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ABSTRAKT

Jednim z velmi zdvaZnych problénktery vyraz®g limituje proces vyroby folii vy-
fukovanim je vznik nestabilniho rukavu.ilegto, Ze v literafie Ize nalézt celotadu empi-
rickych doporgeni vedoucich Kasté&né stabilizaci procesu, neni dosud zcégmaé, jaky
je piimy vztah mezi tokovymi charakteristikami polymerpyracovatelskymi podminkami
a designem zpracovatelskéhdizani. Tato skutaost velmi stZuje optimalizaci celého
procesu. Jednou z moznosti, j&nto vztatim blize porozurt je modelovani procesu
vyfukovani a tvorba stabilitnich diagréniza timto @elem se népstji pouziva Pearson a
Petrie model [Pearson, J. R. A., Petrie, C. JJ.S-uid Mech. 40, p. 1, 1970], a toieg
fadu obtiZi spojenych jakieSenim daného problému (vznik numerickych nestabpat-
na konvergence ulohy) tak s omezenou aplikovatélnNgdavno vSak bylo ukazano, ze
s vyuzitim varigniho pd@tu lze odvodit model, ktery vySe uvedené nedostatkyna
[Zatloukal, M., Vicek J.: J. Non-Newtonian Fluid kte 123, p. 201-213, 2004; Zatloukal,
M., Vicek, J.: J. Non-Newtonian Fluid Mech. 133,63-72, 2006]. Tento n@wnavrzeny
model pohlizi na existenci stabilniho procesu vgitdni jako na stav, ktery odpovida mi-
nimalnim energetickym narékn vyuZzivajici jednoduchych analytickych rovnic.é&hto
duavoda byl v této praci pouzit pré&vtento model, a to s cilem stanovit stabilitni deagy
hodnotici vliv procesnich podminek, designu Wdlaci hlavy a tokovych charakteristik
polymeru pro Newtonskou taveninu zgeg@pokladu izotermalnich podminek. Teoretické
zawry byly nésledn porovnany s odpovidajicimi experimentalnimi datg pnearni a
rozwtveny mLLDPE a bylo zjigno, Ze predikce modelu jsou v dobré shedexperimen-
talni realitou protwzné procesni podminky. NaéjeZzitcjSim za¥rem celé prace je zjisti,

Ze vliv pevnosti taveniny je mnohonasebvetSi na stabilitu procesu nez vliv velikosti
Newtonské viskozity coz naztige, Ze ¥tveni linearnich materiélje mnohem efektiwgj-
Si materidlovd modifikace z pohledaistu stability pi vyfukovani nez prosté zvySovani
jejich molekulové hmotnosti. DalSimiléZitym za¥rem prace je odhaleni zfiveého vlivu
praméru vyfukovaci hlavy a celkové velikostijioku na stabilitu procesu coz indikuje, Ze
pirenositelnost experimentalnich stabilitnich diagitammalych laboratornich linek na vel-

ké vyrobni je velmi omezena.

Kli¢ova slovaVyfukovani, vytl&ovani, polymer, modelovani polymernich pragesabi-

litni analyza



ABSTRACT

The effect of processing conditions, die desigd araterial characteristics on the
stability of the film blowing process for the isetimal Newtonian melt has been investi-
gated theoretically by the recently proposed Z&iddwIcek model [Zatloukal, M., Vicek,
J.: J. Non-Newtonian Fluid Mech. 123, p. 201-21)4£ Zatloukal, M., Vicek, J.: J. Non-
Newtonian Fluid Mech. 133, p. 63-72, 2006] and tiheoretical predictions were com-
pared with the corresponding experimental dataa been found that the model predic-

tions are in good correspondence with the experiaheaality.

Keywords:Blown film, extrusion, polymer, modeling of polymgrocessing, stability ana-
lysis
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INTRODUCTION

The tubular film blowing process belongs to theest polymer processing technolo-
gies The basic equipment for the process is a film odgwine. The first commercial line
was created in the late 1930’s in the USA. Sinee the technology has been developing

continuously.

The product of the line is a biaxially-orientedypoeric film of small thickness. This
film can be employed for many commercial produatsdiin everyday life. One of the pos-
sibilities of the film application is the use inoid processing industry, e.g. for carrier bags
and food wrapping, another is in the waste induasryefuse bags, waste land fill liners. It

can be also used for other purposes such as méitticmbnd etc.

Despite the fact that the film blowing process hdsng history and during its life-
time it has been researched both experimentallythedretically, the clear relationships
between the machine design, processing parametaterial and stresses are not com-
pletely understood yet. The situation is even noomaplicated because film blowing proc-
ess is very sensitive to the onset of the bubld&abilities at particular processing condi-
tions which represents one of the limiting factarthis technology. With the aim to under-
stand these complicated relationships as well ac#use of the bubble instability onset,
the modeling of the film blowing process is usuaployed. The most popular approach
is based on the well known Pearson and Petrie flation [1]. Even if many useful con-
clusions about the film blowing process and itbisitg have been found there exist some
difficulties with this approach. Firstly, the usktlbe Pearson and Petrie formulation leds to
the numerical instabilities very well documentedtlie literature [2], which restrict the
solutions for very narrow processing window. Sedpnid has been revealed that the film
blowing modeling using this formulation can not ¢icd experimental reality very well
especially if the bubble neck becomes to high \gith the aim to overcome these notice-
able difficulties, recently, novel Zatloukal-Vicdé#km blowing model has been derived by
the using of the variational principles and suctglystested with the experimental data
[4-7]. Moreover, it has been speculated in [5] tted model can predict the bubble insta-
bilities for the processing conditions were the llalshape does not satisfy the minimum
energy requirements i.e. the model solution doésrists in such a case. Thus, the main
aim of the present Bachelor Thesis is to use Zk#bWlcek model for the stability contour

determination to reveal whether the predicted tseack in quantitative correspondence
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with the experimental reality. Specific attentioillWwe paid to the role of the long chain

branching on the film blowing stability.



g Tomas Bata University in Zlin
Faculty of Technology

|. THEORETICAL BACKGROUND



g Tomas Bata University in Zlin
Faculty of Technology 11

1 THEFILM BLOWING PROCESS

The basic equipment for the film blowing procesthie film blowing line.

1.1 Description of thefilm blowing line

The most often used type of the film blowing lisepresented in Fig. 1 [1, 8], where

the nip rolls are situated on the top of the line.

NIP ROLLS

GUIDE ROLL

TABLE FLAP

FREEZE LINE HEIGHT

COOLING RING

PELLETS

ANNULAR DIE HOPPER

WIND-UP DEVICE AIR

EXTRUDER

Fig. 1. The film blowing line

In the following part a production of the film blWing is described according to the

stated scheme of the film blowing line.
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1.2 Description of the process

The process starts in the extruder where polyratets are fed to the hopper, inside
the extruder they are transported, compressed atteédnand at the end of the barrel the
melt is extruded through an annular die. Thencdilimeis formed to the shape of continu-
ous cylinder that moves in the vertical directioonfi the annular die. In the area between
the annular die and the freeze line height therpelyis in a molten state. The future bub-
ble is created by internal air pressure. With thlp lof a cooling ring the bubble is cooled
to solid film. Air is blown along the bubble suré@acThis cooling bubble is folded between
two table flaps and then two nip rolls close indly, the film is spooled on the cylinder of

a wind-up device.

The film blowing process is influenced by two inm@mt parameters [9]. One of

them is the blow-up ratio:
BUR= & (1)
Ry

which means the ratio of the bubble radius at tbeze line to the bubble radius at the die

exit.

Another parameter is the draw-down ratio, which ba& written in the following
form:
DDR="E @)
VD

i.e. the ratio between the film velocity at theefze line heightl., and at the die exit. The
blow-up ratio,BUR, together with the draw down ratibDR, express two directions of the
bubble extensions, which is how the film is strettlduring the film blowing process.
First, axial extension is caused by the nip rallepse velocity is an adjustable parameter
[5]. It can be one of the possible methods to ile thickness control. Second, circumfer-

ential extension is created due to the air presssrde the bubble. These two directions of

the bubble extension produce the final bubble shape



g Tomas Bata University in Zlin
Faculty of Technology 13

1.3 Bubbleinstabilities

Bubble instabilities generate when the film-prditut speed is higher than a critical
speed of the film blowing. More detailed descriptiof instabilities can be found in the
works [8, 10-16]. It was observed that the bublas & lower stability under the following

conditions:
» Higher melt temperature (further developed by Hél [L2]).
» LLDPE bubble without mix of LDPE (details in Obije$13]).

» Narrow molecular weight distribution and short ehbranching (researched in de-
tail by Kanai and White [14]).

Many different sorts of bubble instabilities cam teached during the film blowing
process. The most frequent are presented belowoie metail, because they affect the

process substantially.

The periodic oscillation of the bubble diameter

The first bubble instability, periodic diametercations, is shown in Fig. 2 [10]; it
is also called draw resonance. The instability appevith linear polymers where strain
hardening is not present. It occurs in the arehigh strain rates. It is very important to
know that this instability is not expected to b#uanced by the factors which are impor-
tant for the other ones. There are: first, coolimg is adjusted untimely, second, forma-
tion of the hole on the bubble surface and lastragon of the air pressure on the bubble
radius. So, this instability is created first of By the strain hardening during the high

strain rate.

Fig. 2. Draw resonance



i Tomas Bata University in Zlin
Faculty of Technology 14

Helical instability

Helical instability is created when the air rirggnot set-up suitably. Then this insta-
bility often appears during the start of the filhowing line. In the scheme presented be-
low (Fig. 3) [10], the right side of the bubblecisoled more than the left side and the heli-
cal instability is formed. One possibly way to lirthe instability is the modification of the
cooling ring, a second possibility is to ensurestant airflow on the bubble surface. How-

ever, the first factor affects the bubble stabifitgre than the latter.

Fig. 3. Helical instability
Instability of the freeze line height (FLH instalily)

This bubble instability changes with time, angitlso called periodic oscillation of
the freeze line height. It can oscillate in thetafise of several centimeters. Although in
the presented bubble-point the changed value ofntieenal bubble pressure and bubble
temperature is substantial, the bubble seems sidide (Fig. 4) [10]. It is because of the
almost constant bubble-thickness in the axis dwactluring the film blowing process.

Thus, in this instability only the freeze line hetigs changed.

Fig. 4. FLH instability
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Heavy-bubble instability

Bubble sag, which is another term for the heauvybel instability, is created in the
moment when the bubble touches the cooling rings Ehown in Fig. 5 [10]. Here, the
bubble shape in the liquid state changes, whiclsesmaworsened bubble surface. This in-
stability is initialized when the bubble touches tooling ring, i.e. when the force of the
cooling air is higher than the tensile strengthhaf bubble material. After deformation the

final bubble has a bigger radius than before.

Fig. 5. Bubble sag

Bubble tear

This instability occurs if the tensile stress la film blowing exceeds the material
strength. It means the tensile strength of the frower than the take-up force, Then,
in the die exit, the creating bubble is torn in theection of the acting forcd; (Fig. 6)
[10]. This danger can be reduced by the help ol mglecular weight polymers which
contain a lot of long chain branching; then thenfihas stronger structure. It means that

this instability is dependent on the polymer stioet

Fig. 6. Bubble tear
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Bubble flutter

Bubble flutter instability is caused by the higieed of cooling air. Then the bubble
surface is fluttering in the area from the dielte freeze line, as presented in Fig. 7 [10].
When the bubble surface is deformed very intengjugk film has different thicknesses in
the molten state. Then it is necessary to limitek# velocity of the film from the die.

Thus, the final speed of the process is limitedhgycreation of this instability.

Fig. 7. Bubble flutter

The presented bubble instabilities and some nygrestof instabilities make the pre-
diction of the exit velocity of a particular polymduring the film blowing process very
difficult. In agreement with Sweeney [15], bubbtalslity is influenced by the properties
and structure of the polymer, process variablesdasiyn of the cooling ring. For the de-
termination of maximum exit velocity, i.e. for tlgefinition of the bubble instability, the

design of the cooling ring is very important.
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2 MODELING OF THE FILM BLOWING PROCESS

2.1 Review of the current models

In order to model the film blowing process, vasomodel-types can be used for

solving the problems in this area. The common nmdékir descriptions and limitations

are presented below in Tab. 1.

Tab. 1. Review of the models dealing with the @wisl in the film blowing process

(adapted from [17])

Author

Model description

Limitations

Pearson and Petrie
[18, 19]

Isothermal Newtonian

Does not incorporate the
non-Newtonian flow be-
haviour of polymer melts

Petrie [20]

Non-isothermal Newtonian
and isothermal purely elas-
tic model. Effects of gravity
and inertia included

Does not allow for viscoe-
lastic response of materials

Han and Park [21]

Isothermal power law

Does not account for cool-
ing of bubble and viscoe-
lasticity

Wagner [22]

Non-isothermal integral
viscoelastic equation with
Wagner damping function

Complex, does not accu-
rately estimate stresses at
the die exit

Pearson and
Gutteridge [23]

Non-isothermal elastic
model

Does not allow for the vis-
coelastic response of mate
rials

Kanai and White [24]

Non-isothermal Newtonian
with crystallisation

Does not allow for non-
Newtonian behaviour of
fluids

Luo and Tanner [2]

Non-isothermal Maxwell
model and Leonov models
joined together

Solutions highly unstable,
the model does not accoul
for non-linear viscoelastic-

ity
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Author Model description Limitations

Does not account for multi-
Cain and Denn [25] Marruci model ple relaxation time spec-
trum

Non-isothermal Maxwell
Cao and Campbell model extended above the
[26, 27] freeze line with Hookean
elastic model

Highly unstable, does not
predict creep flow very
well

Complex, difficult to esti-
mate previous shear history
of polymer melt, particu-
larly at the die exit

Non-isothermal integral
viscoelastic equation with
PSM damping function

Alaie and
Papanastasiou [28]

Quasi cylindrical bubble
combined with non-

Liu et al. [29] isothermal power law with
crystallization effects con-
stitutive equation

Does not allow for axial
curvature of bubble and
viscoelastic properties of
melt

Does not allow for viscoe-
lastic nature of polymer
melt

Sidiropoulos et al. Modified non-isothermal
[30, 31] Newtonian

Does not account for the
flow behaviour and the
bubble movement

Zatloukal and Vicek- | Isothermal elastic model
(variational principles 1)[5] (Hookean)

Does not incorporate the
Isothermal Newtonian non-Newtonian flow be-
haviour of polymer melts

Zatloukal and Vicek-
(variational principles 2) [6]

Membrane approximation.
Does not account for flow
memory

Zatloukal and Vicek- | Non-isothermal non-
(variational principles 3) [7] Newtonian

As one can deduce from the references provideBam 1, the most popular film
blowing models are based on the Pearson and Retnmilation [1, 18, 19]. Moreover,
recently proposed variational principle based fillowing formulation [5-7], seems to be

breakthrough in the film blowing modeling becauseviercomes many of difficulties re-
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lated to numerical instabilities and it can alsocbapled with the Pearson and Petrie for-

mulation as shown in [6]. Due to that, our attemti® paid here to these two formulations

only.

2.2 Pearson and Petrie formulation

The standard Pearson and Petrie formulation [1]thier film blowing process in-

cludes these assumptions:

» Membrane theory: the bubble is thought to be a shigll where the film thickness,

h, is much smaller than the bubble radys,e.h <<r. It can be seen in Fig. 8.
» The bubble movement is time constant and symmeéarcaind the bubble axis.

» The surface and inertial stresses are neglectetbdbeir low values.

Fig. 8. The film blowing variables
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The Pearson and Petrie derivation starts fromcal IGartesian coordinate system.
The directionx; is called the tangential directiox, is the thickness direction, amglis the
circumferential direction (Fig. 9).

Fig. 9. The Cartesian coordinate system

Derivation of Pearson and Petrie formulation issented in [1]. The first step of the
Pearson and Petrie derivation is the integratiothefcontinuity equation. Then the inte-

gration result is obtained in the form

Q=271 (x)(x)v(x)o(T (x) 3)

As can be seen, every parameter of the equatiariusction ofx (distance from the
die exit). The symbols in the equation have theofwilhg meaningQ” is the mass flow
rate r(x) the bubble radiug)(x) the film thicknessy(x) the film velocity, T(x) the tempera-
ture and,o(T) is the density identified in the study of Spereed Gilmore [32] as

p(r)= RQT; (4)
9 +p
P*w

New symbols in the equation arg:- the molecular weightRy - the universal gas
constant Ry = 8.314J-K*mol™Y), P* - the cohesion pressure, ahd the specific volume.
For PE, the most common material processed by fiowihg, these parameters are given
in the work of Hellwege et al. [33w = 2810° kgmol*, b’'= 8.7510* m*kg* and

P* = 3.1810° Pa. Thus, the previous equation is obtained in form:
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_ 10°
AT() = 0.934010°T(x) +0.875 ®)

If the momentum equation and membrane theoryakenttogether, the internal bub-

ble pressure/AP, can be expressed in the following form, as showjt):

hoy, | hog,

R

AP = (6)

Parametersr,, and R, are the tangential directions of the stress amdature ra-
dius, respectively. Further, parameterg, and R mean the circumferential directions of

the stress and curvature radius, respectively. Tésepted curvature radii have a form

)
codd

= 7
R ) (1)

R = 2_—1 (8)
——cos'(6)

Term cod#) in Egs. (7) and (8) is calculated as:

codd) = ;2 )
1+ [drj
dx
The force balance in the perpendicular directiontha form
2rtha,, codf) = F - mP(r, 2 -r?)-G +H (10)

wherer; is the bubble radius at the freeze line heighieans the take-up forcg,stands
for the gravity, andH is the force created by the air flow. By using Eish assumption
[34], forcesG andH have the same value, i.e. the presented equatioatiinfluenced by

these forces. Then Eqg. (10) can be reduced to
2tho, codf)=F - mP(rf 2 - r2) (11)
From this Equation, stress,;; can be expressed as

_F-mP(r, - r(x)?)

0,,(x) = 271 (x)n(x)cod6(x))

(12)
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Stresso,,(x) is a distance function from the annular digas well as a function of

parameters(x), h(x) andcod@(x)). The equation for stress,,(x) has a specific form in
the area of the freeze line height,If the line slope[;irj is equal to zero, the tangential
X

stresso,,(L) at the freeze line height can be rewritten intftsilowing form:

)= 5mn (13

where the bubble radius at the freeze line heigh®i= R,BUR, andH; is the bubble

thickness at the same place.

With the help of Eg. (6), the stress in the ciréemrantial direction is stated in the
form

_R{ h(x
033(X) = h(X) (AP - %UM(X)) (14)

This stress at the freeze line height then will be

o,4(L)= HﬁAP (15)

Now, stressews,;, and g,, are known for both directions, i.e. for the targg@rand
circumferential directions, respectively. Thus thetresses can be calculated for various
distances from the die exit to the freeze line hiige. forx.

Applying the above-mentioned assumption (h << t),is possible to expect
|0, <<|oss| and |o,,|<<|o,,|. It means thato,,= Oand from the calculation
o =-pl +1 the following equation expresses the proportiamben the total stresses,
and the extra stresses,(p — pressurd, — unit tensor):

O,=T;,— Ty

g, =0 (16)
Og3 =T33 7Ty

In the solution of the equations used in the Peaesw Petrie formulation, the fol-

lowing two problems arise:
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O Numerical instabilities [2, 4, 5]
U Bubble-shape description [3-5]

Let us have a closer look at them.

Numerical instabilities

These types of instabilities are usually causeohapility of the numerical scheme to
converge for the certain polymer rheology, progegssind boundary conditions or by exis-
tence of the multiple solutions. Moreover, the soluis very sensitive to the initial bubble
angle at the die exit as well as melt history elab the die flow. Due to that, the solution
available for only a small area of the operatingdibons. This is discussed in more detail

by work of Luo and Tanner [2].

Problems with the bubble-shape description

These problems are connected with high stalk ashlle. bubbles with a long neck.
Here, the bubble shape with the original elongaieck is not described exactly - the pre-

dicted values start earlier than the elongated oéthe bubble in reality.

The presented problems of Pearson and Petrie miooleldsbe eliminated by the use
of the Zatloukal and Vicek formulation derived Wyetvariational principles, which are

described in the following part in more details.

2.3 Zatloukal and Vlcek formulation

Zatloukal and Vlcek formulation is based on theadhat the film blowing process
satisfies minimum energy requirements and variatigminciples can be used to derive a
model which describes the bubble creation. In noetail, it is well-known that bubble
shape changes during the film blowing processagiplens due to the internal logyd,and
the take-up forced;. The bubble can be understood as a static flexii@mbrane. It means
that the thickness is a neglected parameter bechaseiembrane is a very thin layer. It

can be found in two shapes. First, bubble shapedefeformation (Fig. 10) [4, 5]; here
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the line element of the membranedis Second, bubble shape after deformation (Fig. 11)

[4, 5], where the bubble shape is given by theofilhg equation [4, 5]:
J1+(y) dx= [1+%(y’)2}dx (17)

This is valid in the area from the annular die uadRy, to the freeze line height, It
has been shown in [5] that if the constant bubblapiance is assumed, one can derive

the analytical equation for the bubble shape satigfthe minimum-energy requirements
by using variational principles.

A X A X
L L
Y
y Ro 0 y Ro 0
Fig. 10. Membrane Fig. 11. Membrane
before deformation after deformation

In more detail, equations for both types of thblde shapes can be derived: without
and with a neck.

Bubble without neck

For the bubble shape description the followingr fparameters have to be known.
First, it is the freeze line heighit, second is parametpd, which is compound of both the
membrane compliancd, together with the internal load, The next is the blow up ratio,
BUR and the final parameter is the die radrs,

It has been shown in [5] that any equation forlibbble that satisfies the following

differential equation also satisfies the minimune®y requirements:
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Fy'-A2my+p=0 (18)

Here,F is the take-up force; stands for the Lagrange multipligrmeans the inter-
nal load, ang is the equation of the bublddape. It is not difficult to show (see [4, 5] for
more detail) that the Eq. (19) satisfies the E§) @nd thus can be considered as the sim-

plest expression for the bubble shape
_ AN - X¢
y=(R, - pJ)co T (pJ - BURR )sin L (19)

In this equation the parameters are:
* Parametek is a positive number frofto the freeze line height,

« Parameterr’ is defined as:

a,:\/sz—RO—BURFg|RO(BUR—1)| (20)
pJ-BURR |pJ-BURR)|

» Parametep is stated in Tab. 2, whereis given by the following equation:
A= _PImR (21)

" pJ-BURR

Tab. 2.Parameters A ang for different bubble shapes (y). Parameter A isatq

to A7 and parametep”” is same ag.

Equation A 0 y
1. 1 0 R,
2. 0<A<1 arctg [\/Tj The form of Eq. (19)
3. 0 /2 Ro{l—sin(’z”fj(l— BUR)}
4, -1<A<0 7T + arctg (\/1;7] The form of Eq. (19)

5. 1 - R20{1+ cos(%j(l— BUR)+ BUR}
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Finally, the equation for the take-up force carobtained in the following form:

__L
F =1 (22)

The introduced Egs. (13), (15), (19-22) and TalwilRbe used in the experimental
part of the Bachelor Thesis, together with the Wwgboesented Eq. (32).

Bubble with the neck height

This type of the bubble consists of two sectidfig.(12) [5]. The first is influenced
by the uniaxial stretching up to the distahge The radius of the bubble is changed from
Ry to RyBUR. Thus the bubble can be described by equation:

y, = (R, - pJ)co{%} +a"(pd - BURORO)sin(’%”"J +pJ (23)

1 1
This equation is generated from several parameters:

« Parameterg” is identified with the aid of the Tab. 2 accordittgthe value A",

whereBUR, is supplyingBURIn Eq. (20) and their dependence is:

2pJ-R,
It means that parametéY’ can be written in the form:

~ pJ-BURR,

+ Parameterr” has the same substitution as paramé{erThen it is defined as

a,,:\/ZDJ—Ro‘BUF%Ro|Ro(BURo ~1)| (26)
pJ-BURR, |pJ-BURR,|

* The neck heighit; is identified by equation

_¢'lLp-mf=¢)
L = i 27)
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whereé is
& = pJR(2BUR, -1~ BUR)(7 - ¢"2)- L (28)
Y a
‘I
SECTIONI SECTIONII
s
nd
.
m
Fi
g
14 &
o
m
L. X
@ L »

Fig. 12. Bubble with neck height — acting forces

Tensile forceF,, acting at the die exit in the direction from tenular die, is ex-

pressed as

__ L
I:I - _¢"2J (29)
Different conditions can be identified in the sedmection of the neck (the area
L — Ly). Here the material is deformed by biaxial stretgh At the freeze line height,,
the radius of the bubble is equalRéBUR. This bubble section is described as:
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y, = BURO{ pa + co{%’}(& - pJ)} (30)
Lk
The tensile force acting at the freeze line heggint be written in the following form:
(L-L)
Fy = _T\]l (31)

Internal bubble pressure

The internal bubble pressure can be expresséuksiform [5]:

Ap = pL (32)

L

271 yy1+(y') dx

0

Here,pL represents the force acting at the bubble thickimeshe perpendicular di-

L
rection, and expressioﬁnj'y 1+(y')*dx defines the surface of the bubble. The internal
0

bubble pressure is calculated for a cylinder wisaséace area is the same as in the case of

the existing bubble.

Comparison of the bubble with and without the nelkight

Bubbles without the neck are limited by two parterepd, i.e. from pJ, to pJ,.
Then the bubbles with the neck height are offerethe area ofpJ, to pJ,, as can be

seen in Fig. 13. The bubble shape curvatures #teented by the internal load, and the
membrane compliancd, If one of the parameters is high, the bubble shapvature is

also high, and vice versa.
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le =0
e nJ, = Ro-(1+BUR)/2
pJ; = Ro-BUR

Ry / Rg

Axial direction, x (m)

Fig. 13. Bubble shapes with different values ofRekameters
BUR Ry and L are constant [5].

If the above described Zatloukal-Vicek formulatisrcombined with the continuity,
constitutive and energy equations, one can dexdaianal mathematical expressions for
the compliancel and freeze line height. In such case, the film blowing model becomes
fully predictive. Moreover, it has been suggeste{bi that critical points predicted by the
model can be related to the bubble instabilitiedelyi described in the literature. This
might be explained by the fact that Zatloukal-VIdekmulation allows to predict bubbles

which are acceptable from the minimum energy poiniew.
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3 AIMSOFTHE WORK

The main aim of this work is to determine the Bitgbcontours (relative final film
thickness vsBUR) derived from the Zatloukal-Vicek formulation fan isothermal condi-
tions and Newtonian fluids. In more detail, theeetfof material properties (Newtonian
viscosity, rupture stress of the melt), processdimns (freeze line height, volume flow
rate, internal load and internal bubble pressunel) die design (die radius) on the bubble
stability will be investigated. The predicted stapicontours and trends will be compared
and discussed with the real experimental data. iipattention will be paid to the effect

of the long chain branching on the stability of fih@ blowing process.
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EXPERIMENTAL
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4 MATERIALS

In this work, two metallocene based LLDPE wereduee the experiments on the
film blowing line. In more detail, both mLLDPEs aohemically identical and the
only difference is that the first mLLDPE is lineahereas the second one is branched.
It should be pointed out that no additional infotima about these two materials are
mentioned in this work because the institution pimg these materials is wishing to

keep this information as confidential.
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5 FILM BLOWING EXPERIMENT

The experimental work on the film blowing line hasen done in cooperation with
the University of Bradford. The parameters of the folowing process (internal bubble
pressure4p, volumetric flow rateQ, die gapHo, bubble radius at the die exiRy, freeze
line height,L) were obtained from measurements on the film bigwline depicted in
Figs. 15a-15b, which is composed from a Betol BGr38 single screw extruder equipped
by Davis Standard model DSBMT barrier screw (Fitfsd-15e) and spiral mandrel die
having six feeding channels with annulus diametadt the gap equal to 74 mm and
1.34 mm, respectively, as visible in Fig. 15c. Mdegdails about the experimental set-up

are provided in [16]

The basic point of the experimental work was theemheination of the processing
window for linear and branched mLLDPE. The mainexkpental results are depicted in
Fig. 14 where the experimentally determined stiybiliagrams (relative film thickness vs.
BUR) for linear and branched mLLDPE are provided. Hneas above and bellow the
blue/pink lines represent stable and unstable Blowing conditions, respectively. It is
nicely visible that the branched mLLDPE is much enatable compared to linear
mLLDPE material. In the other words, branched mLIED&an be used to produce thinner

film at a higheBURIn contrary to the linear mLLDPE.

0.06

0.055 —

o *n —— Linear mLLDPE | |
' == Branched mLLDPE

0.045 —

004 STABLE
0.035 /

. /
' b4

0.025

0.02 / + =
0.015 o -
001 \l-a_; T

0.005 UNSTABLE—

0 I I I I I I I I I I
1 1.2 1.4 1.6 1.8 2 2.2 24 2.6 2.8 3 3.2

BUR

Hy/ Ho

Fig. 14. The experimentally determined stabilityntoors for both, linear and
branched metallocene LLDPE bubbles (FLH 180 mmtantperature 190°C).
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depth 2.5 Melt pool Solid bed run depth 7.5

Fig. 15. Film blowing experimental set-up at theivémsity of Bradford, UK. 15a) Gen-
eral view of the experimental film blowing line;dXCloser view of the film blowing die;
15c) Used spiral mandrel; 15d) DSBMT barrier screw wah24:1 L/D and barrier
flighted with spiral Maddox mixer; 15e) Detail pice of the Maddox mixer (egan type).
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RESULTS AND DISCUSSION

At the beginning of the research, it is necessarghteck, whether Zatloukal-Vicek
film blowing model has capability to describe thegerimentally observed bubble shapes
for linear as well as branched mLLDPEs producedeumlifferent processing conditions.
In Fig. 16 it is clearly demonstrated that the mdues extremely high fitting capability to
describe all measured bubble shape observed d@radord film blowing line.

x (m)
x (m)
X (m)

y (m) y (m)
16a) 16b)

x (m)
x (m)

y (m) y (m)
16d) 16e)

Fig. 16. Comparison between experimental dataaid the Zatloukal-Vicek model predic-
tion () for linear as well as branched mLLDPEso&essing conditions for each bubble
are summarized in Tab. 3. 16a) Bubble 1: Highlynoteed mLLDPE; 16b) Bubble 2: Lin-
ear mLLDPE; 16c) Bubble 3: Linear mLLDPE; 16d) Biéob4: Slightly branched
MLLDPE; 16e) Bubble 5: Slightly branched mLLDPE.
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The processing conditions for all bubbles depidtedrig. 16 are summarized in

Tab. 3. Note that for all cases, the freeze lingltes virtually the same, i.e. equal to
0.18 m. The bubbles with no neck (1-2, 4-5) werscdbed by the Eq. (19) whereas the
description of the bubble with neck height (3), bagn done by Egs. (23) and (30). The

corresponding compliances summarized in the Tater¢ determined from the measured

internal bubble pressure for the individual progggsonditions summarized in Tab. 3.

Tab. 3. The table of the experimental conditiomge constant bubble-parameters:
Ro= 0.037 m, = 0.00134 m, L = 0.18 np, = 750 kgm>

H; VE Ap BUR
Bubble | mLLDPE : :
(m*sh) (m) (m-sh) (Pa) (-)
1 Highly | 5 133,16 | 31.00.16 | 0.1500 | 95.157 | 1.958
branched
2 Linear | 4.344-1¢ | 30.00-1¢ | 0.2167 | 155.979  1.967
3 Linear | 4.344-1F | 26.00-1¢ | 0.2167 | 142.637  2.046
4 slightly | 5 9g5.1¢ | 26.50.16 | 0.2167 | 147.150  2.142
branched
5 slightly 15 656.1¢ | 31.25.1¢ | 0.1830 | 161.865  1.810
branched

Tab. 4. Zatloukal-Vicek model fit parameters fopexments provided in Tab. 3

L pJ/Ry F BUR
Bubble | mLLDPE
(m) (-) ‘ (Pa’) (N) (-)
1 Highly 0.18560 | 1.298229 0.001501 4.47009 1.761
branched
2 Linear 0.18000 1.60483‘2‘ 0. 00098)8 3.5301%1 2.214
3 Linear 0.18600 1.608105% 0.001382 1.95209 2.210
Slightly , 4 1
4 branched 0.18305 | 1.35951 l‘ 0.00091)7 7.78050 2.000
Slightly 3 =
5 branched 0.18206 | 1. 47052‘% 0.000952 4.22161 1.959
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Closer inspection of the Tabs. 3 and 4 (espectalycomparable processing condi-
tions where the final film thickness takes the sarmalele, i.e. Bubble 1, 2 and 5) reveals
that the model predicts increase of the take-upefavith the increasing level of the long
chain branching, which is expected trend becausg &hain branching increases the ex-
tensional strain hardening and thus resistancédaktensional flow. This also supports

the physic behind the Zatloukal-Vicek model.

Based on the above analysis, it can be said tbaigbd model has very good capa-
bility to describe the experimental data for tHenfblowing experiments for linear as well
as branched mLLDPEs. Therefore, the model seerhe suitable for bubble stability in-
vestigation.

For the stability contour determination it is as&a that the bubble is unstable if it
does not satisfy the minimum energy requiremeet,ii.A<-1 (it is called here as ‘model
stability contour’) or if the tensile stresses e imachine/circumference directions exceed
the material bubble strength (it is called herénaschine’ or ‘circumference stress stabil-
ity contour’). In this work, the stability contoustand for curves in the reduced final film
thickness vsBUR graph determining stable processing window. Tyipstability contour
for the particular material and processing condgipredicted by the model is depicted in
Fig. 17. In the section bellow, it is shown, in wiay these stability contours are calcula-

tion for the following assumptions:
1. the film blowing process is isothermal,
2. the polymer material is Newtonian,
3. the velocity profiles is linear between the die #melfreezline,

4. the bubble with the neck height is not considered.

Model stability contour

The limit determines the maximum film thicknessairdefinite range of parameter
BUR It means that the goal of the calculation isfilre thickness,Hs, at the freeze line
height,L. The basic step in the calculation is creatioramfequation for the membrane
compliance in the case of the bubble without n&tks equation is based on the balance of
forcesF, andF n, which are the acting forces at the die and frdeme height, respec-

tively. ForceF, is given in a positive value by Eq. (22) from treriational principle. The
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other forceF;n results from the connection of the equationsasftinuity and Newton

model, which are given below [6]:
Q =277 (x)(x)v(x) (33)
r=2n,D (34)

where paramete is the volumetric flow rate; means the extra stresg, stands for the
Newtonian viscosity an® represents the deformation rate tensor. Thengferg can be
expressed in the following form
oy o @
FII,N - 2’70‘91_ (35)
VF
If Egs. (22) and (35) are taken to the balancen tthe equation of the membrane
compliance can be written as
L%V,

J=—— 36
2,647 (39)

This parameter can be also expressed for a boyrardition of the variational

principle, which is defined by parameter= -1 (Tab. 2) and Eq. (21). Thus, the equation is

J= 5(1+ BUR) (37)
2p
After the connection of Egs. (36) and (37), ihecessary add an equation of the ex-
tensional rate for a linear process in the form

Ve -V,
L

£ = (38)

where the velocitiesr andvp represent the film velocity at the freeze linegheiand die,
respectively. The velocities are determined from g&8), where the terms for die gap

h(x)=H, and bubble radius at the die ex{x)= R, are used for the calculation of the
velocity at the die. For the determination of tledoeity at the freeze line height, the terms

in question are given in the formg(x) = R, = R,BUR andh(x) = H,.

If Eqgs. (36-38) are joined, then the film thickeesd the freeze line height has the

following form
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_ Ry(L+BURQ7,77* - pL°
", = 2m°R%7,v, BUR1+ BUR) (39)

Machine stress stability contour

During the film blowing process the film is takep by the nip rolls, where the
maximum take up velocity/force is given accordinghe film strength in the axis direc-
tion. This criterion is expressed by the film thmelss at the freeze line height;, in the
fixed range of paramet®&UR The calculation is based on the Newton model.(Bé)e,

Eq. (38) is used, too. Then, the film thicknessakulated as

_ Q7,
N R BURGL + 270v,) (40)

Circumference stability contour

The film is expanded by air pressure, which alstednines the film thickness. The
value of air pressure must not get above the vafube film strength in circumferential
direction. It means, again, that the goal of tHeuwdation is to find the film thickness at the
freeze line heightHy, in a specific area dBBUR parameter. This thickness is given by
Eq. (15) and is defined as

R,BUR

033

H, = Ap (42)

where the internal bubble pressure is given by(82).

Here, the presented equations do not contain angnpeter of viscosity. For this

reason Eq. (21) is necessary to be rewritten asiydmbrane compliance:

R,(ABUR-1)
p(A-1)

(42)

Then, using Egs. (36), (38) and (42) the Newtowmignosity can be obtained in the

following form

pI—SVF (A — 1)

" 2047Ry (v, -, )(ABUR-1) “3)

7o
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Effect of Newtonian viscosity on the film blowingability

Predicted effect of the Newtonian viscosity on fitrea blowing stability is depicted
in Figs. 18-20. It is clearly visible that an inase in the Newtonian viscosity leads to the
increase of the film blowing processing windownhore detail, the Fig. 18 reveals that an
increase in the Newtonian viscosity (i.e. Mw) oftmelt increases the capability to
achieve much higher final film thickness for cemt@UR which is very desirable for
heavy-duty bags production. On the other handntbdel predicts that an increase in the
Newtonian viscosity increases the stretch abilitth@ melt, i.e. one can produce lower
final film thickness compared to the case wherentagerial has lower Newtonian viscos-

ity as visible in Figs. 19-20.

Effect of melt strength on the film blowing staliyi

Predicted effect of the melt strength on the fillowing stability is visualized in
Figs. 21-22. It is nicely visible that an increasethe melts strength (even if it is very
small) significantly increases the capability tooguce very thin films. As visible in
Fig. 19, such dramatic increase of the stretchtglmln not to by achieved through an in-
crease in Newtonian viscosity (even if the visgositrease is very high in this case). On
the other hand, the model predicts that an increasiee melt strength does not increase
the capability to produce thick films as clear fréme Fig. 21. It should also be noted that
significant stabilization of the film blowing proge by introducing the long chain branch-
ing (see Fig. 14) can be explained by increased stedngth as showed theoretically in

this chapter. This will be discussed in more detaihe below mentioned chapter.

Effect of freeze line height on the film blowingasbility

Even if it is assumed in this work that the fillowing process is view as the iso-
thermal, it is possible partially investigate tHéeet of the cooling conditions on the film
blowing process stability by investigating how therease of the freeze line height (i.e.
decrease in the heat transfer coefficients) infbesnthe process stability. Figs. 23-25
clearly proves that the decrease of the freezeHaight (by increasing the heat transfer
coefficients for example) significantly improvesthubble stability. This conclusion is in

very good agreement with the work of Han [11, 1Bpwhas shown that an increase in the
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melt temperature (which is equivalent to the heandfer coefficient decrease which

causes that the freeze line height increases) teati® more unstable bubble.

Effect of die radius and volume flow rate on thérfi blowing stability

The predicted effect of the die radius and voldloe rate on the film blowing sta-
bility is depicted in Figs. 26-31. It is again dlgavisible that an increase in the die radius
and volume flow rate significantly increases thabsity of the process. This practically
means that the stability of the process is muchédrign the big production lines compared
to the small laboratory equipments having usuatiniicantly smaller die radius as well
as lower production rate (i.e. volume flow ratejnpared to big lines. This suggests that
the scale-up procedure based on the small labgrétor blowing lines may not be reli-

able from the film blowing stability point of view.

Effect of internal load on the film blowing stabily

The Figs. 32-34 show that decrease in the intéoaal leads to more bubble stability
process. On the other hand, one should keep in thatdhe reduction of the internal load
decreases the level biaxial film orientation whiohy leads to very poor properties of the

final film.

Experimental stability contours vs. predicted ones

In this part, we have tried to follow the experinted data from the Bradford film
blowing line depicted in Fig. 14 numerically to seehether the Newtonian, isothermal
Zatloukal-Vicek model can predict the trends properhe well designed rheological ex-
perimental characterization of the linear and binedcmLLDPESs performed by Musil in
his Bachelor Thesis [35] reveals that an increas¢éhé long chain branching just very
slightly increases the Newtonian viscosity wherdas melt strength increases signifi-
cantly. Therefore, the Newtonian viscosity of theltnmas been kept as a constant for both
linear and slightly branched mLLDPE and the mettrsgth for both materials were varied
to find out the agreement with the experimentaéiyedmined stability contours depicted in

Fig. 14. The comparison between the measured #rd tability contours are depicted in
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Fig. 35. It is clearly visible that the agreemeetvieen theoretical and experimental data is
very good. Moreover, the melts strength, which besn taken as the free adjustable pa-
rameter in this case, is higher for more stablenditad mLLDPE and vice versa. This
again supports the physical background behind tbdemand confirms the trends in the

measured melt strengths for both materials in thsiM35].

At the end of this section, it should be mentiotieat in Figs. 18-34, the level of the

internal bubble pressure Ra appears directly along corresponding stabilitytoan
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CONCLUSION REMARKS

1.

It has been shown that the Zatloukal-Vicek model \iary good capability to
describe the bubble formation of the linear as wasllbranched mLLDPEs under

different processing conditions.

It has been theoretically revealed that an incréasbe Newtonian viscosity,
melt strength, die radius and volume flow rate @ases the stability of the film
blowing process. On the other hand, it has beeealed that increase in the freeze
line height and internal load decreases the prostdslity. In more detail, it has
been revealed that the melt strength has much higfteence on the bubble stabil-
ity than Newtonian viscosity. This suggests thatoduction of the long chain
branching into linear polymer is much effective farbble stabilization than only

molecular weight increase.

Based on the theoretical stability analysis, it haen suggested that the com-
monly used scale-up procedure based on the srbaltdtory film blowing experi-
ments may not be reliable from the film blowinglsligy point of view because it
seems that the die radius and volume flow rate tsigeificant influence on the

process stability.

It has been revealed that the long chain branchiggificantly improves the
stability of the film blowing process due to incsg® melt strength, which has

been proved from both, experimental and theoreimastigations.
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Fig. 17. Typical processing window predicted bg #atloukal-Vicek model for
the Newtonian materialg = 100 kPas, o0 =1 MPa) and the following processing
conditions: L = 0.24 m, k= 0.07282 m, Q = 43.400" nm’*s?, p = 90 Pam,
Ho = 1.3410° m.
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Fig. 18. Upper stability contours for different &dvof the Newtonian viscosity pre-
dicted by the Zatloukal-VIcek model for Newtonisothermal fluid & =1 MPa) and
fixed processing conditions (L = 0.18 mg R 0.037 m, Q = 43.400" ns?,
p = 111,163 Pan, H = 1.3410% m). Model and machine stability contours are

represented bya ) an® ( ), respectively.
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Fig. 19. Lower stability contours for different &vof the Newtonian viscosity pre-
dicted by the Zatloukal-VIcek model for Newtonsothermal fluid & =1 MPa) and
fixed processing conditions (L = 0.18 my R 0.037 m, Q = 43.400" m’s?,

p = 111,163 Pan, H, = 1.3410° m). Model, machine and circumference stability

contours are represented ba (¥ () amd)(respectively.
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Fig. 20. Lower stability contours (BUR varies frdnup to 10 only) for different

level of the Newtonian viscosity predicted by tadatikal-Vicek model for Newto-

nian isothermal fluid ¢ =1 MPa) and fixed processing conditions (L = 0.18 m,
Ro = 0.037 m, Q = 43.400" n*s?, p = 111,163 Pan, H, = 1.3410° m). Model,

machine and circumference stability contours angresented bya ), )and( ),

respectively.



g Tomas Bata University in Zlin
Faculty of Technology 48

0.03

i STABLE T

0.025 |-

0.02 - \\:
0.015 - I -

H, / H

227.16 45.54 32-80 i - - o 875
- - -
0.01 —
L 0,,=0.86 MPa | |
05, = 1.00 MPa
0.005 UNSTABLE 05;,= 1.25MPa |
04, = 1.50 MPa
i 0,,=2.00MPa |
0 1 I 1 I 1 I 1 I 1
0 10 20 30 40 50
BUR

Fig. 21. Lower stability contours for different &hof the melt strenght predicted by
the Zatloukal-Vicek model for Newtonian isotherifhat (70 = 100 kPas) and fixed
processing conditions (L = 0.18 m,oR 0.037 m, Q = 43.400" ns?,

p = 111,163 Pan, H = 1.3410° m). Model and circumference stability contours

are represented bya( ) and ( ), respectively.
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Fig. 22. Lower stability contours (BUR varies frdinup to 10 only) for different
level of the melt strenght predicted by the ZatidWHcek model for Newtonian iso-
thermal fluid ¢ = 100 kPas) and fixed processing conditions (L = 0.18 m,
Ry = 0.037 m, Q = 43.400" ns?, p = 111,163 Pan, H, = 1.3410° m). Model

and circumference stability contours are represdrig (4 ) and ¢ ), respectively.
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Fig. 23. Upper stability contours for different &z line heights predicted by the
Zatloukal-Vicek model for Newtonian isothermaldliz, = 250 kPas, o0 =1 MPa)
and the following processing conditionspy B 0.037 m, Q = 43.400" m’s?,
p = 111,163 Pan, H, = 1.3410° m. Model and machine stability contours are rep-

resented by {4 ) ande( ), respectively.
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Fig. 24. Lower stability contours for different éze line heights predicted by the
Zatloukal-Vilcek model for Newtonian isothermaldliy, = 250 kPas, o0 =1 MPa)
and the following processing conditionsy R 0.037 m, Q = 43.440" ms?,

p = 111,163 Pan, H, = 1.3410° m. Model, machine and circumference stability

contours are represented bs (9 () and)(respectively.
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Fig. 25. Lower stability contours (BUR varies frdinup to 10 only) for different
freeze line heights predicted by the Zatloukal-Kleedel for Newtonian isothermal
fluid (7o = 250 kPas,oc=1 MPa) and the following processing conditions:
Ry = 0.037 m, Q = 43.400" ns?, p = 111,163 Pan, H, = 1.3410° m. Model,
machine and circumference stability contours angresented by £ ),o )ana( ),

respectively.
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Fig. 26. Upper stability contours for different diadius predicted by the Zatloukal-
Vicek model for Newtonian isothermal fluigy(= 100 kPas, o =1 MPa) and the
fixed processing conditions (L = 0.18 m, Q = 43140 nt’s™, p = 111,163 Pan,
Ho = 1.3410° m). Model stability contours are represented lay)(
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Fig. 27. Lower stability contours for different diadius predicted by the Zatloukal-
Vicek model for Newtonian isothermal fluigy(= 100 kPas, o =1 MPa) and the
fixed processing conditions (L = 0.18 m, Q = 4340 ns™, p = 111,163 Pan,
Ho = 1.3410° m). Model and circumference stability contours aepresented by

(a)and @ ), respectively.
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Fig. 28. Lower stability contours (BUR varies frédwup to 10 only) for different die

radius predicted by the Zatloukal-Vicek model foewtbnian isothermal fluid

(70 = 100 kPas,o=1 MPa) and the fixed processing conditions (L =80,
Q = 43.4010" m*s?, p = 111,163 Pam, H = 1.3410° m). Model and circumfer-

ence stability contours are represented lay ( ng @ ), respectively.
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Fig. 29. Upper stability contours for different uate flow rates predicted by the
Zatloukal-Vilcek model for Newtonian isothermaldliy, = 100 kPas, o0 =1 MPa)
and the following processing conditions:o R= 0.07282 m, L=0.18 m,

p = 111,163 Pan, Hy = 1.3410° m. Model and machine stability contours are rep-

resented by & ) ande( ), respectively.
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Fig. 30. Lower stability contours for different uahe flow rates predicted by the

Zatloukal-Vicek model for Newtonian isothermaldliz, = 100 kPas, o0 =1 MPa)

and the following processing conditions:o R= 0.07282 m, L=0.18 m,

p = 111,163 Pan, H, = 1.3410° m. Model, machine and circumference stability

contours are represented bx ( » () and)(respectively.
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Fig. 31. Lower stability contours (BUR varies fr@wup to 10 only) for different vol-
ume flow rates predicted by the Zatloukal-Vicek ehddr Newtonian isothermal
fluid (70 = 100 kPas,oc=1 MPa) and the following processing conditions:
Ro = 0.07282 m, L=0.18 m, p = 111,163 fg H, = 1.3410°% m. Model, machine
and circumference stability contours are represdriig (a ), @ ) and ), respec-

tively.
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Fig. 32. Upper stability contours for different &hof the internal load predicted by
the ZatloukalVicek model for Newtonian isothermal fluid
(mo= 100 kPas,o=1 MPa) and fixed processing conditions (L = 0.24 m,
Ro = 0.07282 m, Q = 43.400" m’s*, Hy = 1.3410° m). Model contours are repre-
sented by 4 ).
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Fig. 33. Lower stability contours for different &hof the internal load predicted by
the Zatloukal-Vicek model for Newtonian isothernillid (7 = 100 kPas,
o=1 MPa) and fixed processing conditions (L = 0.24 Ry, = 0.07282 m,
Q = 43.4010" m*s?, Hy = 1.3410° m). Model, machine and circumference stability

contours are represented by (¢, () amd, (fe3pectively.
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Fig. 34. Lower stability contours (BUR varies frdnup to 10 only) for different
level of the internal load predicted by the ZatlaliWlcek model for Newtonian iso-
thermal fluid ¢ =100 kPas,oc=1 MPa) and fixed processing conditions
(L=0.24 m, B=0.07282 m, Q = 43.400" m*s™, Hy = 1.3410° m). Model, ma-
chine and circumference stability contours are eggmted by ¢ ), ) andc( ),

respectively.
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Fig. 35. Comparison between experimentally deteechistability points and theo-
retical stability contours predicted by the Zatlai#/Icek model for Newtonian iso-
thermal fluids (o = 146 kPas) and following processing conditions: L = 0.18 m,
Ro=0.037 m, Q = 43.400" nm’s?, p = 100 Pam, H, = 1.3410° m.
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BUR Blow-up ratio

Ry Bubble radius at the freeze line height FLH
Ro Bubble radius at the die exit

DDR Draw down ratio
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Vb Film velocity at the die exit
Q Mass flow rate

T Ludolf’'s number

r Bubble radius

h Film thickness

% Film velocity

p Film density

Ry Universal gas constant
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p* Cohesion pressure

w Molecular weight
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Ap Internal bubble pressure
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011 Tangential component of the total stress tensor

Rm Curvature radius
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R Curvature radius

O Bubble angle
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Force created by the air flow

Bubble radius at the freeze line height
Bubble thickness at the freeze line height
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Total stress tensor

Internal load

Unit tensor

Extra stress

Thickness directions of the stress
Extra stress in the tangential directions

Extra stress in the thickness directions
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Membrane compliance
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Film blowing model parameter
Zatloukal-Vicek model function
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Equations for the bubble shape (radius) havinghdek height
Neck height

Zatloukal-Vicek model function

Tensile force acting at the die exit (Zatloukat®k model)
Tensile force at the freeze line height (ZatloeNldek model)
Force acting in the thickness direction

Volumetric flow rate
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Deformation rate tensor
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Fig. 18. Upper stability contours for different &dvof the Newtonian viscosity

predicted by the Zatloukal-Vicek model for Newtanisothermal fluid

(o0 =1 MPa) and fixed processing conditions (L = 0.18 Rg,= 0.037 m,

Q = 43.4010" m’s™, p = 111,163Pan, H, = 1.3410° m). Model and machine

stability contours are represented by () and),(respectively...........ccccceeeeennnnn. 45
Fig. 19. Lower stability contours for different &vof the Newtonian viscosity

predicted by the Zatloukal-Vicek model for Newtanisothermal fluid

(o=1 MPa) and fixed processing conditions (L = 0.18 Rg,= 0.037 m,

Q = 43.4010" n’s*, p = 111,163 Pan, H = 1.3410° m). Model, machine

and circumference stability contours are represdriig (a4 ), (¢ )and & ),

FESPECTIVEIY c ..ttt e e e 46
Fig. 20. Lower stability contours (BUR varies frdnup to 10 only) for different

level of the Newtonian viscosity predicted by tla¢latikal-Vicek model for

Newtonian isothermal fluid =1 MPa) and fixed processing conditions

(L =018 m, B = 0.037 m, Q = 43.400" m’s’, p = 111,163 Pan,

Ho = 1.3410° m). Model, machine and circumference stabilitytoars are

represented byal ),o )ana( ), respetyive........ccccooiiiiiiiiiiiiiiiiiiieee 47
Fig. 21. Lower stability contours for different &hof the melt strenght predicted by

the Zatloukal-VIcek model for Newtonian isotherifhat (770 = 100 kPas) and

fixed processing conditions (L = 0.18 my R0.037 m, Q = 43.4Q0" ns?,

p = 111,163 Pan, H, = 1.3410° m). Model and circumference stability

contours are represented ba () and (), eBHPEly.......cooviiiiiiiiiiiiiii e, 48
Fig. 22. Lower stability contours (BUR varies frdnup to 10 only) for different

level of the melt strenght predicted by the ZatdKcek model for

Newtonian isothermal fluidrg = 100 kPas) and fixed processing conditions

(L =018 m, B = 0.037 m, Q = 43.400" m’s’, p = 111,163 Pan,

Ho = 1.3410° m). Model and circumference stability contours eepresented

by (a )and @ ), reSPECHVEIY.......uuueeiiiii e 49
Fig. 23. Upper stability contours for different éze line heights predicted by the

Zatloukal-Vicek model for Newtonian isothermal dlufo = 250 kPas,

=1 MPa) and the following processing conditionsp R 0.037 m,

Q =43.4010" m’s?, p = 111,163 Pan, H, = 1.3410° m. Model and machine

stability contours are represented by () anad )(respectively...........cccceeeeennnn. 50
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Fig. 24. Lower stability contours for different &z line heights predicted by the
Zatloukal-Vicek model for Newtonian isothermal dlui7o = 250 kPes,
o=1 MPa) and the following processing conditionsy R 0.037 m,

Q = 43.4010" m®s?, p = 111,163 Pan, H = 1.3410° m. Model, machine and
circumference stability contours are represented(ki/ ), (e )and @ ),
(1S 0 1=Tox 1)Y= Y 51

Fig. 25. Lower stability contours (BUR varies frdnup to 10 only) for different
freeze line heights predicted by the Zatloukal-Kleeodel for Newtonian
isothermal fluid fo = 250 kPas,o =1 MPa) and the following processing
conditions: B = 0.037 m, Q = 43.4Q0" m’s’, p = 111,163 P,

Ho = 1.3410° m. Model, machine and circumference stability oarg are
represented bys ), o )anch( ), reSPEYM.......ccevriiiiiiiiiiiiiee e 52

Fig. 26. Upper stability contours for different diadius predicted by the Zatloukal-
Vicek model for Newtonian isothermal fluigh (= 100 kPas, o =1 MPa) and
the fixed processing conditions (L = 0.18 m, Q =.480' n’s?

p = 111,163 Pan, H, = 1.3410° m). Model stability contours are represented

Fig. 27. Lower stability contours for different diadius predicted by the Zatloukal-
Vicek model for Newtonian isothermal fluigh (= 100 kPas, o =1 MPa) and
the fixed processing conditions (L = 0.18 m, Q =.480" n’s?
p = 111,163 Pan, H, = 1.3410° m). Model and circumference stability
contours are represented bya () andl ( )pessively..........ccooriiiicceee 54
Fig. 28. Lower stability contours (BUR varies fréhup to 10 only) for different die
radius predicted by the Zatloukal-VIicek model f@wtbnian isothermal fluid
(170 = 100 kPas, o0 =1 MPa) and the fixed processing conditions (L =80m,
Q = 43.4010" nmPs?, p = 111,163 Pan, H = 1.3410° m). Model and
circumference stability contours are represented #y and @ ), respectively..55
Fig. 29. Upper stability contours for different uahe flow rates predicted by the
Zatloukal-Vicek model for Newtonian isothermal dlufr;, = 100 kPas,
o=1 MPa) and the following processing conditionsy R 0.07282 m,
L=0.18 m, p = 111,163 Pa, H, = 1.3410° m. Model and machine stability
contours are represented b () an@ ( )peEsively..........ooooiiiiiiiie 56



i Tomas Bata University in Zlin
Faculty of Technology 72

Fig. 30. Lower stability contours for different uohe flow rates predicted by the
Zatloukal-Vicek model for Newtonian isothermal dlui7o = 100 kPes,
o=1 MPa) and the following processing conditionsy R 0.07282 m,
L=0.18 m, p = 111,163 Pa, H = 1.3410° m. Model, machine and
circumference stability contours are represented(tay ), (e )and ( ),
(TS 0 1=Tox 1)Y= YO 57
Fig. 31. Lower stability contours (BUR varies frdmup to 10 only) for different
volume flow rates predicted by the Zatloukal-Vigekdel for Newtonian
isothermal fluid £ = 100 kPas,o =1 MPa) and the following processing
conditions: B = 0.07282 m, L=0.18 m, p = 111,163 Ba H, = 1.3410° m.
Model, machine and circumference stability contoanes represented bys ),
(@) and (m ), rESPECHVEIY.....ciiiiiiiiiiitiie et 58
Fig. 32. Upper stability contours for different &hof the internal load predicted by
the  Zatloukal-Vicek model for  Newtonian isothermalfluid
(o= 100 kPas,c =1 MPa) and fixed processing conditions (L = 0.24 m,
Ro = 0.07282 m, Q = 43.400" ns?, Hy = 1.3410° m). Model contours are
=T 0TI a1 (=T N o) Y27 USRS 59
Fig. 33. Lower stability contours for different &hof the internal load predicted by
the Zatloukal-Vicek model for Newtonian isotherrfiaid (/70 = 100 kPas,
o =1 MPa) and fixed processing conditions (L = 0.24Rg,= 0.07282 m,
Q = 43.4010" mPs?, Hy = 1.3410° m). Model, machine and circumference
stability contours are represented by (¢, @nl (= ), respectively................... 60
Fig. 34. Lower stability contours (BUR varies frdnup to 10 only) for different
level of the internal load predicted by the Zatlab¥lcek model for
Newtonian isothermal fluidrg =100 kPas, o0 =1 MPa) and fixed processing
conditons (L = 0.24 m, = 0.07282 m, Q = 43.400° m’s?
Ho = 1.3410° m). Model, machine and circumference stabilitytoars are
represented bys )eo( )and (), reSPEYM.......ccevviiiiiiiiiiiiie e 61
Fig. 35. Comparison between experimentally deteechirstability points and
theoretical stability contours predicted by the ldakal-Vicek model for
Newtonian isothermal fluidsn{ = 146 kPas) and following processing
conditions: L = 0.18 m, &= 0.037 m, Q = 43.4Q0" ns™*, p = 100 Pam,
Ho = 1.3410% Meiiiiiiiiicseeeec e 62
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