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ABSTRAKT

Pt zpracovani polymér jsou tyto materidly¢asto vystaveny velmi intenzivnimu
elong&nimu toku, coz mze @i dosazeni kritickych podminek vyvolat ngrejsi typy
tokovych nestabilit, jez naslegdlestabilizuji cely zpracovatelsky procege$hé stanoveni
elong&ni viskozity polymeit je pak naprosto nezbytné pro navrzeni optimalciésignu
zpracovatelskych #&eni jako nap vytlacovaci hlavy, vyfukovaci hlavy, Mskovaci
formy atd. Experimentalni stanoveni této velmiedité reologické vetiny je vSak velmi
obtizné a nefesné, zvlast pak v oblasti vysokych deforri@ich rychlosti a teplot.
Prakticky jedinou experimentalni metodou pro stammbvelongani viskozity za &chto
podminek je néfeni vstupni tlakové ztratytiptoku tavenin z Sirokého valce do uzké
kapilary s naslednou aplikaci metody dle BindinGagswella nebo Gibsona. Vzhledem
k tomu, Ze design pouzité kapilary,igpb kalibrace tlakovyckidel a volba pislusné
metodiky ma zasadni vyznam na stanoveni elorigaiskozity, bylo cilem této prace
porozungt témto vlivaim a nasled® navrhnout a osfit vylepSeny zfisob stanoveni této
veliciny. Mezi nejdilezit¢jSi prinosy této prace patnavrzeni a experimentalni &eni
nového designu kapilary s nulovou délkou (jez prakelrt umoziuje presrEjSi stanoveni
vstupni tlakové ztraty ve srovnani &k pouzivanymi kapilarami) a zéy Ze
nejvhodréjSi metodikou pro stanoveni elorga viskozity u rozétvenych polymei je

Cogsweltiv model, zatimco pro linearni polymery je to moBeldingiav a Gibsortv.

Kli¢ova slova:Kapilarni reometr; Kalibrace tlakovyahdel; Kapilara s nulovou délkou;
Vstupni viskozita; Bindingv model; Cogswellv model; Gibsofiv model;
Elongani viskozita; modifikovany White-Metzné&v model; Numerické

modelovani.



ABSTRACT

In this work, novel orifice die design and presswassducer down resolution limit
calibration procedure to determine precise extemgioviscosity data from entrance
pressure drop measurements has been developecstad both, theoretically (through
Finite Element Analysis) and experimentally. It Haeen clearly demonstrated that the
proposed improvements leads to much more precimngrnal viscosity measurements
for polymer melts in comparison with conventionabgedures based on the entrance
pressure drop measurements. Moreover, it has baemdfthat for extensional strain
hardening and extensional strain thinning polymeitsn the corrected Cogswell model
and Binding/Gibson model should only be preferredspectively. Otherwise, the

extensional viscosity determination can be rathemeous.

Keywords: Capillary rheometer; Pressure transducer caldmatiOrifice capillary die;
Entrance viscosity; Binding model; Cogswell moddBibson model;

Elongational viscosity; modified White-Metzner mggdéumerical simulation.
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INTRODUCTION

“INITIA IN POTESTATE NOSTRA SUNTDE EVENTU FORTUNA IUDICAT.”
(The beginning of the work is in our power, the hesun the hands of fate.
Lucius Annaeus Seneca the Younget B.C. — A.D. 65),

EPISTULAE MORALES ADLUCILIUM (Moral Letters to Lucilius

Rheology, as a study of the deformation and flownatter [1], plays an important
role not only in polymer processing but also in ather production processes where
materials flow (e.g. food processing [2], coatir8], [printing [4] etc.). In the case of
polymer processing it is possible to answer a fajuwestions with knowledge of rheology
of the processed polymeric materials. It is wellbwn that rheological properties of
polymers are used for example in simulation of psses [5], predicting processing

instabilities [6], or distinguishing of various neatal grades [7].

Flow of polymer melts can be divided into two bagioups: shear and elongational
flows. The rheological properties which expressrdmstance of the material to both types
of flow are shear and extensional viscosities, eeSpely. Ordinarily, during polymer
processing, the melts flow into complex flow donsaife.g. flow through converging
channels in extrusion/coextrusion dies or injectiooulding). For this reason the
occurrence of only one flow type is rare and bdttw$ are usually mixed. In order to
simplify the flow description of a process, the rgation flow component is usually
neglected. Nevertheless, elongation flow causestaofl instabilities which limit the

production rate.

In order to measure extensional viscosity and spes#ly to describe elongational
flow mathematically, a number of devices [8], [f10] and constitution equations [11],
[12], [13] were developed. The majority of the erdi®nal viscosity measurement devices
are able to determine the extensional viscosity onlow deformation rates. However, in

polymer processing the deformation rates can béipteihigher than in laboratory devices.

In the measurement of extensional viscosity at tdgformation rates and high
temperatures only capillary rheometer can be ulkedetheless, in these measurements
shear and elongational flows are mixed. Furthermitwe influence of orifice capillary die

design on the obtained data has not been investigenough [14]. Thus, elongational
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viscosity determination is very complicated andaligunot sufficiently precise. Therefore,
the main aim of this work is to theoretically adivees experimentally evaluate the effect of
orifice capillary die design and pressure transdgadibration process on the extensional
viscosity determination from entrance pressure diap different types of linear and
branched polymer melts. Second, a more accurataneet pressure drop technique for
extensional viscosity determination will be prophs&hird, the merits of the novel
methodology will be verified through independentessional viscosity measurements on
the Sentmanat extensional rheometer (SER) [10], [15
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|. THEORETICAL BACKROUND
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1 SHEAR AND EXTENSIONAL FLOWS IN POLYMER
PROCESSING

“RESISTENTIAM QU ORITUR EX DEFECTU LUBRICITATIS PARTIUM FLUID] CATERIS
PARIBUS, PROPORTIONALEM ESSE VELOCITATIQUA PARTES FLUIDI SEPARATUR AB
INVICEM. ”

(The resistance arising from the lack of lubricity the parts of a fluid, is, all
other things being equal, proportional to the véipaevith which the parts of the
fluid are separated from each other.

Sir Isaac Newton(1643 — 1727),

PHILOSOPHIZ NATURALIS PRINCIPIA MATHEMATICA (The Mathematical Principles
of Natural Philosophy

In this section, the basic types of flow in polynpeocessing will be provided and a
review of flow domains in the process including gibke flow instabilities will be

presented.

1.1 Basic flow types

The two basic types of flow most often used to abearize polymeric liquids are
the shear and elongational flow. In each of thdma,material particles have very different

relative motion and thus the material responsesuaite different.

In order to enable mathematical modelling, the tgpd intensity of each flow as
well as stress response of the investigated mhterisst be known. The former is
mathematically defined as a deformation rate temgwgreas the latter is expressed by a

stress tensor.

Fig. 1 shows a differential material element that gemeraloves in Cartesian

coordinates with velocitieg, v, andv, in three directionsx(y, 2).
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Fig. 1. Movement of a differential material element

With the aid ofFig. 1 the deformation rate tensor can be defined in dieving

general form (in Cartesian coordinates):

ov, ov, av, av, ov,
2 + +
0x ox ody oOx 0z
D, =| Wy My % 0w O (1)
—2 |9y ox oy oy o0z
dv, 0Ov, OV, v ov
X + Z + Y4 2 Y4
0z O0x 0z oy 0z

wherev,, v, andv, are material element velocities in directiong, andz. The components
in the diagonal of deformation rate tensor represarsile (elongational) rates, whereas the

other components are shear rates.

In shear flow as well as in elongational flow, theformation rate can be dependent
or independent of time. In the case of steady fldvesdeformation rate is independent of
time because the deformation rate has been coristasuich a long time that all stresses in

the fluid are time-independent. On the contrarghmm transient flows the deformation rate

is dependent on time.
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The stress tensor is specified in this form (int€aan coordinates):

Tyx — p Txy Tz
ﬁ = Tyx Tyy - p Tyz (2)
T, sz T,,~ p

wherep is pressure. In tensor mathematics, ordinarilg, first index specifies the axis of

the coordinate system which cuts through the planghich the stress is acting, and the
second index indicates the direction of the stréBse stress tensor components
identification is similar as in the previous tensbhe main diagonal components express
normal stresses and the others stand for sheasssieThe fluid mechanics of polymer

melts is deeply analysed in open literature [167]]

In the following sections, the form of both tensevdl be shown for shear and
elongational flows. Furthermore, incompressibiatyd isotropy assumptions of polymeric

material will be taken into account.

1.1.1 Shear flow

Shear flow is the first basic flow type which ocgun polymer processing. The
principle can be understood frolRig. 2 (the deformation starts at tinteand finished at
time t,). Purely shear flow arises when the material elgno@ streamline has a constant
rate and it changes the rate only in cross sedfioaction (perpendicular to flow).
Mathematically, in steady shear flows, the distahdeetween two neighbouring fluid
particles, which are initially on the — axis and separated by a distarige is

expressed as [16]:

| =1,y/1+ (jAat)? =1 At (3)

wherey is a shear rate antt is a time interval in which the deformation is eb&d. The

relative shear deformation (usually callgldear straif of the material elemeny)(in the

time rangd; tot, (t, > t,) is expressed by the following equation:

V= ?(tl _tz) (4)
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t=t2>t1

Fig. 2: Shear flow definition sketch

The velocity field in simple shear flow is givern as
v, =9y, v, =0; v,=0 (5)

In the case of shear flow, the deformation ratseders significantly simplified:

0Oy 0
D,=|7y 00 (6)
— 000
and the stress tensor has following form:
TP Ty 0
T | T T, =P 0 (7

18
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However, for incompressible fluids we cannot sefgathe pressure and normal
stress contributions in normal force measurementerefore, the only experimental
quantities of interest are the shear stress andhormal stress differences. It is evident that

in the shear flow, commonly used stresses are:
* Shear stress: Tyy
» First normal stress difference (N Tax — Tyy
» Second normal stress difference)N Ty —Toz

Furthermore, the material functions (usually call@gdcosimetric functiorjsare

shear viscosity (dependent on shear rate):

Tx

n(p) =—> (8)
j

and normal stress coefficients (dependent on shegrwhich are defined as:
T =Ty =920 )
Ty =Ty =Y, ()0 (10)

In addition, for deep understanding of shear fleeation, the drag shear flow and
pressure driven flow will be described in more deta polymer processing both types
exist namely either independently or in combinatiBar example, the function of screw

extruder is based on the combination of drag flaa/ pressure driven flow [18].

1.1.1.1 Drag flow

In order to explain the drag shear flow princigl®p infinitely wide (W) parallel
plates (stationary and moving), separated by a(lgapvill be considered (thus, shear flow
is only in one direction). As can be seenFig. 3, the fluid is between the bottom
(stationary) and top (moving) plates and to caussv,fthe top plate must move
(velocity vy). From the above it is evident that the motionhis flow is not based on the

pressure gradient.
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Fig. 3: Principle of drag shear flow and its veltycprofile

Fig. 4 shows the detail of several abutting material iayteformation (before and
after deformation). It is clear that the layers dedormed according to the velocity profile

and no layer is stretched.

Before deformation

After deformation

Fig. 4. Deformation of abutting material layersdinag shear flow



i Tomas Bata University in Zlin
Faculty of Technology 21

1.1.1.2 Pressure driven flow

The principle of pressure driven flow (frequentitled Poiseuille flovy is based on
pressure differences of flow domain sections infibw direction. Fluid always runs from
the high-pressure section to the lower-pressuriosed hePoiseuille flowof fluid occurs

in a thin slit [19] as well as in circular tube J20

For deeper clarification, as indicatedkig. 5, two infinitely wide () stationary
parallel plates, separated by a gdp, (vill be considered. The pressure difference betw
the entrance and exit sections\j3, and is caused by the flow of the fluid. From tigeire
it is also evident that the velocity profile Roiseuille flow v(y), is significantly different
from the velocity profile in drag flow. The velogihas parabolic profile (in the case of
Newtonian fluids), in which the zero velocity is tire wall and the velocity maximum is in
the middle of geometry. Therefore, at the wallsghear rate is maximal and in the middle

of domain the shear rate is minimal.

y 2

Fig. 5: Poiseuille flow into a thin slit and its leeity profile

For further illustration the neighbouring materiayers deformation is shown in
Fig. 6. In the same way as in the previous flow, theragkeformation follows the velocity

profile and no layer is stretched.
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Before deformation

After deformation

Fig. 6: Deformation of neighbouring material layersPoiseuille flow

1.1.2 Elongational flow

At elongational flow (also calleshearfree floyvthe material element is stretched in
one or two directions. Purely elongational flowsas when a material element changes the
rate on streamline and at the same time the elenwenall neighbouring streamlines have
an identical rate (seféigs. 7, 8, 9. In these figures, start of deformation (darkidois in

timet,;, and the deformation finishes (transparent satidimet..

¥4

Fig. 7: Definition sketch of uniaxial elongationfé&w
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|

Fig. 9: Definition sketch of biaxial elongationdb

A characteristic attribute of steady elongationbdws is expressed by an
exponential rate of relative motion of a fluid elemh to a neighbouring one. This is also
shown inFigs. 7, 8, 9 when two neighbouring fluid particles are sepadaby an initial

distancd,. After timeAt the distancé changes intd according to relation [16]:

| =1, (11)
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In the same way as for shear flow, the relativengddional deformation (frequently called
elongational straif of a material element) between times, andt, (whent, > t;) can be

determined as:
e =it -t,) (12)

The velocity field in simple elongational flowsdgfined for each direction as:
y z

v, :%é(1+ b)x; Vv, =%g’(1—b)y; Vv, = —€Z (13)

where0<b<1 and ¢ represents elongational rate. Several speciabatmnal flows can

be observed for particular choices of paramieter

o Uniaxial elongational flow: b=0,¢d >0
o Planar elongational flow: b=1
o Biaxial elongational flow: b=0,¢d <0

In the case of incompressible fluids, only two naftrstress differences are of

experimental interest:
» First normal stress difference (N T — Ty
» Second normal stress difference)N 7, —1,,

Nevertheless, in uniaxial and biaxial elongatioih@lvs, for which parametds is equal 0
in Eqg. (13), thex andy directions are indistinguishable, §p—1t,, = 0 and there is only one

normal stress difference to be determined for tifleses.

The material functions in steady simple elongatiofiews are two viscosity

functions (dependent on elongational rates) whitcdbe two normal stress differences:
T2z ™ Tyy = I7E1(8,b)8 (14)
Tyy - Tzz = nEZ(é 7b)8 (15)

In the special steady state elongational flow wiperameteb is equal Oy, = 0 andye; is

equal to the elongational viscosity (sometimesecaiheextensional viscosifyje:

-7

Ne(e 0) = 2 (16)
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For £>0, n describes uniaxial elongational flow and férO it describes biaxial

elongational flow.

The following part is devoted to description ofdaérbasic types of elongational
flow. As will be discussed itfChapter 1.2 the elongational flow in polymer processing

often accompanies shear flow and causes a numliflemoinstabilities.

1.1.2.1 Uniaxial elongational flow

A schematic view of uniaxial elongational flow isepented irFig. 10 As can be
seen, a material element is stretched in one dre¢t) and in other directions/(2) it is
compressed (in the case of isotropic material)thim figure blue colour represents the

action and green colour expresses the materiabnssp

Fig. 10: Uniaxial elongational flow

In order to describe uniaxial elongational flow henatically, the deformation rate

tensor is established as:

=|0 -05 0 (17)
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The tensor represents the nature of the process,thie plus sign (i.e. no sign) befaie
component means the given action and the minusksépre 0.2 represents the material

reaction.

The stress tensor then has following form:

T = 0 T, ~ P 0 (18)

1.1.2.2 Planar elongational flow

As shown inFig. 11 the material element in planar elongational fiewstretched in
one directionX), in the second directioy)(it is clamped and in the third directioz) (t is

compressed.

K .
SXX
Fx
Fig. 11: Planar elongational flow
The deformation tensor in this case is writterhia following form:
0
0

D, = (19)

o O ™
o O O

—é

In the tensor it is clearly seen that the ratetadtshing inx andy directions is equal and
the zeros in diagonal express clamping of materia stress tensor in planar flow is in the

same form as in the uniaxial elongational flow, B).
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1.1.2.3 Biaxial elongational flow

Fig. 12 shows biaxial elongational flow in which the m#&éelement is stretched
in two directions X, y), and in third directionZ it is compressed. The elongational rates in
directionsx andy can be equal (this is the unique case when weded@rmine the
elongational viscosity) or different (it is not padsle to determine the one elongational

viscosity but two of them are needed for particdliaections).

Fig. 12: Biaxial elongational flow

The deformation rate tensor in biaxial elongatidi@k with the same elongational

rates in both directions is given by:
& 0

=0 & O (20)
00

The same elongational rates are in the two positiorthe main diagonak( and the third
position (-2 ) represents twice the speed of material compnes$iwe stress tensor has the

same form as in the uniaxial elongational flow, B8).
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It should be kept in mind that in preponderancealymer processes shear and
elongational flow components are mixed, which causany processing problems (for
example instabilities, which are described beloWgvertheless, the complex industrial
flows are often simplified in such a way that thenon flow component is neglected and
the flow situation is viewed as simple shear flomsonple elongational flow. Due to the
simplifications, the flow description is not exastd theoretical predictions are imprecise.
It should be also noted that in many cases theomsa®f these simplifications are

connected with the extensional viscosity measuré¢mhiéficulties.

1.2 Review of polymer processing technologies and thamstabilities

Flow instabilities are fundamental problems of dludynamics. The focus of
hydrodynamical stability is in the transition froaminar to turbulent flow. The flow of
polymer fluids is significantly different from thew-viscosity counterparts, therefore the
base of flow instabilities for both is completelgtihct. In the case of low-viscosity fluids
the turbulent flow is caused by inertial forcesu@lyy expressed as thiteynolds numbggr
On the other hand, disturbances in laminar flowigh-viscosity polymers are produced as

a consequence of fluid elasticity (usually exprdssetheNeissenberg number

In the case of polymer processing, the origin dtabilities is caused by many
effects, where the most significant is the extemsiwiscosity (extensional flow). With the
aim to see where flow instabilities play an impotteole in polymer processing, a short

overview in this sense is provided bellow.

1.2.1 Melt fracture in extrusion

A typical extrusion line is depicted Appendix A IPolymeric material is fed to the
hopper of the extruder, and transported and simedtasly melted. Subsequently it is
formed in the extrusion die to required shape, thedfurther final product is calibrated,
cooled, drawn-off, cut and placed on a palette gpipnd profiles) or cooled, cut and

wound on a reel (films). This technology is typio&bpipes, profiles and films production.

Polymer extrusion is one of the simplest polymeaycpssing operations, but as a
consequence of shear and extensional flows existanextrusion dies, it exhibit a full

range of flow instabilities. The most common profdein polymer extrusion consist in
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melt fracture wall slip and polymer elasticity As a result of these phenomena, the

production rate of extrusion line must not exceegrain limit.

The typical development of melt fracture instapilg shown inFig. 13 As can be
seen, the first extrudata)(has asmooth surfacéecause the shear rate was small. In case
(b), the shear rate was higher audface melt fractur¢also calledsharkskin arose. At the

highest values of the output raggpss melt fractur@ccurs €) — the extrudate is distorted.

a) b) | c)

Fig. 13: Development of melt fracture instabilityttwincreasing
shear rate: (a) smooth surface, (b) sharkskin, gedss melt

fracture (taken from [21])

1.2.2 Instabilities in film casting process

The extrusion product line for film casting is show Appendix A Il The polymer
melt is transported from the extruder to the filtht)] die, where polymer melt is conveyed
to thin film. The film is cooled on dual chilledll® then the thickness is measured, edges

are cut and the final film is wound up.

The main aim of this process is the increase oflgpebon speed and reduction of
film thickness. On the contrary, problemsealge neck-inbead formatiorand some other
instabilitiescreate troubles in the die exit region as indicatefeig. 14 (adapted from [6]).
As a result of high melt viscosity, the downstrepniling is usually used. However, this
configuration causeseck-inat edges which leads to creation of non-uniformnggaprofile.
Furthermore, instabilities accompanied with filmstiag process of polymers cause
spontaneous thickness and width oscillations. Nérgdraw resonancearises when the
wound up rate is too high. In addition, the projesrbf final film is non-uniform due to the

non-uniform elongation of each particle of matemddich is caused by various speed of
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each one. Finally, problems with adjustment of lige thickness can also caused the

non-uniform thickness of final film product.

Neck — in

instability l

Draw resonance
instability

Flow
non - uniformity

Fig. 14: Instabilities in film casting process

1.2.3 Fibre spinning instabilities

Another polymer process where instabilities playraportant role is fibre spinning.
The process is depicted Appendix A Il Polymer melt is prepared in the extruder and
then it is pumped through a plate with many smalés —spinneret The melt is cooled in
water bath, slowly pulled by rolls, and warmed téewotation temperature in tempering
bath. The following process is drawing of fibrdsen the fibres are cooled in stabilization

bath, pulled by fast rolls and finally they are wdwp to coils.

Fig. 15 shows one hole o$pinneretwith flow of the material. With the aid of
ambient air the extruded filaments are cooled, sulgsequently they are stretched by a

rotating wind-up roll, which is placed before ttadidification line.
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Spinneret

Extrudate

Fig. 15: One spun fibre

In this polymer process, as well as in all othencpsses in this section, high
production speed requirements are limited by theebof instabilities. In fibre spinning,
three basic types of instability can arise and they connected witlspinneret First,
instability calleddrawability, which is a capability of polymer melts to stretefthout
breaking. Second, instability calledraw resonance which is defined as a periodic
fluctuation of the cross-sectional area of woundibpes. Third, instability well known as

melt fracture which is described i€hapter 1.2.1

1.2.4 Film blowing instabilities

Film blowing process is used for production of marbags, polymer films or sacks.
A simple film blowing production line is shown Appendix A IV The polymer melt flows
from the extruder to an annular blowing die, whaibktributes the melt from a circular
channel (end of extruder) to annular area. Theeefie melt is extruded in the tube form
(at the freeze line the melt undergoes transitromfliquid to solid state), subsequently it
is cooled by a cooling ring, enfolded by two tafiégs and stretched by nip roles. After it,
the film is measured, guided to a storage devicgubgle rolls, its edges are cut and the
film is pulled by wind up device (in the case aigle film as a product) or only pulled by

wind up device (in the case of twin film as a progiu



i Tomas Bata University in Zlin
Faculty of Technology 32

Fig. 16 (adapted from [22]) shows several types of in$iteds in film blowing
process which can be observed. These instabiliige a negative influence on mechanical
and optical properties of the final product. é&iaw resonancehe film tube periodical
changes diameter and this common start-up probtsmars when molten film stretches so
quickly that it gets stiff. In the case foéeze line instabilitghe freeze line height periodical
oscillation and it is caused by surging, drafts, refatively slow shifts in ambient
temperatureBubble sagnstability means that the bubble sack touches the cooliggarial
this instability is observed when the wind-up spesesimall.Bubble tears appeared when
the stress in blown polymeric material reachesrtipeure stress (the wind-up speed is too
high). At bubble flutterthe surface of bubble between die exit and frdeme flutter

quivers and the reason of it is in the high spdemboled air.

Draw resonance

Instability of
freeze line heigh

Bubble sag Bubble tear

Bubble flutter

Fig. 16: Film blowing instabilities

1.2.5 Coextrusion and interfacial instabilities

Coextrusion is a technology in which two or morelypeer melts are
simultaneously extruded. Each of the polymer me#tsprepared in one extruder
(the number of extruders is the same as the nuofdayers) and in the feedblock (in the
case of extrusion), or in the film blowing die (ime case of film blowing) the polymer
melts create required coextrusion structure. Thexttasion of polymer melts is applied in

barrier films, cables, fibres, pipes, profiles amadnany more.
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Three basic types of instabilities which can anseoextrusion are depicted kig.
17 (adapted from [6]). The non-uniformity of layerentapsulation and interfacial
instabilities ¢ig-zagandwave are caused by differences in viscous and elastiperties
of the components as well as by the geometry of abextrusion die. Low adhesion
between coextrusion materials causes another ihstab material incompatibility.
Another instability which is connected with extrusias well as coextrusion mmelt

fracture as already discussed.

Non — uniformity of layers

Interfacial instabilities

Material incompatibility

Fig. 17: Coextrusion instabilities

1.2.6 Injection moulding instability

Injection moulding process is shown Appendix A VIn this technology, the
polymer material is transferred from solid state nmlten state in an extruder and
afterwards the polymer melt is pumped with highsptee through the runners into a cavity
of mould (the cavity has a negative shape of tlelyet). The injection machine has two
parts. First, the injection part contains the ed¢muand the fixed part of a mould. Second,

the clamping unit includes a clamping mechanismtaednoving part of a mould.

An ideal product of injection moulding is free oémtessions and warpage, has
smooth surface and sufficient mechanical strengtti stiffness for its end use. The
foregoing is significantly influenced by residuatesses due to the viscoelastic nature of

flow and shrinkage during cooling of the mould.
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As can be seen irFig. 18 (adapted from [17]), polymer melt in injection
demonstratesfbuntain flow into runners and the elements on the foreheagobfmer
melt are stretched (the rectangles in this figimensthe deformation of a nearly squared
element). This phenomenon causes tear of the mkith creates optical defects on the

final product.

Flow direction

Fig. 18: Cross section view of runner with detafl deformation element and tear

forehead of melt

From above initiate overview of polymer processitgchnologies and its
instabilities is evident that is necessary to itigased these problems in order to increase
the production rate of all these technologies. farrhore, majority of these instabilities is
caused by elongational flow in these processeseidre, improvement in measurement of

elongational viscosity as well as in mathematicatlgiling of each process is essential.
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2 CAPILLARY RHEOMETRY

“CYLINDRI, QUI SECUNDUM LONGITUDINEM SUAM UNIFORMITER PROGREDITUR
RESISTENTIA EX AUCTA VEL DIMINUTA EJUS LONGITUDINE NON MUTATUR IDEOQUE
EADEM EST CUM RESISTENTIA CIRCULI EADEM DIAMETRO DESCRIPTI ET ADEM

VELOCITATE SECUNDUM LINEAM RECTAM PLANO IPSIUS PERPENDICULAREM
PROGREDIENTIS’

(If a cylinder move uniformly forwards in the direet of its length, the resistance
made thereto is not at all changed by augmentindiminishing that length; and
is therefore the same with the resistance of aleirdescribed with the same
diameter, and moving forwards with the same vefacitthe direction of a right
line perpendicular to its plang.

Sir Isaac Newton(1643 — 1727),

PHILOSOPHIZ NATURALIS PRINCIPIA MATHEMATICA (The Mathematical Principles
of Natural Philosophy

Capillary rheometry is the oldest and most widesedi method of qualitative
estimation and viscosity measurement. The firstoggy tests with small capillaries were
carried out by Hagen [23] (in Germany) and indegeriy Poiseuille [24] (in France) in
the 19" century in order to determine the viscosity of evatSince then the capillary
rheometry has gone through many improvements. &P IRabinowitsch [25] developed
non-Newtonian behaviour correction, which is appl@en shear rate. Two years later,
Mooney [26] discovered a procedure for calculatadnwall slip velocity. In the 1950s,
Bagley [27] presented a well - known correctioneloninate the end phenomena in a
capillary. Furthermore, for determination of fietd second normal stress differences at
the end of sixties Broadbesmt al. [28] found out pressure holes methodology (will be
discussed inChapter 2.4. The first work describing the elongational flaw capillary
rheometer was published in 1972 by Cogswell [29thwihe aid of first and second normal
stress differences measurement Han [30] in 197i4ceg the circular capillary die by a slit
die with more than one pressure transducer. BinfBdg and independently Gibson [32]
published two different additional entrance pressdrop techniques for elongational
viscosity determination in the late 1990s. Receatkwpublished by Kim and Dealy [14]

was focused on improvement of the design of oriéagillary die.

From the above it is clear that capillary rheométea universal viscometer which
can be used to determine shear viscosity, elonuatidgscosity, first/second normal stress

difference and wall slip. On the following pagekthése methods are described in detail.
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Capillary rheometer can be produced in several soghich are distinguished by
the: number of barrelgsingle or twin bore)manner of pressure generatigopompressed
gas, gravity or piston)measured quantity(controlled-pressure and controlled-rate).

Another type is an on-line capillary rheometer sahounted on an extruder.

In our research we are going to use a twin-bopdlagy rheometer (controlled-rate
mode), which is outlined ifrig. 19 From this figure it is evident that the principdé
capillary rheometer is similar as the principleaofeal extruding machine. Before the start
of a test, the measured material in the form ohgles is filled to both reservoirs and
perfectly compacted. Then it is melted throughreeervoir walls, which are warmed from
the heated barrel. Subsequently, the pistons pifessmolten material through two
calibrated capillary dies. In order to measureptessure drop, two highly precise pressure
transducers in the entrance region of capillarg diee located. It should be noted that all
the quantities measured on controlled-rate capilaeometer are determined only through

the knowledge of dies geometry, load shear rataraeasured pressure drop.
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Pistons

Heated barrel

Heating cable Ceramic heating

element

Heating belts

Right pressure
transducer

Left pressure
transducer

AN

I \\‘"
Orifice
Long capillary die

capillary die

Capillary
holder

Fig. 19: Transparent section view of barrel part twin-bore capillary rheometer

(controlled-rate mode)
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2.1 Pressure drop components

From the theory of capillary rheometry [20] it isslvknown that to press the
measured material through a capillary die it isassary to apply energy that is measured as

a total pressure drop. However, this total pressinop consists of three partial pressure
components:

. Entrance pressure drop\pexnr): This pressure is necessary to relocate the fluid
from a wide barrel to a narrow capillary die; it

is a consequence of elongational viscosity of
fluid.

. Capillary pressure dropApcap): This difference expresses energy that must be
supplied into a polymer melt in order to flow
the fluid through the capillary die; it depends

on shear viscosity of the polymer melt.

. Exit pressure dropApexr): This pressure represents the resistance of fluid
to the outflow from capillary die; it is the
result of non-zero first normal stress

difference of the measured fluid.

The sum of the entrance and exit pressure is calfet pressure drop\feno). Fig. 20

(adapted from [17]) depicts all pressure dropsluisiag the location of origin of these
drops.
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Fig. 20: The behaviour of pressure along the capyll

As introduced above, in capillary rheometers thespure transducers are placed

only in die entry regions. Therefore, only the kgigessure dropAp) can be measured.

2.2 Extensional viscosity

Extensional viscosity, which represents the resaf melt to stretching, is one of
the most important properties of polymer melts. €ktensional viscosity measurement on
capillary rheometer is very complicated due to earstence of a homogenous extensional
flow region; therefore the extensional viscositymat be measured directly. However, in
the entrance region of the capillary die, the matetements are significantly stretched due
to an abrupt contraction, which enables, with sadiféiculties, determination of the
property. In order to calculate the extensionatessty from entrance pressure drop, three
basic analyses were developed by Cogswell [29]diBm [31] and Gibson [32]. These

techniques are based on many simplifications asdnagtions.

Extensional viscosity determined in a capillaryaimeter is not as accurate as from
pure extensional rheometers but on the other hamdextensional viscosity devices

measure at such high extensional rates as capilapmeters [20].
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2.2.1 Entrance viscosity

As introduced above, extensional viscosity deteatam in capillary rheometer is
based on the entrance pressure drop which canher eneasured directly (in the case of
orifice capillary die) or extract from Bagley plfor more details se€hapter 2.6.1 The
entrance viscosity is a basic quantity which allawsalculate the extensional viscosity. It

can be expressed as [33]:

A
Henr = .pENT 21)
Yapp

wherey ., is apparent shear rate, which is defined belo&dpy(50).

In a capillary rheometer, it is very difficult teetermine the entrance viscosity at
very slow apparent shear rates due to problemsexb@th with sensitivity of pressure
transducers. For this reason, the fit of entrariseogity by a suitable model can be used.
An equation which can successfully be used tohi éntrance viscosity dependence on

apparent shear rate was suggested in [33] andhbdsltowing form:

log(yenr) = log — a
[1 + (]v'j)APP)a’ Ia' an F(IB )

This empirical model is combination of the well-kmo Carreau-Yasuda model and an

Hen,o J {tanr(a,)}APP +f )T (22)

additional term, which allows to control the strhi@rdening behaviory.;, represents

the plateau-value of entrance viscosity, an@’, n", o', f, & are adjustable parameters.

As also suggested in [33], Eg. (22) can be singdifnto:

|Og(77EN-|—) _ Iog{ HenT0 }{ tan f‘t(z;])"r,z;-)lj + 1)} (23)

[+ (F7ee)"]

Here, terma’ is equal to 1 A" and termp” is equal to 1.
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2.2.2 Cogswell's analysis

Definition sketch of flow geometry which was used@®ogswell is depicted iRig.
21 (adapted from [29]). It is clear that the extensi character of flow is along the
centerline. For many fluids, recirculation vortiageghe corners are created. In these cases,

the main flow is through a funnel-shape sectiorr tieacenter of the flow field.

/
\L \ Ijluid fIO\gv ‘ J/
R AR
Vortex detachment planfg=1Ly) - -~ f— —— ! ———
Vortex boundary Vol
vy Ry
74 . .

[
Secondary flow (vortex)% Ll
| | r

Contraction plane (z = 0)— iNL
|

R
t

i

!
1)
[
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Fig. 21: Definition sketch of entry flow

On the boundary between vortices and the funngdeshdlow region the velocity is not
equal zero but its value is small and in compariggth centreline velocity it can be

neglected.

In Cogswell's analysis [29] it is assumed that dlulows through an abrupt
contraction with minimal pressure requirements. Thithe simplest technique of entrance
flow which calculates the entrance pressure drgm.{) as a direct summation of two
pressure drops: one due to shear viscosity andbtter due to extensional viscosity.
Cogswell calculated each of pressure drops indaliguvhen he extracted a differential
section of the funnel-shaped entry flow region,l@pbforce balance and finally integrated
over the whole entry section. For successful smitiCogswell used many assumptions

which are summarized ifiab. 1[19].
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Tab. 1: Assumptions of Cogswell’s entry flow analysi

1. Incompressible fluid;

2. Funnel-shaped flow; no slig;E 0) on funnel surface;

3. Unidirectional flow in funnel region;

4. Fully developed flow upstream and downstream;

5. Axis symmetry;

6. Pressure drops due to shear and elongation mayaloulated separately and
summed to given total entrance pressure loss;

7. Neglected Weissenberg-Rabinowitsch correctjony ., = %;
e

8. Shear stress is related to shear rate thropghwer lawgz,, = Mjh.;

9. Elongational viscosity is constant;
10. Shape of funnel is determined by the minimumegated pressure drop;
11. No effect of elasticity (shear normal stressegiected);

12. Inertia neglected.

Based on these assumptions, relationships for sixteal viscosity determination were

derived as follows. The extensional rate is expksse

é = 4 ﬂyAPP (2 4)

3(” + 1) Hent

wherey stands for shear viscosity, which is defined by (B8), andh expresses power-law

index:

= 25
d(l0gyee) 2

where 1z, is the shear stress at the capillary wall, whishdefined by Eq. (46). The

extensional stress is:

3 )
Og = g (n + 1)77ENTVAPP (26)

and finally, the desired extensional viscosity:

o
g = .E (27)
&
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This method is deeply investigated in open litemafd4], [35], [36] and [37] and
also compared with other extensional viscosity meftgation techniques. Based on these
research reports, it seems that the Cogswell’sysisalor particular polymer can be fairly

precise at high rates but fails in lower rates.

2.2.3 Binding’s analysis

Binding [31] rose from Cogswell's analysis but Hiewaed the elongation viscosity
to vary with the deformation rate and he did nogleet Weissenberg - Rabinowitsch
correction (for more details about this corrects@eChapter 2.6.2 The definition sketch
of entry flow used by Binding is the same as Codjs(geeFig. 21). Binding focused on
recirculating of regions or vortices in which theeegy is dissipated and this loss in energy
is reflected as an entrance pressure dwm.(). Therefore, this analysis is based on
minimizing of the viscous energy dissipation in t@verging region. Assumptions used

by Binding are summarized below [19].

Tab. 2: Assumptions of Binding’s entry flow analysis

. Incompressible fluid;

. Funnel-shaped flow; no slig;(= 0) on funnel surface;
. Unidirectional flow in funnel region (see assuimp 10);
. Fully developed flow upstream and downstream;

. Axis symmetry;

o o0~ WODN P

. Shear viscosity is related to shear rate threugbwer lawy = Mjor;

\]

. Elongational viscosity is given by power-layy, = [kt
8. Shape of funnel is determined by the minimumkwordrive flow;
9. No effect of elasticity (shear normal stressagiected);

dR, )" dR?
10. Quantities(d—R’j and R, related to funnel shape are neglected; this has th

z dz?

implication that the radial velocity is neglectechem calculating the rate of
deformation;

11. Neglect of energy required to maintain cormeugation;
12. First normal stress difference due to the stearis neglectedl; = 0);
13. Inertia neglected.
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The final equations which allow to determined exi@mal viscosity curve are following.

The extensional rate along the centerline can lmeiledéd from:

2 . n
&= (3n -21)(1+ l:) Y app (3” + 1) (28)
K @A+N)T g L 4N

Subsequently, the extensional stress is formukased

o = 2(k_1)3k(1+ n)2 Nent? app
5 Bn+)A+KZ 1,

(29)

where integral is given as:

1 3n+1 1+n) (k+1)
wj{ab{%( - ﬂc } i (30)
0

The unknown parametdsin Egs. (28), (29) and (30) is determined from fibiéowing

equation:
v
= 31
1+n-t (1)
wheret” is formulated as:
t = %’?ENT) -1 (32)
dlog(yapp)
As shown in [33], Eq. (30) can be simplified, whenl (0;) into:
|:(1+ n):|(k+l)
n A U A
L (33)

| =
" 2n+ @1+ n)(k +1)
The extensional viscosity is then determined fram 7).

The extensional viscosity obtained from Bindingtsalysis is discussed in [35],
[37] and [38]. It has been found that the Bindingdal is quite reasonable in the case of
shear-thinning fluids but for elastic fluids (calBoger fluid$ is not accurate enough. On
the other hand, for commonly used polymers, suclingsar low density polyethylene

Binding’s analysis has been found to be more peetian Cogswell’'s analysis [39].
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2.2.4 Gibson’s analysis

In order to estimate the extensional viscosity laisg fiber filled polymer melts,
commonly used in the injection molding technolo@ybson [32] derived another analysis
of entry flow. The definition scheme of entry floegion employed by Gibson is illustrated
in Fig. 22 As can be seen, this analysis enables to varegtlry die angle. Furthermore,
Gibson assumed no vortices in the entry regions thel applied sink flow kinematics to
estimate the entrance pressure drapg(;). He assumed that entrance pressure drop is
mainly caused by extensional flow, which does rtabrgyly dependent on the velocity
across the die. Originally, Gibson used cylindricabrdinates for his calculations, but to
describe entry flow behaviour over the full randggossible die semi-angles up to 90° he

successfully applied the spherical coordinates.

7 R

)

Z

!
Detail of exit geometry of the convergence

el

ch

Fig. 22: Definition scheme of entry flow in Gibss@analysis

Gibson, as well as Cogswell and Binding, performreahy assumptions which are

summarized in the following table.



i Tomas Bata University in Zlin
Faculty of Technology

Tab. 3: Assumptions of Gibson’s entry flow analysis

1.
2.
3.
4.
5.
6.
7.
8.
9.

10. First normal stress difference due to the shearis neglectedN, = 0);

11

Incompressible fluid;

Sink flow; no slip ¢, = 0) at wall surface;
Unidirectional flow in entry region;

Fully developed flow upstream and downstream;
Spherical coordinates;

Axis symmetry;

n-1.

Shear viscosity is related to shear rate threaugbwer lawy = Myog;

Neglected vortices in entry region;

No effect of elasticity (shear normal stresssglected);

. Inertia neglected.

46

The basic relationships which lead to determinatibextensional viscosity are in

general form (die entry angle can be varied fromtd90°) formulated in the following

equations. The extensional rate is:

¢ = Duprsin(ie)L+ cod)

and the extensional stress:

g =—— Nent? app

2|, (R * N I(k',;c)
|’ (st {sine )1+ code)}*

(34)

(35)

whereR; is the barrel radius is the entrance angle (sEig.22) and termi(K, ) is given

as:

(< ) = [+ cod ) [sin(s)) “ap

(36)
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Term 5g; In Eq. (35) is the entrance viscosity calculatemfithe entrance pressure drop

arising from extensional flow, and it is given Inetrelation:

st 3],

= - 37
Hent = Ment (T[jsnﬂ an (37)
3n —
2
Finally, the unknown parametkris formulated as:
k: _ dlog(r]ENT)_'_l (38)

B dlog(yAPP)

The main advantage of Gibson’s model is its capglid properly predict Trouton
ratio for isotropic fluids (which is useful for melnisotropy quantification) and possibility
to take entrance angle correctly into account {eeefollowing research papers for more

detail of model analysis [40], [41].

2.2.5 Haul-off Rheotens

Haul-off Rheotens is another technique to estimatéensional viscosity.
Furthermore, with the aid of this technique, thetuwe tensile stress can also be

determined.

As can be seen iRig. 23 the principle of this technique is uniaxial stretchiofy
filament. Polymer melt is extruded by the pistorthwvelocity (£) and led to a pulley
which is placed on a balance. Finally, it is wowmby dual drums which have velocity.

If vp > Ve thus, force=s can be determined by the balance.
The tensile stress in the filament is given bydwihg equation [42]:

Fsy (39)

o =—
A
whereA, represents the cross-section area of the di&/asthe draw ratio defined as:

V= :’/—D (40)

wherev; is the drawdown velocity and is the exit velocity.
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Capillary

Motor rheometer

Electronic

H V,
Haul-off device o  balance

Pulley

Base

Fig. 23: Principle of Haul-off Rheotens measurimghnique of extensional viscosity and

rupture stress

If the tensile stress is plotted in dependence mwdratio, a tensile curve is
obtained. In this curve, draw resonance regiorc€fbg oscillates) as well as rupture stress
(maximum tensile stress value before the filamapture) can be found. The start of draw
resonance and rupture stress is crucially importarsome polymer processing, such as

fibre spinning or film blowing.
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In order to determine apparent extensional visgoaitthe end of the spinline

(x=L), Wagneret al.[42] proposed the following relation:

(L) =ﬁ(vij " (41)
BH

whereo, is the critical tensionl. represents the length of the spinlivg,stands for the
critical draw ratio, m symbolizes power-law index in melt tension depamze on

extensional rate, ard; expresses the extrapolated starting point of therdown:

v, = ¥x=0) (42)
VE

The extensional rate at the end of the spintkel() is:

1
: :E _ l m
é L(VP VS)(VP] P(\V) (43)
whereP(V) is defined as:
m-1
e M Ve (V)
)1 () o

Although this technique provides reasonable restiiis measured quantities are
dependent on the velocity of piston, shape andheofycapillary die and distance between

capillary die and balance.
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2.3 Shear viscosity

Shear viscosity is another important property diyper melts which expresses the
resistance of polymer melt to the shear flow. Ipilkary rheometry the shear viscosity is

determined from shear stress and shear rate.

2.3.1 Shear stress

In order to derive the relationship for shear sirehe differential ring shape
element will be considered. Furthermore, BPwiseuille flowin a circular flow channel
(capillary die) will be assumed. In this case, mgtical coordinates are the most
advantageous (for explanation skEiy. 24). Moreover, several assumptions, which are

summarized irmab. 4[19], will be taken into account.

Flow
direction

oz,

fre or

Fig. 24: Differential ring shape element in a cdgily and forces acting on it.

Tab. 4: Assumptions for Poiseuille flow in a capil die

. Unidirectional flow;

. Incompressible fluid;

. 0 symmetry;

. Long capillary dieZ— variation is negligible);

. Symmetric stress tensor;

op _
0z

. Zero stress at= 0.

constant;

N o ghwNe
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If the momentum conservation equation is appliedhimelement and the infinitely
small second order quantities are neglected, déevation the formulation for shear stress
will be obtained [20]:

¢ =BPes (45)
2L,
wherelL. is length of capillary die; expresses the radius which can vary from 0 (akis o
capillary die) toR: (capillary die wall). In the case of= R, the shear stress changes to
wall shear stress:
ApCAP
Tp, = — 225 46
wm R (46)
As mentioned above, in a capillary rheometer tressuire transducers are located

above the capillary (in entrance region), thus dhly total pressure drop is measured.

Therefore, from the measured data it is possibtietermine only the apparent shear stress:

A
TRaaPP = % R (47)

C

Eq. (46) presents Eq. (47) with applied Bagley ection (for more details se&hapter
2.6.1).

2.3.2 Shear rate

In order to determine the shear rate at the capilhall it is necessary to express
velocity v,(r) along coordinate and then to seek the expressionrfer R.. If the velocity

field is known, the apparent wall shear rajg, can be directly calculated. The simplest

calculation is for Newtonian fluids, where the \@tg profile is parabolic [19]:

-3

where Q is the volume flow rate. Now, the derivative ofistrequation according to

coordinate is outlined:

_av

4 :4_Q3L (49)
TR R
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and finally, Eq. (49) rewritten far= R: has the following form:

. 4Q
yAPP:ﬁ (50)
This equation is necessary to adapt for non-Newtonfluids by Weissenberg-

Rabinowitsch correction, which is elaborately diésmd inChapter 2.6.2

The shear viscosity is obtained as the shear dliresed by shear rate. In the case
of apparent (uncorrected) shear viscosity, the @mpahear stress, Eq. (47), and apparent

shear rate, Eq. (50), are used:

Napp = M (51)
Vaprp

The shear stress after Bagley correction, Eq. (46) shear rate after Weissenberg-

Rabinowitsch correction, Eq. (63), allow to cal¢al&ue shear viscosity:

TR

Ycor

n

2.4 First and second normal stress differences

In the case of shear flow of polymer melts as &glpepresentative of viscoelastic
fluids, normal stresses, perpendicular to flow cion, arise. Therefore, first and second

normal stress differences are non-zero.

In order to determine the first and second norniedss differences, the slit
geometry modification of capillary rheometer canused. In this case the circular die is
replaced by rectangular channel or slit die. Ttad veew is shown irFig. 25 It is evident

that three or four pressure transducers are plaicéet slit die wall.
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Polymer melt inlet

Transitional
part

Heating

Heating belt cable

Pressure
transducers

-

N

F//’//lllrfn
W A

Flow domain

Polymer melt outlet

Fig. 25: Real view of slit die

For this geometry the wall shear stress (in $#) & obtained through the pressure
gradient [20]:

__Hs dp
2[1+HSJdZ
WS

whereHs is the height of the slit di&Vs represents the width of the slit die, a%%stands

(53)

for the pressure gradient along the length of thelmit
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The wall shear rate is calculated from volumetioevfrate:

6Q

O 54
WH? S

Varp =
The shear viscosity determination is describe@hapter 2.3 Here, the wall shear
stress is true (end correction is not necessangé), but the shear rate is apparent and the

Weissenberg — Rabinowitsch correction for rectaaugcthannel [20] must be used.

As a consequence of pressure transducers logatiadhe wide flat sides of the slit
die, direct measurement of pressure gradient isilples which is the main advantage of
this geometry. The pressure behaviour along thgtteaf slit die is depicted ifrig. 26
The pressure data from transducers can be fitteal limear function and the exit pressure
(Apexit) is found at the exit plane. However, in the cakhigh pressures (compressibility

of melts) or existence of dissipation, the datatrbeditted by a non-linear function [43].

T B i e o B

Low density polyethylene at 200C

Pressure (MPa)

@ y=2148s?!
¢ y=161.2s?
Linear fit

Exit -
plane |

O11111111111111111111111111111111111111

0 10 20 30 40 50 60 70 80
Distance from slit die entrance (mm)

Fig. 26: Pressure profile along the slit die (takieom [44])

In order to determine both normal stress differené&o basic techniques can be
used. Firstly, the exit pressurptyr) obtained from linear pressure data fit (5ég 26) is
applied. Normal stresses determination from this phatotal pressure drop is possible to

use because the tension along streamlines causadaie swell in elastic liquids as well
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as the exit pressure. In the case of polymer ntbis method allows acquiring; at higher

shear rates than in rotational rheometers. Théoakhip for determinatioof N; is [30]:

din
N; = Pexr (1"' dlnLTEXWITJ (55)

The simplification of this equation is based onlaetion of fluid inertia and any velocity

profile rearrangements up to the die exit.

It should be noted that due to the physical linotatof pressure transducers, the
measurement of exit pressure is very difficult aratcurate since its values are very small.
Therefore, this method can only be used for tharsbeesses, > 25 kPa [44]. As can be

seen inFig. 27, the errors at lower shear stresses at the waBignificant.

3
10 —— T —— T

Low density polyethylene

Exit pressure data at 200C
Exit pressure data at 220C
Cone-plate rheometer data at 200C
Cone-plate rheometer data at 220C

10°

>O>@

10"

First normal stress difference (kPa)

10* L M| L ool
10" 10° 10" 10°
Wall shear stress (kPa)

Fig. 27: First normal stress difference versus shaeess for

low density polyethylene (taken from [44])

Furthermore, the difference in pressure at thessazkand flush transducers can be
used. This error was firstly observed by Broadlsnal. [28]. For Newtonian fluids the
pressures at these two transducers are the sanfar lldstic liquids the non-zero first and
second normal stress differences cause a varianpeessures, as shown kig. 28 It is

well known that in shear flow elastic fluid createmnsion along flow streamlines.
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The pressure hole results from the slight bendinthe flow streamlines near the pressure
hole entrance, which is a consequence of non-zermal stresses incline to lift up the

fluid here.

Flush pressure
transducer

Recessed pressure
transducer

(Pr)

Fig. 28: Pressure hole geometry

As a result of this phenomenon, the pressure inhthle @g) is lower than the
pressure on the slit die walbj. The difference between these pressures givefdle

pressure [20]:
Py = P~ Pr (56)

For the hole pressure measurements various typdsolef can be used. Three most
frequently used types are shown kig. 29 (adapted from [20]). HowevelN; and N,

determination is not the same for each of them umahe normal stress differences
depend on how the streamlines are bent. Hence fong narrow gap transverse to flow

direction,Fig. 29a), N, is specified by the following equation:

N, =2mp, (57)
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wherem s defined as:

m= dinp,

58
dinz,, (58)

For the case of gap parallel to flowig. 29 b) N, can be determined by the following
relationship:
N, =-mp, (59)

For a circular hole, the streamlines are bent i lolirectionsFig. 29 c) thereforeN; and

N, are contained in relation:

N, - N, =3mp, (60)

Fig. 29: Most frequently used pressure hole tygastransverse to flow, (b) parallel

to flow, (c) circular

The results of first and second normal stresediffices measurement by using exit

as well as hole pressure is shown in [45] and [46].

2.5 Wall slip

Wall slip is a phenomenon in which the velocityhe shear flow at the wall is non-
zero. The standard flow in capillary die is freewdll slip. However, in many cases this

condition may be infringed.

For better understanding of wall slip phenomerfeig, 30 (adapted from [19])is
outlined. In the case of wall slip, as compareth®no slip case, the shear rate is reduced

throughout, but especially near the wall.
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Fig. 30: Shear flow in capillary die with (a) ndslnd (b) slip at the wall

The start of the wall slip is connected with ackieent of critical shear stress at the
wall. This is depicted ifrig. 31, which is shows that in small values of shearssttbere is
no slip, but with higher shear stresses the slquisc(the apparent shear rate changes from

a constant value to linear dependence of invediasha

800 ]

Linear low density polyethylene at 220C
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Fig. 31: Dependence of apparent shear rate on iswer
capillary radius at various shear stresses for |aensity

polyethylene (taken from [19])
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It should be noted that the slip may not necessaclcur continuously, it may
alternate with adhesion. It is typical for polymeelts or concentrated solutions at high
shear stresses and is calledgtiek-slipphenomenonAnother similar phenomenon can be
observed in the flow of multicomponent materiafs this case, low-viscosity material is
diffused to a capillary wall and may affect prefarally shearing between low-density

material and the wall, which leads to a changeetdaity profile.

Direct observation of velocity behaviour near the dall is difficult, thus indirect
determination of slip is performed with the aidtwb capillaries which have various radii
(Rc) and identical (/D) ratio. With these capillaries a set of measurd@mencarried out

when the apparent shear rate is changed.

2.6 Corrections used in capillary rheometry

The relationships for determination of shear viggosnd also other quantities on
capillary rheometer are derived for the ideal meament conditions (se@ab. 4. In
reality, measurements show a lot of deviations frdeal requirements. To eliminate these

deviations it is necessary to use a number of chores.

2.6.1 Bagley correction

As introduce inChapter 2.1 total pressure drog\p) which is measured by pressure
transducer in the entrance region consists frometlparts -entrance capillary and exit
pressure drops. In order to precisely determinarstiscosity, only capillary pressure drop
IS necessary to obtain. This is possible to reaghtwo methods. Firstly, direct
measurement of end pressure drape(,) with the aid of orifice capillary die [14], the

scheme of which is presentedfig. 32 (right)
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Fig. 32: Schematic view of typical capillary diest:slong
capillary (left) and orifice capillary (right)

Secondly, indirect determination of end pressumpds possible by using Bagley
plot [47]. Thus, Bagley correction is the correntir capillary entrance and exit effects.
The principle of Bagley correction is depictedHig. 33 Practically, the process of Bagley
plot determination is based on the total pressump dneasurement on two or three
capillary dies which have the same diamet&g put different length to diameter ratio
(Lo/De). Afterwards, the measured pressure drops aréedlets a dependence dn/De).
These two or three points in Bagley plot are exilaed by linear fit and finally, the
required end pressure drofiptyp) is found on the vertical axid\f). Thus, the capillary

pressure drop is obtained through the followingaigun:
Apepp = AP — APeyp (61)

It should be noted that in literature [14], [48]dtpossible to find not only linear fit

but also nonlinear fit which is more precise thia@ former.
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Fig. 33: Linear fit (a) and quadratic fit (b) in Bgey plots (taken from [14])

2.6.2 Weissenberg - Rabinowitsch correction

In Chapter 2.3.2he calculation of shear rate is suggested oml\N&wtonian fluids
with parabolic velocity profile. However, in the seaof non-Newtonian fluids (polymer
melts), the shape of velocity profile is non-paldahahus the general determination of
shear rate must be done by Weissenberg — Rabimbmétsrection. This correction takes

into account the equation for flow rate in a tube:
Re
Q= 2njvZ (r )rdr (62)
0

The whole derivation of this relationship is shown[19]. As a result, the following

expression is obtained:

) 3n+1
Ycor — 4Qg, (63)
TR:\ 4n
The second term on the right side is called Welssen— Rabinowitsch correction. In the

case of Newtonian fluids, parameteris equal 1, thus Eg. (63) has the same form as
Eq. (50).
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2.6.3 Effective entry length correction

As shown in [33], Cogswell’'s and Binding’'s extengb viscosity determination
techniques do not precisely predict Trouton ratduge of 3 for the ratio of extensional
viscosity to shear viscosity at low shear ratesw{fdaian plateau range). Thus, the
measured entrance viscosity data for Cogswell andilBy methods must be modified by

effective entry length correctiomhich has recently been proposed in [33]:

_ D¢ b Dc T Doc al | (64)
Nentc L ] L. HenT,a
D¢ b Doc a

: (L : . .
wheren stands for shear wscosﬂE, Ocj expresses ratio of length to diameter at orifice
a

ocC

. L : . ,
capillary and (i at long capillary,ng;, represents entrance viscosity measured on
LC /p

the orifice capillary die. RatiEij has the following form:
Tr

C

(ij - 1 (nENT,a,O _ WENT,o,ej Doc a D¢ b +( Loc j (65)
Tr a

Dc 2\ 2n, 21, ( Lic J Doc
DLC b
where 5c .0 €Xpresses the entrance viscosity plateau thateiasumed on an orifice

capillary die with (D—OCJ ratio, 7, represents the Newtonian viscosity, apg; . is the
0C /a4

entrance viscosity plateau, which is calculated as:
Mt 0e = 163307, (Cogswell method) (66)
Menr, o0 = 188567, (Binding method) (67)

Nent 0o = 11989, (Gibson method) (68)
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2.6.4 Mooney correction for slip near the wall

As discussed itChapter 2.5 wall slip is a phenomenon which can occur in shea
flow. If the wall slip arises in shear viscosity aseirements, the results are distorted. For
this reason, Mooney [26] derived correction whidlovas to calculate shear viscosity in

wall slip situation.

For deeper Mooney correction analysis it is neecgssago back taFig. 30 (slip
situation). The velocity of fluid at = R. (capillary wall) is equal tos. The mass flow

rate can be mathematically divided into two pad&]

Q =Qsup + Quoswe (69)
whereQs, is calculated as:
Qsup = TR Vs (70)
and theQuosue IS formulated as:
TR
Quosup = 4 /TRUE (71)

where y..,c iS the no-slip component of apparent shear ratéerWslip occurs, in

calculation of apparent shear rate it is necesgatgke into account the mass flow rate

which comes from slip:

— 4'(gNOSLIF‘ _ 4(gSLIP - T[F\)(.z‘,

))APP—SC - T[Rg TRE 4 ))TRUE - TII%ZVSLIP (72)

The corrected value of apparent shear rate magée in the Weissenberg — Rabinowitsch

correction.

2.6.5 Hagenbach (kinetic) correction

Generally, in capillary rheometry, the investigatiedd flows from a large reservoir
to a narrow capillary die. Therefore, the crosdisacarea in the entrance region is
substantially changed. As a result of continuityiaegpn (for more details se@hapter
3.1.]), the kinetic energy of flow increases becausdithé significantly accelerates. This
kinetic energy increment causes the growth of \aggpbecause the viscosity is measured

as energy consumed to create the flow.
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The kinetic correction [50] is derived from thdalomeasured pressure drafpj,
which consists of two parts. First, pressure daglie increase of kinetic flow energy),

and second, remaining pressure drop that is ugeshfmar viscosity determination (spent

on the flow of the melt through the capillar&_h. In mathematical formulation [51]:

Ap = Ap - py (73)
The value ofy is determined as:
_ PM\_/Z _ pMQ2
= = 74
P a omzRé (74)

wherepy is melt density,v stands for the average value of velocity, antheans the
coefficient representing the influence of velocdistribution on the value of kinetic
correction. In the case of parabolic velocity defiNewtonian fluids)a = 1. Precise
estimation ol value for non-Newtonian fluids is very difficuliut it is also approximately

equal to 1.

This correction must be applied in measurementdowfviscosity fluids (e.g.

diluted polymer solutions).

2.6.6 Temperature correction

In the derivation of basic relationships in capiflaheometry, the flow of polymer
melt is assumed to be isothermal. However, intsgaliscous flow is accompanied by the
dissipation of energy (transformation of mechanieakrgy to thermal energy), which
causes the increase of temperature [52], [53]. Asresequence of this, some problems
arise. First, the heat generation depends on satarAs a result, the heat generation is not
uniform along the radius of the barrel and capylldie. Further, part of generated heat is
transferred through the barrel into the environmeFherefore, the change of fluid

temperature leads to a change in viscosity.

The temperature growth during adiabatic flow of@tbnian fluid in flow time is

formulated as [51]:

(75)
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wherepy, represents the melt density antheans its heat capacity. The change in viscosity

caused by the heat dissipation can be expressed as:

= TP (1+ AP ] (76)

8QL. |~ 16m,L.

Here, h, stands for the heat transfer coefficient akds a coefficient of temperature

dependence of viscosity, which is determined byfdtHewing equation:
n=n; e (77)

where 1y, expresses viscosity at temperatiye (set during the test) an@ is the real

temperature (higher thai, as a result of dissipation), which causes the aniu of

viscosity to valuey.

The determination ofy; and coefficientA is based on the measurement with

various values of%. Afterwards, the data are extrapolated to zeraesaif %
C C

which corresponds to the absence of dissipativéibortion.

2.6.7 Pressure correction

In general, polymer melts are considered as incessinle. However, at very high
pressures the phenomenon of compressibility canhbserved [54]. In these cases, the
viscosity is expected to decrease for shear-thgqfimids (e.g. polymer melts). On the
contrary to this expectation, in practice the vstoincreases. This anomaly is caused by

increase in pressure, which outweighs the viscalgtyease caused by shear rate increase.

The pressure-dependent viscosity is usually fortedlaas an exponential
function [55]:

n="1p, e’ (78)

where 7, represents the viscosity at atmospheric pressute Bans a baric (piezo)

coefficient of viscosity.
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With the aid of Eq. (78), the volumetric flow rdta Newtonian fluids comes to following
expression [51]:
4
Q= —T[RC (1— e_BAPCAP) (79)
8Lc7p, B
At pressure-dependent viscosity measurements niestigated fluid is not
extruded to free space (atmospheric pressure)obaitchamber where the pressure can be

controlled (generation of back-pressure). Thisexion must be taken into account in the

case of viscosity measurement of polymer melts use@gection moulding.

2.6.8 Pressure losses in the rheometer reservoir

The working region of capillary rheometer is condarfrom two channels: a large
reservoir where from the investigated material eniteto a narrow capillary die. In the case
of large ratio of these channels, the pressureesodsring flow through a reservoir cannot
be ignored. In reality, this phenomenon is caugepréferential flow of the measured fluid
into the entrance of capillary die, which producksnge in the apparent shear viscosity

with time.

However, if the control-pressure rheometer modemployed, the correction need
not always be used, because the pressure at ttamemiof capillary die, which is required

for calculation of viscosity, increases as the masieis emptied.

In the case of control-rate rheometer mode, thespre at the entrance into the

capillary die decreases with time. This reducessuree loss in the reservoir [51].

2.6.9 Adsorption in the channel surface

As introduced above, at the capillary wall a slgnooccur. However, in some
cases [56] an opposite phenomenon can be obsenas$orption This is particularly
observed for dilute polymer solution and a very lsnapillary radius. This leads to
reduction of the effective flow surface area argdaaesult, to an increase in apparent shear

Viscosity.

The adsorption phenomenon must be considered follasges with a diameter of

up to several tens of microns (e.g. filtration thgh porous media, or capillary flow of
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biological substances). Therefore, in the commoobed capillary rheometers for

measurement of polymer melt viscosity, this corogcts not considered.

2.7 Limitations of capillary rheometry

As indicated above, capillary rheometry is a ursaémethod for determination of
all basic fluid flow quantities. However, the measuent in capillary rheometer has

several limitations, which are caused by the foltayeffects [51]:

Transition from laminar to turbulent flow conditisn

Instability of flow as a result of fluid elasticity

Mechanical and thermal degradation of the measumaderial

Strong thermal effects at high deformation rates.

These effects can influence correct shear stresseelhisas shear rate determination. Thus,

the physical limitations for both quantities wik lsummarized below.

2.7.1 Shear stress

The higher values of shear stress during the meamnts are restricted by several
factors. First, emersion of flow instability, sedpnnadequate thermal effects, and third,
mechanical and thermal degradation can arise. hergé the upper limit in any cases

should not exceed the value of 1 MPa.

On the other hand, the lowest values of shear sstdepends mainly on the
sensitivity of pressure transducers used duringrtbasurement and influence of parasitic
resistance, which appears partially in any desigcapillary rheometer (e.g. friction in
motion mechanism). In common measurements, the streas of approximately TMPa

is the ultimate lower limit.

2.7.2 Shear rate

The upper boundary of shear rates in capillary metoy is approximately £G*.
However, in common capillary rheometers the teats lwe performed in shear rates up to
10* s*. For the tests in the range betweeit a0d 16 s’ it is necessary to use special

experimental techniques.
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The lower limit of shear rates is given by the duling factors. Firstly,
measurements with piston movements in order otinas of a millimetres over a long
time requires the use of a high-precision measunéntechnique, because potential
systematic instrument errors cause protraction ef@surements. Secondly, long-time
measurements under the imposed experimental conslittan induce chemical and
structural changes (degradation) in the investijateaterial. Hence, during the

measurements it is difficult to achieve shear rateger approximately 7s™.

Generally, on common capillary rheometers it issfde to determine shear

viscosity in the range of 10- 10 Pa.s.
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3 POLYMER MELT FLOW MODELLING

“CALCULI DIFFERENTIALIS EST METHODUS DETERMINANDI  RATIONEM
INCREMENTORUM EVANESCENTIUM QUA FUNCTIONES QUAECUNQUE ACCIPIUNT
DUM QUANTITATI VARIABILI , CUIUS FUNT FUNCTIONES INCREMENTUM EVANESCENS
TRIBUITUR.”

(Differential calculus is a method for determiningetratio of the vanishing
increments that any functions take on when theab#i of which they are
functions, is given a vanishing incremgnt.

Leonhard Paul Euler(1707 — 1783),

INSTITUTIONES CALCULI DIFFERENTIALIS CUM EIUS USU IN ANALYSI FINITORUM AC
DOCTRINA SERIERUM (Foundations of Differential Calculus with Applicatis to
Finite Analysis and Serigs

Polymer melt flow modelling is useful tool to und@emd both, unusual flow
behaviour of polymer melts during polymer procegsis well as complicated link between
polymer rheology, machinery design and processomgitions which helps to optimise
particular technology process. From the mathemagtigiait of view, it is necessary to solve
the conservation equation of mass, momentum andggn®gether with suitable
constitutive equation having capability to descnitma-Newtonian and viscoelastic nature
of the polymer melts. In the section below, allsinesquations together with the most

popular numerical schemes are introduced in mawlde

3.1 Conservation equations

Conservation equations express mathematically taesmmomentum and energy

balances.

3.1.1 Continuity equation

The continuity equation expresses no possibilitynafss origin or mass extinction.
As can be seen iRig. 34, for the definition of the continuity equation alyme element of
fluid dxdydzis considered. If the fluid density, as a function varies with all three

directions &, y, z2) and time {) is established, we obtain [57]:

(80)

Storedmass| _ |Enteringmass| |Leavingmass
perunit time perunit time perunit time
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In vector symbolism, Eq. (80) changes into:

p _ (o
5 = o) (81)

where Vv is the velocity vector which contains velocity qoonentsy,, v,, andv,. Eq. (81)
expresses the change of density with time at alfreéerence point as a function of mass

flow vector pv .

Fig. 34: Volume element of fluid

3.1.2 Momentum equation

Momentum equation represents acceleration of @reifitial mass element moving
with a flow because of the forces acting on it.ilAstrated inFig. 35 three types of forces
affect the volume fluid element. Namely, pressuneds, surface forces and gravitational

forces must be taken into account.



i Tomas Bata University in Zlin
Faculty of Technology 71

Afterwards, the momentum equation written in wadnds the following form [57]:

Changen the Entering Leaving .
Forcesacting
momentum » =< momentum; —< momentum ; + (82)
L e e on thesyste
perunit time perunit time perunit time

With the aid of vector and tensor symbolism Eq) (82ewritten to:

2 pv=~{0p W 3)-0p- i+ pg (83)

0 _ .
where terma pV expresses momentum change per unit eV [¥) represents change

in the motion (momentum flux) per unit time ahgh stands for pressure forces acting on
the considered element]: symbolizes surface forces change per unit tip@, means

gravitational force acting on the considered elemaih the considered terms are per unit

volume.

Vz

dy dx y

Fig. 35: Components of stress, velocity and grdwmitel acceleration

acting on differential volume of fluid
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3.1.3 Energy equation

In nature, energy can neither originate nor to fdme it can only change the form.
Therefore, the energy equation is derived from raxaof energy into an elementary

volume in a given time (per unit time) [57]:

. o Decreas@ internal
Changen internal Increasen internal o
e = L —< andkineticenergy ; +
andkineticenergy andkineticenergy .
throughconvection
Changen internal Work whichthe Changen internal
+<: energy though }—<systentarriesouton ¢ +< energydueto heat (84)
conduction theenvironmen sources

In mathematical notation the energy equation hagdtowing form:

%p(U +%V2j = —{DpV(U +%V2j} -0q +p(\7 [@)— pv — D[r BV] +Q (85)

where the termg—t p(U +%v2j expresses change in ener%tﬂp\?(u +%v2ﬂ represents

change in energy through convectiaf means change in energy due to heat conduction,
p(\7 [@) stands for work due to gravitational forcgsj symbolizes work due to pressure
forces, D[r W] signifies work due to viscous forces, all the ¢desed terms are per unit

time and volume. Finallyg is change in internal energy due to heat sources.

3.2 Constitutive equations for polymer melts

Constitutive equations represent the moleculassé® generated in the flow due to
kinetic variables, such as velocities, strains, dedvates of velocities and strains. In each
of these equations many assumptions and idealimtbproduced stress and molecular or

structural forces are included.

According to the mathematical form two groups ohstitutive equations (CE) are
recognized. Firstly, in differential CEs the actgtiess is computed from particular set of
differential equations. This group contains a numifeconstitutive models (e.g. Leonov
model [58], PTT model [11], XPP model [12] etc.pcBndly, integral CEs give the stress

tensor as the integral of all stress contributifvos the remote past € - «) to the present
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time (). The most general integral constitutive equai®iK-BKZ model [59], [60] and
many derived integral CEs can be found in opemalitee [61]. In order to calculate the
stress for a particle at a specific location, tiféecential models give the present stress
without flow history requirements, whereas in tlase of integral CEs, integrating over the
whole flow history of particle is necessary. Fgpaticular purpose there are a number of

models [61].

In this work modified White-Metzner model [62], wé® main advantage consists in
analytical form of equations for description of ah@and extensional viscosities, will be
used. For this reason, the model parameters idmiidn from the experimental data is
direct and simple by using last square minimizanogthod, which is not possible when

more sophisticated constitutive equations are eyeplo

3.2.1 Modified White-Metzner model

In generalization of Maxwell model proposed by V&hiMetzner and Barnes [62],
the viscosity and relaxation time are allowed toywasith second invariant of strain — rate
tensor. Mathematically

= 77(” D)Dij (86)

Il O

7 + (1)
where 5 and i is given by the Egs. (1) and (2) respectiveﬁ(,llD) represents

O
the deformation rate — dependent relaxation timegxpresses upper convected stress

tensor derivate, and(ll D) stands for the deformation rate — dependent viycoBerm

;7(II D) in Eg. (86) is the Carreau-Yasuda function:

(T ) = % _ 87)

1+lia mﬂ(i}
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Here,a; is exponential equation for temperature — depetrstgft factor:
a, =exp]- AT - T, (88)

or Arrhenius equation for temperature — dependeifttfactor:

e
R, 27315+T 27315+T,

where E, expresses activation enerdy; is the universal gas constaml, stands for

temperature sensitivityf, represents reference temperature, @nd, a, N are adjustable
parameters. Furthermore, the uniaxial extensionatosgity is determined according
following relationship:

2T p) , wmny)
2

1
1—\/§A(T,IID)IID 1+\/§A(r,||,3)nD

Ne = (90)

As also shown by Barnes and Roberts [62], with dlte of specific functions of
(TN ,) and A(T,I1,) (Egs. (86), (87), (88) or (89) and (90)) the mockeh be used for

very good description of elongational viscosityreél polymer melts, because it does not
predict infinite elongational viscosity:

By — ’1031
AT, p) “Trkall. (91)

/3

. : )
wherel,, K, are constants defined by the following constrlezﬂq:< 73 [62].

1

The modified White-Metzner model is represente&@s. (86), (87), (90) and (91)
together with the physical limitation fag andK,. The modified White-Metzner model can

be applied only in steady flows because in this @htitk relaxation time depends lbs

As can be seen iRig. 36, the agreement between shear and uniaxial extalsio
viscosity obtained experimentally for various pogmc materials (unfilled polymers,
polymers filled with glass beads, polymer blends) through the modified White-Metzner
model is very good.
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and through modified White — Metzner model (lifeken from [62])
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3.3 Computer aided analysis and design

As introduced earlier, during all types of polynpeocessing a lot of instabilities can
be observed (seehapter 1.2. In order to eliminate these instabilities, exgiea and time-
consuming trial-and-error procedures were previousked without knowledge of physical
and chemical basis of these phenomena. Nowadayiematical description of basic
material properties (e.g. shear and extensionalosity, first and second normal stress
differences) and progress in computational techeigilow using numerical modelling in

order to predict these instabilities.

Mathematical modelling is based on the solutiooathematical equations which
describe physical (and/or chemical) interactionshie given process. It should be kept in
mind that an exact solution of viscoelastic flowolpems is not possible due to non-linear
nature of conservation and constitutive equatiddisof these equations together create a
system of partial differential equations that areryvdifficult to solve by common
mathematical tools. However, sufficiently accuredsults can be obtained by numerical

methods.

In numerical solution some important steps haveegerformed. Firstly, the flow
domain is discretized to small elements which ereaigrid. The shape and type of grid
depends on the flow domain shape and numerical odetihoice. Generally, the grid
density is an independent parameter and at highdr dgnsity (smaller elements) the
obtained results are more exact; on the other hed¢computing time is larger. Second,
the differential conservation and constitutive dopures are applied in all grid nodes, hence,
the complicated differential equations are reduoety to simple algebraic equations.
Finally, the primary variables (velocities, pregsuemperature) as well as other important
guantities (local stresses, shear rates, streasrditee) are computed from a large number of

algebraic equations.

As mentioned above, polymer melt flow problemsraye-linear, therefore iterative
solutions are necessary to use until acceptablyl $ok@rance convergence is reached. An
iterative process means a series of steps, whergrsh step is a solution with basic input
values (set by the user) and the other steps imgue values from the previous solution. If
the solution from the previous step and the lasp stre in desirable tolerance, the last

solution is the final solution of the given problenrfwo basic situations can
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arise: convergenceor divergenceprocess In convergence process the solutions are
approaching, which leads to a right solution. Ga ¢ther hand, in divergence process the
solutions recede and the solution will not be faulhdhould be noted that all numerical

methods are not absolutely accurate and the poectdieach of the methods is dependent

mainly on the grid density.

Three basic numerical methods are usually empldykav analysis networkFAN),
Finite differencesnethod(FDM) andFinite elements methdq&EM).

3.3.1 Flow Analysis Network (FAN)

The Flow Analysis Network (FAN), usually called ti@ontrol Volume Method
(CVM), employs physical principles for solution differential equations. In this method it
is not necessary to use discetization of the flamadin but only simplification of a
complex shape of flow domain to basic geometribalpgs is required. In this method the

pressure dropAp) and mass flow rat&)) through channels are in relation [63]:
Ap = cons” (92)

At the beginning of computing, the flow domain dsvided into elementary
subregions (e.g. tubes, rectangles), where Eq.ig9approximately valid. Subsequently,
the flow relations applied in each subregion aep-4ty-step affixed in computer program,
which includes algebraic equations with local puesgp) and local mass flow rat&€j as
unknowns. The other secondary variables from thetisa can be determined. As already
said, for the case of polymer melts the iterativecpdure is necessary to useg. 37
depicts a typical flow problem solvable by the FAéthod, which is flow of polymer melt

in a spiral mandrel die used in film blowing proges
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Fig. 37: Typical spiral mandrel die geometry (redie on the left side,
real model of channels on the top of the right saohel FAN grid of

channels below it)

3.3.2 Finite Difference Method (FDM)

The finite difference method is based on the coeadf suitable FD grid (as can be
seen in Fig. 38 and subsequently, the replacement of derivatilgs difference
approximations at each point of FD grid. This methe mainly used to solve heat

conduction problems.

L L L U L
1 0(x,y) 2
D o o o >
y
N N N D I
X

Fig. 38: Typical Finite difference grid
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The computational procedure is, for example at tp0ifk,y), following: The first

derivative for velocity can be approximated as {63]

d_Vv, Vv (93)
dx 2A\x
and the second derivative as:

dv _ Vv, —2v +Vv
dx’ (Ax)?

(94)

Another step is substitution of each differentiatjuation by difference
approximations at each nodal point of the FD gAd. a result, a system of algebraic
equations is obtained, which are then solved ®fevant technique. For the solution of 3D
problems including mass, momentum, heat transfdrchemical reactions, one version of

this method, known as Finite Volume (FV), is oftesed.

3.3.3 Finite Element Method (FEM)

In finite element method (FEM) the solution of etioias is approximately searched
by simple polynomials (e.g. linear for pressure gaddratic for velocity) for each element
of an FEM grid using variational principles. In erdo determinate the unknown variables,
algebraic solution of a very large number of edquregtiis necessary to do. A flat spiral die
used in film blowing process is a typical viscoétaglow problem in which the FEM

method is suitable to use.

Fig. 39shows a real flat spiral die (on the left side) #melFEM grid of distribution

system of this die (on the right side) as example.

Two essential conditions ¢finite element methods well as thé&inite difference
methodare necessary to control during the computatianst,Fstability condition includes
boundless growth or controlled decay of errors @ased with the solution of the algebraic
equations. Second, convergence condition repreiemtapproach to successful numerical
solution. Mathematically this successfulness isresged as a decrease of the step sizes
(AXx, Ay, Az) down to zero. In the case of viscoelastic simaitet it is necessary to use
special solution techniques because these simutatEwe prone to loss of stability or

divergence. Frequently, the solution of these mnmisl is carried out with the aid of two
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(or more) significantly different grid densities.ftérwards, the results obtained from
different grid densities should have very smaliedé#nces.
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Fig. 39: Typical flat spiral die geometry (real dieft, and FEM grid of distribution
system-right) (taken from [64])

Analytical methods and various numerical methodfediin the amount of
computation required, as well as in accuracy anplicgbility of the results. The FE
method allows solving more geometrically compleawfl domains than FD and FAN
methods. However, the realization of FEM solutiemiore difficult than of the others. The
main advantages of FAN method, on the other hamdeasier implementation than FD or
FE methods and better convergence procedure, ewethd case of rough grids.

Nevertheless, the FAN method is not able to gieeigron results on local flow details.

As result of above mention discussion, the FEM bhasn chosen for theoretical
analysis in this work.
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4 AIMS OF THE WORK

“M AGISTER ARTIS INGENIIQUE LARGITOR VENTER'
(Necessity is the mother of all inventipn.
Aulus Persius FlaccugA.D. 34 — 62),
SATURAE (The Satirep

The main aim of this work is to theoretically angerimentally evaluate different
techniques for extensional viscosity determinativom the entrance pressure drop
measurements by using orifice die with respectighliz branched, slightly branched and
linear polymer melts. Special attention will be&b the development and testing of the
novel orifice die design as well as to novel caltlam procedure which will leads to very

precise entrance pressure drop measurements eypeesatire transducer down resolution
limit.
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5 MATERIALS

“NAMQUE MOVETUR AQUA ET TANTILLO MOMINE FLUTAT QUIPPE VOLUBILIBUS

PARVISQUE CREATA FIGURIS AT CONTRA MELLIS CONSTANTIOR EST NATURA ET
PIGRI LATICES MAGIS ET CUNCTANTIOR ACTUSHZARET ENIM INTER SE MAGIS OMNIS
MATERIAI COPIA, NIMIRUM QUIA NON TAM LEVIBUS EXTAT CORPORIBUS NEQUE TAM
SUPTILIBUS ATQUE RUTUNDIS"

(For water is moved, and flows, with so trifingade acts upon it, inasmuch as
it is composed of voluble and small particles. Betnature of honey, on the other
hand, is more dense, and its fluid sluggish, asdnibovement more tardy; for
whole mass of material particles clings more clgstegether; because, as is
evident, it consist of bodies neither so smoothsoesmall and roundl.

Titus Lucretius Carus(ca. 99 — ca. 55B.C.),
DE RERUM NATURA (On the Nature of Things

In this work, the following materials have beendise

* LDPE, Escorene LD 165 BW1 (Exxon, USA):

ps=0.922 g.crit, My, = 366,300 g.mat, M, = 30,280 g.mot
 LDPE, Lupolen 1840H (Basell, Germany):

ps=0.919 g.cri¥, My, = 258,000 g.mat, M, = 15,542 g.mot
«  mMLLDPE, Exact 0201 (Exxon, USA):

ps=0.902 g.crit, My, = 88,700 g.mat, M,, = 41,449 g.met
* HDPE, Tipelin FS 450 — 26 (TVK, Hungary):

ps=0.945 g.crit, My, = 212,300 g.mat, M, = 22,430 g.mot
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6 EQUIPMENT AND METHODS

“I LLUD INSUPER PRACIPIMUSUT OMNIA IN NATURALIBUS TAM CORPORIBUS QUAM
VIRTUTIBUS, QUANTUM FIERI POTEST NUMERATA, APPENSA DIMENSA,
DETERMINATA PROPONATUR OPERA ENIM MEDITAMUR, NON SPECULATIONES
PHYSICA AUTEM ET MATHEMATICA BENE COMMISTA GENERANT PRACTICAN’

(We moreover recommend that all natural bodies andlitles be, as far as
possible, reduced to number, weight, measure, aacige definition. For we are
planning actual results and not mere theory. Angith proper combination of
physics and mathematics that generates pragtice.

Francis Bacon(1561 — 1626),

PARASCEVE AD HISTORIAM NATURALEM ET EXPERIMENTALEM (A Preparation for a
Natural and Experimental Histoyy

In this section, all experimental devices useddnsequent experimental work are
introduced in more detail. Specific attention igdpaere to the calibration procedure
utilized for the orifice die pressure transducetake possible nonlinearities occurring in

their down resolution limit properly into account.

6.1 Capillary rheometer ROSAND RH7-2

The RH7-2 (ROSAND Precisian Ltd., England) is advanced floor standing
controlled-rate capillary rheometer which can beduso determinate the rheological
properties of thermoplastic materials at a wide geanof deformation rates and
temperatures. As can be seeffrigs. 19(transparent section view of barrel section) 4ad
(real view of complete device) this rheometer isigieed in twin-bore technology which
allows to perform two simultaneous measurementssyg two different capillaries. This

allows determining Bagley and Rabinowitsch corrécieear viscosity during one test.
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Fig. 40: Real view of twin-bore capillary rheome®ROSAND RH7-2

The rheometer essentially consists of the drivessyisbem (motor, gear box, lead
screw and crosshead), the barrel assembly, whiattashed to the drive system by the tie
rods, and a frame on which the drive system is neaurVia the drive sub — system is
realized the piston movement (the pistons are nealiat the bottom of the crosshead) and
the piston position is controlled through closedpl®ystem, with an optical shaft encoder
feeding back to the motor drive board. Requiredpterature is reached by the three
ceramic heaters which create three separate z&aeh of this zone has independent
regulation that is pursued through platinium resise thermometers and three term (PID)
control algorithm. As a final measurement units fave pressure transducers which are
located in entry die regions and they contain te®isbridge strain gauges. These
transducers work in analogue mode and in order resspre data processing the
analogue/digital conversion must be used. Furthezmall above mentioned controls and

analysis of measured data are carrieRbgand Flowmast&f 2000software.
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The measurements were carried out in a constattnpgpeed mode at the shear
rate of (0.04 — 3000)’s For measure of pressure drops in high deformatites we used
pressure transducers (Dynisco, USA) in ranges@DQD) PSI (68.9476 MPa), and (1,500)
PSI (10.3421 MPa). In order to obtain the most esteu rheological data at low
deformation rate range, two high sensitive pressuesducers (500) PSI (3.4473 MPa)
and (250) PSI (1.7237 MPa) calibrated with speadifice (seeChapter 6.2for pressure

calibration details) were used to determine engressure drop.

Three sets of capillaries were used for the measemés. Their dimensions were

following:

+ orifice capillary die L,c=0,125 mmPy,c=1 mm

Loc = 0,250 mmMPyec =2 mm

Loc = 0,375 mmMPyc =3 mm

e longcapillarydie Lc=16mmD,.c=1mm

Lc=32mmDic=2mm
Lc=27mmD,.c =3 mm

The scheme of conventional orifice die is depidte#ig. 41 The diameter of barrel

wasDg = 15 mm.

a) | b)

Fig. 41: Conventional orifice die — section view, (aottom view (b)
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The rheological tests of investigated polymer maker were performed at
temperatures 150°C, 200°C and 250°C for highly ¢tinedLDPE Lupolen 1840H180°C
for slightly branchednLLDPE Exact 020hnd lineatHDPE Tipelin FS 450 — 28Before
each of tesauto-gain calibrationof pressure transducers was performed and thengoly
granules was perfectly compacted to eliminate abbtes. As additional, two preheating

steps (for 3 and 6 minutes) as well as two commesteps (to 0.5 MPa) were utilized.

6.2 Pressure transducer calibration

As introduced irChapter 2 all rheological quantities which are measuredvan —
bore controlled-rate capillary rheometer are deieech only through the knowledge of
barrel/die geometry, piston speed and measuregdypeesdrop at particular capillary. Since
the values of entrance pressure drop are very &specially in low deformation rates)
specific care has to be done with respect to pressansducer calibration, especially at
down resolution limit region. The principle of psese calibration is based on an
application of known pressure (by using pressutgcg) on the calibrated transducer with
consequent detection of its response. The pressueither applied by aead-weight
system(using calibrated weights to produce a known pnegsor by applying the pressure
through thefluid medium(oil or compressed air). Calibration curve is deieed from

reference pressure and pressure transducer response

The ROSAND RH7-8oftware Rosandrlowmastef™ 2000 allows asingle — point

or multi - pointcalibration, which are discussed bellow in moreaaiet

6.2.1 Single - point calibration

Thesingle - pointcalibration is in fact a two-point calibration. The princigéthis
type of calibration consist in zeroing the presdua@sducer output at zero pressure (first
point) with consequent application of particulaegsure from the pressure source which
usually represents 80% from the full transducetes¢second point). These two points
create a straight line ealibration curve(its slope is usually called @din”) according to
which the pressure transducer output is correciée. main disadvantage of this single
point calibration is assumption of linear extrapiola between these two calibration points
which do not take pressure transducer nonlineargir@perly into account. Therefore, the

measurements at down pressure transducer resoluibrcan be highly erroneous.
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6.2.2 Multi - point calibration

In this case, thecalibration curve obtained fromsingle-point calibrationis
followed by number of additional calibration poimtsvering the whole pressure transducer
range and the possible nonlinearities are expreasepercentage deviation (correction)

from the linear calibration curve. This correctisrdefined as following:

10C( Prer — pTRANS) (95)

pTRANS

correction=

wherepger represents the reference pressure from calibrafgeice andrrans iS pressure

transducer response.

In this work, the calibration has been performedha following way. First, the
certain pressure value was generated by the ctidibrdevice and corresponding pressure
transducer response has been recorded. Afterttleatompressed air from the calibration
device was emptied to achieve zero pressure. Tirieatimn factor was calculated for this
particular case only if the pressure transducercatdd the zero pressure value. If the
indicated pressure was non-zeaoito-gain calibrationwas performed and the procedure
has been repeated again until the zero pressureagiasved on pressure transducer for
zero pressure conditions. The procedure has beeatex for all chosen calibration points.
Obtained calibration curve was used to calibrate ghrticular pressure transducer with
consequent three times check. This step by stepadelogy eliminates possible errors
which can arise from residual currents in rheometectrical systems. In this work, the
500 PSI pressure transducer has been calibratadibg 39 calibration points whereas for
highly sensitive 250 PSI pressure transducer 6®rasibn points were used. As a final
step following after the calibration of each presswansducer three times repeated control

was performed.

6.2.3 Pressure calibration device

In this work, compressed air based calibration aeviCCS 20 fromAMV
Messgerate GMBHas been utilized. As can be seenFig. 42 the air pressure is
generated by calibration hand pump. Afterwards, phessure is roughly regulated by
emptying valve or more precisely controlled by time pressure regulation. Furthermore,

the calibration hand pump has two pressure outputst one is connected to the pressure
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transducer through transition part whereas the rebame is attached to the pressure
indicator through air hose. In order to determimdibcation curve very precisely, two

pressure indicators with various ranges (0 — 20&#hB0 — 2000 kPa) were used.

Indicator 2
(0-20 kPa)

Indicator 1
(0-2000 kPa)

Fig. 42: Real view of calibration device in opemtistate

6.3 SER-HV-AO01 Universal Testing Platform

Sentmanat Extensional Rheometer (SER) Universalinge®latform is a novel
type of extensional rheometer, which was developgdM. L. Sentmanat [15]. It is
designed as a detachable fixture for commercialgilable rotational rheoemeters and it
allows measuring not only uniaxial extensional tbgg of polymer melts and elastomers
but it also possible to perform another tests: Tpeel/adhesion, friction, tear and
tensile [10].



i Tomas Bata University in Zlin
Faculty of Technology 90

As can be seen iRig. 43 Sentmanat extensional rheometer consists of tvast@n
and slave) wind-up drums mounted on bearings, libuse chassis, and mechanically
connected through intermeshing gears. As a res$udtiee shaft rotation both drums are
revolved with same speed but opposite orientaiiterfneshing gears have gear ratio 1:1).
Polymer sample is placed between drums and seccdliangps (one is on the master drum,
the other on the slave drum) and with the rotabbioth drums the sample is stretched
above the unsupported length,(centreline distance between the master and shawas).
The resistance of sample is representing as arntagérce rise up on both drums. This
force causes torqug,, which is measured by torque transducer on thgutoshaft. This
figure also shows the behaviour of the sample duitve test. The sample length increases
while the sample width decreases exponentially. Te@n advantage of this device
consists in only few milligrams of tested matema&ed and further this platform can be
used for molten or solid materials characterizatwar a very wide range of temperatures

and kinematics deformation rates.

Torque shaft

Chassis
Bearings

Securing clamps

Sampls

Slave drum

Master drum

Bearings

Intermeshing gears
Drive shaf

Before test

During test

Fig. 43: Schematic view of Sentmanat extensioredmieter (SER)
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6.4 Compuplast® Virtual Extrusion Laboratory ™ (VEL)

Finite Element Method based analysis has been mpeetb by using Virtual

Extrusion Laboratory (version 6.2) software from Compuplast®, Interoaél company.
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RESULTS AND DISCUSSION

“OMNE IGNOTUM PRO MAGNIFICO EST’
(We have great notions of everything unkngwn.
Publius (or Gaius) Cornelius TacitugA.D. ca. 55 — ca. 116),

DE VITA ET MORIBUS IULII AGRICOLAE (The Life and Character of Julius Agricola).

FEM analysis of Binding, Cogswell and Gibson models

In this part, the capability of Binding, CogswelidaGibson models to determine
extensional rheology for different polymer melts leeen investigated theoretically by the
modelling of the abrupt contraction flow thouditteal orifice die” by FEM. For this aim,
LDPE Escorene LD 165BWB5] together with four additionalirtual materialshaving
continuously decreasing extensional strain hardemhé@vel were considered (sé€gs.
51,52. This has been done by holding parameters in(&#f).as a constant, whereasand
K, parameters in Eq. (91) were varied. The modificaité&/Metzner model parameters for

all these samples are providedriab. 5

Tab. 5: Parameters of modified White-Metzner mdHefs. (86), (87) and (91)) for both,
real (LDPE Escorene LD 165 BW1) and virtual (M1,,ME3 and M4) materials

Function modified White-Metzner model

Material no(Pa.s)| A(s) a(-) n() Ao (8) Ki(-)

LDPE Escorene LD 165BW 1 | 77,103 7.6286 0.4747 0.3284 248.32 293.63

Virtual material M1 77,103 7.6286 0.4747) 0.3284 | 236.00 293.63
Virtual material M2 77,103 7.6286 0.4747) 0.3284 | 220.00 293.63
Virtual material M3 77,103 7.6286 0.4747) 0.3284 | 193.00 293.63
Virtual material M4 77,103 7.6286 0.4747| 0.3284 0.00 293.63

The sketch of theideal orifice die” (i.e. it is assumed that the downstream region
of the orifice is not filled by the melt — the extiate flows as a free jet through the
expansion) together with corresponding boundanditmms and FE mesh is provided in
Fig. 44 The die has 90° entrance angle, 2 mm die dianagt@rcapillary length equal to
0.24 mm (ideally this length should be zero butrfronachinery point of view the

considered orifice die has certain very small lehgAccording to [66], the maximum
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achievable extensional strain in this domain igiby Eq. (96) i.e. 4.03 in this specific

case.
¢ =2nre (96)
C
\
|
015
8 — Input
‘ — Output
— Wall
Fully
02 § — lubricated
‘ | o wall
10 )
N
-
|
a) b) %

c)
Fig. 44: Details for theoretical ideal orifice di@nalysis where downstream region is not
filled by the polymer melt (a — geometrical sketfhideal orifice die, b — boundary

conditions, ¢ — FEM mesh)

The FE mesh used for abrupt contraction flow modetionsists of 2949 elements
with 6094 nodes, which sufficiently describes tlwvf domain and gives enough precise
results. Edge length was chosen 0.8 mm and duewdlbw rates iteration level in our
research was 8. Number of iterations was 100 and for shear rite®r than 0.03°S
was even 200. Furthermore, non — Newtonian/temperateration was considered and

effects of inertia and gravity were neglected.



i Tomas Bata University in Zlin
Faculty of Technology 94

It should be mentioned that in all calculationssibssumed that the polymer melt
does not swell and that the free surface boundanditons for free jet flow can be
replaced with a wall with absolute slip (only thaah wall velocity component is allowed
to vary, and the wall radial velocity is equal ter@). This assumption has several
advantages. First, it allows simulation of freefjetv in which the velocity rearrangement
at the end of the die is taken into account. Taithe main advantage in comparison with
simulations that do not consider any free jet floBecondly, the no-extrudate-swell
assumption simplifies the flow situation, so thalcalations can be made at much higher

flow rates.

In order to demonstrate the role of material exterad properties on the generation
of the entrance pressure drop for different polymeelts flow through an abrupt
contraction,LDPE Escorene LD 165 BW4and fourvirtual materials(seeFig. 52 were
used. The calculated results, in terms of entramsmosity, are depicted iRig. 53 and the
parameters of entrance pressure drop model are atpat inTab. 6 It is clearly visible
that all materials showing extensional strain hantg in the uniaxial extensional viscosity
(see Fig. 52 also yield overshoot in the entrance viscosifigse Fig. 53 which is
consistent with the open literature [33] supportihg validity of the used numerical

approach in this work.

Tab. 6: Entrance pressure drop model (Eq. (23))apaeters for both, real (LDPE Es-
corene LD 165 BW1) and virtual (M1, M2, M3 and M#gterials

Function Entrance pressure drop model
Material nento (Pas) | A7 (s) a () o (s) ¢ ()

LDPE Escorene LD 165BW 1 59,550.14209 0.581123| 0.606455641f 15.834387 0.299492
Virtual material M1 57,758.09353 0.782182| 0.595147002f 17.037560 0.292668
Virtual material M2 55,776.31681 0.976292| 0.590259989p 18.775613 0.276982
Virtual material M3 57,806.94014 1.497522| 0.574943156p 16.035987 0.244389
Virtual material M4 61,906.54042 0.940443| 0.626106586# 0.000000 0.000000

With the aim to test the applicability of BindinGogswell and Gibson model to
predict uniaxial extensional viscosity, firstlyetlentrance pressure drop model, Eq. (23),
was used to fit theoretical entrance viscositydach particular materials (séay. 53 and

secondly, all models were utilized to calculateanial extensional viscosity according to
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corresponding equations provided @hapter 2.2 All data needed for such calculation
were taken from the numerical simulations. Morepg#ective entry length correctiomas

used for all considered models.

Comparisons between the calculated extensional thedretical viscosities are
given in Figs. 54-58 It is shown that all used entrance techniquegliprehe same
extensional viscosity plateau at low shear rates tduthe applieceffective entry length
correction The comparison between theoretical and calcukatéehsional viscosities with
the applied correction for extensional strain hamdg polymer melts (se€igs. 54-58

leads to the following conclusions:

» All methods seem to capture the same and proppe sibthe extensional viscosity

at high extensional rates.
» Binding model overpredicts and underpredigtat low and highe , respectively.
» Gibson model significantly underprediegsat both, low and higla .

» Cogswell model underpredicis for highly extensional strain hardening melt®.i.
if the maximum uniaxial extensional viscosity ded by 3 times Newtonian
VISCOSItY, 7emax/(3770), 1S higher than 2. On the other hand, for loweastonal strain
hardening materials wherge... /(37,) < 2, Cogswell model predictg: very

precisely within wide range of extensional straites.

The Fig. 58 compares theoretical and calculated extensiorsalogities with the
applied correction for extensional strain thinnipglymer melt. It is nicely visible that
both, Binding and Gibson models provide reasongblid agreement between calculated
and predictede. On the other hand, the Cogswell model tends aypredicts the uniaxial

extensional viscosity especially at high extendistrain rates.

Interesting question is whether there is matherabtelationship between uniaxial
extensional viscosity and entrance viscosity. Tg. 59 shows maximum uniaxial
extensional viscosity divided by 3 times Newtonascosity, 7ema/(370), as a function of
maximum entrance viscosity divided by entrance 088§ plateauyenrmalfento It SEEMS

that exponential function given by Eq.(97) can beduto captured such dependence.

D
ﬂ;max =ex Clzln[ﬂENTmaxj:| (97)

Mo Hent 0
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whereC = 3.98 andD = 2.85. Note, that both parameters were determinethe last
square minimization method. It is believed thas thelationship can be used to predict
level of extensional strain hardening from the mead entrance viscosity for variety of

branched polymers, which of course has to be testpdrimentally.

Theoretical effect of die design on the measuredesmsional rheology

In this part, the effect of the orifice die desigm the measured entrance viscosity
and consequent extensional viscosity calculatio been investigated. In more detail, it
may happen that, due to quite narrow downstreafit@ulie region (se€ig. 41 for more
detail) and extrudate swell, the polymer melt staa fill this region. Therefore, if this
happens, the question is how much this flow situainfluences the measured entrance
viscosity/uniaxial extensional viscosity. In orderanswer this questionjrtual material
M2 (having medium level of extensional strain hardghihas been chosen for FEM
analysis for the case considering that downstredfcedie region is filled by the polymer
melt. The sketch of such flow situation for conwvenal orifice die together with
corresponding boundary conditions and FE meshasiged inFig. 45 (grid consists of
7400 nodes and 3553 elements). The problem hasdwdesd for different flow rates and
the obtained theoretical results were plottedrign 60 and compared with corresponding
theoretical data considering that downstream @rifle region is not filled by the polymer
melt. In thisFigure, it is clearly visible that entrance viscosities both cases differ
significantly within wide range of apparent sheates. In addition, entrance viscosity

parameters for this material are provided ab.7.

Tab. 7: Parameters of entrance pressure drop m(ilgl (23)) for virtual material M2

Function Entrance pressure drop model
Downstream die region type #ento (Pa.s) A (s) a (-) a (s) &)
Unfilled 55,776.31681 0.976292| 0.590259989p 18.775613 0.276982
Filled 70,727.18176 0.654474| 0.601154203B 18.599694 0.279597
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In more detail, the fact that the polymer meltsfithe downstream region of the
orifice die leads to significant entrance viscoditgrease due to additional shear flow
component occurring at this region. Théy. 61 shows the impact of such artificial
entrance viscosity increase on the uniaxial extevadi viscosity determined by the
corrected Cogswell model. Clearly, artificial emita viscosity increase leads to artificial
uniaxial extensional viscosity increase leadinghigher level of disagreement between
Cogswell model prediction and true shape of unlagid@ensional viscosity. In the other
words, the main conclusion from this theoreticaldgtis that very narrow downstream
region may leads to erroneous estimation of theaeoé viscosity leading to artificially

high uniaxial extensional viscosity.

|
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Fig. 45: Details for theoretical conventional ogé die analysis where downstream region
is not filled by polymer melt (a — geometrical sketof conventional orifice die,

b — boundary conditions, ¢ — FEM mesh)
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Novel orifice die design

In order to prevent unwanted artificial entrancecesity increase due to very
narrow downstream channel, novel orifice die desigs been proposed. The sketch of the
novel orifice die design is depicted fig. 46 whereas the more detailed geometry details

are provided in théppendix Viof this thesis.

a) b)
Fig. 46: Novel orifice die — section view (a), looit view (b)

The main advantage of this novel orifice die desgroccurrence of very open
downstream region which consist of diverging chaamel four holes which enables to use
special key to crew-up the orifice die to the rhetan barrel. This downstream orifice die
geometry practically eliminates any possibility fartificial pressure increase due to
polymer melt sticks with the downstream wall. Maren possible detail view of the
extrudate leaving the die during the measuremdiu® alirect measurement of the free
surface development during the extrudate swell winscpractically impossible if one use
the conventional orifice die design depictedrig. 41 Another expected advantage of this
novel die design can be much precise detectiomefmelt rupture for the rupture stress
determination in comparison with conventional eefidesign where the melt rupture can
be hidden if downstream region is filled by theymoér melt. In the next part, this novel

orifice die design will be tested for different pessing conditions and polymer materials.

Experimental evaluation of the novel orifice die sign

For the experimental work, highly brancheDPE Lupolen 1840Hvas used. The

uniaxial extensional viscosity data measured onSE® at 158C were taken from the
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open literature [15] whereas the high shear radeogity data were measured Rosand
RH7-2 twin — bore capillary rheometer by using novelfiog die at three different
temperatures (185G, 200C and 256C). The modified White-Metzner model was used to
fit both, shear and uniaxial extensional viscosit§ya (sed-ig. 62). Moreover, the vortex
size development predicted by FEM foDPE Lupolen 1840Hflow through abrupt
contraction provided irFig. 63 clearly shows non-monotonic trend between vorieg s
and mass flow rate which is consistent with redemtings [67]. This indicates that both
shear and extensional rheological propertiesllOPE Lupolen 1840Hare determined
correctly and thus this material can be taken as réference material for further
rheological analysis. The modifed White-Metzner eloggarameters are provided in
Tab. 8

Tab. 8: Temperature dependent modified White — Metmodel parameters (Eq. (86),
(87), (88) and (91)) for LDPE Lupolen 1840H

Function Temperature dependent modified White-Metarodel

Material no (Pa.s) A (s) a() ne) [ACCYH | To(CC) | 4 (s) Ki(-)

LDPE Lupolen 1840H | 59,950 | 0.583 0.328 0.104q0 0.0281 1 197.95 P3).8

In the first step, both conventional and noveliogfdies has been used to determine
entrance viscosity folLDPE Lupolen 1840Hat 256C, which is typical processing
temperature for the film casting process. The temgjether with the closer view of the
orifice downstream region during measurement ivigesl in Fig. 64 As expected from
the theoretical study, entrance viscosity measbyethe conventional orifice die is much
higher in comparison with novel die design, cleadye to the fact that polymer melt fills
the downstream region of the conventional orifiee Also, the level of the extrudate swell
from the conventional orifice die is artificiallyigh due to that reason. This leads to the
conclusion that the measurements of the extensrbealogy at high processing conditions

is highly erroneous and novel orifice die desigaust be preferred.

With the aim to compare both orifice dies at tmecpssing condition where the
downstream region is not filled by the polymer mdieological testing has been done at
150°C. Experimentally determined entrance viscosityhasfunction of the apparent shear

rate by using conventional and novel orifice dieslepicted irFig. 65 In this case, the
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entrance viscosity determined from novel orifice @ slightly lower in comparison with
conventional orifice die measurements. This carsipbs be caused by relatively small
diverging angle of the downstream wall in convemgioorifice die design (se€ig. 41)

which can promote slight or partial stick betweehymer melt and die wall at that region

causing slight, artificial entrance viscosity irase.

As the result, in the further investigation, onlyvel orifice die design will be used

for the experimental work.

Another difficulty to determine precise values eftrance viscosity at very low
apparent shear rates can be caused by imprecise pjgeed regulation. The occurrence of
such error can be investigated by using two orifies having two different diameters. In
such case, different piston speeds are neededhievache same value of the shear rate on
two orifice dies having different diameter (i.e lempiston speed is needed for smaller
diameter orifice die and vice versa to achievesamme value of the apparent shear rate).
The rheological tests have been performed-foPE Lupolen 1840Hpolymer at 158C by
using two orifice dies having different diametem{@& and 3 mm) and experimental data
are depicted irFFig. 66 Clearly, high level of entrance viscosity disimmt occurs at low
apparent shear rates in the case of orifice diegngadiameter equal to 2mm only.
Moreover the reproducibility of the measured enteamiscosity data is very low at that
apparent shear rate range. On the other hand,ithy asfice die having diameter equal to
3mm the entrance viscosity distortions at low apptashear rates are significantly reduced
as visible inFig. 67. This leads us to the conclusion that the usei€® die having 3mm
in diameter should be preferred to get preciseaant viscosity data at low apparent shear

rates range.

Experimental analysis of Binding, Cogswell and Gidrs models

In this chapter, novel orifice die with properlyoden capillary diameter will be
utilized to determine uniaxial extensional viscp&ly using Binding, Cogswell and Gibson
models for highly branched-DPE Lupolen 1840} slightly branchednQLLDPE Exact
0207 and linear polymerdHDPE Tipelin FS 450 — 26

In the first step, entrance viscosity has beeerdghed for all three samples by the
use of the novel orifice die and consequently ditby the entrance pressure drop model,

Eq.(23) as depicted irigs. 67-69and fitting parameters are providedTiab. 9
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Tab. 9: Parameters of entrance pressure drop m(ilgl (23))

Function Entrance pressure drop model

Material 7ento (Pa.s) A (s) a (-) a (s) &)

LDPE Lupolen 1840H 29,647.25498 | 0.05101p 0.6599534062 19.951935 00ZB6|
MLLDPE Exact 0201 19,010.49081 | 0.420384 0.3817786809  6.012095 0.306P6
HDPE Tipelin FS 450 - 26 1000,000.00000 8.004018 O.57784747|80 0.000000 00mDOo

It is nicely visible that in all three cases, EG)2epresents the measured viscosity
data very well. In the second stegffective entry length correctidmas been applied for
entrance viscosity data with respect to Bindingg€eell and Gibson model. Finally, the
extensional viscosities have been calculated fraththree samples according to all three
techniques and consequently compared with SER stetatle extensional viscosity data
reported in the literature [15], [68] as visibleRigs. 70-78(the shear viscosity data needed
for the uniaxial extensional viscosity calculatere measured oRosand RH7-2win —
bore capillary rheometer; corresponding Carreauwdasmodel fitting parameters are
provided inTab.1Q.

Tab. 10: Fitting parameters of Carreau — Yasuda et¢Eq. (87))

Function Carreau — Yasuda model
Material no (Pa.s) 2 (s) a(-) n()
LDPE Lupolen 1840H 59,950 0.5834 0.3282 0.1000
mLLDPE Exact 0201 17,998 5.6062 1.3639 | 0.6029
HDPE Tipelin FS 450 — 26| 5,033,405 3.8745 0.1401 0.0653

It also has to be mentioned that the dotted liruotg inFigs. 70-78represents
extensional viscosity calculated from the entraviseosity fitting lines provided iffrigs.
67-69 i.e. the fitting lines were taken as the measer@sin this case. Closer analysis of

theseFiguresreveals the following conclusions.

For highly branched.DPE Lupolen 1840Hmaterial wherenegm./(3n7,) = 3.9,
Binding model predicts extensional viscosity in doagreement with SER extensional
viscosity data at low extensional extensional rat®bereas at medium and higher
deformation rates the calculated data are undegbeed (seeFig. 70. Gibson model

behaviour is even worse in this case, because latddu extensional viscosity is
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underpredicted within whole extensional rate rafggeFig. 71). Finally, the Cogswell
model gives good agreement between measured andatatl extensional viscosity at low
and high extensional deformation rates but at mmddeformation rates, the model
underpredicts the measured data (Sige 72). Obviously, these observations are in good
agreement with the conclusions obtained from theme analysis. Thus, we could
conclude that for branch@adPE Lupolen 1840Hbolymer the Cogswell model predictions
are more realistic in comparison with Binding andb$en model in this case. The
incapability of the Cogswell model to describe esienal viscosity data at medium
deformation rates can be explained by the facttti@textensional strain hardening is too
high in this case i.e. thak../(317,) > 2, which is consistent with the findings based

theoretical analysis.

For slightly branchednLLDPE Exact 0201material wherenegm./(37,) = 1.6,
Binding model overpredicts extensional viscosityl@w extensional rates whereas at
medium and high deformation rates, the extensigisglosity is underpredicted (s€&g.
73). Gibson model predicts extensional viscosity ood) agreement with the measured
SER data at low extensional rates, but at mediumh lagh deformation rates, the
extensional viscosity is underpredicted ($d€g. 74). Cogswell model predictions are
surprisingly in excellent agreement with the meadUSER extensional viscosity data as
visible in Fig. 75 For slightly branchednLLDPE Exact 0201polymer, all above
mentioned conclusions are in good agreement with fihdings based on theoretical
analysis for all three tested model. Here, it stidnd pointed out that the extensional strain
hardening parameter fonLLDPE Exact 0201S #en.{/(3770) < 2 1.e. it is in the range where,

Cogswell model predictions are very precise as shovwhe theoretical analysis.

For linearHDPE Tipelin FS 450 — 26vhere #e..{(317,) = 1, both, Binding and
Gibson models gives excellent agreement with thasmed SER extensional viscosity
data within the experimentally determined extensigates range (sd€gs. 76,77. On the
other hand, the Cogswell model failed in this cheeause the model overpredicts SER
extensional viscosity data (s€&. 78 within whole deformation rates range. Again all
above mentioned conclusions for the linel@PE Tipelin FS 450 — 2polymer are in very

good agreement with corresponding conclusions néthaduring theoretical analysis.
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Fig. 47: Single point calibration curve for 500 H8essure transducer
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Fig. 48: Comparison between uncorrected (red cstlend corrected (green,

blue and orange symbols) 500 PSI pressure transdesponse
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Fig. 49: Single point calibration for 250 PSI psese transducer
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Fig. 50: Comparison between uncorrected (red cstlend corrected (green,

blue and orange symbols) 250 PSI pressure transdesponse
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Fig. 51: Comparison between steady shear and ualisextensional viscosity
data (symbols) and modified White-Metzner modedlipt®ns (lines) for LDPE
Escorene LD 165 BW1 at 200. Experimental data are taken from [65]



i Tomas Bata University in Zlin

Faculty of Technology 108
]_07 E T T TTTTIT T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T TTTTIT T T IIIII;
- LDPE Escorene LD 165 BW1 at 200 and .
i virtual materials M1, M2, M3 and M4 at 200C i
10° = =
> C ]
o r ]
a I i
- = ]
9
@ 10° = =
o = 3
O - 4
2 C ]
g C ]
= L ]
c - 4
i)
0
$ 10'p 3
">_<' c 7
P C ]
© i ]
x
.© B
5
- 10°F 4
C - 3
© - Extensional viscosity for LDPE Escorene LD 165BW1 .
§ - Extensional viscosity for virtual material M1
n i Extensional viscosity for virtual material M2
10° £ Extensional viscosity for virtual material M3 =
- Extensional viscosity for virtual material M4 ]
L Shear viscosity ]
101 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1111
10" 10° 107 10" 10° 10 10° 10°

Shear and extensional rates (s?)

Fig. 52: Steady shear and uniaxial extensional as#y curves predicted by
modified White-Metzner model — Eq. (86) for LDPEdisne LD 165 BW1
and four additional virtual materials (M1, M2, M3d M4)
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calculations for “ideal orifice die” depicted in i 44
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Fig. 54: Comparison of corrected Cogswell, Binding and Grbpeedictions of
extensional viscosity with modified White-Metznatemrsional viscosity for
LDPE Escorene LD 165 BW1 assuming “ideal orifice"diepicted in Fig. 44
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Fig. 55: Comparison of corrected Cogswell, Bindargl Gibson predictions of
extensional viscosity with modified White-Metzngteesional viscosity for

virtual material M1 assuming “ideal orifice die” ghécted in Fig. 44
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Fig. 56: Comparison of corrected Cogswell, Binding and Gibpoedictions of
extensional viscosity with modified White-Metznatemrsional viscosity for

virtual material M2 assuming “ideal orifice die” ghécted in Fig. 44
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Fig. 57: Comparison of corrected Cogswell, Binding and Gibpoedictions of
extensional viscosity with modified White-Metznatemrsional viscosity for

virtual material M3 assuming “ideal orifice die” ghécted in Fig. 44
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Fig. 58: Comparison of corrected Cogswell, Binding and Grbpeedictions of
extensional viscosity with modified White-Metznatemrsional viscosity for

virtual material M4 assuming “ideal orifice die” ghécted in Fig. 44
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Fig. 59: Theoretically predicted relationship between attdile
dimensionless maximum in uniaxial extensional @isga@urve and entrance

viscosity curve for “ideal orifice die” depicted ig. 44
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Fig. 60: Theoretically predicted effect of orifice die design the entrance

viscosity for virtual material M2
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Fig. 61: Comparison between modified White-Metzeaensional viscosity
and Cogswell predictions for virtual material M2 bging two different orifice

dies
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Fig. 62: Comparison between measured steady uniaxial extesléshear vis-

cosities and modified White-Metzner model predngio
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Fig. 64: Comparison between experimentally determined en&ratscosities by
using conventional orifice die (green symbols) amolvel orifice die (red
symbols) for LDPE Lupolen 1840H at 280
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Fig. 65: Comparison between experimentally determined eo&anscosities
by using conventional orifice die (green symbols)d anovel orifice die
(red symbols) for LDPE Lupolen 1840H at 160
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Fig. 67: Comparison of entrance viscosity measurgnier LDPE Lupolen
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Fig. 68: Entrance viscosity for mLLDPE Exact 0201 material 180C

measured by novel orifice die with 2mm and 3mm eliam
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Fig. 69: Entrance viscosity for HDPE Tipelin FS 450-26 miteat 180C

measured by novel orifice die with 2mm diameter
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Fig. 70: Comparison between uncorrected/corrected Bindingeresional
viscosity data and SER measurements for LDPE Lopd810H at 15€C.
Shear viscosity data obtained from rotational aagittary rheometer are also

provided in this Figure
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Fig. 71: Comparison between uncorrected/corrected Gibsorensxnal
viscosity data and SER measurements for LDPE Lopd810H at 15€C.

Shear viscosity data obtained from rotational aagittary rheometer are also

provided in this Figure
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Fig. 72: Comparison between uncorrected/corrected Cogsweténsional
viscosity data and SER measurements for LDPE Lopd810H at 15€C.

Shear viscosity data obtained from rotational aagittary rheometer are also
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provided in this Figure
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Fig. 73: Comparison between uncorrected/corrected Bindingeresional
viscosity data and SER measurements for mLLDPE tE32@1 at 186C.

Shear viscosity data obtained from rotational aagittary rheometer are also

provided in this Figure
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Fig. 74: Comparison between uncorrected/corrected Gibsorensxnal
viscosity data and SER measurements for mLLDPE tE32@1 at 186C.

Shear viscosity data obtained from rotational aagittary rheometer are also

provided in this Figure
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Fig. 75: Comparison between uncorrected/corrected Cogsweténsional
viscosity data and SER measurements for mLLDPE tE32@1 at 186C.

Shear viscosity data obtained from rotational aagittary rheometer are also

provided in this Figure
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Fig. 76: Comparison between uncorrected/corrected Bindingeresional
viscosity data and SER measurements for HDPE Tipe3i 450-26 material at
180°C. Shear viscosity data obtained from rotationatl aapillary rheometer

are also provided in this Figure
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CONCLUSION

“FINIS CORONAT OPUS’
(The conclusion crowns the wrk
Unknown author,

Common latin quotation.

1. Novel orifice die design has been proposedtastid for the entrance pressure drop
measurements. It has been theoretically and expatatly demonstrated that the
novel orifice die design allows much precise erteapressure drop measurement
(and thus much precise extensional viscosity detertion) in comparison with

standard and conventional orifice die.

2. New experimental methodology has been develdpedthe pressure transducer

calibration taking its down resolution limit nondiarities properly into account.

3. It has been theoretically found that uniaxiateesional viscosity and entrance

viscosity are in exponential relationship.

4. Based on theoretical and experimental analysisas been revealed that by using
novel orifice die design corrected Cogswell model much precise in uniaxial
extensional viscosity prediction than Binding ana€wvell model for highly branched
and slightly branched polymer melts. In more detidihas been demonstrated that
corrected Cogswell model provides excellent capglbbrrectly calculate extensional
viscosity, especially, if the extensional straimd®ning level given byem./(37,) ratio
is lower than 2. On the other hand, for linear pwy melts, the situation has been
found to be opposite, i.e. that Binding and Gibsoodels were found to provide
excellent capability to predict extensional vistpsiata from the entrance pressure
drop measurements whereas the Cogswell model éxahsviscosity predictions
were found to be poor (predicted extensional visga$ata were always lower in

comparison with SER measurements).
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Roman symbols
A temperature sensitivity parameter T
A cross section area of the capillary die Z'm
a adjustable Carreau — Yasuda model parameter 1
a’ adjustable entrance viscosity model parameter 1
& temperature — dependent shift factor equation 1
B baric coefficient of viscosity pal
b shearfree flow parameter Oorl
b’ Gibson’s geometrical parameter of exit geometrghefdie convergence m
C adjustable parameter in Eq. (97) 1
c heat capacity J.kgh.K?
D adjustable parameter in Eq. (97) 1
Ds barrel diameter m
D¢ capillary die diameter m
by deformation rate tensor st
D.c long capillary die diameter m
Doc orifice capillary die diameter m
Ea activation energy J
e base of natural logarithm 1
F force N
Fs drawdown force N
Fx force in x-direction N
F, force in y-direction N
g gravitational acceleration m.s?
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d gravitational acceleration vector m.s?
H gap between parallel plates m
Hs slit die heigh m
he heat transfer coefficient wW.mtK?
Ik Binding’s model function 1
[ first tensor index 1
] second tensor index 1
k Binding’s model parameter 1
K Gibson’s model parameter 1
k power — law index for elongational viscosity 1
K, generalized Maxwell model constant S
lo distance before deformation m
I distance after deformation m
I index of consistence for elongational viscosity Pas
L length of spinline m
Lc capillary die length m
Lic long capillary die length m
Loc orifice capillary die length m
Lo unsupported length m
Ly length of vortex m
Le . . . :
Dcl Correction factor for orifice capillary die 1
:;;CC) ratio of length to diameter at orifice capillanedi 1
LLC . . . .
D C] ratio of length to diameter at long capillary die 1
m slope in dependence pf onzy, 1
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m index of consistence for shear viscosity Pas’

m’ power — law index in dependence of melt tensioexiensional rate 1

Mp number average of molecular weight g.thol
M., weight average of molecular weight g.mol
n index of non — Newtonian behaviour 1

n’ adjustable entrance viscosity parameter 1

n power — law index for shear viscosity 1

N, first normal stress difference Pa

N, second normal stress difference Pa

P(V) extra function 1

p pressure Pa

Pr flush transducer pressure Pa

P hole pressure Pa

P« kinetic flow energy induces pressure drop Pa
Pr recessed transducer pressure Pa

Prer pressure on reference calibration device Pa
Prrans pressure on calibrated transducer Pa
Q volumetric flow rate m’.s?
Qs slip component of volumetric flow rate ’mt
Quosue N0 — slip component of volumetric flow rate et

G heat flux J.ms?
r radial coordinate in cylindrical and spherical boate system 1

ro Gibson’s geometrical parameter of die entry region m

ry Gibson’s geometrical parameter of die entry region m

Rs barrel radius m
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Re capillary die radius m

Re universal gas constant J.mol*.K*
R long capillary die radius m

Roc orifice capillary die radius m

R, vortex diameter m

t time S

t Binding’s model parameter 1

T temperature °C

To reference temperature °C

T increased temperature due to dissipation energy °C
T, reference temperature °C

Ty torque N.m

U internal energy J

\% draw ratio 1

Vp critical draw ratio 1

Vs starting point of the drawdown 1

v average velocity in capillary die m.s’

Vo drawdown velocity m.s’

Ve exit velocity m.s*

Vi velocity of moving plate m.s’
Ve slip velocity m.s*

Y velocity vector m.s’

Vy velocity in x-direction m.s*

v, velocity in y-direction m.s’

vV, velocity in z-direction m.s
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w

width of parallel plates
slit die width
x-coordinate in Cartesian coordinate system

y-coordinate in Cartesian coordinate system

z-coordinate in Cartesian, cylindrical and sprarooordinate systems

Greek symbols

a

S}

Vapp
Yapp-sc
Ycor

YTRUE

Ap
Ap
APcap
APeno
APenr

APexit

kinetic correction coefficient

adjustable entrance viscosity model parameter
angle of exit geometry of the convergence in Gitsaodel

adjustable entrance viscosity model parameter

shear strain

shear rate

apparent shear rate

apparent shear rate — slip corrected
corrected shear rate

no — slip component of apparent shear rate
difference

total pressure drop

Hagenbach corrected total pressure drop
capillary pressure drop

end pressure drop

entrance pressure drop

exit pressure drop

extensional strain

1

Pa

Pa

Pa

Pa

Pa

Pa
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g extensional rate st

é extensional rate in x-direction st

&y extensional rate in y-direction st

£, extensional rate in z-direction st

g Binding’s model parameter 1

n shear viscosity Pa.s

Mo zero — shear — rate (Newtonian) viscosity Pa.s
n(llp) deformation rate — dependent viscosity Pa.s
Napp apparent shear viscosity Pa.s

Ne extensional viscosity Pa.s
HEmax maximum value of uniaxial extensional viscosity .Pa
HeNT entrance viscosity Pa.s
Nentmax  Maximum value of entrance viscosity Pa.s
Nent entrance viscosity on shear flow component aetitey region Pa.s
NenTo plateau — value of entrance viscosity in entranseosity model Pa.s
Nentoe  €Ntrance viscosity plateau for Binding, Cogswetl &ibson models Pa.s
NEnT a entrance viscosity measured on the orifice caypiliize Pa.s
Nentao  €Ntrance viscosity plateau measured on an ochpdlary die Pa.s
Nent.c corrected entrance viscosity Pa.s

e, shear viscosity at atmospheric pressure Pa.s
s, shear viscosity at reference temperature Pa.s
0 angle coordinate in cylindrical and spherical cliogite system 1

K capillary die entrance angle °

A relaxation time S

vy adjustable entrance viscosity model parameter S
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Ao generalized Maxwell model constant S
,T(“ D) deformation rate — dependent relaxation time S
& adjustable entrance viscosity model parameter 1
T Ludolf's number 1
p density kg.m*
D melt density kg.m?
s solid density kg.m*
oc extensional stress Pa
Op critical tension Pa
ot tensile stress Pa
i upper convected stress tensor derivate Pas
% stress tensor Pa
T shear stress in capillary die Pa
Tre wall shear stress in capillary die Pa
TReAPP apparent wall shear stress in capillary die Pa
Tw wall shear stress in slit die Pa
® angle coordinate in spherical coordinate system 1
Oy vortex angle °
A first normal stress coefficient Pa.$
W second normal stress coefficient Pa.$
Q drive shaft rotational rate st
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Special symbols

lo
o
o

0

first invariant of deformation rate tensor
second invariant of deformation rate tensor
third invariant of deformation rate tensor
partial derivate

far field

vector operatofnabla”

Abbreviations

CE

CVM

DSC

FAN

FDM

FEM

HDPE

K-BKZ

LDPE

mLLDPE

PID

PSI

PTT

SER

VEL

XPF

Constitutive Equation

Control Volume Method

Differential Scanning Calorimetry

Flow Analysis Network

Finite Difference Method

Finite Element Method

High Density PolyEthylene

The Kaye-Bernstein-Kearsley-Zapas model
Low Density PolyEthylene

metallocene Linear Low Density PolyEthylene
Proportional — Integrative — Derivative regulator
Pounds per Square Inch

Phan-Thien-Tanner model

Sentmanat Extensional Rheometer

Virtual Extrusion Laboratory

eXtended Pom-Pom model
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DSC /(mW/mg) . . Integral /%
o0 DSC thermal analysis - materigl PE - LD ESCORENE LD 165 BW1
NE LD 165 BW, hea ting rate lO{I/m‘in. - nitrogen atmospheﬂ‘e) : : - 100
o4y i ~Value: 115.0 C;985% ~ ~ ~ ~ ~ ~ T o T |
(Degree of Crystaliinity) | | 1 1 1
- | I
Crystallinity: 41.86 % R 5 |
| | | |
| A | | |
-0.2 al B — |
| |
| |
| | |
! Complex Peak(ISO): !
! Aréa:  -122.7 J/g 1
! Peak*: 110.7 C
e Onset 1020T ~ R | | |
| End: 1146 C | | | | |
Width:  12.3 <C(37.000 %) -
| Hent 1220 mwmg | Area: 1226 ig | /| | |
‘ ‘ ! (Melting Enthalpy) [ Onset*: 247.51C | T 60
| | | | | | | |
06 - e N . '___________ (Onsetof degradation of material) . !
. | | | | | | |
: : ! [6] PE-LD ESCORENE LD 165 BW - onset of degradation of material :
| | |
| | DSC /(mW/mg) |
| | |
| | |
084 —t-———-=—————= [ i Mt [
| | I 40
| | |
| | |
| | |
| | |
| | |
o LN Lo
-1.0 ‘ ‘ ‘
| | |
I I Value: 60.0 T, 8.4 % !
| | |
| | ' 20
| | |
| | |
124 -7 ————- [ s Ny 1
| | |
| | | |
| | |
: : | 200 210 220 230 240 250 260 270 :
| | PE - LD Temperature /T |
144 --4-—-——-—-—-—-—-—-—-- L T e e T T —— N - - - - — - — — — S - - - — - — - — a4 - — - — - = |
| | | | | | | [ 0
T T T T T T T T T
-50 0 50 100 150 200 250 300 350
Temperature /C
zapletal.b 06-05-2008 17:10
[#] Instrument File Identity Sample Date Mass Segment |Range Atmosphere | Correction
[1.6] NETZSCH DSC 200 PC |PE-LD ESCORENE LD 16... |ESCORENE- LD 165BW 1 |ESCORENE- LD 165 BW 1 (29.2.2008 14:23:56 (5.300 mg |6/7 -60/10.00(K/min)/350 [N2/50 / ---/--- |000
[3] NETZSCH DSC 200 PC  |PE-LD ESCORENE LD 16... |ESCORENE- LD 165BW 1 |[ESCORENE- LD 165 BW 1 |29.2.2008 14:23:56 |5.300 mg |1/1 -60/10.00(K/min)/350 |N2/50/---/--- |0
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DSC /(mW/mg)

DSC thermal analysis -

material PE - LD LUPOLEN 184 0OH

Integral /%

1 exo
' ' . ' | . , R ' ' '+ 100
o1r | j— - (DSC melting curve of PE-LD-LUP 1840H, heating - rate- 10C/min. - nitrogen atmosphere)- - - — — - T |
| | | | | | | | |
: : ! : Value: ‘115.0 C, 99.6 % : : : :
| | | ™ . | | | |
| | | Value: 110.0 G, 92.3 % | | | |
| (D | | | | | |
B |\l |\ _ T _ _________1_ | | |
0.2 | | L 8 |
| | T |
| | | |
) | |
| | | |
| | | |
| | | |
04—~ I~ —ComplexPeak(tSO): —— ————— — —
I Area: -118.4J/g !
| Peak®: 108.6C | |
| Onset: 100.8 T | |
| End: 1123 C | |
: Width: 115 °C(‘37.000 %) :
061 |~ “Heightt ~ 1.149mW/mg | | “Onset*: 219.6 T | |
: : : : (Onset of degrada‘tion of material) : :
| | [6] PE-LD LUPOLEN 1840H - onset of degradation of material |
| | |
| | DSC /(mW/mg) |
084 ——————— [ T T T T T T Valle 1000 C B5 2045 N |
! ! -0.36 !
| | - 40
| | |
| | |
| | -0.38 |
| | |
104 - ———-——— - - — - — - — — — | - - N - - [
| ! -0.40 !
| | |
| | |
| | |
| | -0.42 |
| | | 20
| | |
124 | (U A iy Ay Sl & S -0.44 |
| |
| | |
! ! -0.46 !
| | |
| | 190 200 210 220 230 240 250 |
| | Temperature /T |
144 — e - - e L = = Bl | B i A e D e F_—————————— T |
! ! Peak: 108.6 T (Melting Temperature) ! ! ! il o
T T T T T T T T T
-50 0 50 100 150 200 250 300 350
Temperature /T
zapletal.b 06-05-2008 17:12
[#] Instrument File Identity Sample Date Mass Segment |Range Atmosphere | Correction
[1.6] NETZSCH DSC 200 PC |PE-LD LUPOLEN 1840H ... |PE-LD LUPOLEN 1840H (PE-LD LUPOLEN 1840H |22.4.2008 10:03:13 |5.200 mg |6/6 -80/10.00(K/min)/350 |N2/50 / ---/--- |400
[3] NETZSCH DSC 200 PC PE-LD LUPOLEN 1840H ... |PE-LD LUPOLEN 1840H |PE-LD LUPOLEN 1840H |22.4.2008 10:03:13 |5.200mg |1/1 -80/10.00(K/min)/350 |N2/50/ ---/--- |0




DSC /(mW/mg) . . Integral /%
DSC thermal analysis - materialHDPE TIPELIN FS 450 -26
t exo
. . . . r 100
| | (DS(t melting curve of PE-HD TIPELIN S 450-26, heat ing rate 10C/min. - nitrogen étmosphere) | |
| | | | | | | | |
| | | | | | |
07777\ 77777777777 \777777777777777777777777777777 777\7 7777777777777777777777777777777777 ‘o |
| | | | | |
| | ' DSC curve for PE - HD TIPELIN FS 450-26 |
| i 1 | | | | |
| | | | | |
| | | b | | [4.6]
| I Crystallinity: 65.58 %! | | I+ 80
| | | | | | | |
| Degree of Crystallinity) | [ | |
: q‘ : : Area: -192.1 J/g : // : : :
05—+~ e R - - +(Melting-Enthalpy) -~ -~~~ — — ~ Jorm e e I
| | | | | | | |
|
| | | Value: 135.0 T, 95,6 % | | Onset*: 244.4 T | |
I I I I I I(Onset of degradation of material) I I
| | | | | [14] HDPE TIPELIN FS 450-26 - onset of degradation of material | 6o
| | | | |
I I I ! I DSC /(mW/i
| | | Value: 130.0 T, 68.7 % | (i)
| | | | |
104 Lo o _____ 1 _______ [ A
: | | | | |
| | | | |
| | | | | 20.20
| | | Value: 125.0 C, 43.0 % | !
| | | | |
| | | | |
| | | | |
| | | | | -0.25
| | | | |
| | | Value: 120.0 T, 29,1 % |
154 7= i e i = A1 7
| | | | -0.30
| | | |
| | I Value: 110.0 C, 16.0 %
| | | |
| | |
035
| | |
: : Vfalu e 100.0 T, 9.4 % 210 220 230 zigmperamr ez;;g 260 270
| | | | | | |
| | | i | | | |
wod S R A (Melting Temperature) ] S ‘
| | | ) | | | |
I I Value: 80.0 C, 3.3 % | T—m | | | |
l l l l PE - HD l l l l
“ “ ‘ “ " Peak: 130.3C : : : o
-50 0 50 100 150 200 250 300 350
Temperature /T
zapletal.b 06-05-2008 17:06
[#] Instrument File Identity Sample Date Mass Segment |Range Atmosphere  [Correction
[4.6] NETZSCH DSC 200 PC |HDPE TIPELIN FS 450-... |HDPE TIPELIN FS 450-26 |HDPE TIPELIN FS 450-26 |5.5.2008 7:54:48 |5.200 mg |6/7 -60/10.00(K/min)/350 |N2/50 / ---/--- | 000
[5] NETZSCH DSC 200 PC HDPE TIPELIN FS 450-... [HDPE TIPELIN FS 450-26 |HDPE TIPELIN FS 450-26 |5.5.2008 7:54:48 |5.200mg |1/1 -60/10.00(K/min)/350 |N2/50/ ---/--- |0




DSC /(mW/mg)

DSC thermal analysis,s material mMLLDPE EXACT 0201

Integral /%

1 exo
: . ' . : . . ' ' - 100
-0.10 (DSC melting curve of mIALDPE EXACT 0201, heatingra ~ te 10C/min. - nitrogen atmosphere) ~ 1~~~ |
| | | | | |
| | | |
| | | |
| | | |
| | | |
| | | |
o024 NS Airua FAr m ¢ A >N, !
| ~ DSC curve for mLLDPE EXACT 0201 |
| | | | I+ 80
| | | | | |
| | | | | | |
A/ o
: Crystalhr:my. 25.2.8 A) : Area: -74.06 J/g: : : : :
030 1 1 (Degreeof Crystallinity) - -~ —+ N\~ | (VeltingEnthalpy) O s qA-- - - --- - - I
| | | | 1 | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | [ | | |
| | | I | | I+ 60
| | | | | | |
-0.40’777 77777777777 ‘777777777777 77777 777777777777‘777777777777 77777777777 r 777777777777777777777
| | | | | |
I I I I Onset*: 262.1 T I
| | | | (Onset of degradation of materia) |
| | | [L4ImLLDPE EXACT 0201 - onset of degradation of material |
0504 — 4+ ——————— W T i R |
I I I DSC /(mw/mg) I
: : : 1 exo : - 40
| | | | . |
| | | -0'340T 777777 \7777777 777777 \7777777\ 777777 T |
| | | | | | | |
! ‘ [ 0350+ Ng - | | |
| | | | | | | | |
'0-60’777 77777777777 | -y = T | | | | 1
| | 1 | 03607 — - N T | ] |
| | | | | | | |
| | | | | | | |
| | | | 037047~~~ — NN T |
| | | | | | '+ 20
| | | | -0.380 N | |
0704 -4 N I I R I I _l
: [ | I (Melting Temperature) | | [
| | | Tm | -0.390 - ==+t - ——- - - i B === |
| | | | | | | | | |
! ! ! — [ PP i __ Onsef:2e21C !
l l - mLLDPE | ! l l : l l l
| | | | |
Peak: 96.0 T 230 240 250 260 270 280
-0.80 1 — — ﬁ“ ”””””” : ”””””””” :’ - J‘f Temperature /T ’:
Fo
T T T T T T T T T
-50 0 50 100 150 200 250 300 350
Temperature /C
apletal.b 06-05-2008 17:08
[#] Instrument File Identity Sample Date Mass Segment |Range Atmosphere Correction
[4.6] NETZSCH DSC 200 PC  |mLLDPE EXACT 0201.sd... mLLDPE EXACT 0201 |mLLDPE EXACT 0201 |5.5.2008 9:46:44 |5.600 mg |6/7 -60/10.00(K/min)/350 |N2/50 /---/--- {000
[5] NETZSCH DSC 200 PC mLLDPE EXACT 0201.md... |mLLDPE EXACT 0201 |mLLDPE EXACT 0201 |5.5.2008 9:46:44 |5.600 mg |1/1 -60/10.00(K/min)/350 |N2/50 /---/--- |0




APPENDIX AVIII:

IR SPECTRUM OF TESTED MATERIALS

Absarbance

U_24_5LDF'EfESCORENEfLD—1!357EF\4-‘\.I‘—1
0.22-5
0.20—;
0.18—5
U.1B—§
o 14-;
o.12—?
0.105
n.us_é
D.DG—;
0.045
n.oz-;

3000

2915.23 - band of anti-symmetric vibration [-CHZ2-]

284494 - band of symmetric vibration [-CHZ-]

721.31- band of rocking wikration [-CHZ-]

1464.33 - band of deformation vibration [-CH2-]
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291576 - band of anti-symmetric vibration [-CH2-]

284668 - band of symmetric vibration [-CHZ-]

719.97 - band of rocking vibration [-CHZ2-]

TAB7 47 - hand of deformation wikration [-CHZ2-]
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2915.76 - band of anti-symmetric vibration [-CHZ2-]

2845.68 - band of syrmmetric vibration [-CH2-]

#15.30 - band of rocking vibration [-CHZ-]

1467 47 - band of deformation vibration [-CH2-]
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2915 76 - band of anti-symmetric vibration [-CH2-]

284568 - band of symmetric vibration [-CHZ-|

719.97 band of mcking vibration [-CH2-]

1467 .47 - band of deformation vibration[-CH2-
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