow streamlines are
caculated from the resulting velocity field. The heet trandfer to the walls is cdculaied usng the log-law
formulation for the temperature derivative based on the analogy between heat and momentum transfer®™.,

Results and Discussion

External Bubble Cooling

The smulated ar-ring is commercidly available and manufactured by Future Design Inc. It is
designed for bubbles with initid radius of 2 inches. A few grid topologies were examined, corresponding
to various bubble shapes, cooling airflow rates and operating setups of the adjustable parts. Additiondly,



minor geometric design modifications were performed to evauate the heet transfer capability of the air
rings. More details about the numerical smulations are available dsawhere®.

Figure 3 shows the calculated streamlines around a typica HDPE high-neck type bubble shape.
Different smulations are shown on the left and right Sdes of the figure for easy comparison. The left Sde
shows the calculated streamlines for a high arflow rate (25 It-of-air/s), while the right sde shows the
same for a medium airflow rate (12 It-of-air/s). It is obvious that the increasing arflow rate dragticaly
affects the character of the cooling air-jet. At the exit of the upper lip and for medium airflow rates, the
ar-jet bends and impinges on the curved film surface. This happens due to the Coanda effect, even
though the jet was initidly directed away from the film. For a higher airflow rae (Ieft ade of figure 3) this
behavior is dradticaly dtered. The Coanda effect initidly forces the ar-jet to initidly atach to the
externd air-ring surface (sabilization cone). Above the ar-ring, a second Coanda effect abruptly turns
the air-jet towards the film surface, creating alarge vortex. Further work showed that this transformation
of the air-jet occurs suddenly at about the 18 It-of-air/s mark.

Away from the air ring, a 9gnificant amount of ambient ar is entrained and the jet dows down
sgnificantly. Near the frogt line, the ar velocity is usualy one order of magnitude smdler than the velocity
a the air-ring lips. Still the air jet remains attached to the film surface and closdly follows its curvature.
This is a common pattern for dl the smulations that have been performed and is a direct result of the
Coanda effect (cooling air sreamlines dways remain closely bound to the curved wal and follow its
curvature).

Figure 4 shows a different set of smulations. The smulated bubble has atypica LLDPE bubble
geometry. The two smulations presented in figure 4 (left and right Sde) correspond to different setups
for the adjustable part of the air ring. The left Sde shows the streamline pattern for alow setup, while the
right sde depicts the flow when the air ring is adjusted at a higher position (2mm higher). The difference
in the height of the adjusted part corresponds to approximately a full turn of the adjustable air-ring
screw, an adjustment frequently performed by line operators. In both cases the arflow exhibits an
overdl apparent smilarity. There are, however, significant differences in the area where the upper-orifice
jet emerges.

The smulation for the low position setup shows that most of the air-flow is directed through the
higher orifice. At the exit of the high-lip a strong Coanda effect is present creating a recirculating vortex.
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The high position smulation shows more air directed through the lower orifice. While the mgority of the
ar is gill traveling through the higher orifice, the baance between the two flows is dtered and the
Coanda effect is absent from the high-lip area.

Figure 5 shows the caculated heat transfer coefficient profiles on the bubble surface (high and
low air ring setup). In both cases an initid cooling peak is observed a the base of the air ring where the
cold ar traveling through the lower orifice isimpinging on the very hot polymer film. As the lower-orifice
ar istraveling up the air-ring cone (tangentidly to the bubble surface) its heat remova capatility rapidly
drops. A second cooling pesk occurs after the rest of the air is injected through the upper lip. The
lower-orifice cooling peek is larger for the high podtion setup. This was expected Snce more arr is
flowing through the lower orifice. On the other hand, the second peak is very smal despite the fact that
mogt of the air is il emerging through the higher orifice. Overdl, the heat flux profile of the dud-orifice
ar ring a the high setup position is more similar with profiles obtained for single orifice air-rings™2+2°),

The sdlective (and unpredictable) appearance of Coanda effects according to air-ring setup may
explain wha operators of blown film lines often encounter in production lines: frequently they manipulate
the frost line and stabilize (or destabilize) the bubble by only dightly varying the adjustable air-ring setup.
The presence of the Coanda effect greetly influences the hest transfer cagpability of the cooling air stream
and the gahility of the bubble.

Internal Bubble Cooling (I1BC)

A typicd IBC stacked disk configuration was aso smulated. The sdected IBC design is made
for amdl bubbles with initid radius of 2 inches and would be ingdled in accordance with the externa
cooling equipment discussed above. The smal size of the bubble and the equipment was specificaly

sdected to illudrate the limitations of IBC on small bubbles. The bubble shape that was used was the
LLDPE type shown in the externd cooling smulaions. The IBC dit sack that was employed in the
smulaion has aheight equa to the height of the neck of the externd air-ring (~8 cm). There are 4 ditsin
the IBC gtack. The ar is radidly emerging from the 4 dits and impinges normaly on the internal bubble
aurface. The dits have varying gaps to aid the homogenous distribution of the airflow.

Figure 6 compares the calculated streamline patterns for the origind and a modified design® at
the same arflow rate. The modified design uses an inlet annulus that is gradudly reducing in gep as the



ar flows upwards. Each contraction reduces the annular gap only by 10%. The predicted flow pattern
for the modified IBC design is more balanced. Even though the top dits are dightly favored, substantia
cooling air-jets emerge from dl four dits. The cooling air impinges on the bubble surface at more points,
creating more contact and recirculating patterns. Similar flow patterns were predicted for both higher
and lower flow rates, indicating that the flow-baancing would be independent of airflow rate.

Figure 7 compares the caculated heat transfer coefficient profiles a the internd bubble surface
(focusing in the impingement area where the differences are ggnificant). The smulation of the modified
design predicts four cooling peeks instead of two. This was expected since the form of the flow pattern
(figure 6) suggests more impingement points. When compared to the origind design, the cooling peeks
have a smdler magnitude because the flow is further divided and more balanced. In the area above the
direct impingement zone the heat trandfer coefficient profiles for both origind and modified design are
indistinguishable. It is not immediately gpparent which design is more cooling-efficient. For that, the
caculated locd heat trandfer profiles were numericdly integrated over the bubble surface area between
the die lips and the frog-line. The integration at the smulated flow-rate indicates that the total interna
heat flow induced by the origind design is 38W, while the modified desgn generated a hest flow of
47W. This represents a 25% increase in the total cooling capacity of the modified IBC die. Taking into
account the sulbtlety of the design modification, the cooling improvement is rather Sgnificant.

Conduding Remarks

The numericd smulation of the cooling arflow impinging on blown film bubbles provided a
qualitative measure of the importance of the Venturi and Coanda effects as well as the performance
sengtivity of cooling equipment in, often minor, desgn and setup modifications. The numericd results
suggest that cooling performance (the limiting stage for higher production rates) is strongly influenced by
the ar-ring’s design and setup as well as the optimization of any IBC equipment.
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Nomendlature

Cp:  gpecific hest u' fluctuating velocity

g gravitational acceleration a: inverse turbulent Prandtl number (1/Pr)
k: turbulent kinetic energy e turbulent energy disspation rate
p: pressure m molecular viscosty

T temperature my.  effective (totd) viscosty

t: time r: density

U: average velocity tij: stress tensor

u ingdantaneous velocity
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Lig of Figures

Figure 1. Venturi effect: When afluid flows through a condtricted arealits speed
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Figure 2. Coanda effect: A free jet emerging from anozzle will tend to “attach” itsdf
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Figure 3. Coaling ar streamlines around along neck (HDPE) bubble. left Sde: air flow
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Figure 4. Cooling air streamlines (air-flow 12 It-of-air/s) around an LLDPE type blown
film bubble for different operating setups of the adjustable air-ring. left Sde:

low position setup, right Sde: high poSItion SEUP.......cocveevercieecee e

Figure 5: Heat trandfer coefficient profile on the bubble surface a high and low

postions of the adjustable air-ring (LLDPE type bubble shape).............cccuenee.

Figure 6: Stream-line comparison between the origina and the modified IBC system

((ORCR L1 o = T TSR

Figure 7: Caculaed heat trandfer coefficient profiles for the origina and the
success ve-gap-contractions design, as gpplied on the internal bubble surface

for the same arflow rate (0.5 [1/S) ...c.vovereeriiieeee e
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Figure 1: Venturi effect: When afluid flows through a congtricted area its speed increases and the

pressure drops.
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Figure 2: Coanda effect: A free jet emerging from anozzle will tend to “atach” itsdf and flow dong an
inclined or offsat nearby surface (flat or curved)



Figure 3: Cooling air streamlines around along neck (HDPE) bubble.
left Sde ar flow 25 1t/s, right Sdes ar flow 12 It/s
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Figure 4: Cooling air sreamlines (air-flow 12 It-of-air/s) around an LLDPE type blown film bubble for
different operating setups of the adjustable air-ring.
left Side: low position setup, right Side: high position setup
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Figure5: Heat trandfer coefficient profile on the bubble surface at high and low positions of the
adjustable air-ring (LL DPE type bubble shape)
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