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ABSTRAKT

Jednou z nejd le it jSich asti procesu vyfukovani je spravny design arozm ry vy-
fukovaci hlavy. Ngj ast ji pou ivanym typem vyfukovacich hlav je hlava spirdlova. Simu-
lace toku materidlu spirdovou hlavou je ale velmi do ita. Pro U ely simulace se velmi

asto vyu ivaji specializované simula ni softwary, jako je celosv tov vyu ivany ssimu-
la ni software Virtual Extrusion Laboratory, ktery obsahuje zjednoduseny 2D modul, ale i
3D-FEM modul, jen simuluje tokové chovani taveniny s maximalni p esnosti. Zatim, ale
neni zndm algoritmus pro ode itani vysledk z 3D-FEM modulu a jgjich nadsledné srovnani
z 2D modulem. Pro ode itani vysledk vytoku materidlu na vystupu z hlavy Ize pou it
p eddefinovanou funkci v panelu néstroj . Je take nutné spravn nastavit hodnoty vypo-

etniho za izeni, proto e 3D eSeni neuva uje automaticky vypo et teploty. Pro ode itani
hodnot toku materidlu spirdlou je nutné rozd lit hlavu pomoci funkce 2D ez az t chto
jednotlivych ez pomoci funkce integra pro ka dou spirdlu stanovit hodnoty pr toku ma-
teridlu spirdou.

Vysledkem testovani uvedenych softwar je poznatek, e zjednoduSeny 2D modul
je dostate n p esny, aby mohl byt pou it pro navrh spiralové hlavy, kde se vystupni &t r-
bina otevira pozvolna a stejn tak se i m ni hloubka kanalu. Zérove je nutné brat nav -
domi, e pr tok materidlu spirdlou p edpovida o n co rychlgsi, ne ve skute nosti je. U
geometrii, u kterych se vystupni &t rbina otevira nahle, 2D modul selhavap i p edpov di
pr toku materialu navystupu z hlavy.

Kli ovadova Vyfukovani, 3D-FEM, polymer, spirdlové hlava, Virtual Extrusion Labora-

tory software



ABSTRACT

The most important thing of spiral die flow simulation in VEL software is to find
difference, if there will be someone, between the 2D Spiral Die module and 3D-FEM mod-
ule modeling results and try to make an alogorithm for better reading of 3D-FEM module
modeling results. The Spiral die program has been used for designing a lot of dies around
the world and most of them were successful. Spiral die program can be used for the die
design, when the gap opens gradually and also the channel depth is changed gradually,
with keeping in mind that the leakage is a little bit faster than the program predicts and the
geometry should be gradually changing. The calculation of the last example confirms aso
this experience because this die is some kind of geometry extreme when the gap opens
suddenly. It can be seen that in this case the Spiral die program fails to predict reasonably
the distribution.

Keywords: Blown film, 3D-FEM, polymer, spiral mandrel die, Virtual Extrusion Labora-
tory software
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INTRODUCTION

Polymers — synthetic macromolecular materials get throught the everyday life of
people of all industrial countries all over the world. They became the basic parts of huge
amount of materials like thermoplastics, thermosets or elastomers. Plastics are absolutely
irreplaceable in many types of the world's industry. If become a miracle and al types of
plastics were lost or destroyed, it will be end of humans civilization. Plastics are so popular
because they have many useful applications and properties like cheap prize, good thermo or

electro insulating properties and easy manufacturing.

We have many types of technologies to manufacturing polymers. The most impor-
tant and the most common technologies are injection molding, extrusion, coextrusion,
thermoforming and film blowing process, as well. One of the most important part of the
film blowing process is the die which gives the final value and shape of blowing material.
It aso controls the flow of the polymer melt. The best type and the most common in film
blowing processisthe spiral die. We need to know as many pieces of information about the
melt behaviour whitin the die as it is possible. That is the reason why we use softwares for
flow simulation. It gives us many useful pieces of information about geometry, design and

flow conditions necessary for the best process setting parameters and it saves our money.
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THEORETICAL BACKGROUND
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1 PLASTICS

Plastics are materials that contain polymer as a main part. They contain many other

types of additives, too.

Main divisions of plastics are:
Thermoplastics
Thermosets
Elastomers

Thermoplastics - Thermoplastics are polymers that are softed by heat. They are
transformed to a viscoelastic melt. They can be processed and fabricated with suitable
technology, they are transformed to the shape of area product by cooling. This process

can be repeatable many times.
The most common thermoplastics are:

Polyethylene PE, Polypropylene PP, Polystyrene PS, Polycarbonate PC, polyvinylchloride
PVC...

Thermosets — Thermosets are polymers, that are solidified by heat because the
higher temperature faster the transformation of their inside structure to a three dimensional

polymer net. Those sorts of plastics are insoluble and unmeltable.

Thermosets are many types of synthetic resins like polyester resins, epoxy resins

and phenolic resins.

Elastomers - Elastomers are polymers, which have viscoelastic behavior in high
temperature range. They are very elastic with very big elastic deformation that can be from
100 to 1000 percent. They have big resistivity against abrasive wear and their properties

can be improved by chemical reaction - vulcanization process.

Elastomers are for example rubbers like natura rubber, butadiene-styrene rubber,

isoprene rubber, polybutadiene rubber and chloroprene rubber. [1]
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1.1 Polystyrene- PS

Polystyrene is one of the fully synthetic and the most explore kind of plastics. It is
create by linear and unbranched chains that are solid and unflexible, with basic monomer

period:

Fig. 1. Polystyrene structure

Polystyrene is an amorphous polymer. It was showed by the roentgen test. It has
relatively good mechanical properties. Products of polystyrene are good for electrostatic
charging which signalize its excellent electric properties. It is easy to burn. It looses a lot
of soot when it isin fire. It has small water absorption and it is soluble in many types of
semi-polar solvent. It has very good chemical properties, too. It has small resistivity
against wind. It gets yellow. This absence is easy dispatched by addition of suitable stabi-
lizers. Manufacturing of polystyrene is easy for its good flow properties. It makes it good
for thermoforming of really complicated products, extrusion or injection molding. It can be
paint and metal plate. If it doesn’t contain free styren it doesn’t toxic and it can be use in
food processing industry for yoghurt pots. It is aso use for cover of casua kitchen con-

sumer. [1]

1.2 Polycarbonate—PC

Polycarbonate is achromatic and transparent material. It has excellent mechanical
properties like its measure stability, small water absorption, and constant electric proper-
tiesin high temperature activity. It receives from 0.1 to 0.3 percent of water. It issoluble in
hydrocarbons, esters and ketons. It has resistivity against agueous solutions of organic ac-
ids. It has good resistivity against light and wind, too. It strongly decreases its Young
modulus when it is fills by glass fibers. Its less crystalinity in comparison with poly-
ethylenthereftalate make using of polycarbonate not only for fibers and foils but especially
as plastic raw materials. It can be processed by all kind of know plastic work technologies.
Its granulate have to be dried in vacuum before manufacturing. The most important meth-

ods of its manufacturing are injection molding, extrusion and thermoforming.
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Polycarbonate is mainly use in electrochemical industry, car industry, and for the

gears, bearings or technical applications. [1]

1.3 Polyethylene— PE

Polyethylene is one of the most useful and the most common commodity polymers.

Its chain is created only by CH, groups.

It can be in form with linear chain structure or branched form. It deforms by tem-
perature and time dependence in cases of permanent stress. This is called cool flow. It has
very big linear thermal expansion and its sequential shrinkage can be more than 6 percent.
It absorbs infra-red and it is transparent for ultraviolet and roentgen rays. It aso has good
adhesion to surface of another material. That iswhy it is used for surface coating. It is not
good for bearings because its friction coefficient is too high. It has good electro-isolation
properties, too. It has resistivity to acids and hydroxides. It is transparent for gasses and

vapours. It can be processed by all kind of know plastic work technol ogies.

It isusing like wrapping material and for foils or bag production. It is used for dis-
charging tubes, isolation foil and watering system in agriculture, too. It can be use for
sheathing in cabling industry. [1]
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2 FILM BLOWING PROCESS

Film blowing is one of the most common processes for manufacturing of plastics.

2.1 Processdescription

The first step of the process is melt preparation. It always starts inside the extruder
where solid material is transported, compressed and melted to the compact melt. The melt

is extruded through an annular die which is shown in fig.2.

Fig. 2. Melt extrusion
After extrusion it is extensionally stretched and cooled by air. It takes some time to
freeze. That means the material isin the molted state in some area after it leaves the die. It
needs the help of inner cooling rings for quicker and better freezing to solid film. The film
can be oriented biaxially, too. We can do this by using small die gaps and low draw-down
ratios. If the gap is too big the film can undergo pure planar orientation next to the freeze

line. The most used plastics for film blowing process are polyolefins such as low-density
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polyethylene LDPE, linear low-density polyethylene LLDPE, and high-density polyethyl-

ene HDPE, because they have very fast crystallization and freezing time from 1.5 to 5 sec-
onds. Manufacturers in the North America are installing more than 80 new film lines every
year with production over 140 million kilograms of plastics. The cost of asingle layer line

isfrom 350 to 700 thousands dollars and coextrusion lines are over 3 millions. [2, 3]

The film blowing process has important process parameters, as well. One of them is
the blow-up ratio. It is the ratio of the bubble radius at the freeze line to the bubble radius
at the die exit.

BUR= 1L (1)

The second is the draw-down ratio. It is the ratio between the film velocity at the
freeze line to the velocity at the die exit.
DDR=YE )
VD
These two parameters are responsible for the final bubble shape and film stretching
during the process. [4]

2.2 Coextrusion

Coextrusion is the process of feeding die with two or more different polymer types.
Polymer flows are joining together within the die to create one compact film. The individ-
ual layers are not mixed but they have their position in the flow, because they have differ-
ent viscosities. Every type of polymer use for the coextrusion process has to have its own
extruder connected with the die. It is shown in fig.3. We use coextrusion process in cases
when we need a set of properties that cannot be obtaint from a single film blowing process.
The different layers can bring high strength, low permeability to oxigen, dua colors, low
cost, printability etc. [5]
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Fig. 3. Coextrusion feeding process
The best application for coextruded film is food packaging, including meat, cheeses
or cereals. It is also used for agricultural supplies, medical products, and electronic com-

ponents. Coextrusion rises the cost and complexity of afilm blowing line, too.
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2.3 Film Blowing Lines

Manufacturers are using three main types of film blowing lines today. It depends
where the nip roll is. It can be situated horizontal with the floor, at the bottom of the line,
but the most commonly used situation is that the nip rolls is on the top of the line. The

most common use film blowing lineisin figure 4. [3]

Fig. 4. Filmblowing line
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3 SPIRAL DIEANALYSIS

A spiral mandrel die is an apparatus for production of annular flow of a polymer
melt, mainly in the blowing film process. The prime geometries of spiral mandrel dies are
all the same, but their design is different. Flow simulation is hard to study, but we have
models that describe this behaviour very well. [6]

3.1 Annular Flow Geometry

The most common effect of spiral mandrel dieis to transform polymer melt into the
annulus. An annular flow is rising between two concentric circles of steel. Externa circle
is outside body and internal circle is known as mandrel, which keeps concentricity to the
body. There are more possibilities to do this. The most commonly used solutions are on
fig. 5.

Fig. 5. Types of die constructions
These solutions are not good because the flow have to brake and join again. It isthe

reason of weld lines problem. Weld lines are bad for mechanical properties of the blown
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film. They are visible with an eye. Good mandrel construction can dramatically decrease

the weld lines problem. Some of good construction solutions are on fig 6.

Fig. 6. Basic mandrel support systems
Let'shave alook on fig 8. It shows classic system of spiral die melt distribution. As
you can see on the picture, polymer melt distribution goes through the spirals and in the
same time it goes through the space between the body and the mandrel. It is positive for

weld lines problem, as shown in fig. 7. [6-35]

Fig. 7. Weld lines orientation
Weld lines are still there but they have much better orientation than at non-spiral
die constructions. Non-spiral die constructions have weld lines in radial direction through

the die axis. Spiral die construction is the best solution and it becomes the most favorite in
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the world's plastic industry for the film blowing process, because weld lines are created in

round paths and they join together from all different spirals to one compact complex.

Fig. 8. Spiral mandrel die flow distribution
Spirals have strict rules for their numbers. They go out from size of mandrel, size of
spirals, and helix angle of the spirals. Today s standard is from 0.2 to 0.5 spirals per centi-
meter of mandrel diameter. Spiral depth goes linearly with its length, but new CNC milling
machines can do the non-linear dependence. There is an area for detach spirals or channels

in axial direction. It is called the spiral land. Every spiral isgoing 360° angle in this area.

Typical design for film blowing spiral die construction ison fig. 9. The melt travels
from the inner part to the edge of the die, where is immediately distributed by the spirals.
Then it travels to the relaxation chamber after the distribution. Before the exit from the die,

the melt hasto travel through small size interspace.
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Fig. 9. Typical spider mandrel die construction
Die sizeisresponsible for the diameter of final film proportion at the end of the die.
It can be from 20 mm to more than 2000 mm. spiral mandrel dies can be used for coextru-
sion technology, too. All materials used in coextrusin must have their own spiral die until

they join together. A three-layer spiral mandrel dieisin fig. 10. [6-35]

Fig. 10. Three-layer spider mandrel die
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3.2 Basic Design Consideration

Before designing a spiral mandrel die we must know some important things. First
of al it is the right polymer type that we use for film blowing process. It is important for
its good manufacturing. Every type of polymer is different from others. It is very difficult
to create a spiral mandrel die for a new type of polymer which is not know well so far,
because many design consideration are only from practical experience. We have to know
as much piece of information about the polymer type used for process asit is possible. One
of the basic information we have to know is information about the shear viscosity and the
temperature for manufacturing. It gives us information about thinning, thermal stability

and eleasticity that are important for design, too.

There are other standards that are very important for process like flow rate and the
output. The cooling rate of the polymer melt isimportant, too. The average standard output
is about 0.5 kg/h/mm of the die diameter, but it is possible to have output over 1 kg/h/mm
of the die diameter but it needs knowledge about the newest cooling systems. There can be
other parameters to limite the output, for example extruder, bag making machine and
winders. We need pieces of information about the shear rate, velocities, residence times or

system operating pressure as well.

The pressure usage during the process is from one fourth to one half of spira sys-
tem. It depends on other different criterias. First of all it is the value of wall shear rate of
the material. Some of the polymers like polyolefines can have less wall shear rates than
polymers like polyvinylchloride PV C, polyvinylidenchloride PVDC or ethylenvinylalcohol
EVOH that can have wall shear rate much higher. The smallest wall shear rate among the
process temperature sets the pressure conditions for the blowing film process. It is very
important to know everything about the pressure conditions for a good spiral mandrel die

design.

Biggest pressure that can be used for blowing film process is given by extruder or
the screen changer. The extruder can generate maximum pressure about 50 MPa or 70
MPa. For extruders with vented zone is the highest pressure the pressure when polymer
used for the processis flowing out of the vent. The melt temperature rises during the time
that polymer spends in the screw because of the high head pressure, also the output de-

creases. That’ s the reason why the lower pressure is better. [6-35]
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There are many things to consider for lower pressure limit. First of al it is the used

polymer and its stability at the extrusion temperature. A non-stable polymer like PVDC
have to have as small residence time in the die as is possible. Decreasing of the residence
time increases the velocity and shear rate in the die, too. The pressure change during the

process depends on the length of the flow channel.

There are two important sectors in spiral mandrel die distribution system. They are
in fig. 11. The first sector where polymer melt leaves spirals is called the relaxation cham-
ber. It is necessary for relaxation of internal stresses in the polymer melt. The second sec-
tor is called as the final sizing gap, final land gap, or lip gap that is different for every tape
of polymer and final product of the blowing film process. The final gap can be from 1 to 4

mm.

Fig. 11. Relaxation chambers and final gap
Manufactures try to minimize the flow variation in the fina gap. Figure 12 shows
that there are some basic corrections like wide chambers, long final land, and neck-in /
neck-out systems. They have to reduce flow variations which were created by spiral distri-
bution or die sensitivity to machining tolerances which needs long spirals in the die. That
is the reason why the residence time and pressure of material in the die goes up. They have

to minimalize, because it is one of the most important design criterias.
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Fig. 12. Basic correction of flow variation
Many of dies are protected before the damage by hardening, chrome or nickel plat-
ing. It is also important for its cleaning. Every surface in contact with the flow polymer
have to be polished to decrease residence time and possible degradation effect of polymer.
[6-35]

3.3 Mathematical Modeling

Mathematical modeling of spiral mandrel diesis very important. It brings pieces of
knowledge about the real physics of the process. For spiral mandrel die design is very good
to make simulation of the polymer melt flow process. It gives us information about hard
measure process characteristics. We use mathematical modeling for virtual simulation of
the process without using the die to increase the process efficiency. It can prevent some
mistakes in the spiral mandrel die design. We can test possible polymer types that we use

for blowing film process, too. [6-35]

The first published and used model of spiral mandrel die process was presented by
Proctor [6-35]. He tried to make the easy flow distribution prediction. The flow space in

cross section view shows fig. 13.
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Fig. 13. Cross-section view of the spiral mandrel die

The first assumption is neglect the effect of curvature. We have the width of the
gap between the mandrel and the die smaller than the mandrel diameter. We can see the
mandrel like a flat system with its own coordinates. It shows fig.13. On this figure we can
see four spirals system. Every spiral has al 360° and has the same proportions. There is a
cross-section view of channel proportions, as well. The similar areas on the figure are
called zones. We need to study only one of them for the best understanding of the problem,
because the modeling of the one spiral or one zone is the same thing. We choose zone
three this shown in fig. 13, because the amount of material flowing out from the first sec-
tion of zone three into the second section of zone four is the same as from the second sec-
tion of zone three to the first section of zone two. Thisisimportant for the volumetric flow

balances.

The space is cut into the elements. In x direction, there are five or more elements
for a better accuracy. Iny direction, there are four elements. That means we usually have
twenty elements for calculation. Number of elements rises the time which is necessary for

the making of good results.

On figure 14 you can see the difference between the typical spiral mandrel die de-
sign and Proctor approximative model geometry. As it shows, the flow rate entering the

second element in channel A is marked as Q.4 and when it leaves the second element to
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enter the third is marked as Qsa. The materia that flows axial of channel A to the second

element of channel B is marked as Q.a. The depth of the spiral is going up, Proctor’'s as-
sumptions were that the pressure drop in the channel rises linearly. The flow is similar to
the flow through a rectangular channel of the same cross-section area. The flow in the an-
nular gap is aso similar to the flow through the groove of element size h, x L. The flows
are not influence on each other. The assumption about the pressure linearity is very good
for easy calculation of the problem and it is also good for volumetric flow variations.
There are many books to make this problem easier or make another model for this prob-

lem.

fig. 14. Geometry comparison
All of these models usually use a“lumped parameter” or “control volume” method
when the flow space is cut on many sectors with totally controlled volume and flow pro-
file. They became the most popular models for spiral mandrel die analyzing and design

considerations. Thereisalot of computer software methods based on the “lumped parame-
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ter” method, too. One of these shows figure 13. The spiral distribution system is cut on 20

control volumes. The control volumes are subdivided to smaller control volumes that are

shown in figures 15 and 16. Figure 14 shows a perspective view of flow space. [6-35]

Fig. 15. Perspective view of flow space

Figure 15 shows one element subdivided into smaller control volume elements.

Fig. 16. Subdivision of control volume
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There are three main types of element for subdivision.

In the channel (subelement 1)
Over the channel (subelement 2)

Over theland (subelement 3)

All dimensions are known, but they can change through the element’s length. The
lumped parameter method needs a fully developed flow. It needs to be substituted by con-
stant mean dimensions that are similar to the values at the center of each element. It gives
us a possibility to use the Poiseuille flow calculation. Like shown in figures 15 and 16
there are subelements with position of pressure node. The model shows that flows in ele-
ment 1 arein the x and z direction and in elements 2 and 3 are flowsin x and y direction. It
can be described by fig. 16 that shows atypical subelement used for the model.

Fig. 17. Typical subelement for the model
There is the Poiseuille flow between plates. The quantities of interest for any of the
subelement are the pressure and volumetric flows Q or g as show fig. 16.. When we use
The Poiseullie flow equations we can combine the flow to the pressure. The momentum

equations are of the following form:

(p*p,) (Ps*p.) _
. > f(Qa)g=0 €)
(pl-; pa)_ (pz ; p4) _ g(Q,CI)Q =0 4)

The function f and g indicate the flow resistance in x and y directions. Using a generalized
Newtonian model (Power law) and assuming a fully developed Poiseuille flow the resis-

tance can be given by the following equation:
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2m(g)" gD,

f(Q,q)= T (5)
dqmzﬂﬁ%§%93 (©)

Thetotal shear rate is determined from the individual shear rates in each direction by:

9=\9 +3; @

where

(8)

and

Q2+~
n

— 9
2D,S? ®)

9, =

These two equations are not enough to solve the three unknowns of the problem. We need

one more equation to solve the problem.
Q+a=Q +q, (10)

The last important information for the solution of equation system is to specifies the total
flow rate at the inlet of the spiral.

Figure 17 compares the predicted flow variation to the measured data. As also
shown in fig. 17, the model prediction is similar to the experiment. We can use the soft-

ware pack for the prediction of results, too.
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Fig. 18. Model prediction versus experimentally measured data

We need to equate the flow characteristics in other parts of the spiral mandrel die. It
is possible to use ssimplification for flow through tube or annulus in these cases. We need
an advanced mathematical modeling and software applications for coextrusion dies, too.
The coextrusion dies have to be calculated as a set of simple spiral mandrel dies until the

point where the stream lines are joined together. [6-35]
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4 3D MODELINGMETHOD —FEM IMPLEMENTATION

The set of partial differencial equations can be solved by analytical methods. We

are using modern systems of solution like a FEM analysis, now.

The solved geometry is broken into elements. Elements are small interconnected

regions. They can be called subdomain, too. The variables solved are approximated by

local approximating functions (piecewise continuous Legendre or Hermite polynomicals)

that are nonzero only in that element. The residual arising from approximation are

weighted by shape function and minimized. [36]
The standard Galerkin FEM set of equations
Nt - NP=0

~

Nv=0

can be rewritten to

R = [rx, (v&r)- k{{2T)+7: RN’

W

(11)

(12)

(13)

The set of equations for unknowns u (variablesv, P, T) is solved by Pickard or New-

ton-Raphson procedure.
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We can write the following equations
v,=u,= Nlu/
j
v,=t,= Niu,’
j
V,=0,= N'u,’
j
P=u,= M'u,/
j
T=0,= Nu/ (14)
j
U,= Ny (15)
i
where u,’ are the nodal values of the variable u;. When declaring:
B =20, N’J'I+(Ui+l’i+Ui’i+l)N’i+ll +(Ui+2’J+UJ’J'+2)N’i+2I
j=12312 (16)
Theresidua and their derivatives cam be rewritten as
RL: 'G4Ni!k+ﬁB|i< k=123
w
3 .
R = U, M k=4
wm=0
Re= N' r>x, 0U,,-Al, +k u, N, k=5
W m=0 m=0
RI,,=7 NN +N, N, +7,B, k=1=123
W 0

R, = AN/, N', +7,. B, k!l k=123 1=123

w

RI;= -MIN', k=123 =4

w
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R1i<j76|: h_’ﬁlBlL;k:l'z’s | =5
w
R = N(rx,Nig,-278 -7, T,) k=5 1=123
wW
RL‘,q: N' rx, UmNJ,m-}’T,UII2 +k N, N’ k=1=5
w m=0 m=0
Rl = N,M k=4 1=123 (17)
W
The viscosity is calculated from the Power Law or Carreau model
m=1(1,)
ﬁ’a. =ﬁ”2 I_Z,UI (18)
the second invariant of the strain tensor |, and its derivatives are
_ 3
I2 = 4 Um’m2+2(Ul’2+UZ’l)2 +2(U1’3+U3’1)2 + 2(H2’3+U3’2)2
m=0
[ :5 (19)
| |2
The transformation to local coordinates can be describe as
U= N', U}
]
= NX (20)
]
N_i " N_i "
Nf,z =J1? N'_,2
N',, N',,
X1,1 )_(2,1 i&l
J= X1,2 Y2,2 X3,2 ‘]ij :Y“ (21)
X1,3 X2,3 X33

dw = |J|dx xd/ >dz (22)
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The appropriate shape functions necessary for numerical integration and their deriva-

tives can be foun in Zienkiewicz [36].

The integrals are calculated using Gauss quadrature rule [37]

fxy.2)= wf(a.bc)

W i
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5 AIMSOFTHE WORK

The main aim of this Master Thesis is to compare results of the 2D and 3D model-
ing of the spiral mandrel dies flow simulation. It will be compared in Compulast Interna-
tional by The Virtual Extrusion Laboratory software. The most important thing is to find
difference, if there will be someone, between the 2D Spiral Die module and 3D-FEM mod-
ule modeling results and try to make an alogorithm for better reading of 3D-FEM module
modeling results.
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EXPERIMENTAL
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6 PROJECT DATA PREPARATION —SPIRAL DIE MODULE

Thefirst of all we have to start a new project that is the main part of the Spiral Die
module necessary for a good solution. This project is joined with material and geometry of
the spiral die. So we have to define geometry and material, too. We have three different
spiral dies caled Conical die, Die with strong leakage and Die with strong flow in spirals

for this master thesis so we choose the Conical die as an example.

6.1 Material definition

We can use a materia if al its properties are completely defined. The most impor-
tant properties of used material Typical 1 M1 Film (Cross) (HDPE) are:

h [Pa.g| Tm[°C]
rho[kg/m?]
n T:[°C] 90

r [s] Rho [kg/m?] 920
Cp[J/kgC]
b [1/°C] Cp [J/kgC] 2300

| [W/mK] 0,28
I [W/mK]

Hf [J/kg] 130000

Tab. 1. Material properties

Used material is completely predefined in Compuplast's Virtual Extrusion Labora-

tory software. This software will be used for the solution of the dies.

6.2 Diegeometry dimensions

We aso have to have the die geometry at the start of the project. In these sketches
you can see dimensions of the Conical die and their coincidence with geometry editor.
There are body dimensions, mandrel dimensions, channel dimension, section above the

spiral part and pipe system (anulli) dimensions on the following figures.
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Fig. 19. Body dimensions

Fig. 20. Mandrel dimensions
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Fig. 21. Channel dimensions

Fig. 22. Section above the spiral part
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Fig. 23. Pipe system dimensions

6.3 Die Geometry Definition

Following figures show a mandrel of the die we are going to solve.

Fig. 24. Mandrel design
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6.3.1 Basic Die Charakteristics Definition

First of all, we have to enter the die name. Than we can start the geometry editating
by the Edit button in the main toolbar. The Spiral Die Geometry editor starts. It contains

Basic die characteristics and detail pieces of information of other die parts.

Fig. 25. Reference diameters editation
Now, we are setting the Reference start diameter value to 280 mm. Next set the
Reference end diameter value to 140 mm. Further, the Reference height 80 mm must be
set, as well. Both reference diameters and reference height define a reference cone. The

Die typeis now set asthe Conica Mandrel Die.

Let’s go to set Number of spirals and Number of overlaps, which are on the first tab
sheet of the project data editor. The Number of spirals will be 6 and the Number of over-
laps will be 6, too. It means that each spiral groove "makes" just one turn.

The Number of division parameter influences the precision of the numerical solu-

tion. The value is equal to 10. Switch to the Body sheet. [38]

6.3.2 Body Definition

Body sheet can set dimensions for the body part of the die. It contains some prede-

fined parameters, too. The inner surface shaping (machining) is more expensive than the
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shaping of outer ones. In the most cases the inner body surface is used to be identical with

the shape of the reference cone. Than we continue to Mandrel sheet.

Fig. 26. Body dimensions editation

6.3.3 Mandre Definition

We are setting the die reference diameters, reference height and the gap values in
this sheet. The gap Gm start diameter (bottom) is setting to 0.1 mm and at the top is equal
to 2.00 mm (at the end of spirals).

We do this if we click on the Gm value in the second row of the table, which is the
same as the top of mandrel and set the value 2.00 in. It represents the gap from the refer-

ence cone to the mandrel.



Fig. 27. Mandrel dimensions editation

The fourth sheet is Channel.

6.3.4 Channel Definition

This sheet is very similar to the mandrel sheet. There is only Channel radius added.

Enter its value to 5.00 mm.

The channel depth changes over the mandrel height. We have to add positions be-
tween the beginning and the end positions. We have to create a channel profile change. We

use the real channel depth measured from the mandrel surface and make the change. [38]



Fig. 28. Channel dimensions editation

Switch to the Annuli sheet.
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6.3.5 Annuli Definition

Dimensions of the mandrel and die body were entered in the previous sheets. Now,
we can enter dimensions of the parts "above" the body and spiral mandrel. To do this, se-
lect the Annuli sheet.

There is only a yellow line in the beginning. The line shows the spiral part outlet.
There is no channel change in the sheet so far. We have to make a mouse click to the add

button. Definition table opens.

We select Define radius and end angle option. It will make round sections be-
tween the end of the flow channel and a created flow channel outlet. We are set the values
of the end angle and channel radius. The height is calculated by click on the Calculate

button.

Gap
[mm]

Angle
precision

Fig. 29. Channel radius and end angle
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Fig. 30. Round section calculated values

We have to add tapered transition channel and parallel channel to the finish die
output lips geometry. Click the Add button again to add a straight tapered transition chan-
nel. Choose the Define angle and length method for the channel definition. Enter the val-
ues and press the Calculate button again. [38]

10.0 [mm]

Gap 1.20 [mm]

Section angle 90.0°

Number of divisions

Tab. 2. Transition channel values
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Fig. 31. Transition channel calculated values

There are three new sections in the Anulli sheet. Let's do the same procedure for

output lips. Press the Add button and enter the following parameters.

Gap

Section angle

Number of divisions

Tab. 3. Output lips values



Fig. 32. Output lips caculated values

Click the Calculate button and the Accept button to enter parameters. The part of

the die named annuli or sections above is completed. The last one is the Pipes sheet.

6.3.6 Pipes Definition

The last sheet contains entering dimensions of substitutional geometry of the pipe
system, which distributes the melt from extruder to single spiral ports. There is only one
item called Die inlet. So we have to create feeding pipe system prior the spiral part. Click
Add button to insert the pipe feeding system. We have 6 ports of the spiral mandrel die.
That means we need 6 pipes of feeding system.

Pipes diameter is set to D = 15 mm. The pipe length is exactly L = 150 mm. The
calculated pipe cross-section areais S = 176.71 mm?. Click the Add button again to create
another pipe section. The number of Splits is initially equal to 1. Let's go to set the pipe
length to L = 1000 mm and the pipe diameter D = 50 mm. The pipes feeding system is de-
fined completely.

The flow order is given by the pipe order. That means the materia will flow from

the bottom upwards. [38]
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Fig. 33. Pipesfeeding system

6.4 Project definition

We specified dimensions of the flow domain by entering the die dimensions. We
also have to set the process conditions. The basic process conditions are the mass flow
rate, the material input temperature, the die temperature and material from material data-
base of the VEL software. It is necessary specify the conditions for the solution like num-

ber of divisions and conditions for numerical iterations, too.

Used die Conical die
Body temperature 240 °C
Material HDPE, Typical 1Ml Film
Massflow rate 220 kg/h
Material temperature 190 °C
Number of iterations 300
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Tolerance level 0.01
Number of divisions 20
Type of solution Solver 2D

Tab. 4. Project definition data

We can start a solution by using the Vel internal solver. Than we have to transform
datato the VEL s 3D-Fem module and start a new 3D solution. [38]
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7 PROJECT DATA PREPARATION —-3D FEM MODULE

3D-FEM module is much easier than Spiral die module. We use Spiral Die 3D
Templates for al project data transformation. Than open the Conical Die template. There
isonly one important thing to do in the 3D-FEM module. We have to convert grid from 2D

grid to 3D grid. We do this by click on the Grids/convert in the main toolbar.

7.1 Solver Settings

The 3D-FEM Solver is more complicated than 2D solver. We have to present much
time to its setting because it is necessary for a better and correct solution. First of all we set
the number of interations and other usefull parameters. When the number of interations is
bigger the solution time become longer but for a better solution we need about 300 intera-
tions. We can set the update of results, save datas or graf update during the calculation,

too.

Fig. 34. Interation setup

The most important settings are the relaxation values. The relaxation values are
tolerances between the last two interations cal culations. The calculation ends only when all
tolerances are correct. We aso have to set temperature interations, because the temperature

is not calculated without setting. All relaxation values are on following figures. [39]
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Fig. 35. Relaxation values
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8 RESULTSAND DISCUSSION

When is the calculation finished we can look at results by clicking the results but-
ton. The most important results are flow rate throuhgt spiral system, flow rate at the outlet

and pressure drop.

8.1 Conical Die— Spiral die moduleresults

Fig. 36. Conical die - Outlet flow rate

Fig. 37. Conical die— Channel flow rate



8.2 Conical Die—3D FEM moduleresults

[mm/s]

Fig. 38. Conical Die- Angle velocity profile

[mm/g]
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Fig. 39. Conical Die— Velocity magnitude profile
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[KW/m?]

Fig. 40. Conical Die— Disipation profile

[°C/m]



57

Fig. 41. Conical Die— Temperature gradient profile
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[MPe]

Fig. 42. Conical Die— Pressure profile
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[°C]

Fig. 43. Conical Die— Temperature profile

[kPe]
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Fig. 44. Conical Die— Shear stress profile
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[kPe]

Fig. 45. Conical Die— Elongation stress profile
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We can look at outlet flow rate results. It is easy to see results because we can use

predefined function Flow rate axi symmetrical deviation. This function isin the main tool-
bar of 3D-FEM module of VEL software in User commands/ Reports/ Studio. Measured
values show tab.5. The angle value 1.5° represents the center value of interval 0-3°. Thisis
the same for all measure dies. Microsoft Excel is used for every calculation necessary for
this Master thesis.

Tab. 5. Conical die - QOutlet flow rate measured values
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CONICAL DIE - Qutlet flow rate

0.660

0.655

0.650

0.645

0.640

0.635

Volumetric flow rate [cm?/s]

0.630

0.625
0.000 10.000 20.000 30.000 40.000 50.000 60.000

Angle [°]

Fig. 46. Conical die—Outlet flow rate

Channel flow rate values were got harder than outlet flow rate values. We had to
create a cylindric 2D cut throught the die and than use an Integral function to get channel
flow rate value. Cuts were created every 12°. Measured value was Angle velocity.

Fig. 47. 2D cut setting



Fig. 48. Channel flow rate integration
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Tab. 6. Conical die— Channel leakage



CONICAL DIE - Channel leakage

14.000

12.000

10.000

8.000

6.000

4.000

Volumetric flow rate [cm?/s]

2.000

0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000

Channel length [-]

Fig. 49. Conical die—Channel leakage

8.3 Diewith strong leakage — Spiral die moduleresults

Fig. 50. Diewith strong leakage — Ouitlet flow rate
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Fig. 51. Diewith strong leakage — Channel flow rate

8.4 Diewith strong leakage—3D FEM moduleresults

[mm/s]

Fig. 52. Diewith strong leakage — Angle velocity profile
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[mm/g]

Fig. 53. Diewith strong leakage — Vel ocity magnitude profile

[KW/m?]
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Fig. 54. Diewith strong leakage — Dissipation profile

[°C/m]
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Fig. 55. Diewith strong leakage — Temperature gradient profile
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[MPe]

Fig. 56. Die with strong |eakage — Pressure profile
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[°C]

Fig. 57. Diewith strong leakage — Temperature profile

[kPe]
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Fig. 58. Diewith strong leakage — Shear stress profile
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[kPel

Fig. 59. Diewith strong |eakage — Elongation stress profile
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Tab. 7. Diewith strong leakage — Ouitlet flow rate measured values
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DIE WITH STRONG LEAKAGE - Outlet flow rate

0.655

—, 0.650

0.645

0.640

0.635

0.630

Volumetric flow rate [cm®/s

0.625

0.620
0.000 10.000 20.000 30.000 40.000 50.000 60.000
Angle[°]

Fig. 60. Diewith strong leakage — Ouitlet flow rate
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Tab. 8. Diewith strong leakage — Channel |eakage

Volumetric flow rate [cm /s]

13.900

11.900

9.900

7.900

5.900

3.900

1.900

-0.100
0.000

DIE WITH STRONG LEAKAGE - Channel flow rate

0.200 0.400 0.600 0.800
Spiral length [-]

1.000

Fig. 61. Diewith strong leakage — Channel flow rate
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8.5 Diewith strong flow in spirals— Spiral die moduleresults

Fig. 62. Diewith strong flow in spirals— Outlet flow rate

Fig. 63. Diewith strong flow in spirals— Channel flow rate
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8.6 Diewith strong flow in spirals—3D FEM moduleresults

[mm/s]

Fig. 64. Diewith strong flow in spirals— Angle velocity profile

[mm/s]
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Fig. 65. Diewith strong flow in spirals — Velocity magnitude profile
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[KW/m?]

Fig. 66. Diewith strong flow in spirals— Dissipation profile

[°C/m]
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Fig. 67. Diewith strong flow in spirals— Gradient profile
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[MPe]

Fig. 68. Diewith strong flow in spirals— Pressure profile

[°C]



Fig. 69. Diewith strong flow in spirals— Temperature profile
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[kPel

Fig. 70. Diewith strong flow in spirals— Shear stress profile

[kPe]
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Fig. 71. Diewith strong flow in spirals — Elongation stress profile



87

Tab. 9. Diewith strong flow in spirals— Outlet flow rate measured values
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DIE WITH STRONG FLOW IN SPIRALS - Outlet flow rate

0.750

o
N
o
S

0.650

0.600

Volumetric flow rate [cm®/s]

o
4]
al
o

0.500
0.000 10.000 20.000 30.000 40.000 50.000 60.000

Angle[°]

Fig. 72. Diewith strong flow in spirals— Outlet flow rate
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Tab. 10. Diewith strong flow in spirals — Channel |eakage

Volumetric flow rate [cm®/s]

DIE WITH STRONG FLOW IN SPIRALS - Channel flow rate

16.000
14.000
12.000
10.000
8.000
6.000
4.000
2.000

0.000
0.000 0.200 0.400 0.600 0.800

Spiral length [-]

1.000

Fig. 73. Diewith strong flow in spirals — Channel flow rate
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8.7 Resultscomparison

The Fig. 74 shows a comparison of the 2D and 3D results. From the graphs it can
be seen that the variation predicted by the 2D Spiral die program is higher than in the 3D
case. This difference can be explained by the simplification assumptions used in the 2D
method. Since it can be expected that the 3D solution is more accurate because it does not
have any simplifying assumptions the practical situation is acceptable because by using the
2D approach the designer will “overdesign” the die because he will try to find the geome-

try with alow variation, which will bein reality even lower.

CONICAL DIE - Outlet flow rate

0.750

0.700

Volumetric flow rate [cm¥/s]

0.000 10.000 20.000 30.000 40.000 50.000 60.000
Angle [°]

—e— 3D-FEM module —m— Spiral Die module

Fig. 74. Conical die - Outlet flow rate comparison

Fig. 75 shows the leakage from the spiral. It can be seen that the curves are similar
and the predictions of both programs are almost identical. The fluctuation of the 3D results
is caused probably by the grid roughness. To smooth out this curve the grid should be
denser, which the used template did not allow. Neverthenless, the graphs 74 and 75 show
that the predictions of both programs are similar, so the 2D program, which is much faster

and easier to use is acceptable.
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CONICAL DIE - Channel leakage

14.000

12.000

10.000

8.000

6.000

4.000

Volumetric flow rate [cm¥s]

2.000

0.000
0.000 0.200 0.400 0.600 0.800 1.000

Spiral length [-]

—e— 3D-FEM module —m— Spiral Die module

Fig. 75. Conical Die - Channel leakage comparison

Tab. 11 shows a comparison of the calculated pressure drops generated on the die.
It can be seen that the Spiral die module overpredicts the pressure drop in about 30%. The
reason for this may be that the Spiral die program overestimates the role of the sueezing of

the flow domain. This program behavior should be further investigated.

Tab. 11. Conical die— Pressure drop

The conical die was atype of die where the material remains for a relatively long
timein the spirals.
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Figs. 76 and 77 show a comparison for another die where the leakage from the spi-
ral isfaster.

From Fig. 76 it can be seen that the prediction of the final distribution has similar
variation and both results indicate the minimum on the right hand side. Again, from the
point of view of the design the 2D program can be used because the predicted distribution

issimilar like for the 3D program

DIE WITH STRONG LEAKAGE - Qutlet flow rate

0.67

0.66

0.65

0.64

0.63

0.62

Volumetric flow rate [cm¥/s]

0.61

0.6
0 10 20 30 40 50 60

Angle [°]

‘+Spiral Die Module —— 3D-FEM module ‘

Fig. 76. Diewith strong leakage — Outlet flow rate comparison

Fig. 77 indicates that the material flows for alonger time through the channel in the
2D calculation; or in other words that the leakage is faster than the 2D program predicts.
This may be a problem for die purging because the amount of the material flowing through
the spiral expected base on the 2D calculation is higher than in reality and therefore the
expected purging will be lower. When using the 2D simulation the user should be aware of
this and he should try to have the flow through the channel as far as possible. Then, even

when the material |eaks faster the purging will remain good.
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CONICAL DIE - Channel leakage

14.000

12.000

10.000

8.000

6.000

4.000

Volumetric flow rate [cm®/s]

2.000

0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000

Spiral length [-]

| ——3D-FEM module —— Spiral Die module |

Fig. 77. Diewith strong leakage — Channel |eakage comparison

Tab. 12 shows the predicted pressure drops by both programs. It can be seen that

the predicted values are close.

| PeswelMP] | o | PeswelMPd | e

Tab. 12. Die with strong |leakage — Pressure drop

The last comparison was done for a die, which is amost not realistic just to see the
program reaction. The die was designed in away that the gap between the mandrel and the
body is closed almost to the end of the spiral and the material can leake just in the last part
of thedie.

Fig. 78 shows the comparison of the fina distributions. It can be seen that the
variation predicted by the Spiral die program is much worse than the distribution calcu-
lated by the 3D program. The leakage in Fig. 79 indicates again that the 3D program pre-
dicts afaster leakage than the Spiral die program.



Volumetric flow rate [cm¥s]

DIE WITH STRONG FLOW IN SPIRALS - QOutlet flow rate

0 10 20 30 40 50
Angle [°]

—m— Spiral Die module —e— 3D-FEM module

Fig. 78. Diewith strong flow in spirals— Outlet flow rate comparison

Volumetric flow rate [cm¥/s]

DIE WITH STRONG FLOW - Channel leakage
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14.00000
12.00000
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0.00000
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—m— Spiral Die module —e— 3D-FEM module

Fig. 79. Diewith strong flow in spirals — Channel |leakage comparison
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The pressure drops calculated by both programs are compared in Tab. 13. It can be

seen, that the Spiral die overpredicts the pressure drop.

Tab. 13. Diewith strong flow in spirals — Pressure drop
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RESUME

The aim of this work was to compare the behavior of two commercially available

programs from the Compuplast VEL ™.

If we take into account Fig. 74, Fig. 76 and Fig. 78 we can conclude that the Spiral
die program overpredicts always the volumetric flow rate variation at the mandrel exit. For
practical application this is good because the designer always has to “overdesign” the die
with a perfect distribution. On the other hand it may lead to a lot of effort to design a
proper geometry, which isin reality not needed (the last example).

The leakage predicted by the Spiral die program is weaker than from 3D. This may
have a negative impact but it is probably usually compensated by the effort to keep the
material aslong as possible in the spiral. Even when the real leakage is faster than the pre-
dicted oneit is still enough for a good purging behavior in reality.

The Spiral die program has been used for designing a lot of dies around the world
and most of them were successful. The program was in the period 1995 — 2001 the most
popular and very successful Compuplast program. The presented simulations explain why.
The program overpredicts the generated pressure drop, this means that the die is sized for
higher forces than in reality and there is no danger for material leakage. The predicted dis-

tribution is similar or worse than in reality; this also helps to have a better design.

The only weakness of the Spiral die program is the leakage but in the program
manual it is stress-out several times that the design should be done in a way that the mate-
rial stays in the spiral aslong as possible. This may be a balancing effect for the program
behavior.

From a long lasting experience with the Spiral die program and cooperation with
several companies [10] it is known that the program predicts “normal” dies. This means
dies when the gap opens gradually and aso the channel depth is changed gradually. The
calculation of the last example confirms also this experience because this die is some kind
of geometry extreme when the gap opens suddenly. It can be seen that in this case the Spi-

ral die program fails to predict reasonably the distribution.

| believe that the overall conclusion can be that the Spiral die program can be used
for the die design with keeping in mind that the leakage is a little bit faster than the pro-
gram predicts and the geometry should be gradually changing.
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