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ENGLISH SUMMARY

Extrusion, a polymer processing method under matiditions, is widely used in
industrial applications. Extrudate swell, whichalso known as die swell or Barus
effect, is a viscoelastic phenomenon taking pldtar aolymer melt emerges the die
exit. An excellent understanding of the extrudatelsbehavior plays an important
role in the polymer production community for a widage of applications to control
and adjust the processing conditions and die destigitegy to obtain the optimized
product profiles. Despite that many researcherd@rgnantly attribute the extrudate
swell of polymers to the recoverable stress ararstpplied to the deformed polymer
chains, this phenomenon is still not fully undesstoNumerical modellings allowing
for the insights into the flow behavior inside andtside the flow channel is
recommended to investigate the complicated exteudawell behavior for a
fundamental understanding. This PhD research revibes previous work which lies
in the coverage of all the important aspects, iiclg the fundamental mechanistic
understanding at the molecular scale, the combirsedulness of experimental and
modelling characterization, and the control of #wdrudate swell for complex
geometries. Focus of this doctoral study is onctivaprehensive investigation of the
extrudate swell of polymer and composites meltalmpmbination of experimental
validations and three-dimensional (3D) modellingintya with the viscoelastic
constitutive PTT model based on the finite elemarthod withPolyFlow solver.
Impacts stemming from the die geometry charactesisthe upstream contraction
flow and material molecular characteristics on ¢thenplicated 3D extrudate swell
behavior, thus highlighting the anisotropic swejlibehavior in all dimensions of

extrudate from slit dies. It indicates that the @liffred 2D modelling is not able to
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ENGHSUMMARY

catch the comprehensive extrudate swell behavidloaf through the slit dies even
though the aspect ratio of the die is up to 20tHasmore, a validation of the exit
pressure method for measuring the normal strefexelifce data at high strain rates is
conducted by evaluating the 3D extrudate swellihgasious polymer melts with
material parameters of PTT model obtained by tutimgcorresponding rheological

data including thé\; data.

Firstly, to evaluate the ability of the constit@ivmodels in predicting the three-
dimensional behavior of polymer melt flowing thrdutpe dies, the simulation results
regarding the flow behavior of PP melt at 200 °Cotigh a slit die and upon
subsequent swelling is investigated with the gdized Newtonian constitutive
model with the Cross law viscosity function and thecoelastic multi-mode PTT
model, which are compared to the extrusion experimeThe pressure profiles
predicted by both models inside the die correspamels to the experimental data
obtained for all flow rates evaluated. The largemuated exit pressure of PTT flow
compared to that of Cross law flow leads to theasponding experimental results
for extrudate swell through real-time measureme@tsnpared to the experiments,
the opposite varying trends of the swell behavidbath height and width directions
along the distance from the die exit as a functibthe flow rates indicate the failure
of the Cross law model in predicting the viscoataibw behavior of PP melts. In
addition, the distance from the die exit in whibke final extrudate shape is obtained
strongly depends on the die width because the sw#b in the width direction
increases in a much lower rate than the swell ratiohe height direction until

equilibrium is achieved in both directions.

Secondly, varying the aspect ratio of the slit diestributes to a large impact on the

3D extrudate swell ratio. High aspect ratio cawsésy width swell ratidB; and the
viii



ENGLISH SUMMARY

edge height swell rati®, and shifts the onset of the axial equilibrium dingl
position to a further distance. Contract flow & #ulge of the extrudate height is noted
while the increasing edge height swell ra@iois observed. The significant deviation
of the middle height swell rati®; profiles of the 3D flow from that of the
corresponding 2D simulation highlights the necgssitthe 3D numerical modelling
to capture the practical flow behavior. This pheeraon of a secondary shrinkage is
not eliminated even if the aspect ratio increasdisd highest value of 20, highlighting
the anisotropic swelling behavior caused by varyhmg aspect ratio of the slit dies.
The mechanism for the above phenomenon is illestraty the flow velocity and
stress fields. A significant deviation of the 3Dnhfigurations from the corresponding
2D one inside and outside the die is generallydhdtecreasing the aspect ratio of the
flow cells narrows the discrepancy but cannot vatie 3D effect. Furthermore, a
parametric study reveals that the secondary shgmkbow becomes large with
decreasing parametémbut still cannot be observed in the correspondBgflow.
This implies that the 3D effect on the extrudatelsWwehavior depends not only on
the geometric characteristics of the flow channel also on the melt material

parameters.

Thirdly, contraction flow stemming from the variatis of the area size of the cross
section of the flow channels is an obvious phenamen extrusion processing and
its impact on the subsequent extrudate swell behasi mainly controlled by the
downstream die length/height ratio. The 3D numénicadelling by PTT model of
the polymer melt at different flow rates exhibltat decreasing the die lendgtads to
an opposite variation trend of the swell ratiohie width and edge height direction
(decreases up to 30%) compared to the middle hdigdttion (increases up to 55%).

It is interesting to note that the area swell ra¢imains limited decreases below 5%,
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ENGHSUMMARY

specifically for lower flow rates. This implies than identification of possible
anisotropy should in general not be based on tka awell ratio. Furthermore,
especially for polymer melts that experience lagensional deformations, a method

to obtain an extrudate product with a less unevefilg is to elongate the die.

A detailed study of the flow physical variable fislincluding the stress and velocity
is responsible for the effect on the extrudate khhavior caused by the upstream
contraction flow. For example, the similar finaltexlate average axial velocity
regardless of the die lendthvalue is consistent with the similar area swdlbsaand
implies a similar axial velocity redistribution tehor. Outside the die exit, a big
difference of the stress redistribution behaviousesl by the variations of the die
lengthl; illustrates the corresponding anisotropic swehdwor mentioned above.
The similar final extrudate average axial velocitggardless of thd, value
corresponds to the similar area swell ratios anglies a similar axial velocity
redistribution behavior. Additionally, the evoluti@f the transversal velocity and
lateral velocity, components after the die exit directly illustrates opposite varying
trend of the swell behavior in the extrudate midaéght and width direction upon
increasing die length. The combined effect of thengational flow through the
converging flow region and the material parametgfrspolymer melt is firstly

comprehensively investigated.

Fourthly, the disputed ‘exit pressure’ method ugadmeasuring the normal stress
difference of polymer melts at high stain rate enghich mainly leads to the taking-

place of the extrudate swell behavior once the fiomerging the dies, is evaluated by
the 3D modelling of the extrudate swell behavioseferal polymer melts including

neat PP, LDPE and HDPE. For neat polymer melts @@ ZC, we have

comprehensively assessed the exit pressure methalevslit rheometer to measure
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N: values at high shear rates. In this method, theesponding exit pressure values is
yielded via extrapolating the (quasi-)linear axigdssure profiles for the polymers to
die exit at various wall shear rates, which in tara related to the associated shear
stresses to delivéd; values. ThéN; values at the shear-rate magnitude order of 10 to
100 s'as measured by the exit pressure method lie addltioin the value range

calculated by the Laun rule with an exponerdf O and 0.7.

3D numerical simulations with respect to the exétedswell behavior have been
performed with the differential viscoelastic multede PTT model, whose
corresponding material parameters are obtainediting the rheological functions
including theN; data calculated by the empirical Laun rule thatcamgsistent with the
exit pressure method baseéd data. A good agreement between the predicted
extrudate swell and experimental measurementshimeat polymer melts further
confirms that the exit pressure method is apprtpria determineN; values. In
addition, the pressure contribution from velocigamrangement near the die exit
allows forca. 25-40% at various shear rates, which although doedismiss the exit
pressure method since the actual simulded/alues with 3D modelling by PTT
model are consistent with those by the exit pressuethod based on the simulated
pressure profiles. Overall, the exit pressure nettam be reliable utilized for the neat
polymers studied, but also have potential for nmymplex materials like polymer
composite since thl; values obtained with the exit pressure method apjaebe in

the extrapolation region of those obtained by ttatronal rheometer.

Lastly, with the aim of investigating the extrudagevell behavior of polymer
composites, the 3D numerical simulations by PTT ehcate compared to the
experimental measurements. The rheological pregsedf PP/Graphite composites

with various volumetric filler contents are firstpmpared and discussed. It is found
Xi
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that the linear rheological properties including storage G’ and loss G modulus
for all PP composites are perfectly fitted by thigioal PTT model. However, with
the increasing of the filler content, there is agnored overprediction of the non-
linear rheological properties such as the sheaosis/n, and the first normal stress
differenceN; by PTT model, especially as the volumetric filkemtent grows up to
21.1% which results in the largest overpredictigrP@ T model, although they have
at least the right order of magnitude values. A ffiedl PTT model is proposed by
means of establishing the functions of the matgreabmeters such as, £ ande
against the volumetric content of graphite fillexspectively. The results show that
the simulated extrudate swell behavior in all disienal directions firstly decreases
with adding filler particles as an expectation egponding to the experiments.
However, swell ratios increase with a further addibf filler content unexpectedly,
in contrary to the experimental observations. tticgates that the constitutive PTT
model fails in predicting the extrudate swell bebawef polymer composite with high
volumetric filler content. Reasons are attributedhe deconstruction of the network
between filler and matrix as a large strain is sgupl which are not taken into

consideration by the original PTT model in thislpneary study.

Overall, this doctoral research demonstrates thmpcehensive viscoelastic flow
behavior including the extrudate swell behavior sefveral polymer melts and
composites filled with rigid fillers through thetsflies with various die geometrical
characteristics and the upstream contraction flegions, which is on the other hand
conducted to validate the exit pressure methodnfeasuring the normal stress
differences at high strain rates. The 3D effectseduby the side wall effect on the
extrudate swell behavior through the slit dies ligsirated as compared to the

corresponding ideal 2D modelling configurations ethihave been mostly reported in
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the aspect of literatures. The failure of the ctutdte PTT model in predicting the
extrudate swell behavior of the polymer compositéh high filler content indicates
the need to develop a modified PTT model to accéamthe interplays between the
filler and matrix once strains applied to melt, @his an interesting research topic in
the field of rheology regarding the modelling oftbomplicated extrudate swell

behavior.
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DUTCH SUMMARY

NEDERLANDSE SAMENVATTING

Extrusie, een kunststofverwerkingsmethode ondeiftsmstandigheden, wordt veel
gebruikt in industriéle toepassingen. Het zwelggdian geéxtrudeerd polymeer, ook
bekend als matrijszwelling of Barus-effect, is edsco-elastisch fenomeen dat
plaatsvindt nadat polymeersmelt de matrijs verld&dn goede kennis van het
zwelgedrag is belangrijk bij extrusiegebaseerdestaiafverwerking met een breed
gamma aan toepassingen, dit om de verwerkingsodigteaden en de
ontwerpstrategie voor matrijzen en producten téntgliseren. Ondanks het feit dat
verschillende onderzoekers het zwelgedrag voorriggmébeschrijven aan de
relaxatiespanning evenals spanning die op de ven®rpolymeerketens worden
uitgeoefend, is dit fenomeen nog steeds niet vigllddorgrond. Numerieke modellen,
die inzicht geven in het stromingsgedrag binnenbaiten het stromingskanaal,
worden aanbevolen om het complexe zwelgedrag vémmeoen fundamenteel te
onderzoeken. Dit doctoraatsonderzoek herbekijktlexeuitgevoerd werk dat alle
belangrijke aspecten bundelt, waaronder het fundsetee mechanisme op
moleculaire schaal, de gecombineerde bruikbaartsicexperimentele en modelleer
karakterisering, evenals de controle van de zweggtoor complexe geometrieén.
De focus van deze doctoraatsstudie ligt op hetehigid onderzoek naar de
extrudaatzwelling van polymeer- en composietsmetfenr een combinatie van
experimentele validaties en driedimensionale (3DJdi@fiering, voornamelijk met het
visco-elastische constitutieve PTT-model op baaisde eindige-elementenmethode
met PolyFlow-software. De matrijsgeometrie, stropmaartse samendrukking van
de polymeerstroom en de moleculaire eigenschapperhgt materiaal beinvioeden

het complexe 3D-extrusie-zwelgedrag, waarbij hetatrope gedrag in alle dimensies
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van extrudaat van matrijzen wordt benadrukt. Hetevnoek geeft eveneens aan dat
de vereenvoudigde 2D-modellering niet in staatshet gedrag van stroming door
de matrijzen te bepalen, ook al is de aspectveihgudaximaal 20. Bovendien, een
validatie van de polymeersmeltdruk in de matrijsordchet meten van de
normaalspanning verschillen bij hoge spanningswearamiorden uitgevoerd door de
3D-extrudaatzwelling van verschillende polymeerdsmgén te evalueren met
materiaalparameters van het PTT-model verkregenr ddstemming van de

corresponderende reologische gegevens, inclusigf-degevens.

Ten eerste, om de mogelijkheden van de constieiirodellen te evalueren bij het
voorspellen van het driedimensionale gedrag vayrpeérsmelt die door de matrijzen
stroomt, worden de simulatieresultaten met betrakkot het stromingsgedrag van
PP-smelt bij 200 °C door een plaatmatrijs en daaigende zwelling onderzocht
door middel van het gegeneraliseerde Newtoniaaosstitutieve model, de Cross-
law viscositeitsfunctie en het visco-elastischetrmbde PTT-model, te vergelijken
met de validatie extrusie-experimenten. De dooddeinodellen in de matrijs
voorspelde drukprofielen komen goed overeen medxgerimentele gegevens die
zijn verkregen voor alle geévalueerde stroomsnelhede grotere gesimuleerde
uitgangsdruk van de PTT-stroom in vergelijking iietvan de cross law-stroom leidt
tot de overeenkomstige experimentele resultaten @xoudaatzwelling door middel
van real-time metingen. Vergeleken met de experieremwijzen de tegengestelde
variérende trends van het zwelgedrag in zowel hwogtls breedterichtingen
langsheen de matrijsuitgang als een functie vastrdemsnelheden op een falen van
het Cross law-model bij het voorspellen van hetasdslastische stromingsgedrag van
PP-smelt. Bovendien hangt de afstand tot de maitggng waarin de uiteindelijke

extrudaatvorm wordt verkregen sterk af van de ishnéedte omdat de
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zwelverhouding in de breedterichting met een vagéte snelheid toeneemt dan de
zwelverhouding in de hoogterichting, dit totdathaide richtingen een evenwicht

wordt bereikt.

Ten tweede draagt het variéren van de aspectveirigpudn plaatmatrijzen bij tot een
grotere impact op de 3D extrudaat zwelverhoudingn Boge aspectverhouding
veroorzaakt zowel een lage zwelverhoudiBg en zwelverhoudingB, van de
randhoogte, evenals verschuift het begin van delexavenwichtstoestand naar een
verdere afstand. Samentrekking van de polymeersir@gan de rand van de
extrudaathoogte wordt vastgesteld terwijl het toeme van de randhoogte
zwelverhoudingB; wordt waargenomen. De significante afwijking vaa Bs-
profielen met gemiddelde zwelverhouding van de 8Desn van die van de
overeenkomstige 2D-simulatie benadrukt de noodzaen 3D-numerieke
modellering om het polymeer stromingsgedrag vadedgen. Dit fenomeen van
secundaire krimp wordt niet geélimineerd, zelf4 ais de aspectverhouding toeneemt
tot 20, wat het anisotrope zwelgedrag benadruktvetadt veroorzaakt door het
variéren van de aspectverhouding van plaatmatrijkéat mechanisme voor het
bovenstaande fenomeen wordt geillustreerd door ¢®orasnelheid- en
spanningsvelden. Over het algemeen wordt een &ignte afwijking van de 3D-
configuraties tegenover de corresponderende 2Dehinen buiten de matrijs
opgemerkt. Door de aspect ratio van de 2D elemetaemergroten, wordt de
discrepantie verkleind, doch kan het 3D-effect miptossen. Bovendien laat een
parametrische studie zien dat de secundaire krogostgroot wordt met afnemende
parameteg, maar nog steeds niet kan worden waargenomen aveleenkomstige

2D-stroom. Dit houdt in dat het 3D-effect op hetehyedrag niet alleen afhangt van
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de geometrische kenmerken van het stromingskanaslar ook van de

smeltparameters van het extrudaat.

Ten derde is de contractiestroom die het gevolgisde variaties van de oppervlakte
van de dwarsdoorsnede van de stromingskanalenusgelifk fenomeen bij extrusie
polymeerverwerking en wordt de invioed ervan op h#daropvolgende
extrudaatzwelgedrag  voornamelijk  bepaald door deroostafwaartse
matrijslengte/hoogteverhouding. De 3D numerieke efledng door het PTT-model
van de polymeersmelt bij verschillende stroomsraghdaat zien dat het verkleinen
van de matrijslengte leidt tot een tegengesteldiatietrend van de zwelverhouding
in de breedte-en randhoogterichting (neemt af @%)3in vergelijking met de
middelste hoogte richting (neemt toe tot 55%).regeant om op te merken is dat de
doorsnede zwelverhouding voor lagere stroomsnefthledperkt blijft en onder de 5%
daalt. Dit houdt in dat een identificatie van mdjgelanisotropie in het algemeen niet
mag worden gebaseerd op de opperviaktezwelverhguddovendien, in het
bijzonder voor polymeersmelt die grote extensiesaningen ondergaan, is het
verlengen van de matrijs een methode om een extpidaluct met een minder

ongelijkmatig profiel te verkrijgen.

Een gedetailleerde studie van de stroomfysischiabelen inclusief de spanning en
snelheid is verantwoordelijk voor het effect op éetrudaat zwelgedrag, veroorzaakt
door de stroomopwaartse contractiestroom. Bijvoeidhede vergelijkbare finale
extrudaat gemiddelde axiale snelheid-ongeacht dérijstengte l,-waarde is
consistent met de zwelverhoudingen van het gebied impliceert een
overeenstemmend herverdelingsgedrag van de axiallhesd. Buiten de

matrijsuitgang illustreert een groot verschil int lpanningsherverdelingsgedrag-
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veroorzaakt door de variaties van de matrijslehgtéet overeenkomstige hierboven
vernoemd anisotropische zwelgedrag. De uiteindelgktrudaatgemiddelde axiale
snelheid-ongeacht de-waarde-komt overeen met identieke zwelverhoudingenm

de doorsnede en impliceert een vergelijkbaar hdelmgsgedrag van de axiale
snelheid. Bovendien illustreert de evolutie vartrdasversale snelheig en laterale

snelheid y componenten na het verlaten van de matrijs ditediegenovergestelde
variérende trend van het zwelgedrag in de extrutigddenhoogte en breedterichting
bij toenemende matrijslengte. Het gecombineerdeetfan de verlengde stroom door
het convergerende stroomgebied en de materiaalpézesvan polymeersmelt wordt

uitvoerig onderzocht.

Ten vierde wordt de gecontesteerde uitstroomdrukout die wordt gebruikt voor
het meten van het normaalspanningsverschil vannpsysmelt bij een hoog
reksnelheidsbereik-wat voornamelijk leidt tot héagtsvinden van het extrudaat-
zwelgedrag zodra de stroom die uit de matrijzen tkgeévalueerd via 3D
modellering van het extrudaat-zwelgedrag van véieode polymeersmelten,
waaronder zuiver PP, LDPE en HDPE. Voor zuivergmelersmelt bij 208C hebben
we de uitstroomdrukmethode uitvoerig geanalyse&deen capilaire reometer om
Ni-waarden bij hoge afschuifsnelheden te meten. Bjedmethode worden de
overeenkomstige uitgangsdrukwaarden verkregen drwapolatie van de (quasi)
lineaire axiale drukprofielen van de polymeren nade matrijsuitgang bij
verschillende wand-schuifsnelheden, welke op huartbgerelateerd zijn aan de
bijbehorende schuifspanningen dinwaarden aan te leveren. Dg-waarden bij de
afschuifsnelheidsterkte van 10 tot 100zeals gemeten met de uitgangsdrukmethode
liggen bovendien in het waardebereik berekend dedraun-regel met een exponent

van 0 en 0,7. 3D numerieke simulaties met betrekkit het extrudaatzwelgedrag
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zijn uitgevoerd met het differentiéle visco-elastis multi-mode PTT-model,
waarvan de overeenkomstige materiaalparameterseasiknegen door de reologische
functies, inclusief deN;-gegevens, berekend door de empirische Laun-reigel d
consistent is met de uitgangsdrukmethode gebasdérdrgevens. Een goede
overeenstemming tussen de voorspelde extrudaaizgveth experimentele metingen
voor de zuivere polymeersmelt bevestigt verder deat uitstroomdrukmethode
geschikt is onN;-waarden te bepalen. Bovendien wordt de drukbijlragpr ca. 25-
40% veroorzaakt door de snelheidsveranderingestehijitgang van de matrijs, en dit
bij verschillende afschuifsnelheden, wat echtenitigroomdrukmethode niet ontkend,
aangezien de werkelijke gesimuleefdewaarden met 3D-modellering door PTT-
model consistent zijn met die van de uitstroomdrettrade op basis van de
gesimuleerde drukprofielen. Over het algemeen kanudstroomdrukmethode
betrouwbaar worden gebruikt voor de bestudeerdgnpaien, maar heeft ook
potentieel voor complexere materialen zoals polyowmaposieten aangezien Ne-
waarden die zijn verkregen met de uitstroomdrukoeéhin het extrapolatiegebied

lijken te liggen; welke verkregen werden door deationele reometer.

Ten slotte, met als doel het extrudaat-zwelgedrag polymeercomposieten te
onderzoeken, worden de 3D numerieke simulaties Bddr-model vergeleken met
de experimentele metingen. Vooreerst worden deogesithe eigenschappen van
PP/grafiet composieten met verschillende volumgtgsvulstoffen vergeleken en
besproken. Het blijkt dat de lineaire reologiscigerschappen inclusief G’ en G”
modulus voor alle PP composieten perfect passdmebgriginele PTT model. Echter,
met de toename van het vulstofgehalte, is er estrgeifundeerde overschatting van
de niet-lineaire reologische eigenschappen zoaddsbhuifviscositeit)s en het eerste

normaalspanningsverschill; door PTT-model, vooral omdat het volumetrische
XX
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vulstofgehalte stijgt tot 21,1% wat resulteert & grootste overschatting per PTT-
model, hoewel ze op zijn minst de juiste groottextdan hebben. Een gemodificeerd
PTT-model wordt voorgesteld door de functies vamdéeriaalparameters zoalse
eneg vast te stellen tegen het volumetrische gehaltegvafietvulstof. De resultaten
laten zien dat het gesimuleerde extrudaat-zwelgeidralle richtingen eerst afneemt
met het toevoegen van deeltjes, wat in overeensiegnin met experimenten. De
zwelverhoudingen nemen echter onverwacht toe metveedere toevoeging van
vulstof, in tegenstelling tot de experimentele waaningen. Het geeft aan dat het
constitutieve PTT-model niet slaagt in het voorlgrel/an het extrudaat-zwelgedrag
van polymeercomposieten met een hoog volumetrisdbtofgehalte. Dit wordt
toegeschreven aan de deconstructie van het netugs&n vulstof en matrix bij het
toepassen van een grote spanning, welke in dit omolerzoek door het

oorspronkelijke PTT-model niet in aanmerking wordemomen.

In het algemeen toont dit doctoraatsonderzoek ligehreide visco-elastische

stromingsgedrag door plaatmatrijzen aan, inclubietf extrudaat-zwelgedrag van
verschillende polymeersmelten en composieten gemgtigrafiet vulstof, rekening

houdend met verschillende matrijsgeometrische kekeneen de stroomopwaartse
samentrekkingsstroomgebieden. Anderzijds werd dstroommethode voor het

meten van de normale spanningsverschillen bij hegenelheden gevalideerd. Het
3D-effect veroorzaakt door het zijwandeffect op eetrudaat-zwelgedrag door de
spleetmatrijzen wordt geillustreerd in vergelijkinget de ideale corresponderende
2D-modelleerconfiguraties die meestal in literatrijm gerapporteerd. Het falen van
het constitutieve PTT-model bij het voorspellen tah extrudaat-zwelgedrag van de
polymeercomposieten met een hoog vulstofgehalté geenoodzaak aan om een

gemodificeerd PTT-model te ontwikkelen dat rekertingdt met de interactie tussen
XXi
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vulstof en de matrix zodra rek wordt uitgeoefenddapsmelt, wat een toekiomstig
interessant onderzoeksthema is op vlak van reotogtéetrekking tot het modelleren

van het complexe extrudaat-zwelgedrag.

XXil



TABLE OF CONTENS

TABLE OF CONTENTS

LIST OF PUBLICATIONS ...ttt ettt e e e e eeeeaennnenees [
EXPRESSION OF GRATITUDE ......oiiiiiiiiiiieeeeeeeee e jit..
ENGLISH SUMMARY ...t vii
NEDERLANDSE SAMENVATTING.... oottt XV
LIST OF SYMBOLS AND ABBREVIATIONS ......ooiiiiiiiiiiiiiieeeeeeeeeeee XXVii
L4 3= 1 (= SO 1
SCOPE AND AIMS ...ttt 1
(O 0= 1 1= SR 7

State-of-the-art for extrudate swell of molten poérs: from fundamental
understanding at molecular scale toward optimabtldggn at final product scale ... 7

2.0, INTRODUCTION. 1.1t uttettttieeeeettieeaseatiseeeesstnsasesassan s eeseesnneeeeesnnaeeeesnnaeaeesnen 8
2.2.FUNDAMENTAL INTERPRETATION AT THE MOLECULAR LEVEL........cocevvvvvnnnnn. 13
2.3. EXPERIMENTAL CHARACTERIZATION TOOLS.......uuuvrrrririireeeeereeriasaeaaaaeennns 15.
2.3.1. Offline MeasuremMeNt..............ooeeeeemieiieeie e 17
2.3.2. Online MEASUIEMENT ........ccooiiiiiieeeeccee e 19
2.4.MAIN EXPERIMENTAL OBSERVATIONS ....ctittiieeeeeeseeiieseisnenrneinnnnenereeeaeeaens 20
2.4.1. Effect of processing parameters ... cooocooiiiiiiiiiiiieeiieeieeaeeeeen 0.2
2.4.2. Effect of die geometry parameters .......cccccoeviiiiiiiiiiiiiiiiiiieeeeeeee, 22
2.4.3. Effect of polymer material parameterS. . eeveeeeeeeeeiiieiiieeciiiinnns 23
2.5, MODELING TOOLS...tuuiitittiiteesettiieesteatseesestansesasetsssaesesssnaeaaessnaeaeessnnnns 27
2.5.1. Semi-empirical formulas to capture oved@lswell........................... 28
2.5.2. Discretization methods and constitutive eiedor detailed viscoelastic
and flow deSCrPLION ........uueieeeiee e 30
2.6. REVERSE ENGINEERING MODEL-BASED DIE DESIGN FOR A CONTROLLED
SWELLING FOR COMPLEX GEOMETRIES.......cceteeeeenrrtrnnntneereerrerreeseeeesessnnnnnnnnnns 53
2.7 .CONCLUSIONS. ....etttttieeeeettia e e e eett s e e e ettt e e e e eees s e e e eata s e et eetan s e e aeetaneeaaessnnnes 58
REFERENCES. . ... ..ottt e e e e e e e e e e e e eaeaans 61
(01 0= T (=] S T USSP 73
Flow of neat polypropylene through a slit die arsddie swell: bridging experiments
and 3D numerical SIMUIatioNS ............oiii e 73
3.1, INTRODUCTION.....uuuuuuuruntnnnreeereereeseeeeeaeessssaassnsssssnseerereereeeeeeeaseesansnnnnnns 74
3.2. 3D MODELLING PRINCIPLES ... ttttttttteetestiiieeseetassesaeessnnssessssssnnseesensnnsaesenes 78
3.2.1.  GOVErNiNG EQUALIONS .........u.tesm s eeeeeeeeeeeeeeeeaaaaaaaaaasaesasaanaannns 78
3.2.2. Geometry and boundary conditions weeeeeeeeeeeeeeeeeiiiiiin e 80
3.2.3. Details on finite element calculations.............ccccoeeviveeeiiriiiiiiiinnnnnn. 81
3.3. 3D MODELLING PRINCIPLES.....tuuiitttttiieeieuiiseesestisessessissssssessnneessessnnns 83

XXili



TABLE G@FONTENTS

3.3.1. Rheological measurements and parametegtfor PTT and Cross law

0o 0 = PSR 83
3.4. RESULTS AND DISCUSSION. ...ututuuuiaaeeeaaeieeeeitittiiaaaaaaeaaaaeaeeeeesessnnnnnnnnns 87
3.4.1. Pressure and profiles ........cccourieereiiiiie e 87
3.4.2. Anisotropic extrudate sWell .......cccceuviiiiiiiiiiiiiiiiie 38.
3.4.3.  Non-uniformity inv distributions ............ccccoiiiiiiiiie 93
3.4.4. Non-uniformity in stress distributions................ccccoceciiiiiiieieeeenen. 96
3.4.5. Non-uniformity for radial velocityy) and lateral velocityw) ....... 101
3.5, CONCLUSIONS . ...cetttttut e e e e e eeeteeeetttbat e e e e e e e e aaaaaaeeeeeasabsbaa s e e e aeaaaaaaeeennes 102
REFERENCE ..ottt cmee ettt e e e e 105
CRAPLET 4 oo e e e e e —————————— 109
Three-dimensional simulations for polymer extrudatell out of slit dies from low
t0 high @SPeCt ratios ........evviiiiiii e 109
4.1, INTRODUCTION ..utttttteesiuttteeeeessautteeeeeesatteeeesssasseeeeessantnneeeeessnsnneeeaessanes 110
4.2. MODELLING PRINCIPLES. ....uttuuutaaaaeaateeeetttttiias e e e e e e aeaeeaeeeeeeessbann e e eens 113
4.2.1. GeometriC PArametersS ............uceeeermrererrrerrrerieeaeeaeeessassennsnnnnnes 113
4.2.2. GOVErniNg €QUALIONS ..............ommmmn s e e ennsnnsennsnnnnererrrrreraeaaaaeeeans 114
4.2.3. General geometry and boundary conditions..............ccccoeeeeine 117
4.3. RESULTS AND DISCUSSIONS. ....ettteiiuttieeeeesainrneeeessansteeesssnsnseeesessnnnnnees 120
4.3.1. Effect of aspect ratio on the 3D die $wkbracteristics.................. 120
4.3.2. Relation aspect ratio and velocity fields................cooeeiiiiiiiinnee. 127
4.3.3. Relation between aspect ratio and sfigsls............ccccccevevveennennn. 130
4.3.4. Parametric study regarding non-linear Pafameters.................... 132
A4 CONCLUSION. ...ttt e e e e et ettt e e e e e e e e et ettt ee st tba b e s e e e e e aeaeeeeeebnbaan e e aeeas 137
REFERENCES.......oi ittt ettt ettt e e s nnnaeeee s 139
CRAPLET 5 e 143
The impact of upstream contraction flow on thresetisional polymer extrudate
SWEIl from SIE AIES ..o e 143
5.1, INTRODUCTION ...etttettittitteeeeiaitteeeeesssnttteeeeessusteeeeessnbaeeeeessansbeeeeesssnnnnes 144
5.2. MODELLING PRINCIPLES. .....ccctttututuiataaaaaaaeeeeetstntiiaaaaaaaeeeaeaeaeeeesssnnnnnns 147
5.2.1. GeometriC PArameterS ........uiiiieecccccreeeeeeee e e e e eeeserenreeaeeeeeees 147
5.2.2.  GOVErNiNG €QUALIONS ..........uvvsmmmmmmnesereeeeeerrereaaseeaeasessssannnnnnnne 148
5.2.3. General geometry and boundary conditions.................cccuuueeeee. 150
5.2.4. Method of 3D numerical SOIUtiON ...cccccevvviviiiiiiiieeee 152
5.3. RESULTS AND DISCUSSION......uutiiieeeiiitieeeeesinitreeeeessastreeesssnnneeeesssnnnnns 153
5.3.1. Extrudate SWell..........ccoeeiiiii e 153
5.3.2. Stress and velocity fields.......cccccer i 158
5.3.3. Parametric study of the extrudate swell.............cccccevevvevreeenenen. 165
5.4, CONCLUSIONS.......cttteiittutuuaaaeeeaa et eteesieb e s e s e e e e e aeeeeeeesbnbana e e aeaaas 167
REFERENCES .......ci ittt ettt nnaeeee s 170



TABLE OF CONTENS

101 0= o1 (=] S G U PPPUPRPURRT 173
Evaluating the exit pressure method for measure- ments of normal stress difference
at high shear rates by 3D MOAEllNG .......uuuuiiiiiiiiiiiiaaa e 173
B.1. INTRODUCTION ....ceiitttttttesiiuttteteeesatttteeeeesanbteeeeaessanteseeeeesanntseeeeesannenneeeenas 174
6.2. MATERIALS AND EXPERIMENTAL CHARACTERIZATION. ....ccveeriiiiiiieeeeaene 178
B.2. 1. MALEIIAIS ... a e 178
6.2.2. Mass flow rate and pressure measurements.........cccccccvveeeeeenn.. 179
6.2.3. Conventional rheological measurements ................coeeeeccvvvnvvinnnennnnn, 179
6.2.4. Slit die ViSCOSIity MEASUrEMENLS ..........uuuuiieiiiiiiiiiiaaeaaaaee e aeeieeees 181
6.2.5. Exit pressure method for measurement of first normal stress difference
....................................................................................................................... 181
6.2.6. Extrudate swell measurement ..ot 182
6.3. MODELLING PRINCIPLE FOR MULTIDIMENSIONAL FLOW CHARACTERSTICS
............................................................................................................................ 182
6.3.1.  Details on the governing equations @ntktitutive model............ 182
6.4. RESULTS AND DISCUSSION. .. .ueveteesiiiiiieeeesiitteeeeessnttseeeessannnsseeeessannsneeeens 187
6.4.1. Measuremenbf die pressureprofile and sheardependenviscosities
....................................................................................................................... 187
6.4.2. Determinationof N; via the exit pressuremethod and through
conventional rheological analySiS .........ccvvvviiieeeiiiiii e 190
6.4.3. Numericalanalysisto evaluatethe assumption®f the exit pressure
01531 (0T SRR 193
5.5, CONCLUSIONS.....cettetiitttitteesiitteeeeeesatttbeeeessanbbeeaeesaannbbeeeeesannnbbeeeeeeannnrneas 201
REFERENCES .......ci ittt ettt ettt ettt s st e e e e s et e e e e e s e st baeaeeeennnnees 204
LO1 0= T o (=] S PP PUPRPURRT 209
From die swell for neat polymer melts to compositdts: a preliminary study ... 209
7.2 INTRODUGCTION. .. cttttttttuteaeeaeaeeeeteeesstataa e e s e e eeaaaeeeeaesssbanaaaaaeaaeeaeeeeenssnnnnnnnns 210
7.2, MODELLING PRINCIPLES . ...ceeetiiutttieeeesiitieeeeesssitieeeesesntbeeeeessannteeeeesssnnees 212
7.2.1. GeOometriC PAramMeters .......ccoeeiiiiiiiieieciiteeee e 212......
7.2.2. PTT constitutive model.........ccccvvvviiiiiieeeeieeeee 213....
7.2.3. Boundary conditions and numerical method.....................oee i 214
7.3. MATERIAL AND CHARACTERIZATIONS ....uttutiiaieeeeeeaeeeeeeiiatiiasaeeeeeaeeeeeeennes 215
7.3. 1. MALEIIAIS ... a e 215
7.3.2. Conventional rheological measurements ..........ccccccvvveeeeeereeeeereeeenn. 215
7.4. RESULTS ANDDISCUSSION. ... iiiiiiiiiieieiiiiitii e e e e e e e eaeeeeeesieisas s e e e e e aaaaeeeees 216
7.4.1 Rheological analysis and tuning of PTT model parameters with increasing
L1L= oo ] 01 (=] o | U TT O PRPP 216
7.4.2. Extrudate swell as a function of fillemtent................cccccococ. 223
7.4.3. Theoretical evaluation regarding matgr@abmeters ...................... 228

XXV



TABLE GFONTENTS

7.4.4. From simulations with no slip boundary conditions to simulations doing

LS o N 232
R T 0] N[ I S]] 234
REFERENCES . ... oottt e e e e e e e e e e e eeaan 236
(O 0= 1 1= S PSSP 239
CONCLUSIONS AND OQUTLOOK ...ttt e 239
8. L. CONCLUSIONS. ... ettt ceet ettt et e et e e e et e e e e e e e s et e e e et e e ean e e aaeeeanaeeeaneeeen 239
S O U o) N 244....
F Y o] 01T Lo ) A TP 247
Extra details on viscoelastic PTT MOEL............ooiieniiiiiiiii e 247
A.1l. PREDICTIONS OFPTTMODEL IN SIMPLE SHEAR FLOW........cuvevneiinienniinnnnn. 247
A.2. PREDICTION OFPTTMODEL IN SHEAR-FREE OR EXTENSIONAL FLOW....... 250

A.3. CONTRIBUTIONS OF EACH MODE TO FINAL RHEOLOGICAL PROPERTIES.. 251

A.4. SENSITIVITY OF THE MATERIAL PARAMETERS ON THE RHEOLOGICAL

PROPERTIES. 11t tetttttitestettteeteatteesestan e eseatanaeeeettaaeesestanaaeeeetnnaesestnnaaeeessnnaaaees 254
Y o] 0 1= o )Gl = PR 259

Supplementary information for Chapter 4...........ccccccviviiieiieieieeeeeeeeeeeeeen 259.....
B.1.MESH PATTERNS FORBD AND 2D SIMULATIONS......cevveeeivieeeiieeeeneeeaneeeeanns 259
B.2. DETAILS ON EXTRUDATE AREA SWELL ...cuuiitniiiiitiiieiieeitieenessnseeneesneesnnens 261
B.3. EXTRA INFORMATION ON AXIAL VELOCITY COMPONENT .....cuvvvevnerirnnennn. 262

B.4. EXTRA INPUT ON STRESS IN DIE....uuieieeeeeereeeennnnninians e e e e e eeeeeeeennnnnnnan e ees 263

REFERENGCES ... .ottt ittt sttt e e nabeee e 265
Y o] 01T Lo b P PPPEPPTURRTRUR 267

Supplementary information for Chapter 5..........cccooiiiiiiii, 267.....
C.1. EXTRA INPUT ON THE REDISTRIBUTION OF STRESS COMPONENTSx, Tyy AND

Tz2 ALONG FLOW DISTANCE ....ceetuvteeitteeesstereesnseeeessnneessseeessssnnesnsseeessssesesnsseessnses 267
Y o] 0 1= Lo )l I PSRRI 273

Supplementary information for Chapter 6...........ccccccvvvviiiiiiiiiieeeeeeeeeeeeeen 273.....

D.1. DETAILED EXPLANATION FOR THE EXIT PRESSURE METHOD THROUGH A SLIT

)| TP PP 273

D.2. EXTRA INPUT ON DISCUSSIONS OICHAPTERD ....ovviiiieiiiiiiiieee e iiiiicee e 277
D.2.1. Extra input on pressure measurements for slit die.........ccccccceeeeeeenn, 277
D.2.2. Geometry and Mesh patterns for 3D modelling .............ccceeeeeeeee. 278
D.2.3. Extra information on the rheological properties of PP composites .. 280
D.2.4. Extra details on the PTT model at 200 °C........cccooviiieeieeiiiiiieenennnns 281
D.2.5. Extra details on the impact of the fleaistributions.................... 282
D.2.6. Non-isothermal modelling with PTT model ..........cccccocviviviiiinrnnnnn. 283

REFERENCES ..ottt ettt e e e s s b e e e e e e nnneees 287



LIST OF SYMBOLS

LIST OF SYMBOLSAND ABBREVIATIONS

List of symbols

Roman symbols

A Surface area, min
ABS Acrylonitrile-butadiene-styrene
ALE Arbitrary Lagrangian Eulerian
B Swell ratio
B, General swell ratio of Newtonian flow
B, Width well ratio
B, Edge height swell ratio
B; Middle height swell ratio
B, Area swell ratio
CCD Charge coupled camera
CFD Computational fluid dynamics
C, Cauchy-Green tensor
c;t Finger strain tensor
Cp Specific heat capacity, J ®§C*
D Diameter of extrudate, mm
Do Diameter of die, mm
D Strain rate tensor
DCPP Double-convected pom-pom model
DEVSS Discrete elastic-viscous split stress
De Deborah number
tr Trace of tensor
EEME Explicitly elliptic momentum equation

XXVii



9T OF SYMBOLS

EVSS
FDM
FEM

FVM

Gn
GB

GP

LDPE
LLDPE
L/D
Mm
My
MRP
MMD
MWCNT
Nz
N2

Na

PP

Elastic-viscous split stress
Finite difference method
Finite element method
Finite volume method
Storage modulus, Pa
Loss modulus, Pa
Glass bead
Graphite filler
Height of extrudate, mm
Height of die, mm
High density polyethylene
First invariants of the Cauchy-Green tensor
First invariants of the Finger strain tensor
Kaye-Bernstein-Kearsley-Zapas model
Low density polyethylene
Linear low density polyethylene
Length to diameter ratio
Mass average molar mass, kg tol
Viscosity average molar mass, kg rhol
Micro-encapsulated red phosphorus
Molar mass distribution
Multi-wall carbon nanotube
First normal stress difference, Pa
Second normal stress difference, Pa

Nahme Number: ratio of the viscous
dissipation to conduction

Polypropylene

XXVili



LIST OF SYMBOLS

PS

PSM

PTT
PVC
p
Pexit
Rolie-Poly

Ry

S
S
SES
SUPG
SuU
Ta

T,

XPP
2D
3D

XXIiX

Polystyrene

Papanatasion-Sxriven-Macosko damping
function

Phan-Thien-Tanner model
Poly(vinyl chloride)
Isotropic pressure, Pa
Exit pressure, Pa
Rouse linear entangled polymer model
Universal gas constant
Orientation tensor
Stress ratio or recoverable shear modulus
Streamline element scheme
Special Streamline-Upwind/Petrov-Galerkin
Streamline-Upwind
Absolute zero temperaturg,
Room temperaturés
Velocity vector, mm/s
Axial velocity component, mm/s
Transversal velocity component, mm/s
Lateral velocity component, mm/s
Width, mm

Weissenberg number: shear rate times
relaxation time

Extended pom-pom model
Two dimensional

Three dimensional



9T OF SYMBOLS

Greek symbol

VI

©

Tn

~<

[

Damping function parameter 1
Damping function parameter 2
Shear rate,’s
Exit pressure drop, Pa
PTT model parameter 1
Elongational rate (3
Viscosity, P&
Shear viscosity, Pa
Elongational viscosity, P&
K-BKZ model parameter
Damping function parameter 3
Relaxation time, s
PTT model parameter 2
Density, g/cr
Hamilton operator, m
Stress tensor
Shear stress at wall, Pa
Extra stress tensor
Viscoelastic contribution to extra stress tensor
Newtonian contribution to extra stress tensor
Upper convected derivatives of stress tensor
Lower convected derivatives of stress tensor

Angular velocity (rad/s)

XXX



CHAPTER 1 SCOPE AND AIMS

Chapter 1

SCOPE AND AIMS

As shown in Figure 1-1, polymer extrudate swelljchitis also denoted as die swell
or the Barus effect [1,2], is a rheological phenooretaking place after polymer melt
flow emerges the die exit of extrusion equipmerte Bssociated die design is based
on the strategy of prohibiting or compensatingsivelling behavior downstream the
die exit to obtain the final optimized profiles. tdeboth experimental and modeling

tools are relevant.

Figure 1-1: Concept of die swell for polymer extous

The key challenge is an understanding of the nmiaigdsional nature of the die swell
phenomenon. However, as discussed in Chapter Z2ieyewubmitted to
Macromolecular Materials Engineering), most experial and numerical studies are
devoted to a two-dimensional (2D) description. Hgrtke current PhD thesis focuses
on 3D descriptions, with the gradual degree of demify highlighted in Table 1-1.

Focus is always on so-called rectangular or slisdi
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Table 1-1. Gradual build-up of the PhD thesisriderpin die swell

ChaptetPolvmers Isothermal or Rheological Geometric Flow pattermns Experimental
P y Non-isothermal Model Variables P alidation
Cross law o
3  |Neet PP Isothermal model and :lslt g:ﬁ :::ttit; 2? 10 desglncz/ ed This work
PTT model P P
Slit die with aspedt Full
4  |Nea&t PP Isothermal PTT model [ratio ranging from y IThis work
developed
1 to 20.
Slit die with an
upstream
5 |Ne& PP Isothermal PTT model c'ontract'lon reglor] Developing | This work
ia varying the slit
die length/height
ratio.
Nezt PP,
LDPE, and [Isothermal and Slit die with aspegt  Fully .
6 HDPE Non-isothermal PTT model ratio of 10 developed This work
7 PP/Graphltelsothermal PTT model Sllt‘ die with aspeqgt  Fully ThIS work and
composites ratio of 10 developed |iterature datg|

In Chapter 3, a comprehensive study of the flonalvar of isothermal polypropylene

(PP) melt inside and outside a slit die with a didaspect ratio of 10 is conducted

through a unique combination of multidimensionapexmental validation and 3D

numerical simulation, considering the viscoelastimstitutive Phan-Thien-Tanner
model (PTT) model. The results have been publighdte Journal of Non-Newtonian

Fluid Mechanics and focus on swelling on the widltlddle height and edge height

direction. Rheological data are used to tune th€ parameters.

In Chapter 4, a further investigation is carriedtlom 3D extrudate swell behavior of

polymer melt out of the slit dies with the aspeatia ranging from 1 to 20. These

results have been published in the journal Physiéduids. It is highlighted that the

2
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deviation of the 3D extrudate swell from the copasding ideal 2D modelling
decreases with the increasing aspect ratio of liheiss but does not vanish even

though the aspect ratio increases up to 20, stegifrom the side wall effect.

In Chapter 5, the obtained insights and researatesfy in Chapter 3 and 4 are applied
to investigate the impact of the upstream contoactiow on the 3D extrudate swell
behavior of still isothermal polypropylene melt.€Tariable of the die length/height
ratio of the downstream flow channel is evaluatagstaffecting the distributions of
the velocity and stress fields, especially thatiginity of the converging region. A
combined effect stemming from the elongational flidnough the converging flow
region and the material parameters of polymer roeltthe anisotropic extrudate
swelling behavior the extrudate is illustrated asllwThese results have been

provisionally published in Journal of Non-Newtonialid Mechanics.

In Chapter 6, the 3D modelling numerical simulasiane utilized to tackle the issues
in the field regarding the validity of the exit psaire method, which is used to measure
the normal stress difference, a key rheologicahpeter, at high strain rates. The 3D
modeling focuses not only on the evaluation of phedicted anisotropic extrudate
swell behavior of various isothermal polymer mslish as High density polyethylene
(HDPE), Low density polyethylene (LDPE) and PPty PTT model with the tuned
material parameters based on the measured nomass$ stifferenceN:) data via the
exit pressure method, but also on a comparison detwhe directly numerically
calculatedN; data and the data calculated by the exit pressetbod based on the
predicted pressure profiles. Emphasis is also plession-isothermal effects. These

results have been published in Journal of Rheology.
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In Chapter 7, focus is on the die swell for compssinstead of neat polymers as in
the previous chapters. These composites are maedd ba adding rigid filler particles
into the matrix. A modified PTT model is proposedthis preliminary study by
establishing functions of the material parametgesrest the volumetric filler content.

Itis the goal to publish these results in a latage in a journal such as AIChE Journal.

Finally, Chapter 8 summarizes the vital findingsindg the whole doctoral research.

Based on these conclusions, recommendations farefuésearch are provided.
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CHAPTER 2 STATE-OF-EFART FOR EXTRUDATE SWELL

Chapter 2

State-of-the-art for extrudate swell of molten
polymers: from fundamental understanding at
molecular scale toward optimal die design at final

product scale

Polymer extrudate swell, which is also denotediassdell or the Barus effect, is a
rheological phenomenon taking place after polymettiftow emerges the die exit of
extrusion equipment, due to flow redistributiond amolecular stress relaxations. The
associated die design is based on the strategyladbiting or compensating the

swelling behavior downstream the die exit. This tdbation comprehensively

highlights the current knowledge and plethora gdexrkmental and modeling tools to
tune extrudate swell of polymer melts. The novielsyin the combined consideration
of the impact and interplay of (i) the processimgameters, (ii) the die geometry, (iii)

the macromolecular characteristics (e.g. molar masstribution and branching

level), and (iv) the additive macroscopic propesti€urthermore, the prediction of
extrudate swell through various flow geometriessbgni-empirical expressions and
fundamental viscoelastic constitutive models is mam@d. Specific focus is on the
differential Phan-Thien-Tanner (PTT), the molectitf@sed double-convected pom-
pom model (DCPP), and the integral Kaye-Bernstedgaisley-Zapas (K-BKZ) model
and their usefulness for 3D swelling descriptionsijcating the optimum model to
understand the fundamental relation of moleculanapaeters and viscoelasticity. The
relevance of such detailed analysis is also illatd by including case studies

addressing design at the final product scale.
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2.1. Introduction

Polymer extrusion is one of the most important fiognoperations employed in
various industrial applications. In this technigas, shown in Fig. 2-1(a), polymer
melts are forced through a (capillarity/slit) diermzzle to obtain a final polymeric
product with a certain three-dimensional (3D) deoffi-6]. In general, the dimensions
of the extrudate do not correspond well to theifgaff the die or nozzle exit. This
phenomenon, which is often denoted as extrudath, slieswell or the Barus effect,
is considered as a flow instability of polymer radlt, 8]. In practice, swell ratios are
considered that vary with distance from the dig ariil equilibrium is reached. In
most simple cases, one swell ratio is used andel®fas the ratio of the height of the
HEg

extrudate Idg) to the (fixed) height of the digdt), B =—, as shown in Fig. 2-1(a).

Hp
At the molecular level, as depicted in Fig. 1(ln),the die the chains are (more)
stretched and once exiting the die recoiling caairagake place, explaining the

observation of extrudate swell.

The earlier studies on extrudate swell for polyfi@wrs are dated back to the 1960s
and focused on general experimental observatiotigrendevelopment of analytical
models to grasp these observations [7, 9-11]. Bamele, Kishiet al. [11]
experimentally investigated the relation betwees stvelling and the recoverable
shear strain for several polymer melts, highlightthe relevance of the history of
shear and thermal treatments. Later in the 1976 oetailed flow studies have been
developed [12-17]. Notably is here the developmainthe pioneering empirical

Tanner expression to predict the swell ratio ofypwr melts for a capillary die



CHAPTER 2 STATE-OF-EFART FOR EXTRUDATE SWELL

—_—
o
—

|

:
@ @

\¢@ 33 FBP

T

A\
%
;Y
1
@

As€s /VNos€s  Auhcortes Polymer chains

\
\
\

. Velocity vector

Figure 2-1. (a) Side view of the concept of eximagirocessing and the definition of extrudate

swell in one directiorB =%; (b) Velocity profile development and the evolatiof the
D

configuration of polymer chains through a die watlsonverging region before die entry: here

for simplicity only extreme cases of coiled ane:&thed. Focus on slit die as well.

based on regression analysis of experimental sefl#lt 16]. This expression allows
to evaluate the equilibrium extrudate swell ratiswming an unconstrained elastic

recovery and infinite die length:

B=2= B +(1+3)% (2-1)
Do 2

in which D andD, represent the diameter of the extrudate and dig Bxis the
Newtonian flow limit for the swell ratio, which msqual to 0.13, an8, is defined as
the ratio of the first normal stress differentig, to twice the shear stress at the wall

of the die o;.

In any case, one needs to fully acknowledge thé&aypviscoelastic character of

polymer melts, leading to rheological phenomenahsas shear-thinning, normal
9
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stress differences depending on shear, strain-hangland stress memory of historic
deformations [18]. For comparison, polymer meltsrupmerging the die exit exhibit
a significantly larger swelling than typical Newtan fluids. Despite that many
researchers predominantly attribute the extruda&d f polymers to the recoverable
stress and strain applied to the deformed polyreins, this phenomenon is still not
fully understood [19-23]. The earlier studies rethto extrudate swell of polymers
focused on utilizing the capillary rheometer wittirgular or slit die to experimentally

study the effect of processing parameters, flownggtoy, molecular characteristics,
and filler content [24-29]. However, measuring tha@rudate swell is a tough task
because of its susceptibility to measurement cndif such as sagging or gravity
influences and ambient temperature variations. dfbee, a highly precise

measurement method is always an important eleregatding the study of the swell

behavior of polymer melts [22, 26, 30-34].

It is recommended to also include numerical modgetm investigate the extrudate
swell behavior as it possesses the capabilitydwige insights into the flow behavior
inside and outside the die channel, which has bm&nsought since the 1980s [15,
35-38]. Originally one confronted the difficulty ah numerical simulations for
extrudate swell were only implemented considerimg lbasic Maxwell constitutive
model, due to limitations of numerical solution hads or schemes [35, 39]. In the
last decades of the previous century extendingvthrwell-type models for solving
extrudate swell problems at high shear rates pawsdy of important contributions
to the modeling with more realistic constitutive ehets, such as the nonlinear
differential Phan-Thien-Tanner model (PTT modeB,[33, 40, 41], the molecular-
based Double-Convected pom-pom model (DCPP mod&hib] and the integral

Kaye-Bernstein-Kearsley-Zapas model (K-BKZ moddi-f48]. These constitutive
10
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models seem more promising in capturing the extaudwell at high Weissenberg
(Wi) number, thus for a large product of (overa#ljaxation time and shear rate,

accompanied by a suited die design for industpaliaations [49].

On the other hand, as nicely stated by Larson aesaD[18] in their review, a
constitutive model that can describe one polymiggiidd might not be adequate for
another. An appropriate and dedicated tuning ottrestitutive model parameters is

required per type polymer considered and thus tuisimon-trivial, keeping in mind

Table 2-1. Overview of experimental and modelintydate swell studies for various

polymer melts.

Polymer Measurement Research Type Reference

Temperature Experiment Modelling

(°C)
HDPE 160-200 Yes [22, 30]
HDPE 160-200 Yes Yes [19, 34, 46, 47,
50-52]
HDPE 180 Yes [53]
LDPE 150-200 Yes Yes [14, 33, 44, 47,
52, 54]
LDPE 150-175 Yes [54, 55]
LDPE 230 Yes [56]
LLDPE 180-230 Yes [57]
LLDPE 160-190 Yes Yes [41, 44, 58]
PP 200 Yes Yes [45, 59-62]
PP 190-240 Yes [27, 32, 56, 60,
63]
PS 170-230 Yes [26, 64, 65]
PS 160-180 Yes Yes [8, 66, 67]
PVC 190-230 Yes [64, 68]
PP/WCNT 190-230 Yes [69]

11
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PP/Kaolin 180-220 Yes [60]
PP/MRP 180-205 Yes [70]
LLDPE/CaCQ 190-230 Yes [71]
LDPE/GB 150 Yes [72]

that measurements with respect to normal stresh, asithe first and second normal
stress differenceNg andNy), and the extensional viscositye] still encounter great
challenges at high strain rates and are mainly ecied for basic commercial
polymers. Specific focus has although been on theergeneral no strain-hardening
extensional behavior for linear polymers such gk hiensity polyethylene (HDPE),
linear low density polyethylene (LLDPE) and polypytene (PP) melts [53, 73] with
reasonable rheological parameters [45, 58, 5%dufition, it should be pointed out
that currently the numerical calculation divergefmenon-Newtonian flow at high

Wi numbers still limits the development of numetigedeling [74, 75].

Hence, both experimental and modeling researchbeas conducted to capture
extrudate swell, as also highlighted in Table 2sting important references for both
types of research making a distinction between mely types and ranges of
processing temperatures. It follows that most fatas been on standard polymers
such as polyolefins, polystyrene (PS) and poly(vohloride) (PVC). To a limited
extent one has covered extrudate swell involvisg lonventional polymers or also

blending partners such as calcium carbonate (Ga@Qlass beads (GBs).

To the best of the authors’ knowledge a comprekensview with respect to the
state-of-the-art on the experimental and theoretiocderstanding of die swell is still
lacking. This review therefore aims at the undeditag of the complicated extrudate

behavior of polymer melts through various flow geries based on the combination
12
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of experimental and numerical analysis. Numerictibres for extrudate swell

predominantly by means of the development of vilsiEe constitutive models are
discussed with their validation based on variousasneement methodologies.
Specific focus is on the strength of 3D modelingrapches to fully characterize
extrudate swell in all relevant directions. We aiddially summarize the widely used
die design optimization approaches whose crucig¢adives are to minimize or
compensate the swell behavior after die exit. Ogaestions on extrudate swell of
polymer melts are identified and the correspondaigllenging tasks for the

numerical modeling of extrudate swell are covehedughout this review.
2.2. Fundamental interpretation at the molecubzelle

An important fundamental question in the polymergassing field is associated with
the origin of the extrudate swelling behavior ofogdelastic melts. Numerous
researchers agreed that the mechanism of the extrvelling at the die exit is
attributed to the reorganization behavior of floelocity patterns and the inherent
elastic retraction or stress relaxation [17, 29, Z&79], which take place to induce
the extrudate deformations perpendicularly to thainmflow direction. This

reorganization is also influenced by the flow higiarticularly the impact of the

passage at the die entry with a converging region.

At the molecular level, upon die entry, the indivéditopologies of the polymer chains
strongly change with a tending to transform to atestwith much less entangled
configurations upon flowing through the convergilogv region, resulting in (partial)
molecular orientation thus stretching, which iodteown as straining thinning [8].
The deformation energy builds up and cannot bexedlammediately so that it is

stored in the molecules. In order to re-equilibithie stored energy, polymer chains

13
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tend to recoil once the flow emerges the die exiaiway that stress relaxation or
elastic retraction occurs. This significantly cdmites to more robust velocity
rearrangements thereby leading to larger extruslatd deformations as compared to
Newtonian liquids or purely viscous flow [45]. Fi@-1(b) shows the velocity
redistribution behavior for the melt varying from apstream fully developed flow to
a downstream plug flow after the die exit, acconmpérby the evolution of the
deformed polymer chains relaxing the stress apptindthe molecules. In this
subfigure, the recoiling of chains in the flow ditien causes an expansion in the

transversal direction.

This specific complexity of extrudate swell witrsgoelastic polymer melts has been
illustrated in detail by Yarusso [78], who perfolin@ systematic investigation
regarding the variation of velocity profiles offéifent sorts of flows through a slit die.
This author pointed out that elastic fluid with@nstant viscosity has a rather similar
velocity rearrangement compared to Newtonian floveontrast, for viscoelastic flow,
the velocity rearrangement occurs more slowly beeafithe shear-thinning behavior
and starts further upstream due to the elastic ooet. This further indicates the
influence of elastic molecular properties on thieity reorganization behavior thus
the extrudate swell. This is specifically consisteith the work of Behzadfast al.
[22], who reported that the stress relaxation {elascovery) is the main reason for
the ultimate extrudate swell of HDPE melt. Basedexperimental results these
authors found that approximately 76% of the ultieratelling is caused by the elastic

retraction of HDPE molecules.

14
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Figure 2-2. Experimental and mathematically analysothermal swell ratio of HDPE at

apparent wall shear rate of 64 and 200°C through a capillary die with a diameter of 0.79
mm. The extra lines indicate the swell ratio resgltfrom the elastic, surface tension and
overall retraction mechanism, Copyright 2015 [22]pfReuced with permission from Elsevier

Ltd.

In addition, Behzadfaet al. [22] also put forward that the surface tension ban
another contributor to extrudate swell, with fostance the cylindrical shape of
extrudate tending to be deformed into a sphericaps. It is worth mentioning that
the relaxation time of surface tension is two eeéhorders of magnitude higher than
that of the elastic retraction, as shown in Fi@. Zhis indicates that one needs an
extremely long time to observe the effect stemmfrgm the surface tension
optimization on extrudate swell. This also explaivisy in most cases the tension

force effect is negligible in numerical modelingdies [4, 45].
2.3. Experimental characterization tools

Experimental data of extrudate swell, ideally inesal directions, are essential for
the general understanding of the relation of vikxsirity, polymer processing

conditions and swelling. Furthermore, with respé&xtthe viscoelastic liquids,
15
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extrudate swell is a benchmark topic for the euadwmaof existing and new
constitutive mathematic models or numerical schefinoes a historical point of view

[8, 44, 66, 80], which is discussed in detail lagarin this work.
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(1) Thermostating circulating bath (7) Oscillator relay for liquid level controller

(2) Manual valve; (8) Stainless steel flexible outlet hose

(3) Stainless steel flexible inlet hose (9) Azar thermocouple recorder

(4) Solenoid valve (10) Instron capillary rheometer

(5) Thermostating chamber (11) Camera

(6) T-joint pipe fitting for sensor of the liquid level controller

Figure 2-3. Original most promising device as depel by Utrachet al.[68] to measure die
swell. Copyright 1975, as reproduced with permisgiom John Wiley and Sons. Currently
more simplified devices are available either fongsbn offline or online measurement with

key examples covered in Figure 2-4.

A completely accurate measurement of the extrushaedl is still a tough challenge
even if following necessary conditions are achie\{@dsteady and isothermal flow;
(ii) absence of gravitational sagging and an iateel tension effect; (i) a full stress
recovery of flow melts [68]. Originally one of thmost promising first results was
reported by Utrachét al. [68] who designed a complicated device, as shawrig.

2-3, to make the polymer extrudate flowing in aiigqwith a constant temperature,

accompanied by a recording of the changes of theidate diameter using a single-
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lens reflex camera. At first sights it seems that bperation mode can meet the three
requirements mentioned above. However, Yangl.[26] pointed out that the main
drawback of the method is the difficulty in findiagsuited oil which is not only unable
to dissolve the polymer but also has a close dengitthat of the melt for truly
eliminating the sagging effect. In addition, thetredate diameter measured by
photography seemed to be inaccurate to some exeause of the scattering effect,

due to the refractive index difference by natumieeption.

It can thus be understood why this method in Fig.Has not been extensively applied
by researchers later, although its inception weesadly in the 1970s. Instead, simpler
and more direct measurement methods for extrueagt are now utilized, which can

be classified into two main categories, namelydfféne and online measurements

as covered in the next two subsections.

2.3.1. Offline measurement

With regard to offline methods, the simplest andvemtional way is to quench the
extrudate directly in air or a liquid such as wated then cut the solidified extrudate
strands for an equilibrium swell measurement, wischamed the pinch-off method
[26, 81]. This method is thought to underestimhtedxtrudate swell ratio because it
freezes the deformed polymer chains so that itstthe unrelaxed stresses of the
extrudate therefore restricting a further swelling.

In contrast, Lianget al. [32, 70, 82] measured the swell values of PP caitpo
extrudates after the samples were cooled down alitun air at room temperature
instead of being quenched immediately. With the airthe stress relaxation at least
to a great extent, annealing the extrudate inw@digath beyond the glass transition

temperature of the polymer was also conducted befe swelling measurements
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[27]. As a result, the measured extrudate swelbsaivith this method are more
reliable in contrast to the method with direct qeleng. For example, Ananet al.
[27] reported that the annealing of PS extrudeal (@tall) shear rate of 150¢tand a
temperature of 208C increasearound 6% the final diameter. For PP extrudates, th
increase was even up to 30-35% as compared withethdts without an annealing

processing operation.

Constant force or l
constant rate

Granulate
Gnmp uter

b {

Single-screw extruder

Camera for the width

Camera for the height .
et ]

i “Computer

Figure 2-4. Several on-line setups for extrudatellsmeasurements. (a) HDPE extrudate
through capillary die, Copyright 2015 [22]. Reprodiieéth permission from Elsevier Ltd; (b)
LDPE extrudate through circle die, Copyright 2018][Reproduced with permission from
Wiley InterScience; (c) LDPE extrudate through eoikary die, Copyright 2011 [44].
Reproduced with permission from Elsevier Ltd; (d)@&@®udate through a slit die, Copyright
2019 [59]. Reproduced with permission from Elsevigd. In the last case there is a
measurement in all relevant directions, includirgjfeerentiation according to a difference in

the middle and edge height swelling.
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2.3.2. Online measurement

Considering the time evolution character of polyragtrudate swell behavior, the
offline measurement mentioned above is unable ptuca this behavior. Hence, it is
not surprising that more recently several onlinghmeés for testing extrudate swell
have been proposed. Notably Hatzikiriakos and cdkers [22, 34, 51, 83] developed
a setup, which is mainly constructed with an opterometer using a laser system
to record the swelling of polymer melts with a flolivection in the gravity direction.
To control the ambient temperature, a pair of réaliaheaters on both sides of the
extrudate is used to retain the extrudate at adeatypre as the same as the extrusion
condition or any relevant temperature through ddjasts. The details regarding this
setup are shown in Fig. 2-4(a). Since all the measants are performed before a
short distance of 20 mm away from the die exit, dhavity effect on the extrudate
swell is neglected.

Another widely-used online measurement method eyspligh-definition camera
systems [30, 33, 40, 44, 59-61, 63, 79]. &twal. [33, 40] reported for instance that
for measuring the swelling of LDPE melt, a chargepled camera (CCD) can be
fixed in front of the die lip with a measuring maplaced behind the extrudate, as
depicted in Fig. 2-4(b). The advantage of this rétts that the extrudate diameter
can be directly read from the image with a refeescadiper. The difficulty stems from
avoiding the contact between the melt and the ealiSimilar work was done by
Ganviret al. [44], as described in Fig. 2-4(c), to record tRPE extrudate swell out
of a capillary die.

Very recently Tangt al.[59] succeeded to measure the anisotropy swed\hehof
PP melt from a slit die by applying two fixed caaefrom the bottom and side view,

as presented in Fig. 2-4(d). By doing so it wassfiids to measure the variation in
19
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swelling in both the width and edge height directiwith for the latter also through
simulation and validation of rheological parametedifferentiation between the edge
and middle height swelling. This strategy enabldslla3D picture of swelling data
from die exit to actual equilibrium setting. In atitsh, Intawonget al. [65, 84, 85]
reported a so-called Parallel Coextrusion Techni@®@T) method to measure the
radial extrudate swell and velocity profiles of alymer flow from a extrusion
rheometer. Extruding the colored flow melt into thek uncolored melt in the barrel
is the crucial principle of this technique. Theragate swell ratio value is obtained
by a comparison of the thickness of the colored tagkrs of the extrudate outside

the die and that of the layer inside the die.
2.4. Main experimental observations

2.4.1. Effect of processing parameters

Direct processing parameters, such as the temperatud pressure, or lumped
processing parameters such as the apparent walt sfte inducing a certain shear
stress, are of great importance to control thel foraduct profile. Generally, as
supported by numerous previous reports [22, 2663282], a higher shear rate results
in a larger extrudate swelling ratio due to anéase in the normal stress. For example,
Liang et al. [32] reported the swelling of PP from a capillalie for various shear
rates. Upon increasing the shear rate from 10x¢dl4? s* the swelling values sharply
increased from 1.2 to around 1.4. After that a msicialler increase only up to 1.5
was observed as the shear rate increased furti€f &3.

At one point a critical value for the wall sheaess can be obtained inducing polymer
slippage over the die wall solid surface [86-88]pjsage is expected to lead to a

decreasing extrudate swell as the boundary layedgerunon-slip conditions are
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regions of high stress. Notably Hatzikiriakos [8éYiewed the current experimental
methods to determine slip. Furthermore, Krayetkal. [89] studied the effect of
slippage on the swelling behavior of polyvinyl dob solutions through cylindrical
tubes with rough and smooth surface to highlight thith the former more slippage
is obtained and thus less swelling. Brzoskoweskil.[90] on the other hand attempted
to deliberately induce slippage through injectimgbeetween the polymer melts and
the die wall. A small influence on extrudate swedls although observed.

The deformed polymer molecules require an enoughggrto overcome the barriers
for the molecular kinematic rotations to relax #mergy stored in the polymer chains.
Therefore, a higher processing temperature indadggher stress relaxation rate of
polymer chains, resulting in a decrease of the Iswgetatio. As a branched polymer
melt possesses a higher activation energy for ti@ncmotions than its linear
counterpart [91], the temperature effect on extireidavell is related to the molecular
thus material parameters as covered in the nexestibn. Indeed, Liangt al. [32,
70, 82] found that an increasing processing tentperadecreased the extrudate
swelling at a given shear stress for polymer meitigher apparent shear rates
contributed to larger temperature sensitivity oa #welling behavior, highlighting
that one should be careful with simply extrapolgtiesults with only one process
parameters being varied. Furthermore, Yamgal. [26] compared the effect of
extrusion processing and die temperature on theudatie swell of PS melt and
reported that the latter has a larger influencewéicer, a die with a sufficiently large
length to diameter ratio seems independent oftérigperature effect, implying the

achievement of thermal equilibrium for the actualmhart of the extrusion equipment.
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2.4.2. Effect of die geometry parameters

Polymer melts are forced to enter the die from(&xrusion equipment) reservoir by
contraction flow so that complex flow behavior iting extensional and shear flow
variations is realized. The characteristics or disiens of the die geometry such as
the length to diameter ratio (L/D) [22, 27], the @intrance angle [19, 22], and the
ratio between the diameter of reservoir and thd2lie 92], play a significant role in
affecting the swelling behavior of viscoelasticwk Moreover, there can be a
difference in the overall geometry with the two onant classes being capillary and
slit dies.

It should be realized that variations in die geagngtduce different distributions of
physics variables, such as velocity and stressifalisions inside the flow channels.
For example, Ananét al. [27] reported the extrudate swelling of two typdsPP
melts through capillary dies with various L/D vaud&hey found that in case the die
diameter was set to 5 mm with L/D ratios of 4, @, dnd 23 the swelling ratio
decreased with the increase of L/D ratio at a gisbear rate. This analysis is
consistent with many studies also observing thiega trend [8, 19, 22, 41, 66]. The
most detailed studies have been recently condumtélchnget al. [59, 61], focusing
on slit dies with aspect ratios (width to heightiios) ranging from 1 to 20 and PP
melts at 200 °C. A variation of the aspect ratighef die under fully developed flow
conditions results in 3D extrudate deformationdwaibsolute variations up to 30% in
all Cartesian directions and relative variationstodl0% along a given Cartesian
direction [61]. In addition increasing the contiantratio of the converging flow
channels leads to a larger extrudate swell rafip $2]. This has also been confirmed
in a recent simulation study of Targ al. [62], who found that the upstream

contraction flow region has a significant impacttbe extrudate swell behavior of PP
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melt from slit dies at 200 °C. The area swell ratimains however almost unchanged
and cannot be used to capture the anisotropic isgelehavior, since there are
opposite varying trends of the swell ratios in éx¢rudate middle height and width
direction.

With respect to the inclination angle, increasinig value leads to a larger extrudate
swell ratio from a capillary die, which is attrilegtto a lower and milder elongational
deformation, but a larger L/D ratio compromises thiiowing rate [19]. Hence, the
effect stemming from one equipment parameter suchiha L/D value of flow
channels on extrudate swell can be compromisedabying another geometrical
parameter such as the contraction ratio or inégbnaangle, providing a guidance on

the die design to attain a desired extrudate rofil

2.4.3. Effect of polymer material parameters

It is clear that polymer extrudate swell behaviooisgly depends on the intrinsic
viscoelastic properties of polymer melts, which atetermined by molecular
parameters such as the overall branching contegrtage polymer mass and the actual
molar mass distribution (MMD). Polymer moleculeshna high degree of (long chain)
branches or molar mass (also often denoted as mlategeight) possess the ability
to entangle strongly with each other, thus resgltim a formation of a physical
network and thus a high zero shear rate or Newtowiscosity [86]. As a rule of
thumb under high shear rate more deformations pédee at the molecular scale for
a branchedpolymer upon comparison with linear counterparts,tl@e polymer
molecules/segments are typically at larger disteané thus more easily stretched

with the applied stress.
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It is thus reasonable to expect more elastic rdmahlvior for the former (branched)
case once the flow emerges the die exit, therdéading to a larger extrudate swell
[41, 44, 56, 64, 93]. Indeed, as reported by Sosamapopet al.[64], highly branched
LDPE melt possesses the highest extrudate swikrist comparison to other linear
polymers such as polystyrene (PS), acrylonitrileatiene-styrene polymer (ABS)
and poly(vinyl chloride) (PVC), based on capilladyeometer analysis at given
apparent wall shear rates.

The most studied polymer parameter has been tharmmlss not always with direct
overall consistence as one can focus on the avenatg mass or the MMD as such
with likely differences in shape particularly broeds. For example, in the 1980s, a
controversy arised on how the molar mass affeetswelling behavior. Romaniet

al. [94] found that the extrudate swell ratios decesawith an increase in mass
average molecular madd) of PP melts, highlighting that less elastic rezrgvafter
die exit is realized. In contrast, Anaatlal. [27] reported that PP T30G melt presents
larger extrudate swell ratio than PP Q30G, althotinghlatter has a larger viscosity
average molar masMyf) than the former. They attributed this deviatioratbroader
MMD for PP T30G with this larger dispersity beinga relevant that the lower
average molar mass.

More recently Behzadfaet al. [22] systemically performed experiments with
capillary dies that incorporate an extrudate smelhsurement setup with HDPE melts
to investigate the effect of the average molar nzass dispersity on the swelling
behavior. It is shown in Fig. 2-5a that HDPE-1 &PE-6 with very similar relative
variation in molar mass (thus similar dispersitiba} different average molar mass
behave differently. The former has lower averagdamenass, showing larger
extrudate swell ratio consistent with the discussibove. On the other hand, HDPE-
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3 and HDPE-4 present similar swell ratio due toilsindispersities although the
former one has a smaller average molar mass puittiagird that the dominant molar
mass parameter is likely the dispersity. Hences iecommended to correlated the
swelling within a given family of polymers to digséy data, as illustrated in Fig. 2-
5b [22]. From a fundamental point of view this gidi highlights that on a relative
basis the shorter chains allow to facilitate stretsxation of the longer chains inside

the die thus decreasing the swelling behavior.
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Figure 2-5. (a) Extrudate swell ratio of several Hbmelts as a function of apparent (wall)
shear rate through a capillary die with a diamef&.79 mm at 200C; (b) The diameter swell
ratio as a function of dispersity (also known alygispersity index, Pl) at an apparent (wall)

shear rate of 64 Copyright 2015 [22]. Reproduced with permissiomfi&lsevier Ltd.

It should be mentioned that Robertsiral. [8, 66] studied the effect of molar mass
on extrudate swell as well selecting three monomB&atypes with various average
molar masses and one bimodal PS type with almestdme average molar mass as
one of the monomodal counterparts. These authonseVer found that a higher
(average) molar mass contributes to a higher swellatio, highlighting that the
chemical structure of the polymer could also plarple in the relation of average

molar mass and swelling. They although reportednaller swelling ratio for the
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bimodal PS type again confirming the relevancéefshorter chains in compensating
die swell phenomena.

Besides molar mass significant focus has also hmerthe impact of material
parameters regarding fillers. For industrial apiiens, modifications of polymers
are essential with often at least the addition of diller type, which was
comprehensively reviewed by Rueetaal. [76]. It is currently put forward that fillers
can suppress the orientation and stretch deformeatié polymer chains in the flow
field, and the deformed polymer chains are morgiotsd to recoil. This explains
why it has been observed why swelling is less eragmd upon increasing the filler
content [32, 70, 72, 82, 95, 96]. Specifically, hetal.[96] studied the processing of
polydimethylsiloxane (PDMS) filled with up to 60%lly glass spheres and noticed
that the swelling of the compounded flow is almagipressed in the whole range of
apparent shear rates, indicating that the swelliraplem is less important for an
extrusion processing as the filler amount is up t®rtain content. As a consequence
these increases in filler amount also lower theetimeeded to reach a stress
equilibrium state [97]. Of course, the filler-matinteraction needs to be sufficiently
strong to enable an acceptable degree of dispetgiafity [98-100]. It is further
recommended to verify the impact on other macroscomperties [101-104].

It has been additionally indicated that the exttadawvell is influenced by the filler
shape as well. It has been for instance reporggcattarger swell ratio is obtained for
LDPE composites with fillers having a smaller diz2, 95]. Stabik [105] additionally
found that larger aspect ratios of fillers leacsinaller extrudate swell, while other
factors such as the specific surface and mean tkairoentribute less to the swelling

of PE and PS melts.
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2.5. Modeling tools

Alongside the development of experimental techrégaéso the theoretical and
numerical field has evolved during the last centamy initial decades of the current
century. Originally focus has been on the develagiroéanalytical or semi-empirical
formulas to capture the overall swelling trends eguilibrium. More recently
numerical algorithms have been developed to mapélacity and stress fields for
extrudate swell that can be linked with the appiedprconstitutive models to capture
viscoelastic properties. Here one can differentisteveen molecular or continuum-
based differential and/or integral constitutive mlsdwith ultimately the aim of a
complete 3D understanding of the relation of visastcity of general melt and
extrudate swell. In any case, the validation ofariat parameters at the level of the
constitutive model as the overall model to descpiblgmer flow in a given geometry
is crucial, highlighting the need of the commurnizatbetween experimental and

modeling oriented research.

Table 2-2. Summary of semi-empirical equations foedicting the final thus

equilibrated extrudate swell of polymer melts.

Author(s) Empirical equation Explanation of Ref.
parameters

S.% 4 B, is the swell ratio [12]
B=B+0+-) /s of 0.13 for
Newtonian fluid and
S, is the recoverable
shear modulus
through a capillary
die (also Eq. 2-1).

Tanner
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B Ctakento be 0.1 [106]
2 1y based on the
) )¢ Newtonian fluid
limit and the
subscriptw indicates
evaluation at
thewall.

NlW
2(0;,)w

Minagawa = ¢ + (1 +l(
and White 2

g,, is the shear [107]
stress at the wall of
Menelson, 1 the capillary and: is

Finger and Sg = (B*+2B72-3) /2 the shear modulus of

Bagley _ 20w the polymer melt.
3G

20,
N, = TW(B‘* +2B72-3)"2

S,z y B, is the swell ratio  [16]
B=B+Q1+—3)" of 0.19 for

Tanner Newtonian fluid
through a slit die.

B = (14 2Perityy, APpye IS the exit  [108]
Ow pressure drop
through the capillary
die ando,, is shear

stress at the wall.

Liang

2.5.1. Semi-empirical formulas to capture ovedadl swell

Since the 1970s, based on experimental data foudate swell from capillary or slit
dies, researchers have proposed several semi-ealpitathematical expressions to
quantitatively predict the final thus equilibrategtrudate swell [12, 16, 106-109].
The most important expressions have been summairizédble 2-2. It follows that
most empirical expressions focus on the relatiotwbéen a one-dimensional
(height/diameter) extrudate swell ratio and thesstrratics, as already introduced in

the introduction.
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Among the expressions in Table 2-2 the originalrearequation (entry 1 in Table 2-
2; also Equation (1); for slit die: entry 4 in Tal#l-2), seems to be most dominantly
discussed one [61, 110-112]. Utraekial. reported that there is a good agreement
between the predictions of this Tanner equationthacexperimental measurements
of the extrudate swell for three types of polymeesnely PVC, PS and PE [68], while
Meissneret al.found a failure of the original Tanner equationgcedicting the swell
ratio of LDPE melt [25].

Notably Tanner has revised and extended his ofigipaation in 2005 by combining
the derivation with constitutive models [16]. Huaegal. [112] used this revised
Tanner theory combined with three integral constieu models to predict the
extrudate swell ratio of LDPE melt at 160 °C. Rie6(a) illustrates a clear difference
of theS, values by the three models, but a small deviaticth® predicted extrudate
swell values is noted in Fig. 2-6(b). A significamderestimation of the experimental
measurements in the last subfigure indicates that Tanner model (even in
combinations with these three constitutive modedsinot accurately predict the swell
ratio of LDPE, which has strong elastic propertigise failure of the Tanner model
can be attributed to two factors. One factor ig thaingle relaxation time is only
allowed for the Tanner equation, which is seemimglyenough to fully describe the
stress relaxation behavior as the LDPE flow emetigeslie exit. The second factor
stems from the ignoring of the die exit effect. ded this phenomenon leads to an
extensional flow approaching the exit point, thader-predicting the extrudate swell

behavior afterwards if ignored [8, 16, 61, 113].
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Figure 2-6. (a) The stress rafioof LDPE melt at 160C as a function of (apparent wall) shear
rate as calculated by the Wagner model [34, 114]3t model and the Papanatasion-Sxriven-
Macosko (PSM) model [34, 115]; (b) A comparisortle predictions of the extrudate swell
ratios of LDPE flow by the Tanner model combinedwihree constitutive models and the
experimental results, together with the simulatesults by finite element method (FEM)
method with the PSM model (b), Copyright 2010 [1R¢produced with a permission from

Elsevier Ltd.

2.5.2. Discretization methods and constitutive aetedor detailed

viscoelastic and flow description

The typical character of polymer extrudate swelldéor is its continuous thus spatial
and time dependent evolution after emerging theedie As explained above, the
semi-empirical formulas cannot capture this evoluthehavior specifically for more

complex melts also bearing in mind that the focu®ne or an average swell ratio is
only approximate. Numerical modeling is the ideallto overcome these limitations
and to have an insight on the flow behavior ingidd outside the die.

Notably the more early numerical studies concerrireep polymer flow started

already in the 1970s [116]. Due to the very limitaanputational capability at that
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point in time these studies were restricted in antiag for larger strains so that it was
impossible to implement simulations comparable ¢tstexperimental data which are
recorded at such larger strains. To tackle thisllehge, various numerical
solution/discretization methods have been develap#t last decades, including the
finite difference method (FDM) [117-119], the fiaielement method (FEM) [14, 37,
41, 44, 47, 75, 120, 121], and the finite volumeiod (FVM) [122-125]. Moreover,
progresses in numerical algorithms or schemes asithe Streamline-Upwind (SU)
or the special Streamline-Upwind/Petrov-GalerkituP$s) [14, 40, 51] algorithm,
and the explicitly elliptic momentum equation (EEMEhe 44 subelement method
[126], the elastic-viscous split stress (EVSS) mdtlil27, 128], and the discrete
elastic-viscous split stress (DEVSS) method [128}tdbuted to modeling results
converged at higher Wi or Debordbd) numbers:

Wi=1y (2-2)
De=*/, (2-3)

with A a characteristic (average) relaxation time qpigdthe apparent shear rate for
polymer flow andt’ is the reciprocal of the wall shear ratea fully developed flow
region.

In any case, the overall core of the numeric modeh the integrating of the coupled

continuity and momentum conservation equations:

2 +V-(pV)=0 (2-4)
p(S+V-VV)=Vp+V-T+F  (2:5)

in whichp is the densityV is the velocity vector is the isotropic pressure the

extra stress tensaF,the external force, ariithe Hamiltonian operator. Under non-
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isothermal conditions one additionally needs amggnbalance [46, 130]. Importantly,
the extra-stress tensoiis decomposed of a viscoelastic pgrand a purely viscous
partt,, which is typically written as [45, 131]:

T=1,+1, (2-6)
in whicht, is calculated differently by the basic equatioheaxh type of viscoelastic
constitutive model [55] and,, is an optional part coming from the Newtonian
contribution stress tensor. It should be notedithkg. 2-6t,, has a positive influence
on the mathematical properties of the constituégeations governing viscoelastic
flows. The corresponding viscosity only stemming from the pure Newtonian flow
part is presented by considering a rafjofn,, to the total viscosity of (n=n,, +

Tlp)- For example, for the single mode constitutive Rddel,r,, should be larger

than 1/9 to improve the modelling convergence wherparametes shown in Table
2-3 vanishes [132].

Historically the most crucial input model is the ®h&ll model related to the
theoretical concept of Maxwell flow [133, 134]. Ehionstitutive model predicts a
constant viscosity, a quadratic first normal-strefiference and unbounded
elongational viscosity. Chargg al. [134] reported the investigation of the extrudate
swell problem of simplified 2D flow through a cdpily die by numerical simulation
based on FEM using the Maxwell model. If the Wi figmwas 0.2, the simulated
extrudate swell ratio of the flow was up to arodnd, which seemed unreasonable to
some extent. After that Caswellal.[35] reported an extended FEM method with the
free surface updating scheme using the particiekiing technique to address the
extrudate swell problem of Maxwell flow. This methamproved the modeling

convergent results with@e number up to around 0.75. Furthermore, eti@al. [15,
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135] proposed a streamline element scheme (SES{utly the swell behavior of
Maxwell flow.

Another problem was the difficulty of numerical e@ngence if the Wi number of the
flow increased to 1. It was pointed out that thieeirent physical instability of the
Maxwell model is responsible for the instabilitythre calculation of extrusion swell.
The original Oldroyd-B model [136] was initially ggnosed to account for the
inclusion of the viscous pat}f, which was used to reproduce the flow behavior of
extrudate swell of viscoelastic melts [36, 113,,12%7, 138]. It slightly improved the
modelling results convergent with higher Wi numbeat it is still only valid for the
behavior in the linear viscoelastic regime [36].

With the aim at advancing in simulating the praadtiextrudate swell phenomenon of
viscoelastic flows the focus should be moved fronodels, such as the
aforementioned Maxwell or Oldroyd-B models to mogelistic constitutive models.
In the next subsections, focus will be thereforghenpractical non-linear viscoelastic
models used to simulate the extrudate swell, inofythe differential, the molecular-

based and integral constitutive models.

2.5.2.1 Continuum-based differential constitutivedasls

In general, multi-mode constitutive models with elakation time spectrum are
preferable to describe the viscoelastic flow prapsrcompared to single-mode
models [139]. The generalized nonlinear practi¢tieential models starting from

the Maxwell or Oldroyd-B model is typically writteas:
t= Y T, with Fu(Tp)te + 4T + F(tpu D)| = 2n,D (2-7)
with 4;, n, andD thei-th relaxation time, theth viscosity, and the deformation rate.
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Table 2-3. Examples of functiong,;(z,;) and F.(z,;, D) applied in various

differential constitutive models; link to Equati@7); in many cases the PTT model

is used.
Model Fy(ty) Fy(ty) Refs
Upper Maxwell(t,,=0) 1 0 [140, 141]
Oldroyd-B f,, #0) 1 0 [113, 136,
142]
White-Metzner 4(y) and 1 0 [143]
n)

Exponential PTT & _ & [144, 145]

ex gi—xitr(r D =T, =T,
14 n, pi o e TS I,

Linear PTT &idi . & & [13, 139,
L+ (o) —JE 2 140]
Giesekus Model 1+ i 0 [140, 146]

relaxation time-based functio, (z,;) is made of an extra stress tensgy, which
actually accelerates the rates at which stressydeatahigher stress [140]. The term
F.(tp;, D) controls the convective time derivative as a fiomciof the extra stress
tensorz,; and deformation ratb. It alters the deformation rate at which the stres
tends to build up [140]. IF,(z,;) andF.(t,;, D) areequal to 1 and O separately, Eq.
2-7 is reduced to the Upper Maxwell model. Tabtdghlights the most commonly

used functionsF,(t,;) and F.(z,;, D) applied in various differential constitutive

pis
models. A literature review shows that the Phaniefi4Tanner (PTT) model is one
of the most extensively used realistic differentigcoelastic models [140, 147]. The

two non-linear parameteesand¢, for the PTT model mainlgontrol the extensional

and shear behavior of polymeric liquids.
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The success of tHeTT model not only follows from thavell-appreciated reflection
of the experimental rheological data of benchmaflPE melts [13] but also from
other studiesFor instanceBushet al. [36] applied the PTT constitutive model to
investigate the extrudate swell using the numer@aindary element method and
concluded that the PTT model exhibited a largebngising ability in predicting the
significant extrudate swell behavior. Two yearseidatluo et al. [15] published
seminal work on the simulation of extrudate swéllaxisymmetric and planar
polymer flows by employing the differential PTT neddand the FEM numerical
method. A rather good agreement was achieved batexgmeriments and simulation
results if the Wi number reaches a value of 3.%s Work paved the way for studies
of extrudate swell with high Wi with the aid of ahced numerical schemes, such as
the DEVSS or EVSS method combining with SUPG orssblemes, to obtain more
accurate and stable computational results as nmattiabove. Interesting is here the
review of Baaijens focusing on the efforts usinffedlential models such as the PTT
model to address the viscoelastic flow problems whie application of the mixed
FEM method [75]. Furthermore, Berauebal.[41] compared the extrudate swell of
LLDPE simulated with the multimode PTT model baseda quasi-Newton element
method with the corresponding experimental datevak found that for a contracted
long die with a L/D of 19.2, a quantitatively goagreement between simulations and
measurements was obtained at an (apparent) wall site of 11§, as shown in Fig.

2-7(a).
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Figure 2-7. Comparison between experiments andlation for a long capillary die at an
(apparent) wall shear rate of (a) tlad (b) for a short die at 33.d.ines based on the work
of Beraudcet al.[41] and Ganvir et al. [80]: subfigures as repmatlfrom Ganvir et al. [80].

Copyright 2009 with permission from Elsevier Ltd.

However, for the case of a short die with a L/D4d, Fig. 2-7(b) shows that the
simulation result underestimates the swelling retimpared to the experimental data
at a higher shear rate of 33. ¢ntrigued by this result, Ganvt al.[80] reproduced
the simulated extrudate swell of LLDPE melt latex by adopting the same
rheological PTT parameters as Beraed@l. reported based on the FEM but using
the Arbitrary Lagrangian Eulerian (ALE) techniqueey developed. Fig. 2-7(b)
reveals a much better agreement with the experahédata for the newly simulated
extrudate swell by Ganviet al. These authors put forward that ALE combines
advantages of both Lagrangian and Eulerian framesyoallowing an arbitrary
motion of the computational mesh, which was indelean of the material motion.
They claimed that the challenge of polymer extraddulation was the difficulty in
accurately predicting the free surfaces, which gaherequires special techniques in
the widely used Eulerian framework. This indicateat the failure in predicting the
extrudate swell of LLDPE melt through a short dighie study of Beraudet al.[41]

is not because the PTT model might not be ablecéownt for the memory effect
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through a short die with an abrupt contraction flmgion at high shear rate, as

claimed by some studies [34, 148].

More recently, Konaganét al. [34] reported that the simulated PTT-based swellin
ratio of HDPE flow through a capillary die with dD_of 16 underpredicted the
experimental measurements in an apparent wall shéamrange of 5-160's The
deviation seemed although to decrease with a ggpeliear rate. It should be noted
that the PTT parametérwas fixed at O for these simulations, implying ipeoring

of the effect of the second normal stress diffeeef\z). In fact, howN, affects the
swelling of polymer melts is still a relatively apguestion [34, 149]. It should be put
forward that a differential constitutive Giesekusdual, as also included in Table 3,
performed better in predicting the extrudate swatlb of HDPE melt under the same
processing conditions. This observation can be nstoed by the less extensional
thinning behavior of the Giesekus melt at highistrates [150]. The swell behavior
is affected as well by the elongational propertyauese there is an extensional force
applied on the flow melt upon the flow approaching die exit. However, the authors
did not exhibit the extensional viscosity functi@i®oth PTT and Giesekus described

melts.

Very recently dedicated parameter tuning of the Riodel was therefore performed
considering die swell for PP, HDPE and LPDE melg@® °C and considering full
3D simulations [52, 61]. A sensitivity analysis hiighted that indeed the appropriate
tuning of the PTT model allows to capture many expentally die swell variations.
Moreover, this sensitivity can be translated inesalswelling directions as illustrated
in Fig. 2-8 focusing on a comparison of the fimakling data of a full 3D model

(black full lines) compared to a simplified 2D mé¢adue dashed dotted lines) for slit
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dies with different aspect ratios (red lines; ragte). Importantly both validation of
the PTT model parameters based on rheologicahtpatid of the overall Polyflow

solver ultimately allowed to access the middle heigdge height and width swelling

trends.
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Figure 2-8. Comparison of simulated final die sweathulations (PP melt at 200 °C) between a
full 3D model combined with the PTT model (blachl fines) and the simplified 2D model
(dashed dotted lines) for slit dies with differexsipect ratios (red rectangles); one fourth is

shown, Copyright 2019 [61]. Reproduced from with pssion from AlP.

2.5.2.2. Molecular-based constitutive models

The conventional differential constitutive modedach as the PTT model discussed
above, have been derived from the network theargdacentrated polymer solutions

and melts [13, 151], as conceptually highlighteg. &-9(a). For the details of their
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derivation the reader is referred to the generatidigtion of the previous subsection

and the specialized literature [13].

(b)

NETWORK  One tube

STRAND  segment p

2 Chain length, L
: YV
by /

Figure 2-9. (a) Typical network theory of polymedigions or melts, Copyright 1977 [13].
Reproduced with permission from Elsevier Ltd; (b)ng#h scales for long polymers with
entanglements, constraining a given polymer to-likeeregion according to the molecular-
based tube theory, Copyright 2015 [18]. Reproducel pérmission from Annual Reviews;

(c) the tube-based pom-pom molecule model.

To more accurately capture the viscoelastic proggedf more complex polymers at
the molecular level such as long chain branched/mpets, some more new
constitutive models that can reproduce more elégadetailed molecular

characteristics have been proposed [42]. In 1998sdn and Mcleish initially

developed a so-called pom-pom model based on beetheory, as shown in Fig. 2-
9(b) starting from the concept that long linearypedr chains are entangled with other
chains restricted in a confining tube-like regior this pom-pom model, as shown

in Fig. 2-9(c), so-called arms are connected atetkteemities of the tube of the
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polymer chains represented by the backbone segmigistmathematically induces a
more complicated relaxation process than represeator the movement of linear
polymers with a separate relaxation behavior of dhentated backbone and the
stretched branches [42]. The ratio of the formdaxation time to the latter one
depends on the (average) entanglement degree aidieeular scale. The physical
limit is here that both types of relaxation timesbme identical for a polymer with

completely unentangled segments.
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Figure 2-10. (a) Comparison of the predicted extridavell from a capillary die for a
monodisperse polymer with a mass average molar rfMs$ of 340 kg mot with the
experimental measurements for a polymer with a bahanolar mass distribution (MMD;
P627-S) as a function of thei\(hereWr) number: this bimodal P627-S contains two peaks:
one of a highMm of 340 kg maf and another with a loMm of 160 kg mot. The disagreement
exhibits the sensitivity of the extrudate swelltte MMD shape; (b) Comparison of the
experimental swelling for monodisperse PS281 adidpérse P627-S melts (simildmof 281
and 252 kg mot) alongside thélowSolvepredictions Copyright 2017 [66]. Reproduced with

permission from the Society of Rheology.

The original pom-pom model showed its merit for #pplication of calculating the
non-Newtonian stress in a numerical flow solvethalgh there were several

mathematic drawbacks that needed to be overconezefne, Verbeeteet al.[152]
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extended the pom-pom model, referred as the XPRehwath the ability to predict a

non-vanishind\,. Following the suggestions of these authors, Clemeal.[43, 153]

improved the original model by involving both uppand lower-convected derivative
operators to calculate the orientation terfSoreferred as DCPP (Double Convected
pom-pom) model. These authors combined the DCPRtitaiive model in the
commercial Polyflow software with the aim at evdiong the extrudate swell of
contracted LDPE flow and revealed that the matgréabhmeters strongly influence
the swell behavior [43]. Since then, several repaith regard to the use of pom-pom
based models to simulate the extrudate swell ofogkastic melts have been
developed [34, 44, 54, 55]. For instance, Gaevial. [44] incorporated the XPP
model into their ALE code to simulate the extrudsieell of LDPE melt through a
capillary die, which is in a quantitative agreemenith the experimental

measurements.

In addition, Grahanet al. [154, 155] further developed the Doi and Edwardset

model [156] by incorporating constraint release andtour length fluctuations to
extend its application in covering the deformatiate range of linear chains for
realistic flows. These efforts have resulted in Raie-poly (Rouse linear entangled
polymer) model. Compared to the pom-pom molecuastitutive model, the Rolie-
poly model is a more simple model which is mordezuifor the description of the
entangled linear polymers for instance PS meligliing the motion terms of chain
orientation, chain stretch and convective constrailease [66]. For example, Cab

al. [157] employed the Rolie-Poly mode to analyze dltrudate swell of general
(theoretical) viscoelastic flows using the intedfartacking method with the software
OpenFOAM based on the FVM method. They showed ttieteptation relaxation

time mainly determined the final extrudate swefica
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Furthermore, Robertsoet al. [8, 66, 158] systemically investigated the extteda
swell of PS melts applying the Rolie-poly modellwihe in-house FEM-based tool
flowSolve lt is seen in Fig. 10(a) that the predicted swglhssuming a monodisperse
polymer withMm of 340 kg mot only agrees with the experimental data for the
bimodal polymer P672-S, which contains a peak Wwith Mn, of 340 kg mof and
another with lowMn, of 160 kg mal, at higher Wi numbers. Hence, it is worthwhile
to improve the Rolie-poly model to capture the ietpa dispersity on the viscoelastic
properties. This explains why the authors incorfeatan additional longer effective
stretching time to account for the extrudate swaellow deformation rate range. In
this respect, Fig. 2-10(b) compares the experinhentelling of monodisperse PS281
and bimodal PS672-S (simildm of 281 and 252 kg md) with the corresponding
predictions of swelling by the conventional singteetching-mode Rolie-Poly model
and the improved double-mode Rolie-Poly model. Atdreagreement at low Wi
number for the bidisperse PS is observed compardbdat in Fig. 2-10(a), which
indicates the necessity of additional stretchingnon-streching modes for more
accurately representing the melts with a broaderDMMhese authors also revealed
that the polymer stretch relaxation governed byRbase motion time played a main
role in controlling the extrudate swell [158], whiappears to be inconsistent with the
report by Cacet al. [157]. As stated by Roberson [8] interesting fatwork would
therefore be to include the evaluation of how vilissahe Rolie-Poly model is to
capture swelling variations for an increasing disitg value.

Overall it can be concluded that molecular basetstitmtive models are very useful
as they provide a good opportunity to relate tleegssing phenomenon with detailed

molecular characteristics of more complex polymers.
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2.5.2.3. Continuum-based integral constitutive nmde

As in many theoretical derivations in several feetthe can opt to describe a certain
phenomenon in a differential or integral manne©[1B50]. In the present section we
put forward the most important continuum-basedgrdk constitutive models. To
predict the viscoelastic deformation behavior atrtbn-linear strain region, the single
integral K-BKZ constitutive model, as firstly proged 50 years ago [161-163], is
often used. The original K-BKZ model was improveyd &n incorporation of a
damping function by Wagneet al. [114, 164] and Papanastasieti al [115].
Compared to the differential constitutive modekcdssed above, the K-BKZ model
explicitly solves the extra stress tensor as atfanof time and strain. Its general

constitutive equation to compute the viscoelagtiess tensot,,; is written as:

1 t i —(t—t' . - ’
T= T Ti i = 5 S e 3L T M H U, 1) X [CTNE) +

0C.(t"H]dt’ (2-8)
in whichI, andI_-1 represent the first invariants of the Cauchy-Greasor,C,, and
the Finger strain tenso€; . The material parametércontrols the second normal

stress difference and(I.-1,1.) is a damping function on the basis of a strain-

dependent memory. For example, the Wagner danfpidion is written as [114]:
H(I-1,1.) = exp(=k(Bl -1 + (1 = BI.) — 3)*°) (2-9)

in whichk andp are damping parameters, mainly determined fronplgirshear and
extensional flow respectively. Alternatively, theagdnastasiou-Scriven-Macosko

(PSM) damping function is written as [115]:

a
H(le-1,1e) = (@-3)+BI—1+(1-P)lc (2-10)
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in whicha andp are material characteristics as determined bigdithe simple shear

and extensional flow data respectively.

It should be noted that for the K-BKZ multimode atijons, the material
characteristics of the damping functions determihe shear and elongational
behavior of the simulated flow melt separatelyhia whole relaxation time spectrum,
while for differential PTT multimode equations (g@evious subsection), the material
characteristics; and £, only control the shear and extensional behaviothiith
mode, respectively. This difference in implememtatican explain the lower
computational cost for K-BKZ equations becauséeffewer material characteristics
[165].

As for the integral constitutive models one neexdsdlect the correct discretization
and flow model. For example, in 1986, Letal.[135] numerically covered the issue
of extrudate swell of complex (e.g. LDPE) visco&taselts, using a practical integral
K-BKZ constitutive model combined with a PSM danmgpifunction considering an
SES method. A good agreement between the simuladguits and experimental data
of swelling was observed in the low and medium \Minbber range. The reason for
the failure in predicting the swell ratio at thglistrain (Wi > 10) was attributed to
the over-prediction of the elongation viscosity.tekf cutting off the elongational
viscosity but affecting only to a limited extentetlshear viscosity, the simulated
swelling corresponded much better to the experiaiedata. Besides that, they
pointed out the stability of the numerical calcidas using the SES method at very
high Wi numbers, presenting therefore promisingpeets in employing the integral
constitutive models such as the K-BKZ model foca#dting the swell of viscoelastic

flows in more complex geometries.
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Another example is the work of Goublomne¢ al. [38] who demonstrated the
simulated swelling of HDPE flow by means of the KB model through a long
capillary die, while including the converging ugstm conical part or not doing so.
An acceptable predicted swelling ratio comparedh® experimental data in the
former case with the conical converging region wlatained at an apparent wall shear
rate of 225 and 441'sHowever, for the latter case, the calculated kwgeshowed a
sharp over-prediction. Goublomre¢ al. [38] found the final swelling ratio strongly
dependent on the type of damping function. A sigaift reduction of the swelling
was observed frorB equal 9.2 to 5.4 with the irreversible PSM dampiagction
instead of its reversible counterpart. In contrastatisfactory swelling3(= 2.4) was
obtained with the irreversible Wagner damping fioxct which is in line with the
report by Ahmecet al. [47] that the reversible damping function leadsatbigher
extrudate swell ratio than the irreversible one.

It should be mentioned that the lacking experimegitasngational viscosity data in a
practical deformation range can complicate therd@tetion of the material damping
parameters, e.gc andpB. A further study by Goublommet al. [149] pointed
additionally out that temperature has little effentthe swelling ratio of HDPE melt
but an accurate measurement Nf data is required for any realistic modelling of
extrudate swell, since a significant decrease igllgwg ratio is observed with the
increase of the ratio ¢iN,|/|N;|. Similar results can be found in other works [@B,
166]. It thus appears that the over-predicting of thellgwgewith the K-BKZ model
[41], especially through a flow region with a caution part, might be attributed to

the improper use damping functions.
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Figure 2-11. The extrudate swell of the HDPE melt20°C as a function of the apparent shear
rate for three ID values by experiments (a) and by simulations withK-BKZ model (b). In
Fig. 11(a), the blue, red and green curves reptésermodeling outcomes with the material
paramete® = 0 and the black curve indicates the case @ith-0.25, Copyright 2012 [46].

Reproduced with permission from Wiley Periodicals.

Recently, Hatzikiriakos, Mitsoulis and coworkergemsively studied the numerical
modelling of extrudate swell of HDPE melt withiretkK-BKZ model [22, 34, 46, 51,
148]. In what follows major results of these stgdiee summarized. In a first instance,
Ansariet al.[46] predicted the extrudate swell of HDPE usimg K-BKZ model with
the PSM damping function. A significant overestiimatfor swelling from simulation
in comparison with experimental data was preserdgsplecially at the low apparent
shear rate range, although these authors introdacslippage condition into the
simulation. For example, it is interesting to fimdFig. 2-11(a) that there exists a
significant discrepancy between the measured exteudwell ratios for the flows
through capillary dies with various L/D. In contraa rather small difference among
the three modelling cases is noted in Fig. 2-1I{bgse authors attributed this to the
non-isothermal condition, crystallization and sagggffects.

In a second instance, Konagaetial. [34] compared the extrudate swell of HDPE
flow through a capillary die including the resemvggion, using the K-BKZ model
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with two types of damping functions. At a given apgnt shear rate, the Wagner
damping function resulted in a higher swell ratiart the PSM damping function but
they both over-predicted the experimentally meabgreell ratios of the flow melts
through a contraction channel. However, in casedbervoir part was excluded from
the geometry model, the difference between the Isition swell ratios for the two
damping functions became much smaller, and bothulaiion results became
comparable to the experimental data. To furthetaixthe reason for the failure in
predicting the extrudate swell behavior through fleev region with a reservoir,
Konagantiet al. [148] focused on the Wagner damping function aptintized the
material parameters of the KBKZ modél,andp, by fitting the measured damping
function h against the straig. Fig. 2-12 shows that a good agreement between the
extrudate swell of the measurement and the sinomgtior a capillary flow with the
reservoir part was obtained using this K-BKZ modaéth optimized material
parameters. This again highlights the relevant¢kBeflamping function and the tuning
of its parameters in improving the accuracy of themerical simulation for the
prediction of extrudate swell.

In summary, many more detailed descriptions alremadst. However, the accuracy
of numerical modeling is still hampered by the die@swhich nonlinear constitutive
model performs best in describing the rheologicapprties including both shearing
and extensional viscosity of polymer melts [18].r@utly, no constitutive model
works perfectly for all polymer melts, such as inpolymers and more complicated

long branched polymers.
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Figure 2-12. (a) Comparison of experimental andutated swell profiles for the
capillary die having L/D= 16 with D= 0.79 mm, an apparent shear rate of 26w
Wagner exponent ranging from 0.15 to 0.5, and using the optimurueaf the
Wagner parametep= 0.4. Solid symbols represent the experimentaa;dét) a
comparison of simulations results with the Wagremametey ranging from 0.2 to
0.9 and using the optimum value of Wagner expone@t35, Copyright 2016 [148].

Reproduced with permission from Elsevier Ltd.

2.5.2.4. Strength of 3D flow simulations

At the early stage of addressing the extrudate Isisslie, 3D modeling was
unachievable due to the limits in computationalhtéques such as the lack of

numerical algorithms or schemes to solve the compdxtrudate swell problem.
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Significant progress has been made in 3D compuiatifiuid dynamics (CFD)
modeling with advances in numerical techniquesi@last two decades, although the
breakdown of the simulation still occurs as the fimber reaches a critical value,
named as the high Wiroblem [110]. From a computational viewpoint ishaeen
demonstrated that the memory-integral constitutkkeBKZ model cannot be
elegantly combined with the 3D FEM platform [47]that in practice one is restricted
to the use of the commercial Polyflow package.

It is therefore not surprising that with respecttte flow behavior the realistic full 3D
flow behavior has been often simplified into the 2DBunterpart for a reduced
computational cost. The general complex irregulogetries of flow channels set
although the corresponding numerical modeling afeoin the simplified 2D
configurations [45, 167]. The modeling cases of #wrudate swell through
specifically slit dies mentioned above have beestmdmplemented based on the 2D
configuration while the experimental geometry pgses a third dimension, which

can be at least one reason for the discrepancyeketexperiment and simulation [47].
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Figure 2-13. (a) Evolution of the predicted midbkght swell ratidBs of PP extrudate out of
a slide die with several aspect ratio at 20(at an apparent shear rate of £5also shown in
the simplified 2D model outcome, Copyright 2019 [Réproduced with permission from AIP;

(b) Zoom of (a) in the region away from the dietexihe 3D data are consistent with
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experimental data as either validated on the riggcddlevel and/or the explicit measurement

of the die swell in several directions.

For fully developed flow, Fig. 2-13 presents theglated extrudate swell behavior
for the middle height for slit dies with an aspeatio ranging from 1 to 20 according
to 3D simulations, as taken from the work of Teastgal considering the PTT
constitutive model [61]. In this figure, the sinfidd 2D simulation results are also
included. An evolutionary scheme was conductedttierflow rate to advance the
numerical solution from Newtonian to the nonline@coelastic flow, which was
applied as well on the term of the relaxation tionenon-Newtonian factor generally
to converge results at higher Wi numbers. A clascrépancy between the 3D and
2D modeling results can be observed due to theffdateor edge wall effect on the
extrudate swell behavior [61]. It follows that thédth of the slit die should not be
ignored for providing a more accurate predictiortref swelling, even if the aspect
ratio increases up to 20. In addition, the impddhe irregular upstream contraction
on the 3D dimensional polymer extrudate swell hasnbfurther investigated in
follow-up work [62]. It has been demonstrated tinateasing the die length induces
a smaller height swell ratio but a larger width Bwatio, contributing to a larger
anisotropy degree of swelling. The swelling arehasvever not affected so much,
which highlights that one cannot use this macroscoparacteristic to quantify the

anisotropy of swelling.

This need for a 3D approach was also highlightedSpginjaard®t al. [168] who

proposed a transient 3D FEM to predict the extridaiell from flow domains having
sharp edges, considering the differential PTT amebékus consitutive model with
general material parameters. Fig. 2-14 presents ftimaa square die higher Wi

numbers result in an increasing swell of the exatedniddle and edge height. As the
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Wi number increases to a critical value, the slegiges seem to disappear gradually
in the extrudate. Notably this extra informatiorldsking in the corresponding 2D

modelling but meaningful for industrial applicatsn
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Figure 2-14. (a) Extrudate swell from a squarewdi increasing Wi number and material
parameten = 0.1 for the Giesekus model; (b) material paramete 0.1 for PTT model,

Copyright 2019 [168]. Reproduced with permission fibisevier Ltd.

Furthermore, Mtet al. [33, 40] pointed out that the DEVSS algorithm irpmrating
the inconsistent Streamline-upwind scheme imprakescalculation stability of 3D
simulation on extrudate swell of LDPE flows in camdtion with the PTT
constitutive model based on the penalty finite elemmethod.The effect of
geometrical characteristics on the extrudate safdlIDPE melts through an annular
die was revealed by evaluating the amount of estieidrea swell, which can now be
seen as insufficient to illustrate the 3D swellreluteristic [33]. It was concluded that
a smaller die contraction angle, a longer parédiegth and intermedium ratio of the
outer to the inner diameter are in favor of an ropti flow channel design. A

preliminary study on the viscoelastic flow and dwgienomenon from a hollow
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profile extrusion die was implemented, which appdamore complicated than the
annular flow channel [40]. It was found that thetdrtion of the profile extrudate is
not very significant and the introduction of thesymarallel zone can be feasible

regarding the die design strategy.

Figure 2-15. (a) Cross section of the extrudatesifimulated final extrudate contour in black
line compared with the die exit in gray color, Caght 2015 [45]. Reproduced with permission

from Elsevier Ltd.

A final example is the work of Tiaet al. [45] who employed the molecular-based
DCPP model to study the extrudate swell of viscsiedlanelts from a hollow profile
possessing multiple lumens and uneven thicknes3bynodeling configurations.
They pointed out the importance of the micro sifect on the viscosity of fluids thus
on the anisotropic swelling behavior, so that thegorporated a size factor to the
calculation of the Newtonian-contribution viscositp\ satisfactory agreement
between the simulated extrudate size and the erpatal data has been attained, as
shown in Fig. 2-15. Several extrudate swell ratiage been defined to exhibit the
anisotropic extrudate swell characteristics. Besidieat, they investigated the

sensitivity of the material parameters on the aniguc extrudate swell and pointed
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out the necessity to establish the die design th@mrmicro profile dies based on

numerical modeling.

2.6. Reverse engineering: model-based die desrgmdontrolled

swelling for complex geometries

With the aim of obtaining extrudate product witdesired 3D profile, it is of great
importance to determine the corresponding die desigriori, which is denoted as
an inverse extrusion problem or reverse engine¢ti®8]. For industrial applications,
die design is strongly dependent on the knowledgbe experienced designers. A
trial and error approach is applied for most presesign procedures and the typical
sequence involves the following steps: (i) initisign, (i) manufacturing and (ii)
experimental balancing [169]. It thus involves ages of large amounts of time and
resource costs, especially regarding the optintinadf complex geometry profiles.
Shortening this development process is a regulgetafor companies to enable
substantial economic benefits and to support intiondrom both an academic and
industrial research angle. To tackle this problemnenefficiently numerical modelling
has been extensively investigated in recent yeats wommercial or publicly
available softwares such as Ansys Polyflow, OpenMG#d Dieflow [49, 110, 169-
176]. Currently the status can be mainly summarasbrding to two methodologies:
(i) achieving exit flow uniformity or balancing #te die exit by the modification of
the upstream flow channel or design variables, suscthe cross section of the flow
channel, parallel zone or die land [171, 175, 1@g]shown in Fig. 2-16(a) and (b)
[169]; (ii) using the desired extrudate shape asrestraint for the integration of the

kinematic equations for the free surface flow bydifigng the die lips. For example,
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a solution algorithm is implemented in the Polyflpvogram for a reverse extrusion

problem [49, 178-180].
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Figure 2-16. (a) and (b): Exit velocity profiles foarallel die and die optimized using conical
widening or narrowing, Copyright 2010 [169]. Reproedipermission from Elsevier Ltd; (c)
Average velocity of each outflow subsection of #fie die (width=100 mm and height= 1.5
mm), Copyright 2012 [177]. Reproduced with permisdimm Elsevier Ltd. (d) and (e): the
geometry profiles of the Catheter cross-section las case study, Copyright 2013 [171];
(f) the velocity distribution at the die outflowrfdifferent trials: TO: the original die profile;
T1:r2 varies from 0.9 mm to 0.95 mm; Ti&: varies from 0.95 to 0.9 mr; varies from 45

to 43; T3:rz varies from 0.9 to 0.95 mm; T@zvariesfrom 43 to 40Q; Ts: r3 varies from 0.7
to 0.65 mm, Copyright 2013 [171]; (g) the correspogdobjective function evolution in
consecutive trials, Copyright 2013 [171]. These mulvés (d), (e), (f) and (g) are reproduced

with permission from Elsevier Ltd.

One main difference between the two methodologieslie design is the exclusion

of the free surface motion for the first strategjyis drives researchers to use a general

54



CHAPTER 2 STATE-OF-EFART FOR EXTRUDATE SWELL

non-Newtonian constitutive model, such as the Bledreau model, to capture the
shear-thinning behavior of the flow, assuming thatelasticity does not significantly
affect the flow kinematics within the die, but migmfluences the swelling behavior
outside the die [174, 177]. Furthermore, for thistfmethodology, various types of
objective functions have been defined concerning partitioning of velocity
contributions or flow rate. Such functions beconese to O if for all the subsections
of the die the bulk average velocity is reache®[11I71, 174]. This implies the target
of homogeneous flow at the die exit through typicttie automatic optimization of
the geometry parameterization combined with thenputer aided desig(CAD)
software, thereby minimizing the swelling outsitie tie. For instance, Elget al.
[177] subdivided the extrusion die outflow into sabtions and computed the
difference between the local maximal velocity, niax), and the average maximal
bulk velocity V..

J = Z(max(Veyp) = Vax)? (2-11)
These authors indicated that the value of the foncstrongly relies on the flow
distribution in the outflow cross section, with maller value implying here a more
uniform flow distribution.
More in detail the shape optimization framework elgls on two separate executing
components, namely the optimization driver and floev solver, and works by
changing the state information between each o®ensequently, an updated mesh
pattern is produced according to the given desigrampeters accompanied by an
updated evaluation of the objective function. Timfrmation is delivered to the
optimization driver, which feeds back the updatedigh parameters. Fig. 2-16(c)
depicts the average velocities in various outflalvsections for the initial geometry

and the optimized geometry of a slit die. It isgen@ted that geometry optimization
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facilitates a much more uniform average velocitpfipe. It is thus expected to
significantly prohibit the extrudate swell afteetfiow emerges the die exit.

To further illustrate the practical use of the mseeengineering strategy focus is on
some typical test cases in what follows. For examNbbregeet al.[171, 175, 181,
182] systematically investigated the design of ifeafxtrusion dies by employing the
strategy of adjusting the flow balance at die esihg in-house numerical modelling
codes, which were verified against typical visceitaflow benchmark problems,
such as the flow around a cylinder. For exampley tinsed the code to numerically
optimize the die design for producing PP mateaabfmedical catheter profile, whose
geometry parameters of the cross section are shokig. 2-16(d) and (e) [171]. The
cross section of the catheter was subdivided iotw $ection parts. To evaluate the

quality of the flow distribution in each subsectiam objective function was defined:

Vi

Fopj = X" Fopji = Zi~* ”1 B T”

14

Ai
A

(2-12)

in whichV; is the average flow velocity in a certain subsettand4; andA are the
area size of the corresponding subsection andntire eutlet.

Fig. 2-16 (f) presents the velocity distributionntour in the whole outflow cross
section for each trial of the geometry optimizatitirshould be noted thatich new
trial starts with the results from the previousecadth parameter changes farr, r3,

0, and6B, as shown in Fig. 2-16(e). An almost uniform vetpés observed on the
entire outlet section for the fifth tridk. It is seen in Fig. 2-16 (g) that the objective
function F,,; value decreases from 0.32 to 0.03, indicating that final flow
balancing increased significantly and the extrudaith the designed profile is

attained to a first approximation. Unfortunatellgese authors did not provide an

experimental validation of the extrudate producttig modeling die design.
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Another example can be found in the work of Debleal. [49] who reported the

algorithm and detailed simulations for the 3D imeerextrusion regarding a
complicated extrudate profile considering the ritide DCPP constitutive model
in a comprehensive way from an industrial viewpaising the Polyflow solver. The

industrial extrusion profile including the die pdepicted in Fig. 2-17 alongside the
targeted final extrudate profile. The largest siamed deviation from the extrudate is
located at the edge of the die lip, indicating ¢tberesponding largest swelling after
die exit. For a given flow rate the die computexs$ Imight not be properly adopted to
produce the same extrudate at a different flow, ratece the compensation for
swelling from the die lips depends on the procegsinditions as well. In spite of
this discussion, it can be claimed that this stedyp be extended toward other

geometric cases or (viscoelastic) models.

ﬂ/> () ("

Figure 2-17. Computational domain for industrialiyevant profile extrusion: (a) die land; (b)

same but including the extrudate; (c) cross sestinrfront view with a cylindrical entry; (d)
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die lips and (e) targeted extrudate profile, Caglyri2008 [49]. Reproduced with permission

from Maney on behalf of the institute of materiatgnerals and mining.

In addition, Kovalenkeet al. and Pepliski et al. [179, 180] applied the Polyflow
solver to investigate the inverse extrusion probdétdDPE polymer melt to provide
an assistance for die design. However, for sintglidghe general non-Newtonian
constitutive model by Bird-Carreau has been usadghape the die lip to obtain the
desired extrudate profile. Overall, it can be expédhat a viscoelastic constitutive
model, such as the Gieseskus model, PTT model andg®m based model, should
be ideally implemented to address this issue ndemathich design approach is
applied. As Szarvasst al.[174] stated, the remaining deviation betweenpifeeluct
produced based on the modelling guidance from #wred product by means of
homogenizing the outflow distribution might likelgome from the inherent
limitations of the applied non-Newtonian models.spite that the more simplified
viscoelastic models represent quite well the flowhie die land more complex shapes
require a more dedicated approach. Specifically, fmfiles with various wall
thicknesses, die lands with varying dimension siapply different deformation
histories in flow subsections at which the norntedss change or extensional effect
induced by the converging or diverging flow regishsuld not be omitted. Therefore,
advanced numerical 3D modeling based on furtheeldeed thus more fundamental
viscoelastic constitutive models will be of gremnéficance in the design and flow

optimization community in the near future.

2.7. Conclusions

Starting from fundamental principles, the mechanigrextrudate swell of polymer

melts has been discussed. The main focus has beémeovelocity reorganization
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behavior and the stress and strain relaxation efdgformation history, including
shear and extensional deformations once the floerges the die exit. The normal
stress effect for polymer melts contributes to aemobust velocity reorganization,
resulting in a significantly large swelling compate general Newtonian or even non-
Newtonian fluids. Such insights have been mainliamted by focusing on more
conventional polymers sometimes in combination &ittompounding step to achieve
the extrusion of composite materials.

Two classes of measurement methodologies for exteuslvell have been identified,
being the offline and online method, and the pras @ns of each method have been
discussed. It has been additionally highlighted the swelling is influenced by
processing parameters such as the shear raterapdregure, geometry parameters of
the flow channels, molecular characteristics ad aglthe properties of the filler
particles. A joint optimization provides a good daimce to control the swelling
behavior and thus to relate the design and syrtlégpiolymers to the bulk-processing
phenomenon of extrudate swell.

In a historical view, the prediction for the swetjibehavior of polymer melts through
capillary and slit dies has been initially covetay using relatively simply semi-
empirical equations, such as the well-known Tarewration. The semi-empirical
based descriptions can however not predict thé $well ratio precisely, especially
for polymers with strong viscoelastic propertiesdugse they do not consider the die
exit effect. Regarding the more recently developeohnerical simulations, the
common differential PTT constitutive model and gred K-BKZ model have been
intensively discussed, because a satisfactory agneebetween modeling results and
experimental data concerning extrudate swell has beported for both. In any case,
the accurate measurements of the nonlinear visstoieldeological raw data are of
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great significance to more fundamentally tune theameters of these viscoelastic
models in the future. Furthermore, the Rolie-Pobdel shows a promising potential
in predicting the swelling for polymers with higrsgersity.

It has been further highlighted that a full appagion of extrudate die swell requires
that viscoelastic models are combined with 3D nuraésimulations to obtain the
actual flow profiles in a given geometry. The dégzancy between experimental
results and the commonly used simplified 2D siniofet can at least be partially
attributed to the ignoring of the 3D or wall effest extrudate swell. Focus should be
here on the consideration of differential or molactased constitutive models,
although a challenge remains modeling divergentggat Wi numbers.

This need of a 3D interpretation becomes also clgmm reviewing the current
methodologies for die design with complex shapeaniindustrial context. The first
methodology is based on homogenizing the outflostribution to minimize the
swelling behavior after die exit and the secondhodblogy relies on compensating
the extrudate swell by modifying the die lips. Theallenging task is here to
incorporate more fundamental viscoelastic model® ithe die optimization

algorithms but avoiding a too high computationadtco
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Chapter 3

Flow of neat polypropylene through a dlit die and its
die swell: bridging experiments and 3D numerical

simulations

The relevance of 3D numerical simulations for ttsettiermal flow of neat
polypropylene through a slit die and the subsequemelling upon die exit is
highlighted based on the finite element methodguie ANSYS Polyflow software
package. The input parameters of (i) the generdlifewtonian constitutive model
with the Cross law viscosity function and (ii) theltimode viscoelastic Phan-Thien-
Tanner (PTT) constitutive model are estimated frbepological data obtained with
rotational and capillary rheometers. Model validati is performed based on die
pressure and real time experimental HD imaging3br die swell characterization.
The evolution of the swell ratios in both width drelght directions is investigated
downstream the die exit. By employing the genamlidewtonian constitutive model
with the Cross law viscosity function, the swetlags are highly underestimated, and
this discrepancy becomes more significant as tlosv ffate increases. It is
demonstrated that the PTT based swell ratio inttaith direction increases in a much
lower rate than the swell ratio in the height ditiea until equilibrium is achieved in
both directions. Therefore, the distance from tleeexit in which the final extrudate
shape is obtained strongly depends on the die wdtich is ignored in conventional
2D numerical simulations. The findings are undengid through a detailed analysis

of the simulated 3D stress and velocity field distiions.
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3.1. Introduction

Extrusion is one of the most important processimghods used for several industrial
applications [1-3]. For the proper design of extiasa quantitative understanding of
the viscoelastic behavior of polymer melts is fuméatal. The complicated extrudate
deformation behavior outside the die exit duriregfsurface flow, which is generally
known as die or extrudate swell, results in a dify in obtaining a final

manufacturing product with the desired stability]. [Zherefore, it is of great

significance to figure out the extrudate behaviorview of the die design and

processing control.

It is commonly accepted that the polymer extrudafermation problem is dependent
on the material properties and flow history relatedhe channel geometry [5, 6].
However, the flow behavior in the channel is a d¢gbi “black box”
problem. Numerical modeling is a good choice toehasight into the flow pattern
[7-9]. Since Luo and Tanner [10, 11]simulated tflew behavior of low
density polyethylene (LDPE) melts through capillaigs using the more realistic
differential Phan-Thien-Tanner (PTT) constitutiveodel or the Kaye-Bernstein-
Kearsley-Zapas (K-BKZ) integral constitutive modestead of the pragmatic but
unrealistic differential Maxwell constitutive modbhsed on a streamline element
scheme, the attention of the researchers on thesgxt flow problem has been moved
to the former models. During the last decadesgeatgrogress has been made in that
respect [12-16] . For instance, Luo and Tannen §iidulated the flow behavior of
LDPE melt through long and short capillary dieshwat conical contraction ratio of
1:4 using the multi-mode integral K-BKZ model. Aaqditative agreement between

simulation and experimental results was obtaineddth cases for an apparent shear
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rate up to 1&*. Hatzikiriakoset al.[17-20] reported several numerical studies of the
flow behavior of HDPE melts through capillary diegluding wall slippage and
extrudate swell using the multi-mode integral mo&éhilar achievements have also
been made by utilizing the multi-mode differentiabdel [13, 15, 21, 22]. Béraudo
et al. [13] investigated the complex flow behavior of yethylene melts through
convergent flow channels with the PTT model. Theynid that the computations
agreed well with experiments. For the extrudatdlgweblem, a good agreement was
achieved only for long dies, but not for short diéss addition, Azaiezet al.
[23] studied both linear and nonlinear propertiepaymer solutions using several
single-mode differential models and concluded thatsingle-mode instead of multi-

mode model is normally unable to accurately captiuae behavior.

It is additionally often put forward that the flopattern can be considered as a
2D axisymmetric or planar flow if the melt flowsrttugh a cylindrical channel or
rectangular channel, respectively. In the cas@efdrmer one, it should be accurate
as long as the flow remains steady [24-27]. Adlierlatter one, previous researchers
preferred to model the flow behavior inside andswmlg the die exit with a 2D
configuration of the flow channel assuming thatiégo of width to height (W/H) is
infinite leading to much less computational cost dacilitating the numerical

convergence [28-31].

However, the W/H ratio of the rectangular flow chah is usually finite
experimentally. Because of the side wall effedhefflow channel, the flow behavior
along the width direction could not be totally ts@me, which means the velocity
gradient in that direction never always vanishessddrchers reported the side wall
effect on the flow behavior of planar flow throughcontraction channel [32, 33].
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Therefore, for flow emerging the rectangular digara from the extrudate size, it can
be expected that the extrudate shape also defaroaaibe of the swell behavior in the
width direction, increasing difficulty in the dieesign. Konagantet al. [34] studied
the swelling behavior of high density polyethyldrEOPE) melt from a series of slit
dies with different geometries. From experimengdults, they concluded that the
swelling in the height direction is predominantcomparison with that in the width
direction. However, due to the 2D configurationdige their simulation study, they
only predicted the extrudate height swelling. Ftbmexperimental results, it is found
that if the height swell ratio of HDPE extrudaterfr the slit die with a width/height
ratio of 36 was around 1.75 at a shear rate o§40width swell ratio was as high as
1.46, which means that the width swell behavigeisvant and can thus likely not be
neglected. Hence, in general, 2D numerical simutaticannot accurately capture the

whole complicated swelling behavior.

It is therefore not surprising that in recent yeansre attention has been given to
extrudate swell problems based on a full 3D sinmtat[35-40]. Normandin
et al [36] compared the 3D numerical to the experimemgsults of extrudate swell
of a PE melt through a square die using a memdggial model. A good agreement
between experimental and numerical data was adhifavepoints at the middle side
plane, while there are some discrepancies for &g @ the corner. They attributed it
to the geometrical singularity in 3D flow situatgorn addition, the anisotropic dim-
ensions of the extrudate after the square die \abse shown. Muet al.[37-39]
studied the extrudate swell of LDPE melt for aseof extrusion dies, using a multi-
mode PTT model with a penalty finite element metho8D configuration. The effect
of die geometry on swell behavior was discussediétail. Mu et al.[38] also

compared the flow behavior of LDPE melt in the 3@nar flow channel predicted
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by a series of differential constitutive modelsgtsias the PTT, Giesekus and Finite
Extensible Nonlinear Elastic Dumbbell-Peterlin (RER) constitutive model. The
flow velocity field and stress field obtained byetkimulations showed satisfactory
agreement with experimental observations, but #teugate swelling problem was
not accounted for. To the best of the authors’ Kedge, very limited combined
experimental and modeling reports regarding a cehgmsive understanding of the
extrudate swell of the viscoelastic flow througsliadie considering both height and
width swell have been conducted, which is esseftiathe die optimization design.
Therefore, a more detailed 3D numerical simulatombined with experimental

validation is still necessary to figure out thistue in an industrial context.

In this contribution, the main objective is to pide insight into the complicated flow
behavior of the isothermal polymer melts both iesidnd outside a slit die,
selecting polypropylene (PP) as reference polyme08 °C. Therefore, a full 3D
numerical simulation study of flow behavior for sothermal extrusion process is
carried out to provide detailed results, using tyyes of constitutive models, namely
the generalized Newtonian constitutive model with €ross law viscosity function
and the viscoelastic multi-mode differential PTTdab To reduce the computational
cost, the pressure field is calculated within th@responding 2D simulation
configuration. Pressure and extrudate swell measemés by a real-time method are
used to validate the numerical simulations. Thellsb&havior in both width and
height direction of extrudate is discussed, anddifference of swell behavior in the
corresponding two directions known as inhomogenentisidate swell behavior is
noted. The possible mechanism is revealed baséukdnvestigation of velocity and

stress field distributions.
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3.2. 3D modelling principles

3.2.1. Governing equations

With the assumption that the incompressible polymerwelt is under

steady, isothermal and creeping laminar flow cood# due to the much low
Reynolds number of polymer flow [41], the matherwatmodel applied in this study
includes the following continuity and momentum cemgtion equations in vector

notation:
Continuity equation: V-v=0 (3-1)
Momentum equation -Vp+V-t=0 (3-2)

wherev is the velocity vectop the material density the hydrostatic pressure,
andz the extra stress tensor. It is important notingt tthe effects of gravity are
neglected, which seems to be a reasonable assummiitsidering the high melt

viscosity of the polymer [16].

Two types of numerical constitutive models, nante/viscous Cross law model and
the viscoelastic PTT model are considered in thesemt work to investigate
the rheological behavior of neat PP. Focus is esdttwo models as the PTT model
is claimed to be able to capture the viscoelastip@rties of polymer melt including
the shear thinning and elongational thinning betrain the high strain rate range,
while the Cross law provides an insight into thke rof purely viscous properties of

the flow through a slit die in that strain rategarj20].
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3.2.1.1. Cross law model
For a generalized Newtonian flow stress tefssdefined as:
c =2nD (3-3)

wheren is shear-dependent non-Newtonian viscosity, whbileeans the rate
of deformation tensor of fluid dependent on shede,rwhich obeys the following

form:

_ Vv+(Vv)T
- 2

D (3-4)

where Vv and (Vv)T are velocity gradient and transpose of velocityadggnt

separately. For the Cross law model, the viscogiban be written as:

—_" -
= Hopm (3-5)

Wheren,, is the zero shear viscosity for the fluitlis the relaxation time, and m

means the cross law factor.

3.2.1.2. PTT constitutive model

For the differential viscoelastic constitutive mbdbe extra stress tensoican be

divided into a purely viscous parf, and a viscoelastic pat},, which could be

calculated by the basic viscoelastic constitutigeations.

In comparison with a single mode PTT model, a nmllide PTT model with
a relaxation time spectrum tends to obtain morerrate simulation results [29]. This

model is expressed as:

T, = X1 (3-6)
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ihi Sinve— o Si—~
exp [Sn. tr(tpi)] Tpi + 2y [(1 - ;)‘rp, + ST | = 2n,D (3-7)

Where the two non-linear parameteesand &, control extensional and shear
behavior of polymer fluid, respectively, ang, andt,, denote upper and lower

convected derivatives af,;, defined by:

- D1p;

T, = —;: = ("W + (W) - 1,) (3-8)
- _ D‘I:pi T

T =5, T (i " Vv + (W) 1) (3-9)

3.2.2. Geometry and boundary conditions

et

Figure 3-1. Schematic diagram of the 3D flow doniaiand out of the slit die.

Based on the extrusion processing, a 3D flow doroathe slit die is developed in
Figure 3-1. Considering the symmetry of the geometquarter of the extrusion flow
domain is computed in order to reduce the compmutati cost. The associated
boundary conditions in Fig. 3-1 are presented.h&tinlet, the flow with a certain
flow rate enters. On the die walls, a non-slip ¢oond is assumed for simplicity, =
vt = 0 (mm/s). On the symmetry planes, usual symnwingditions are appliedi, =

0 (mm/s),fi = 0 (N). Leaving the die exit, the melt develops a fremtiom which is
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unknown a priori. Surface tension is not considethdrefore a zero normal force
condition is implemented at it.hen, the line kinematic conditiom,n = 0 is solved.

At the outlet of the flow domain, the force condiits are sefi =f,= 0 (N). It should

be noticed that the subscripindn in the above equations represent the tangential
and normal component of the velocity and forcepeetively.n is the normal vector

to the free surface. In addition, because of thepzdational cost, the corresponding

2D simulation pattern is used to calculate thequresvalue in the die channel.

3.2.3. Details on finite element calculations

A flow solver (POLYFLOW version, ANSYS, 18.0) basexh a finite element
algorithm with the discrete elastic viscous stigd#ting (DEVSS) method combined
with the streamline upwind (SU) scheme to improke tumerical calculation
stability is employed to solve the governing ecuadi and constitutive models
described above. In addition, to ensure numericelii@cy, an interpolation method
of quadratic velocity and linear pressure are uespite increasing the computational
cost and memory requirements when compared witkr dtiterpolation methods. An
evolutionary scheme is applied on the volumetidevflate to gradually improve the
non-linearity problem of the calculations, sincéihot possible to obtain a solution

from an initial linear solution by extrapolation][6

Three mesh patterns with different densities cdrdat within the Ansys meshing

package are shown in Figure 3-2. The arrangememishes/grids is that the denser
grids are employed near the die exit singularitylevlarger grids are used in other
flow regions. Fig. 3-2 shows the three differentsimes, being Mesh 2 and Mesh 3
more refined meshes. More detailed information lenthree meshes can be found

in Table 3-1. Fig. 3-3a presents the normal stléferenceN,y(tx—1yy) along the top
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Figure 3-2. Three different meshes with increaséidement levels: (a) Mesh 1, (b)

Mesh 2, and (c) Mesh 3.

die wall and the extrudate surface direction at 82@%/s. It is found that refining the
mesh pattern does not change Khgvalue along the top wall before the flow
approaches the die exit. At the die exit, the stearsgularity phenomenon is observed.
Refining the mesh density around the die exit iases the stress singularity value,
which is depicted by Kenuings [42], but does nde¢cifthe die swell behavior after
the die, as described in Fig. 3-3b. This figure pares the area swell ratio of PP
extrudate with different flow rates using matergrameters of the PTT model
in Table 3-2. It is shown that area swell ratioueal predicted by PTT model based
on mesh 1 are larger than those based on Meshiesii3. However, the simulation
results based on Mesh 2 and Mesh 3 are almosathe and the differences are < 1%
in the flow rate range. Mesh 2 and Mesh 3 haveaeifit nodes to capture the velocity
and pressure profiles in comparison with Mesh 1.[#Berefore, Mesh 2 is selected

in the subsequent study considering the computicost.
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Table 3-1. Description of the finite elements measteed for the current computation.

Mesh Element Nodes
1 6032 7965
2 15600 18141
3 22500 25916
200000 155
wl [y wl [me ’
4 mesh-3 .
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=
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Figure 3-3.(a) the normal stress differehsgtxx—1yy) along the top die wall and
the extrudate surface direction at 620n°/s; (b) the simulated area swell ratios based en th

three meshes for different flow rates. PTT modeisied to show that Mesh 2 is sufficient.

3.3. 3D modelling principles

3.3.1. Rheological measurements and parametegtéor PTT and

Cross law model

The commercial Polypropylene (PP 575P) investigatetthis study was purchased
from the SABIC company in Germany, whose density arelt flow rate were 905
kg/m? and 10.5 g/10min (2.16 kg) at 280 measured according to 1ISO 1133 method.
Measurements in dynamic oscillatory mode and stshgéar mode were carried out
using a strain-controlled rotational rheometer (ARETA Instruments, USA)

separately at 20%. The frequency sweep was conducted in an angelacity range
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of 0.1-500 rad/s and the steady tests were perfbrnithin a shear rate range from
0.01-5 &. The disk samples with a diameter of 25 mm ardcknessof 1 mmwere

prepared using a standard compression processing.
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Figure 3-4. (a) the experimentally recorded line&coelastic properties of PP melt; (b) a
comparison between the measured complex viscosidyshear viscosity; (c) shear viscosity
and normal stress difference; (d) elongationalosgy; the symbols represent the experimental
data and the lines additionally describe the tumésylts with the Cross law and PTT model

(material parameters in Table 3-2).

The fitting of the linear viscoelastic data witletATT model with a 4-mode relaxation
time spectrumis presented in Figure 3-4. The patars i andi are shown
in Table 3-2. The non-linear parameters of the RioHel can be obtained by fitting
the shear viscosity and normal stress differenta. @2ox-Merz rule states a formula
relating shear viscosity(y') and complex viscosity*(w) [44], which is often used

to obtain shear viscosity in a wide shear rate eai®gveral previous reports have
84



CHAPTER 3 EXTRUDATE SWELMODELLING AND EXPERIMENT

proved that Cox-Merz rule is valid in terms of km@eat PP melt [45-47]. In Figure 3-
4(b), the shear viscosity from a rotational rhe@ndt the low shear rate range and
from a capillary rheometer Rosand RH7 (Malvernrimsients Ltd., UK) in the high
shear rate range are compared with the complewsiise and it agrees well to this

Cox-Merz rule:

n@ =n|y=w (3-10)

In addition, the entrance pressure drops measyréuebcapillary rheometer are used
to calculate the elongational viscosities with @agswell method [48, 49]. In Fig. 3-
4(c) and (d), by tunning the experimental restifts,non-linear parametaisand¢; of
PTT model are extracted and shown in Table 348.ithportant to note that to obtain
these parameters it is assumed no strain-hardéeimgyvior at low elongational rates
and strain-thinning behavior at high elongatioratks, as observed in Fig. 3-4(d).
This seems to be a reasonable assumption congjdémntrends reported in the
literature for general linear polymer melts [19].2ZBhe material parameters for the
Cross law model are also represented in TableT3 parameters are comparable to

literature data [50].

Neat PP flow was extruded from a single screw eerP. Brabender 19 with a
diameter of 19mm, L/D of 25) with a slit die (length: 168m, height: 2mm, and
width: 20 mm) at a processing temperature of 200 °C to inyaist the flow behavior

in and out of the die. A volumetric flow rate rangfel 96—-869 mrfis was chosen to
investigate the effect of flow rate on the flow beior. The pressures were measured
by two pressure sensors mounted at the positiofsnb4 (P1) and 4éhm (P2)

upstream from the exit separately.
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Table 3-2. Materials parameters for PTT model andsclaw model at 20TC.

PTT model
Materials Mode  \(s) i (pa.s) € &
1 M 0.01 M 536 g 017 & 0.16
2 A2 0.1 N2 816 ¢ 018 & 0.2
Neat PP 3 A3 1 Ns 707 g 027 & 0.2
4 s 10 Na 220 g 04 &, 03
Crosslaw
No A m
2248.3 0.096 0.67

The extrudate swell measurements were conductetig usivo HD cameras
(LOGITECH Webcam Brio 4K) connected with the conguat so that a real -time
measurement came true. First, we needed to fix eawtera as close as possible to
the die lip, then the glass rule reference was tesedt a reference scale for the lateral
(width) direction and transversal (height) direntiof the slit die, respectively. The
evolutions of the dimensions of the extrudate imglieand width direction are
analysed using the known reference tip. The scherfatthe swell measurement is
shown in Fig. 3-5a—c. The 2D schematic diagramhefdross section of the die is
shown in Fig. 5d. Swelling ratidj is defined as the ratio between the dimension of
extrudate and die exit. To investigate the swellamgsotropy of the extrudate, we
defined several swelling ratioB;, B, andBs, which denote the swelling in the width,

the edge height, and the middle height of the ebifier

w_ Hi_ H,_
B1 — extrudate , B2 — Z1-extrudate and B3 — 2—extrudate (3_11)
W_die Hi_die Hy—die

In addition, the area swelling rati8) (of the extrudate cross sectiBnis defined as:

86



CHAPTER 3 EXTRUDATE SWELMODELLING AND EXPERIMENT

B4_ — S_extrudate (3_12)

S_die

Granulate ™

l 4 _.-""‘:'Jompurer

Single-screw extruder ] i
L x i / Camera for the width

L

Camera for the height %
measurement

Computer

Figure 3-5.(a) schematic of experimental setup mieasure die swell; (b)
the extrudate profile from bottom view; (c) therexiate profile from side view; and
(d) the cross section of the slit die. Based ongimesasurements: Egs. (3-11) and (3-

12) are obtained.

3.4. Results and discussion
3.4.1. Pressure and profiles

Figure 3-6 compares the pressure values from axpetimeasurement and numeri-
cal prediction by the PTT and Cross law modek #fiown in Fig. 3-6(a) that pressure
values increase with the flow rate, as expecteth Bd T model and Cross law model
can be used to predict very well the pressure galuéwo different positions in the
slit die channel. Fig. 3-6(b) displays the simulatepressure profiles of
the centerline flow as a function of x-positionaaflow rate of 620mm?/s. In the slit
die, there is very small difference in the two gree profiles. This indicates that shear
viscosity is predominantly responsible for the lgimamic pressure, and the

viscoelastic constitutive model is not necessanysimering its high computational
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cost, at least for this process characteristic.[8ffjen the flow leaves the die, the exit
pressure value of PTT flow is however slightly heéglthan that of Cross law flow.
This can be ascribed to the elastic propertiesucagtby the PTT model. The
deviation in pressure profiles after the die exihditates significant
different extrudate behavior for two types of flowghich will be highlighted in the

next subsection.
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Flow rate (mm’/s) flow distance from exit (mm)

Figure 3-6. (a) A comparison between the pressaigeg from experiment and predictions by
PTT and Cross law model at different flow rates @l P2 denote the pressure value at
140 mm and 40mm upstream from the exit, respectively); (b) threspure profile along
the centerline flow by PTT model and cross law nhoate 620 mm?/s; both models are

representative although the PTT model highlighgBgintly higher pressure at the die exit.

3.4.2. Anisotropic extrudate swell

As for the extrudate swell behavior for a polymegltna typical character is that the
extrudate continuously evolves from the die exi.B-7(a) represents the
experimental evolution of the extrudate width pgeofat different flow rates. It is
shown that the width swell ratio firstly increaspsckly until the distance of 1®&m
after the die exit, then it increases slowly witfuether distance to a constant value.

It is presented that the agreement between predgcfrom the PTT model and the
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experiment is good, in contrast, it is shown thabsgs law model underestimates
significantly the swelling ratio, and the differenmcreases with flow rate, which is
opposite to what really happens to the extrusionisfoelastic melts. Fig. 3-7(b)
displays the experimental evolution of the edgglheprofiles of the extrudate melt
along the flow direction. In contrast with the slishavior in the width direction, the
edge height decreases instead. The cross law noveelpredicts the decreasing
behavior. We attribute this to the velocity redimition behavior of the flow after die
exit as confirmed below [5]. The PTT model takew isonsideration the elastic

properties of PP melts, which compensates thatdser

135 g <196 mm'ls 10F S b ——Cross law-196 mm’s < ex-196 mm’ls
x:;g:;’rfz —Cross law-620 mm’s 1 ex-380 mm’ls
1.30 ——PTT-380 mms S ex-869mm’ls 095 ——PTT-196 mm'/s < ex-620 mm'/s
P TT-620 mim'fs o ——PTT-380 mm'/s © ex-869 mmYs
o 125 ——PTT-86 mm’ls ) —— PTT-620 mm3
° = po0f ——PTT-869 mm3
= |
= 3
E 2 oash
o E
= =)
H T os0f
= )
g orsp
0.70 |-
0.95 |y L 1 1 I A i i L L L1 1 A 1 1 1 . L 1 i
0 4 8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28 32 36
Flow distance from exit (mm) Flow distance from exit (mm)

Figure 3-7. Extrudate profile fd. (a) andBz (b) with the axial distance from the die exit at
different flow rates (Eq. (3-10)); the curves regaet simulation results while the symbols
correspond to experimental data at distances 6f 20, 15, and 20nm from the die exit,

respectively; only the PTT model is representative.

A representative evolution of the extrudate crassisn profiles for PTT flow and
Cross law flow after the die exit with a flow rait196 mm?/s gives a direct insight
into the variation of extrudate shape in Fig. 3}8&ad (b). Different from the
evolution behavior of the extrudate width profiteRig. 3-7(a), it is of interest to find

that the middle height of the extrudate predictgdbth Cross law and PTT model
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seems not monotonously to increase with flow distafror example, for the PTT
model, in Fig. 3-8(c), at arounchaim away from the exit, the extrudate middle height
increases to the maximum value. Then with furthstadce, it starts decreasing more
or less until a constant value. In Fig. 3-8(c)jrartease of the flow rate of PTT flow
seems to make the ripple extrudate swell rBsiprofile more smooth. For Cross law
flow, the similar phenomenon is observed. In additit is easy to note that for both
types of theoretical calculations, the swell bebaun the extrudate width direction

appears slower than that in the height directicen gitven flow rate.

Generally, the area swell ratio of the extrudatssisection is another factor which is
thought as a comprehensive evaluation of the swegliehavior. Fig. 3-9(a) compares
the evolution of area swell ratio as a functiorlofv distance at different flow rates.
It depicts that at low flow rates, the smallesfatiénce of area swell ratio between
PPT and Cross law flow is observed. Increasindltive rate makes a larger growing
rate of area swell ratiB, for PTT flow, while it results in a further finalquilibrium
swell position wher®, value begins to be constant. This variation trémdn
quantitative agreement with a previous report [3d]order to further explore the
dependence of the extrudate swell on the axiahuligt from die exit, here we define
an accomplishing swell ratio:

Sar —1
Cr - ar
Sar—f -1

(3-13)
Sy means the area swell ratio at a certain distafiee the die exit and Sar—f means

the area swell ratio at the final equilibrium pasitfor all flows. As shown in Fig. 3-

9(b), just after the die exit (before the distant®& mm), theC; values for both PTT
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Figure 3-8. (a) the theoretical evolution of thess section of extrudate along the distance from
die exit at a flow rate of 1961m%/s for PTT flow and (b) Cross law flow; (c) the middheight
swelling ratioBs (Eqg. (3-10)) of extrudate by PTT and Cross law nadth different flow

rates.

and Cross law flow decrease with the flow rate atme distance, which might be
mainly attributed to the larger average axial vityoof extrudate with larger flow rate.
Within a same flow rate, although Cross law flows bdarger average extrudate axial
velocity from die exit in comparison with PTT flofshown in Fig. 3-10 below), PTT
flow has a smalle€; value in contrast, due to the larger stress rélaxéime for PTT
flow. Therefore, it is expected that PTT flow witte largest flow rate shows the
smallestC; value among all the flows at the same flow distafiom the die exit.

Within further flow distance, all extrudates accdistp swelling behavior gradually.
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In fact, it is found that at a distance ofrhén, except PTT flow with 626m¥/s, the

swell behavior has been completed at least 90%lfdiows.
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Figure 3-9. (a) the theoretical evolution of theeling of the area size of extrudate cross
section along the axial distance from the die €kitthe accomplishing swell rati€{ Eq. (3-

12)) of extrudate area with different flow rates.

Sar means the area swell ratio at a certain distafiee the die exit and Sar-f means
the area swell ratio at the final equilibrium pasitfor all flows. As shown in Fig. 3-
9(b), just after the die exit (before the distant®& mm), theC; values for both PTT
and Cross law flow decrease with the flow rate atme distance, which might be
mainly attributed to the larger average axial vityoof extrudate with larger flow rate.
Within a same flow rate, although Cross law flows bdarger average extrudate axial
velocity from die exit in comparison with PTT flofshown in Fig. 3-10 below), PTT
flow has a smalle€; value in contrast, due to the larger stress rélaxéime for PTT
flow. Therefore, it is expected that PTT flow witte largest flow rate shows the
smallestC; value among all the flows at the same flow distafiom the die exit.
Within further flow distance, all extrudates accdistp swelling behavior gradually.
In fact, it is found that at a distance ofrhén, except PTT flow with 626m¥/s, the

swell behavior has been completed at least 90%lfdiows.
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3.4.3. Non-uniformity irvy distributions

Generally, velocity distribution and normal stress considered as two important
factors to influence the swell behavior [37, 52-34is of great interest to investigate
the distribution of axial velocityx along the flow directionx(direction), transversal
direction { direction) and lateral directioz @lirection). Fig. 3-10(a) shows the
centerline velocity profile along the axial direwsti(v) for flows with different flow
rates. For normalizing the axial velocity, all vetees are divided by the
corresponding global mean velocity at the same flate. As it is shown, the value
keeps constant until the flow is close to the dig. én Fig. 3-10(b), it is found that
thevy rearrangement starts occurring at a distanceagstthe die exit. Near the die
exit, the PTT flow shows a sudden small increass in comparison with Cross law
flow. A similar result was reported by Yarusso [5&ho attributed this behavior to
the normal stress effect of polymer flow. Althougkre is a little difference between
thevy profile for PTT flow and Cross law flow inside tldé, a significant variation
is noticed in the downstream die exit. Thevalue of the balanced PTT flow is lower
than that of the Cross law flow provided a samw flate and the difference increases
with increasing flow rate. This is likely due toettsignificantly different swell
behavior for the two types of flows. A larger ambahswell behavior leads to a lower
final vy value. Tianet al [5] pointed out that velocity rearrangement aladtic
recovery leading to die swell behavior take plaiceutaneously. This means that
increasing the elastic properties of flows incredbe velocity rearrangement degree
to some extent after the die exit, while increasihg viscous properties has an

opposite effect.
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Figure 3-10. The centerline distributionvafalong the flow directiox for the Newtonian, PTT
and Cross law flow at different flow rates; normatian with respect the global mean velocity

at the same flow rate. (b) is the inset of (a).

Fig. 3-11 compares the distribution of PTT and Cross law flow alogp@ndz direc-
tion separately with various flow rates at the e@ and a distance of Xm from
the die exit where the flow is considered as fdkyeloped. For a better comparison,
they andz axes are scaled by its corresponding dimensidheoflow cell. In Fig. 3-
11(a), (b), and (c), it appears that therofiles of PTT and Cross law flow at the fully
developed region almost do not display any diffeesalong both height and width
direction. When the flow approaches the die exithvincreasing flow rate, the
deviation of the velocity profiles between bothwito starts occurring because non-
linear rheological behavior of viscoelastic flowgases additional influence on the
flow field, especially at a higher flow rate [31{.is noted that the profile along
thez direction keeps constant urgiPW reaches to 0.35, which is much flatter than
the velocity profile along the direction. Therefore, for Cross law flow a larpeight
swell ratioBs is obtained compared with width swell raBg at a same flow rate
in Figs. 3-7 and 3-8. Compared to Newtonian fldwe, ¥elocity profiles of both types
of flows at the fully developed flow region are bled in Fig. 3-11(d), and the

deviation increases when the flow rate grows. Wifidreasing flow rate, the fully
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developed flow is closer to a flow with a uniforrelecity profile which requires less
velocity rearrangement, therefore the swell ratiecrease for Cross law flow
in Fig. 3-9. It implies that the contribution ofseibus axial velocity rearrangement to

the final swelling of polymer melt decreases witiwfrate.
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Figure 3-11. (a) axial velocity profile of PTT floand Cross law flow separately along the
height (left side) and the width (right side)xat—-10 mm (solid symbols) and x=0 (open
symbols) at flow rate of 196m?/s, (b) 380mm?¥/s, and (c) 62anm?¥/s; (d) a comparison of

axial velocity profile of PTT flow with various fle rates along the height @t —10 mm.

A representative comparison about the evolutiom, éér Cross law and PTT flow
separately at different cross sections before #adtae die exit is displayed in Fig. 3-
12. It is shown that the rearrangement takes place more slowly for PTT filoan

Cross law flow, and greater velocity reduces fa tbrmer, which is depicted by

Yarusso [55]. For example, when the flow approa¢bdbke distance of Inm after
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die exit,vx along they direction almost becomes constant in the wholssection
for Cross law flow, while obvious differencewmnfor PTT flow can be noted, which
is attributed to the elastic properties of PTT fldmaddition, for PTT flow, when the
distance reachesrd@m, there is a maximum velocity in the flow layeyan the free
surface instead of the centerline layey isirection, which seems not to be observed
in Cross law flow. This results in a damping effentthe swelling behavior in that
direction. Furthermore, along tigalirection, thes arrange-ment is faster than that in
thez direction, which leads to the inhomogeneous sngliiehavior in both directions.
Therefore, the slowek rearrangement behavior along théirection determines the
final equilibrium position, althougt profile along the direction is much flatter than
that in they direction. Clearly, the side wall effect cannot theglected under an

assumption of no slip in this study.

1.61

1.4
1.29
1.0

Vx/Vx-a 0.4

Fig. 3-12. (a) the evolution of the distributionweffor Cross law flow and (b) PTT flow at

different cross sections before and after the xiiead 620 mn¥'s.

3.4.4. Non-uniformity in stress distributions

When polymer fluid flows in the channel, it expeiges large shear and extentional
deformations. The calculated fully developed st&sdsy PTT model (shear stress
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componentr,,,, 7,, and normal stress,, z,, andz,,) at one cross section of the
flow channel with the flow rate of 620 nifa are shown in Fig. 3-13. It exhibits that
both confining walls have an influence on the strésld. 7., is typical linear as a
function of the height of slit die. Along the z eition, when approaching the side
wall, a sharp decrease gf, is noted. Nonzero value of, is observed along the
width direction due to the nonzero velocity gradievhich is thought to be zero in
2D simulation. The maximum value af, is smaller than that aof,,, due to the lower
velocity gradient on the side wall in comparisothithat on the top wall (see Fig. 3-
11). As for the normal stress components, nonzatoevofz,, is noticed along z
direction because of the shear rate perpendicularplane [56]. In contrast with,,.,
the values of,, and stress,,, of the flow in the vicinity of top die wall anddg wall
are negative separately. That can be attributélteteonfining effect of the die walls,
leading to compression flow there. In additionslitould be pointed out that the
numerical value ot is at least one order of magnitude larger thamandz,, on the
die wall, indicatingz,, plays a dominant role in determining the elastaperties of
polymer melt. The existence af, on the side wall with the same magnitude
comparable ta,, on the top wall might imply the necessity of tlansideration of
side wall effect for the comprehensive understagainhextrudate behavior outside

die.
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W o] < (F)

Figure 3-13. Stress componeRy, 7., 7y, %, andz,, distribution at the cross section of

the fully developed flow at 620 ni¥s.

Comminalet al. [52] pointed out the complex relaxation behavibnormal stress
leads to extrudate swell. Figure 3-14 shows thedistribution contours of the
extrudate cross sections at different distances fiee exit by PTT model at 620
mm?/s. It shows that when the flow leaves die exit, relaxes quickly in both y and
z directions. Just after die exit, in the centerttod flow, negativer,, values are

observed. That coincides to the simulation redu@mminal et al. [52]. Liang et al.
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[57] thought the equilibrium conformations of matmlecular chains might be
disturbed due to the applied shear and extension tine flow field. From a viewpoint
of microscopic polymer chain, extrudate swell iesault of the behavior of polymer
chains, recoiling along flow direction but growimgradical and lateral directions as

flow leaves die exit. Negative,, in flow after die exit is mainly resulted from the
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recoil behavior of the deformed flow macromolecudbains [57].
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-11264 Flow direction
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Figure 3-14zx distribution at the cross sections of flow at sal/distances from die exit at

620mm?/s. Results for PTT model.

In principle, the normal stress effect causing wdte swell of PTT flow is
characterized by normal stress difference [57].réfoee, a comparison between the
normal stress differenc®,, (z.x — 7,y) @andN,, (7, — 7,,) profiles along the top
die wall and free surface layer direction in midpllane z=0, and the side die wall and
free surface layer direction in middle plane y=8hswn in Figure 3-15a. Obviously,
an increase in the flow rate leads to a signifiéaotease in normal stress difference
value, resulting in higher swell ratia¥,, along the top die wall is significantly larger
thanN,, along the side wall at a given flow rate. Hencdarger swell ratio B is
obtained compared ®; in the discussion above. The relaxation of bgth andN,,,

occurring closer to the die exit for low flow rdtether explains the general trend for
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swell behavior [34]. The progressively relaxati@havior of normal stress difference
along top free surface layer and side free surfager of extrudate separately is
presented in Fig. 3-15b. It depicts when the exteidpproaches a distance of 3 mm
from die exit,N,, value in lateral free surface laygEcomes larger in contrast. That
means the relaxation rate 8§, along lateral side free surface direction is slotlvan
N,, along top free surface layer even to further dista We attribute it to the
difference of stress distribution of the fully déyged flow in two directions as shown
in Fig. 3-13. Larger shear stress results in aelardeformation of polymer
macromolecules, and part of the deformation energyored in polymer molecules.
When flow leaves die exit, the deformed polymer enales tend to re-equilibrium
the internal energy in a form of elastic recoveyyrécoiling [58]. To achieve stress
equilibrium state, the macromolecular chains wattgér deformations tend to coil a
bit faster, which causes a higher normal stresdergifice relaxation rate
correspondingly. Considering the normal stressediffice can be thought as the
‘driving force’ to cause extrudate swell, as a leghe swelling behavior in width

direction seems to delay a little in comparisorhwtitat in height direction.

180000 [~ R a o b —C—transversal top free surface z= 0 mm
150000 L . ny_smmm!]s - 10° F & —@— lateral side free surface y= 0 mm
i 3
® N, -196 mmYs) €20 mm’ls
120000 |- o N,-196 mm’/s o
£ 80000 £ 10tk
E 60000 E
H o
2" 30000 =
: 10°F
0 3 I o
-30000 |-
L 1 L 1 i L L L L - 1 b—rrr——r—TrrT—1
20 16 12 &8 4 0 4 8 12 18 20 2 0 2 4 6 8 10 12 14 16 18 20 22

Flow distance from exit (mm) Flow distance from exit (mm)

Figure 3-15 (a) comparison of normal stress diffeedV,, along the radial top wall and the

top free surface layer (solid symbols), ang along the side wall and the lateral free surface
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layer (open symbols) at 620 rdismand 196.4 mifs; (b) close view of the relaxation behavior
of normal stress differendé,, along the radial top free surface (middle plane0jz=solid

symbols), andV,, along the lateral side free surface layer (middéme (y=0), open symbols)

after die exit at 620 mfrs.

3.4.5. Non-uniformity for radial velocitysf) and lateral velocityw)

A comparison between distribution contours of thlwgity componenty in the
center-plang=0 mm, and velocity componewtin the center-plane y=0 mm of PTT
flow at 620mm?/s is carried out in Fig. 3-16. It is depicted thdien the flow is in the
die channel, both vanishing andv, components exist. Emerging from the die exit,
they show different variation trends. Fig. 3-17resents the evolutions af andvy in

the side free surface layer and the top free serfager separately. It is seen
thatv; increases quickly, then it decreases to a smalkevgradually. While foxy, a
much faster decreasing rate follows the initiahgfigant increase after die exit. This
can be attributed to the faster relaxation ratenaimal stress difference and the
rearrangement rate of axial velocityfrom the approximated Poiseuille to a plug flow
in extrudate transversal directioy) @s discussed above. In addition, it displays that
if vy decreases to zerg,still keeps positive. In order to match materialamce (the
mass conservation), the transversal flow mightlibe reverse direction (negativg.
Reconsidering to Fig. 3-8, therefore it is notidiift to understand why the middle
height of the extrudate increases quickly to th&imam value at the beginning, then
it decreases more or less. This indicates thdirtaeequilibrium swelling position is
determined by the swell behavior in the width dii@tto some extent although the

swell ratio value is smaller than that in the héidinection. Clearly, it confirms that
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fully taking into consideration the side wall effets necessary for a better

understanding for the swelling behavior of flowsotigh a rectangular flow channel.
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Figure 3-16. Distribution of (a) in thex-y plane (z=0), and (b}, in thex-z plane (y=0). PTT

model at a flow rate of 620m?/s.
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Figure 3-17. (ayz and (b)w on the free surface side layer and top layer seglgralong the

flow distance from the die exit. Obtained from Hig3-16.

3.5. Conclusions

In this study, the isothermal flow of neat PP a 2Q through a slit die and upon

subsequent swelling is investigated by extrusispeements and 3D numerical
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simulations. Two types of constitutive models arglyed to perform the numerical
simulations, namely the generalized Newtonian ¢autiste model with the Cross law
viscosity function and the viscoelastic multi-md@ET model. The pressure profiles
predicted by both models inside the die agree wigh experimental data obtained
for all flow rates evaluated. The slightly largedtepressure predicted by the PTT
model compared to that of Cross law model caudtseint extrudate swell behavior,
which is successfully compared to experimental ltesar extrudate swell through
real-time measurements. This comparison indicdtasthe PTT model is able to
capture the complex swell behavior observed, wthike Cross law model highly

under-predicts that.

The swell behavior in both height and width direct depend on the distance from
the die exit and both swell ratios increase withftw rate, which is not captured by
simulation results obtained with the Cross law nhoteaddition, obvious different

swell behavior in the height and the width directaf extrudate is noted. The swell
ratio in the width direction increases in a muchdo rate than the swell ratio in the
height direction until equilibrium is achieved iroth directions. Therefore, the
distance from the die exit in which the final extate shape is obtained strongly
depends on the die width, which is not capturedth®y more conventional 2D

simulations.

The mechanism for the previous phenomenon is ilgatsd regarding the velocity

field and stress field distributions. It is indiedtthat different flow rearrangement
behavior including the axial velocity redistributidbehavior and the normal stress
difference relaxation behavior in the correspondlirgction of the extrudate outside
the die simultaneously are responsible for thahpheenon.
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Overall, the present work demonstrates that alédt8D simulation is necessary for
a comprehensive understanding of the complicatédidate swell behavior from a
slit die for the die optimization design and thatliable rheological data are

indispensable to be fed to such as simulation tool.
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Chapter 4

Three-dimensional simulationsfor polymer extrudate

swell out of dlit diesfrom low to high aspect ratios

The impact of the slit die geometry and the polymeit flow characteristics on the
extrudate swell behavior, which is a key extrugiparating parameter, is highlighted.
Three-dimensional (3D) numerical simulations basedthe finite element method
are compared with their conventional 2D counterpaat the same apparent shear
rates using ANSYS Polyflow software. The rheolddiehavior is described by the
differential multi-mode PTT constitutive model,hniblypropylene as reference. It is
shown that increasing the aspect ratio of the demrgetry (width/height ratio
variation from 1 to 20) contributes to a signifitachange of the 3D extrudate
deformation (relative changes of 10% in severaédiions; absolute changes up to
30%) and delays the equilibrium axial position o factor 10). High aspect ratios
induce a switch to contract flow (swell rato1) for the edge height swell. The 3D
extrudate swell strongly deviates from the 2D sifigol case due to the die effect near
the wall, even for higher aspect ratios. The idigidarge swell behavior is followed
by a small shrinkage flow in thmaiddle height direction which cannot be captured by
the 2D counterpart. The findings are supported lgomprehensive analysis of the

velocity and stress fields in and out of the gkisd
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4.1. Introduction

Extrusion is a polymer forming operation under neelditions that is widely applied
for industrial applications [1-5]. It is usually sdrved that the dimensions of the
extrudate coming out of the extruder are largen tte dimensions of the extruder
orifice. This phenomenon is denominated as extaudatlie swell and is a key process
control parameter in view of product stability [6hvestigating the swell behavior
upon flow exit only through experimental methodsas optimal and time consuming
[7, 8]. Hence, to obtain additional insights nuroati flow simulations are
recommended. Such simulations have the advantagaaking the varying trend of

velocity and stress fields for different processtogditions [9-12].

Essential is the choice of the constitutive equetingrasp the viscoelastic properties
of the fluids. Early studies were carried out usthg basic Maxwell viscoelastic
constitutive model [13]. However, this model cannapture realistic or non-linear
viscoelastic properties of polymer fluids, such siear-thinning and elongation-
thinning behavior in the high strain rate regiod][ISome more realistic constitutive
models have therefore been proposed, such astdwahKaye-Bernstein-Kearsley-
Zapas (KBKZ) constitutive model [15-19], the difetial Phan-Thien-TanngiPTT)
model [20-26] and the Giesekus model [25, 27]. Agqwtimeem, the integral KBKZ
model and the differential PTT model seem suitegltdithe possibility of describing

the shear and elongational properties of polymédtsmmedependently [14, 28-30].

A variety of geometrical characteristics, includitige die entrance angle, the
length/diameter (or thickness) ratio, the widtlgkmess ratio, and the out/inner
diameter ratio, have already theoretically shownptay an important role in

determining the final thus equilibrated extrudatel§ behavior [23, 24, 27, 31-33].
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For example, Garci@t al [32] systematically studied the effect of the mhel
geometry and inclination angle on the annular ekte swell from the diverging,
converging and straight annular die, considering itfitegral constitutive KBKZ
model for two-dimensional (2D) isothermal high dgnpolyethylene (HDPE) flow.
They concluded that both the thickness and diansetetl are very sensitive to the
die geometry. Mwet al [24] simulated in detail the impact of the dieogestrical
parameters on the 3D annular extrudate swell &ahesmal low density polyethylene
(LDPE) flow, including the effect of the die contteon angle, the ratio of parallel
length to inner radius, and the ratio of outer tmer radius. More recently,
Hatzkiriakos et al. conducted 2D simulations with varying length/diaeneand
width/height (or equivalently width/thickness) mtnainly with the KBKZ model to
figure out the relevance of the die geom¢®d, 33, 34]. These authors indicated that
increasing the length/diameter ratio decreasesxh@date swell in agreement with

their experimental results.

It should be realized that in many cases the 3 fiattern during and after extrusion
is simplified into isothermal 2D flow to lower tlowmputational cost and in favor of
numerical convergence [26, 33, 35-38]. For examfpleplanar flow configurations,
2D simulations imply an infinite width/height{/H) or aspect ratio. However, the
aspect ratios of flow channels are in reality &rdind thereby a deviation is expected
between the experimental observations and 2D stioolg which is referred to as the
3D or edge effect [28, 39-42]. For example, Clenwtual. [40] showed a mismatch
with the observed isochromatic birefringence (aticap property which is related to
the stress difference of flow) of a polymer solatim slit dies for the simplified
isothermal 2D simulations with varying aspect ratiich enlarged by increasing the

flow rate. Schoonen [28, 43] found that decreasiiegaspect ratio for polyisobutylene
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(PIB) flow in a rectangular flow channel from 8 2oresulted in an increase of the
discrepancy between isothermal 2D and 3D simulatiéor instance, the difference
between the simulated first normal stress diffeessfthe PIB solution and that of the
2D one at the same apparent shear rate is only fbt%n aspect ratio of 8 but

increases to 30% for an aspect ratio of 2.

Nevertheless, the 3D effect on the polymer extridatell behavior is typically not
studied, as one focuses mainly on the flow at titk &f the extruder equipment. In
our recent work [44], we carried out comprehengeghermal 3D simulations of the
extrudate swell behavior of neat polypropylene (BR&®y from a slit die at 200C
with fixed dimensions (aspect ratio of 10). We Hiigjhted that the distance from the
die exit, within which the final extrudate shapeiained, strongly depends on the
swell behavior in the width direction, indicatingat 3D effects must be considered
for optimization of the die design. Moreover, thie dwell simulations results were
experimentally confirmed by 3D imaging, considergxperimentally verified PTT

input model parameters.

In the present study, we further focus on the ddeece of PP extrudate swell
behavior on the geometric characteristics, spedifiche aspect ratio of the slit die.
Consequently, 3D simulations of PP melt with diéfer aspect ratios have been
conducted using the PTT model as previously tuiiée. computational results are
compared to those obtained from the correspondihgifulations with the aim at

assessing the relevance of the 3D effect. A sicpnifi discrepancy of the swell
behavior between the two modelling configuratiomseported. The corresponding
flow velocity and stress fields are further disatsn detail to illustrate the

mechanism for this discrepancy. A parametric stadyarding the key parameters of
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the PTT model is additionally included to clarifiget influence of the polymer

rheological properties on the 3D effect of the flomannels.

] H, 2H,

‘ — _—

2w

Figure 4-1. The cross section of a slit die (cdsancaspect ratio of 10). Four swell ratios can
be defined, as mathematically represented by Hgadd Eq. 4-2. They relate to swelling for

the width direction, the edge height direction, itiddle height direction, and the area swelling.
4.2. Modelling principles

4.2.1. Geometric parameters

Figure 4-1 depicts the 2D schematic diagram otties section of a slit die with an
aspect ratio of 10. Several swell ratios can bénddfas the ratios between the
dimensions of the extrudate and the die. To idgmtipossible anisotropic extrudate
swell behavior, three such ratiBs, B, andB; are needed, denoting the swelling in
the extrudate width, edge height and middle hadglettion (Figure 3-1), respectively

[44]:

w_ Hq_ Hop_
Bl — extrudate , BZ — 1—extrudate and B3 _ 2—extrudate (4_1)

W_die Hi_die Hy_die
Additionally, B, is defined as the swell ratio of the area sizeof$e extrudate cross

section and the slit die:

S
B4_ — extrudate (4_2)
S—die
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4.2.2. Governing equations

In this work, we assume that the incompressiblegmpel fluid is under isothermal,
steady and creeping laminar flow conditions withgratvity effects, and the applied
governing equations include the following contiguind momentum equations in

vector notation [44, 45]:

V-v=0 (4-3)

-Vp+V-t=0 (4-4)

in whichp is the material density, the velocity vectorp the hydrostatic pressure,
andt the extra stress tensor. For the polymer melts;ahstitutive model associating
the extra stress with the velocity or velocity gesds is essential to solve the set of

equations [18].

4.2.2.1. PTT constitutive model

The extra stress tensor, for the viscoelastic dotise model,z, is split into a purely
viscous partzy, and a viscoelastic part,. Ty is solved by the generalized
Newtonian flow model [44], whiler, is calculated by the basic viscoelastic

constitutive equations in terms of the differen{ial integrated) constitutive model.

Regarding a time spectrum Nfrelaxation modes, the viscoelastic stress tengor,

is calculated as a sum of N individug)} contributions, which is expressed as:

Tp = ?I:l Tpis (4-5)
Each individual contributiom,; is revealed by the PTT constitutive equation,tas i

shows a good ability to describe the rheologicapprties of the PP melt including
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the shear-thinning behavior and the extensionaliihg in the high strain rate range

as demonstrated in our previous work.[44] This Piddel is written as:

exp [S;—?itr(rpi)] Tpi + M [(1 - %)‘FP/L + %1‘;] =2n,D (4-6)
in which, 4; and, are the relaxation time and shear viscosity, deténg the linear
rheological properties of melts. The non-linearapagtersg; and &, control the
extensional and shear behavior of fluids, andz,, correspond to the upper and

lower convected time derivatives of;. D represents the deformation tensor rate,

which is defined as:

_ Vv+(Vv)T
-2

D (4-7)

with Vv and(Vv)T the velocity gradient and transpose of the vejogitdient.

For the polypropylenén this study the material parameters of the nmltide PTT
constitutive model are extracted from the goodnfittof the linear and non-linear
rheological properties as described in Figure 8-£hapter 3The corresponding
parameters are shown in Table 3-1 in Chapter 3;twéiile comparable to a previous

report [46].

For illustration purposes, a sensitivity analysishe non-linear material parameters
¢, ande; of the PTT model regarding rheological properigeshown in Figure 4-2.
In comparison with the parametgy, increasinge; not only increases the first normal

stress differencBl( ru- Iyy) but also significantly increases the elongatiaisdosity.

On the other wayg, mainly has a significant influence on the secoadmal stress

differenceNyZ ry- 1) component.
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Figure 4-2. Effect of the material paramefer((a)-(b)) ande; ((c)-(d)) on the normal
stress differenchlyy and|NyZ| and the elongational viscosity as functions ogslzad

elongational rate.

Table 4-1. Material parameters of PP for PTT madl@00°C from Chapter 3. In Fig.
4-2 the relevance of such this model is highlightga sensitivityanalysis of the non-

linear material parametet§ ande;.

PTT model
Material Mode  Ai(s) i (Pa.s) & &
1 A 0.01 N1 536 e 017 & 0.16
2 A2 0.1 n2 816 e, 0.18 & 0.2
Neat PP 3 Az 1 ns 707 e 0.27 & 0.2
4 Aa 10 Na 220 e 04 &, 03
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4.2.3. General geometry and boundary conditions

Figure 4-3. 3D flow domain of a slit die profilésfl see Table 4-2). One quarter is considered

for all simulations due to symmetry£ 20mm andz= 40mm).

The 3D flow domain for a giveW /H ratio is shown in Fig. 4-3. Due to the symmetry
only one quarter of the flow channel is considefi@dall simulations to reduce the
computational cost. The geometrical parameterslifterent flow channels (varying
aspect ratio) are shown in Table 4-2 .The genesahbary conditions are set as
reported in previous work [44]. At the inlet, alfutleveloped flow is assumed due to
the long die length for the experimental compari€80 mm; aspect ratio of 10). At
the die walls, a non-slip condition for the velgdield is prescribed, which indicates
that the flow velocity vanishes;=vi= 0 (mm/s). Outside the die exit, a free surface
flow is developed, which is unknown a priori. Tleede conditiond:=f, =0 (N) are
set at the outlet of the flow domain, with the sl n andt representing the normal

and tangential component of the force and velocity.

4.2.4. Method of 2D and 3D numerical solution ¥arious aspect

ratios

To solve the conservation and constitutive equati@above, a flow solver

(POLYFLOW version, ANSYS version 18.0) is applieaisbd on the finite element
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algorithm. A discrete elastic viscous stress $piit(DEVSS) combined with the
streamline-upwind (SU) scheme is used to improgentimerical calculation stability
[9, 33, 37, 42, 47]. This is done as there is anggtdc singularity near the die exit
where an abrupt change for the flow occurs fromrtba-slip to the free surface
boundary condition. The DEVSS method adds a puwidgous term into the
momentum equation based on velocity unknowns amdoves an equivalent
contribution based on rate-of-deformation unknowmsmaintain the constitutive
equation [48]. In addition, we apply an interpaatimethod on the velocity and
pressure by quadratic and linear functions. An eti@hary scheme is performed on
the volumetric flow rate to advance the solutimniralmost purely Newtonian to the

viscoelastic flow with high non-linear rheologiqabperties.

Table 4-2. Geometrical parameters for flow chanméis various aspect ratios; link
to Fig. 4-2,Q, andQ, correspond tg,=15 and 48 ‘§, which are maintained as target

values in line with the work of Clemeat al[37] .

Aspect raticWidth (2W) Height () I (mm) I2 Q. Q,

(W /H) (mm) (mm) (mm) (mmé/s)  (mm?/s)
1 2 2 20 40 13 42
15 3 2 20 40 22 69
2 4 2 20 40 31 98
5 10 2 20 40 91 288
10 20 2 20 40 196 620
20 40 2 20 40 405 1280

The height of each slit die is fixed at 2 mm anel &ispect ratio includes values of 1,
1.5, 2,5, 10 and 20 (see Table 4-1). The mesls siged in botlx andy coordinates
(shown in Figure 4-3) of the geometry model witHfatent aspect ratios are
maintained at the same level in all 3D simulatip4®, 42, 49]. A mesh grid that

progressively adds more elements toward the engisarity is utilized, while larger
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mesh elements are applied in the flow region awamfthe singularity [50]. These
elements are shown in Fig. B-1 in the Appendix B Tanalysis of the mesh

independence for the swell simulations can be fanrihable B1 in the Appendix B.

To quantify the effect of the die geometry on tlevfbehavior, the results obtained

from different geometry configurations are compaaéd constant, value as in the

work of Clemeuret al [37]. Generally, the dimensionless Weissenberglrar (Vi)

is adoptedo evaluate the viscoelasticity level involvecpimlymer flows[9, 37]:
Wi= 7,im (4-8)
in which 4,, is the viscoelastic average relaxation time ferpblymer fluid:

_ Zivzl ’7i/1i

™= S “9)
andy, is an apparent shear rate in the slit die witlslipp[51]:

o (4-10)

Ta = 2Wx*(2H)?2

It should be noted that Eq. (4-10) works well oifili /H is larger than 10 [37, 52],
which is thus not the case for most consideredcigpdios in the present work. In
contrast, if the aspect ratio decreases to smadleles such as 1 and 2, this equation
is too approximative to calculate . Therefore, for each simulation case where
formally Newtonian flow is extruded from a slit diéth a certair// /H ratio, the flow
rate value applied in the Polyflow software is nigdi to make sure that the final
apparent shear rates are the same. The valuesarfdl88 3 are considered for,
(see last two columns in Table 4-2 f@walues).

For the simplified 2D pattern, the discretizatidrite mesh pattern in they plane is

the same as that of all 3D counterparts to avaikesdifference only arising from the

119



CHAPTER 4

mesh discretization (Fig. B-2 in the Appendix B} [30]. The interpolation methods
for all unknown physical fields such as velocitgaressure variables for all 2D and

3D cases are the same.

To further demonstrate the relevance of the sironatesults, focus is also on the
comparison with the analytical solution proposed byner to evaluate the swell ratio

of the 2D simplified planar viscoelastic flow basmustress analysis [53, 54]:
2
By =019 + (1+ )1/ (4-11)

in whichS,, indicates a half of the ratio of the first nornséiless difference to the
shear stress on the die wall. The swell ratio ptediwith Eq. (4-11) plugging in the
simulated value of,, is around 1.28 at = 48 st. This is slightly smaller than the
numerically simulated value of 1.31 for the simiplif 2D flow in this study and can
be related to the ignoring of the stress singylanifTanner’s equation. This equation
is only based on a physical analysis of the dielgweblem, with a combination of
two characteristic properties of viscoelastic matsr recoiling and the existence of
the normal stress difference [53]. Overall, thedjomtch indicates the reasonability
of the numerical simulations in this study for siir¢he context of identifying trends

regarding the relevance of the aspect ratio.
4.3. Results and discussions

4.3.1 Effect of aspect ratio on the 3D die swkHracteristics

An important characteristic of the PP extrudate lsWwehavior is the continuous
evolution when the flow emerges the die exit [Jdyure 4-4 depicts the variations

of the predicted extrudate profiles with an aspatit range from 1 to 20 qt= 48

120



CHAPTER 4 EXTRUDATE SWELL WITH VARIOUSSPECT RATIOS

(top row) and 15 (bottom row)!sThe associate@ values are given in Table 4-1. For
the aspect ratio of 10, previously recorded expental data have been included as
well [44]. Good agreement between simulation arkexnental results is observed.
As shown in Figure 4(a) and (c), increasing thesastio results in a decrease in the
width swell ratioBs, but a larger distance to obtain an equilibriuneling. In Figure
4-4(b) and (d), the evolution of the swelling bebawf the extrudate edge height
(swell ratioB; in Figure 4-1) is compared, as only accessibla @i simulations. It

is shown that a higher aspect ratio is able tonglyochange the flow pattern along
the extrudate edge height ultimately with “negdtiseelling or contract flow B, <

1). For an aspect ratio of 1, a significant swellis noted since thB, value sharply
increases to around 1.15, which seems similar ¢oré¢isults for linear low density
polyethylene (LLDPE) extrudate from a cubic die][36creasing slightly the aspect
ratio from 1 to 1.5 leads to a significant droptli® B, value. As the aspect ratio
increases further (5, 10 and 20), a contract flowthe edge height direction is

observed.

In Figure 4-5, the corresponding changes in thelhaibeight swell rati®; are plotted
(symbols) against the axial distancg< 48 (top row) and 15 (bottom row)'s
Clearly, the values are different from tBe values. Anisotropy of extrudate swell
behavior is thus observed in all directions (seleldd-3). A comparison with the die
swell behavior of the corresponding “ideal” 2D flasvdepicted as well in Fig. 4-5
(grey lines). A larger aspect ratio results in alen final equilibrium height swell
ratio Bs, which is similar to the results of Konagaastial[33] In a short distance
downstream the die exit, significant deviationsamn the 2D and 3D simulations

are obtained, as made even clearer in the lowphgré&pecifically, the 3D values are
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larger than the 2D ones at the same locations,hwikicnore pronounced for= 48

st
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Figure 4-4. Comparison of the predicted extrudabéilps through slit dies with different aspect
ratios (from 1:1 to 20:1; W/H; 20%C; Tablell) aty,= 48 s' (top) and 15 (bottom): width
swell ratioB: (a) and (c) and edge height swell réia(b) and (d) (Eqg. 4-1; PTT parameters

from Table 1). Symbols indicate the experimentahdar aspect ratio of 10 [44].

Before the distance @f.g.2 mm, the deviations increase with the flow disgawith
larger discrepancies between the two models spheda@l low aspect ratios< 2).
After ca. 2 mm away from the die exit, interestingly, theefiwatio B; keeps almost
constant for an aspect ratio of 1 (with the samal fvalue as foB;; 1.3; see Table 4-
3). For the other flow cells, it does not grow mmmwusly with the flow distance.
Instead, an extrudate shrinkage behavior followlgfast initial swelling is observed

until the final equilibrium swelling positions irids. 4-5(b) and (d). For instance,
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Figure 4-5. (a) Evolution of the predicted midd&gdht swell ratidBz (Eq. (1)) of PP extrudate
(200°C; Tablell) for the simplified 2D (line) and 3D flows (symisplaty, = 48 st (top row;
(@) full image; (b) zoom in) and = 15 st (bottom row; (c) full image; (d) zoom in); PTT

parameters from Table 4-1.

within a short distance after the exit, the swehévior with an aspect ratio of 20
agrees well with that for the 2D flow. Then, witHfuather distance, a deviation is
noticed because of the “secondary” shrinkage flothe middle height direction (see
also right extra subplots). More generally, theoselary shrinkage flows (symbols at
higher positions in Fig. 4-5) in the middle heiglitection cannot be observed in the
simplified steady 2D viscoelastic flow over the Whewell evolution. In addition, the
differences of the swell ratio at various aspetibsatend to become smaller with
further flow distance. This can be attributed te thther similar viscoelastic behavior
of flows as the apparent shear rates are maintaivesame for various aspect ratios.

Such feature mainly determines the final equivadsvell ratio according to Eq. 4-11.
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Overall, the mismatches of the 2D modeling reshigghlight the effect of the side
confining wall on the flow field (as confirmed ihe next section) and thus the need
of 3D simulations with both increases and decre&seswelling ratios along the

distance.

Table 4-3. Final (f) values fd3,, B, andBs aty,= 48 st (200°C; PP extrudate; Table

4-2). Also given are the differencesB;, is essential in the secondary shrinkage

explanation.

Aspect Final Final Final ABs, = AByy =
ratio By By s Bs ¢ B3;— By Bsys— By
11 13 1.145 1.3 0.155 0
1.5:1 1.284 1.06 1.309 0.249 0.025
2:1 1.26 0.99 1.31 0.32 0.05
5:1 1.22 0.86 1.31 0.45 0.09
10:1 1.19 0.81 1.294 0.484 0.104
20:1 1.15 0.78 1.288 0.508 0.138
2D 0 1.314 1.314 C] 1.314

anot calculated but a consequence of the 2D assompti

This less detailed information with 2D models ahd aibsence of shrinkage is in
agreement with the general trends in most modslindies [26, 56, 57]. An exception
is the modelling work of Comminadt al, [53] which reported a small secondary
shrinkage in the extrudate height direction afterinitial swelling for the 2D planar
viscoelastic flow. Relaxation of the negative nolrsiaess component,,, on the
extrudate surface layer was put forward as thgergRecently, Toukhtariagt al
[58] also revealed a shrinkage flow following thdradate swell for 2D simplified

transient planar Newtonian flow upon varying the diap. It is attributed to the
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increasing volumetric flow rate because of the saddecrease in the die gap. In the
present work, it seems thus logical to assume ttede triggers are absent (or
counteracted) and an explanation needs to be saugid 3D effect. In this respect,
our previous 3D simulations for a die with fixedhdinsions (aspect ratio of 10)
pointed out that the swell ratio in the extrudaidtivdirection increases in a much
lower rate than the swell ratio in the height dii@t until an equilibrium is reached

in both directions [44].

To obey the volumetric conversation a shrinkagev fle therefore expected in the
extrudate height direction with several influencfagtors. One factor is the difference
of the final equilibrium width swell ratiB; and the final middle height swell rafi
with a higher aspect ratio resulting in a largdfedence, as shown in Table 4-3.
Another factor is the different growing rate of bhatvell ratios with the flow distance.
For example, for an aspect ratio of 1, no shrinkéme is observed because the final
B; is equal to the finaBs (with a small drop for the findB,). Increasing the aspect
ratio results not only in a smaller fin] thanBs, but also in a smaller growing rate
of B;. Therefore, the synergistic effect of the aforetioered factors contributes to
the secondary shrinkage flow in the height directim contrast, for the “ideal” 2D
planar flow, the width of the flow channel is assdhto be infinite. This implies that
the difference betweeB: andB;s is too large (last column in Table 4-3) to induce
secondary shrinkage flow in the (middle) heighediion, taking into account that

contract flow at the edge cannot be accountedhfsuch modeling.
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Figure 4-6. Comparison of the final extrudate pedfi(full black lines) from slit dies (full red
lines) with different aspect ratios: (a): 1:1, (B)1, (c): 5:1 and (d): 10:1 (Tablp aty,= 48 s

1, For a comparison, also the simplified 2D resaitsincluded (dashed blue lines). Note that
only one quarter is shown due to symmetry. AbsattiEnges up to 30% and relative changes

in various directions of 10% can be observed.

A global view of the final PP extrudate shaped fldck lines) from various dies (full
red lines) is found in Figure 4-§ E48 sb). In agreement with the analysis of the
evolution profiles of the extrudate swell ratiodF4-5 and Fig. 4-6 and Table 4-3) on
an overall basis, higher aspect ratios resultlarger anisotropy degree of extrudate
swell ratio upon considering jointly the height amddth direction variations.
Absolute variations up to 30% and relative variasi@fe.g.10% can be identified,
which explains the significant variation of the kitmn of the area swell ratiB,

shown in Fig. B-3 in the supplementary materialc Egample, this ratio decreases
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from 1.55 to 1.417 by increasing the aspect ratbonfl to 20. Additionally, in any
case, the 3D description is needed as illustratedhle deviation with the 2D

simulation results (blue dashed lines) in Figu@ 4-

4.3.2. Relation aspect ratio and velocity fields

4.3.2.1. Axial velocity componenty

It is expected that the changes to the velocitg fiy varying the aspect ratios of the
flow channels affect the extrudate swell behavigure B-2, B-3 and B-4 in the
supplementary material shows that as the aspedctinateases, the velocity profile
of the central flow along the width direction diffegradually from its analogue along
the height direction. For very high aspect ratieg (10 and 20) the velocity profile
(y direction) overlaps the 2D flow profile. This medhat in these die geometries, the

3D effect on the flow behavior in they plane £=0 mm) in the die can be ignored.

However, as shown in Figure 4-7, it is not safednclude that the 3D effect on the
extrudate swell behavior out of the flow cell canreglected as well. Figure 4-7(a)
compares the velocity profiles of the centerlirenflalong the flow direction with
different aspect ratios g{= 48 st. The axial velocityy is scaled by the corresponding
2D average velocity valusyaop. A strong effect of the aspect ratio on the
rearrangement behavior is observed. In agreemehttixé swelling data, increasing
the aspect ratio causes a larger final equilibrimralue. It is therefore not surprising
that the simplified 2D flow has the largest equilin vy, since there is no swell
behavior in the width direction. For small aspeatias 2), thevx rearrangement
behavior accomplishes within a short distance. Frigare 4-7(b), it follows that a

higher aspect ratio postpones the position whered#éparture of the, profile from
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that of 2D flow starts. For the aspect ratio of # v rearrangement behavior is
almost the same as that of the 2D flow until aatise of around 6 mm after the exit.

Thenvy continues to drop slowly in the former case.
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Figure 4-7. Velocity profiles of centerline PP flgy=0 andz =0 mm) aty, = 48 s! (Table 4-2)

through the dies with different aspect ratios altrmgflow direction x. Right: zoom in.

4.3.2.2 Velocity componentg andv,

Due to the flow reorganization, the velocity comenisvy, andv; in the transversal
(y) and lateral Z) direction separately increase sharply from a sking value just
upon exiting the die, as shown in Figure 4-8. Sotgpla) and (b) show the variations
of v along the extrudate free surface flow layer indéetral plane (z=0 mm) for 2D
modelling and 3D flow with an aspect ratio of 1 &taty = 48 st. For an aspect
ratio of 1,vy falls fast to zero in comparison with the otheo twodelling cases. Seen
in the inset in Figure 4-8(a), the curves for 2D flow and 3D flow with an aspect
ratio of 20 are almost the same, which corresportti¢ same swell behavior of the
extrudate middle height for these two modellingesais Figure 4-5. For the former
caseyy, remains positive while it decreases to a negatiee after a distance gf15
mm for the latter case. This accounts for the sgéapnshrinkage flow in the middle

height direction for the aspect ratio of 20 in Feyd-5.
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Figure 4-8. (a) Velocity component along the die wall and free surface flow layeediion

in the middle planez=0 mm for low and high aspect ratio with 3D modekluding a
comparison with the ideal 2D flow; (b) is a closew of FIG. 8(a)). (c) velocityy-edgealong
the flow cross-line between the side and top fldanp of extrudate free surface; (d) velocity
component/; along the side die wall and free surface flow tapethe middle plang=0 mm.

vy, W-edge@ndvz codetermine the variations of extrudate middlgghgiedge height and width

separately af = 48 s'.

Fig. 4-8(c) shows the velocity.-cigealong the flow cross-line between the side and
top flow planes of the extrudate free surface layer modelling cases with an aspect
ratio of 1 and 20. These velocity changes deterthi@eswell behavior in the extrudate
edge height direction. It is interesting to obseihat thevy..qgevalues have different
signs, namely positive for an aspect ratio of 1rtmgative for a value of 20. Therefore,
swell B2>1) and shrinkage behaviBs<1) can be observed for the two cases in Fig.

4-4(b), respectively. Fig. 4-8(d) presents theatains of the velocity componewt
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along the extrudate side (free surface directioth@planey=0 mm. It follows that
the decreasing of for an aspect ratio of 1 is significantly fastean that for an aspect

ratio of 20.

4.3.3. Relation between aspect ratio and stielsls

Generally, the normal stress relaxation developnigsntlso responsible for the
evolution of the swell behavior of polymer fluid44] 53, 59]. Figure B-5 in the
supplementary material shows the calculated fuglyedbped stress components=at
-10 mm (shear stressegiand 1z, normal stress differencelSi; (T Tyy) andNyz (T

1)) for all 3D and 2D flows af = 48 st. The related variations further confirm the

3D aspect due to the side confining wall. Figuré(d) comparesl, profiles for 3D
flows with various aspect ratios and the correspanéD flow along the die wall and
free surface direction in the symmetry planes. ddleulated\y, profiles agree with
the general trend in literature[18, 26, 60] witlyrsficantly different normal stress
relaxation behavior due to the aspect ratio. Mgd(b) and (c) give a close view of
the stress relaxation away the die exit. For arasmtio of 1, a faster relaxation
behavior is exhibited compared to that of the 2Dnterpart, explaining the larger
growing rate of the swell ratiBs, and also the faster equilibrium swell positioning
Fig. 4-5. As the axial flow velocity with low aspgemtio is smaller than that of the
simplified 2D flow (Fig. 4-7), a longer time to @athe same distance, therefore
leading to a larger influence of the normal stressxation. Hence, the middle height
swell ratioBs increases much faster in comparison with the 2htypart in Fig. 4-
5. In contrast, the situation is less dynamic fghlaspect ratios (5 and 20). The stress
relaxation of an aspect ratio of 20 is expecteai@e better with that of the simplified
2D flow, but still shows a bit faster relaxation.
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Figure 4-9. Comparison of normal stress differenge(dp row; (a)-(c); (a): full image; (b)
and (c): close view) andxNdown row; (d)-(f); (d): full image; (e) and (f)lase view) along

the wall and free surface layerygt 48 st

Similarly, Fig. 4-9(d) compares the relaxatior\kf along the extrudate surface layer
direction in thex-z plane y=0 mm), which is related to the swell behavior le t
extrudate width direction. It is interesting to ediat although the flow with an aspect
ratio of 1 has a much larghl;before die exit (see Fig. B-5), it shows a fastammal
stress relaxation. Besides the smaller axial veiani Fig. 4-7, the relatively faster
relaxation of the largely-deformed polymer chaing do a larger deformation is

involved as well. Increasing the aspect ratio slowe/n theN,, relaxation, thereby
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leading to a delayed influence on the swell behawidhe width direction. Hence, in
an industrial context the distance between theirgalystem€.g.water tank) and the
die exit should be longer for a die with a largeexs ratio to minimize remaining

internal stress, which can lead to a higher produatity.

4.3.4. Parametric study regarding non-linear Pamameters

The PTT parameters in Table 4-1 reflect the polymeit rheological properties,
which have an influence on the flow behavior in antlof the die [9]. In essence, the
parameters; and¢, (i the mode) predominantly determine the extensiandlshear

behavior of polymer melts. The paramefeis also related to the second normal

stress differenceNy;; 7yy- 1) that controls the polymer backbone slippagetierrion-
affine motion of the surrounding continuum [9, &¥]. Due to the difficulty in
measuring\y, data [61] , the effect dfly, on the extrudate behavior of the polymer
melts is a point of attention. Konagaatial. [34] highlighted that the effect My, is
very limited on the extrudate swell behavior aneréfiore they ignored this effect by
considering zerd; values for the multi-mode PTT model to descrikeertheological
properties of the HDPE melt. On the other handra@@at al. [14] reported that a real
agreement of the extensional and shearing beha¥ithre polymer melts cannot be
achieved by using a singtg or & parameter. Also, our previous work on PP melts
with a fixed aspect ratio indicates that both patars are needed. Hence, it is

worthwhile to further explore their relevance [44].

For simplicity, in this parametric study, the lineparameters {; and ;) are

maintained constant in Table 4-1. The aspect ditibe flow channel is fixed at 10

andy, =48 st. Preliminary screening showed that the parameted £ of Mode 4 or
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Mode 1 (the longest and shortest relaxation tinagnot have an obvious influence
on the extrudate swell. For Mode 4, the reasaié$yl that most elastic energy stored
in the deformed polymer molecular chains has fadealy before such long relaxation
time, at least at the selectgd For Mode 1, the selected deformation rate is simp
not covered by Mode 1 of PTT model, which is maimdgd to control the rheological

properties of the melt at a rather high shear ratge. This is in agreement with

literature data [28]. Therefore, the impact of Hiel parameters of Mode 3 and Mode

2 on the extrudate swell behavior is only focused o

Figure 4-10 depicts the simulated width and hegyll ratioB, andB; with the &
range of 0.05 to 0.8 in individual Mode 3 (top rolig. 4-2(a)-(c)) and Mode 2
(bottom row; Fig. 4-2(d)-(f)) for 3D and 2D configions. Note that the values in
Table 4-1 are inside this range and are denoteefasence values for simplicity.
Figure 4-10(a) shows that the width swell raBipstrongly depends of},, with a
larger&, resulting in smalleB,. ForBs in Figure 4-10(b), increasing, from 0.2 to
0.8 decreases the swell raBg as well, consistent with the report of Goublomahe
al. [62]. However, decreasing from 0.2 to 0.05 results in a smali&yvalue, which
is attributed to the strong “secondary” shrinkalgavfin the latter case. Goublomme
et al [62] reported thaly, has a major influence on the swell ratio, but atemtioned
that a modest decrease of the uniaxial extensidsebsity caused by changing the
material parameter should not be ignored. Condistéh this statement, it is found
in Figure 4-2 that a largef value results in a rather slight decreaseNaf and

elongational viscosity values. In contra{ﬂyz| increases significantly.
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Figure 4-10. Effect of the parametérin mode 3 ((a)-(c)) and mode 2 ((d)-(f)) of PTDadhel
(other parameters as in Taljjen the extrudate swell rati®y andBs with 3D ((a)-(b) and (d)-

(e)) and 2D ((c) and (f)) simulations (aspect ratid.0).
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Figure 4-11. Effect of the parametein mode 3 ((a),(c) and (e)) and mode 2 ((b), () &)
and ) of the PTT model on the extrudate width swalb B: and height swell rati@s with 3D

((a), (b), (d) and (e)) and 2D ((c) and (f)) simidas. Other parameters as in Table 4-1.

Additionally, as mentioned abov@; profiles for&,= 0.05 and 0.8 in Fig. 4-10(b) are

rather different. The significant shrinkage flowlldovs the initially large swell
behavior in the former case, which cannot be oleskivthe latter. This indicates that
the 3D effect of the geometric channels on theuetdtre height swell behavior

depends on the material parameters of PTT modetHslt is important to realize
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that for£,= 0.05 and 0.8, the difference between the faadndB value is 0.05 and
0.16, respectively. This again confirms that tHféeedénce between the swell behavior
in the (middle) extrudate height and width direct®gnificantly contributes to the
secondary shrinkage flow in the extrudate heightdiion €f. Table 4-3). For the
simplified 2D flow in Figure 4-10(c), thB; value increases monotonically with the

flow distance without a shrinkage flow.

The material parametershows a large influence on the elongational visgalsiring
melt deformations shown in Figure 4-2, and in ¢as&rts to vanish, the elongational
viscosity becomes unbounded [63]. Fig. 4-11(a), (o) and (e) compare the
calculated extrudate swell ratios with varieaygbottom row) and; (top row) values
from 0.05 to 0.65. It is shown that both the widtirell ratioB; and the height swell
ratio B; decrease with increasimgvalue. To achieve a uniform velocity for each flow
layer out of the die, the velocity difference betwetwo flow layers leads to an
extensional effect on the flow layers near theedi¢, especially the flow layer close
to the die wall. Formally increasing thevalue decreases the elongational viscosity
of the polymer flow, indicating larger extensioreffect applied on the polymer
molecules until the flow becomes stable. Therefdhe, shrinkage of the flow
streamline outside the die is expected, explaitivegdecrease of swell ratiy and
Bs. In addition, a comparison of the results in Fgll(b) and (e) shows that the
secondary shrinkage flow at a larger distance & ektrudate height direction is
related to the values and cannot be observed in the 2D flow foiclvincreases are
always obtained. These effects are shown in Figl@) and (f), confirming the

relevance of material parameters for detailed 3nukitions.
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4.4. Conclusion

The influence of the slit die geometry on the edatie flow behavior of neat PP melt
with aspect ratios ranging from 1 to 20 is investigl via numerical simulations,
considering the differential viscoelastic multi-neddTT model with parameters taken
from literature. To verify the impact of the dieageetry, the 3D simulation results
are compared to the simplified 2D case considezorgstant apparent shear rates. In
any case, the 3D model is needed as die swellkgtgéis multidimensional with
absolute variations up to 30% and relative varretiofca. 10%. Hence, future process

control and die design should be based on 3D ird&afions.

Increasing the aspect ratio decreases the width atie B; and the edge height swell
ratio B, and leads to a shift in the onset of the axialldgium swelling position to a
further distance. The edge height swell r&ican become even negative, leading to
a contraction flow. The middle height swell ratiy profiles for the 3D flow
significantly deviate from that of the 2D simulatidust after the die exit tig values
are larger than the 2D value and then a decreaee 8; values occurs, except for
the aspect ratio of 1, for which a 2D model isl@vant. This phenomenon of a
secondary shrinkage is not eliminated even if theeat ratio is increased to the

highest value of 20.

The mechanism for the above phenomenon is illetraly the flow velocity and
stress fields. A significant deviation of the 3Dnfigurations from the corresponding
2D one inside and outside the die is generallychdtereasing the aspect ratio of the
flow cells narrows the discrepancy but cannot vanie 3D effect. For sure the
deviation out of the die still cannot be negleceekn if the flow behavior in the die

(y direction) seems almost the same as that of thBa@Dwith an aspect ratio higher
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than 2. The larger axial velocity for a larger aspect ratio outside the die contebu
to a slowemormal stress relaxation, thereby a slower swellab®r delaying the
swelling equilibrium position. This is also in agrmeent with the variations of the

other velocity componentg andv..

A parametric study reveals that the width sweliord®; largely decreases with
increasings which is related to the second normal stress rdiffee. An increasing
gcontrolling the elongational viscosity decreaseth ltloe width well ratidB; and the
height swell ratidBs. In addition, the secondary shrinkage flow becotagge with
decreasing but still cannot be observed in the correspon@iddglow. This implies
that the 3D effect on the extrudate swell behag&pends not only on the geometric
characteristics of the flow channel but also onrtigdt material parameters. From this
perspective, the impact of the 3D effect on theusldte swell behavior is expected to
vary if the polymer melts are modified or are condul with fillers. Such variations

will be included in future work by the authors.
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Chapter 5

Theimpact of upstream contraction flow on three-

dimensional polymer extrudate swell from dlit dies

The relevance of upstream contraction for extrudgatell behavior of polymer melts
is numerically investigated for slit dies with aspact ratio of 10 and a length-to-
height ratio ranging from 2.5 to 40. Three-dimemsib(3D) flow simulations are
performed with ANSYS Polyflow software at diffeflenwt rates and 200°C, selecting
polypropylene as melt and the differential multimoe@han-Thien-Tanner (PTT)
constitutive model to describe the viscoelasticavadr. It follows that decreasing the
die length results in opposite trends for the swagib in the relevant directions: the
width swell ratio decreases up to 28%, the middglht swell ratio increases up to
55% and the edge height contraction increases @i, all highlighting the 3D
anisotropy of the extrudate swell deformation. émtcast, especially for low flow
rates, the area swell ratio remains almost unchahged cannot be used to capture
the anisotropic swelling behavior. This is predoamtly attributed to the similar
relative redistribution degree of the axial velgcfts). An analysis of the transversal
(w) and lateral velocity @y combined with the stress field variation is penfed as
well to fully relate the anisotropy extrudate swahavior to the various die lengths.
The current study thus further completes the urtdeding of the relation of slit die

design parameters and 3D extrudate flow under mwtial conditions.
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5.1. Introduction

Extrusion is one of the most important materialfing operations widely considered
in the polymer industry. Examples of processes liclv polymer extrusion is
employed include blow molding, and sheet, pipe amufile extrusion [1-7]. In
extrusion, the phenomenon of die swiedl, the shape variation of the extrudate swell
out of die exit, is of particular interest, assian important controlling factor to obtain
a desired product profile. Different variables det@e this die swell, including the
processing conditions, the viscoelastic propertiéshe polymer melt, and the

deformation history [8-11].

It should be stressed that the deformation histaryalready be relevant upon the die
entry with generally a converging flow transiticggion between the barrel and the
die entrance. In this region, the flow cross-sectdecreases, and a significant
contraction deformation is applied to the flowingltnStemming from its much more
complex flow behavior with extensional and sheawfltaking place together,
contraction flow is considered as a benchmark fesliating the capability of
constitutive models and numerical methods to capthe viscoelastic behavior of

polymer melts or solutions [12, 13].

As a consequence, there have been numerous pidiiEatlated to contraction flow,
covering both experimental and numerical results31]. For example, in a recent
review, Musilet al.[22] pointed out that the converging flow trangitigegion is the
key trigger for polymer melt stagnation or secogdéow. Contraction leads to
developing downstream flow, which exhibits consadde exit pressure therefore
codetermining the extrudate swell behavior. Previstudies have often focused on

flows through capillary or slit dies, which werensidered as axisymmetric or planar
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flows, respectively [5, 23-26]. Already in the 187®anet al. [24] experimentally
observed that increasing the contraction ratim, the ratio between the reservoir
diameter and the die (inlet) diameter leads toremease of the die swell of high
density polyethylene (HDPE) melt through a capjildre. In the 1980s, Tanner and
Luo [23, 27, 28] published seminal works on theldation of extrudate swell of a
highly viscoelastic low density polyethylene (LDPEgIt for both long and short
capillary dies, using the integral Kaye-Bernsteigaksley-Zapas (KBKZ) model and
the streamline finite element method (SFEM). It basn reported that by shortening
the die length, the extrudate swell ratio increasbsse improved models can capture
general trends of more realistic flows at higheriddenberg numbers or apparent
shear rates. Hatzikiriakos, Mitsoulis and co-woskdérave put forward several
contributions in which the effects of an upstreamtraction flow on the extrudate
swell behavior have been investigated for capilkamg slit dies by using integral or
differential viscoelastic models [5, 9, 12, 29, .3Zhese authors discussed the
applicability and limitations of various rheologicanodels and numerical
formulations to grasp polymer extrudate swell Bécently, Robertsoat al.[11, 33]
theoretically predicted the extrudate swell of gwimetric constricted polystyrene
melts with a variation in the broadness of the malass distribution, using the Rolie-
Poly constitutive model. A more pronounced swellimgshorter dies at higher shear

rates is noted, due to the larger contributionro®laxed chains thus chain stretching.

Notably, most numerical simulations for extrudate dwell rely on a two-
dimensional (2D) model for simplifying the calcudats. However, in practice all die
dimensions are finiteg.g. the width-to-height or aspect ratio of a commliindée is
finite, and the shape of the upstream contractromamsition region is irregular [34,

35], so that it is likely that polymer melt flow these regions cannot be simplified by
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a 2D geometry model. Indeed in our previous warkt focusing on an aspect ratio
of 10 and later on aspect ratios between 1 andi@®jghlighted already the relevance
of 3D characteristics of the extrudate swell bebawi polypropylene (PP) melts at
200 °C through slit dies, considering the caseuthy developed flow by selecting a
sufficiently long experimental die length [36, 3Fpr any aspect ratio, a significant
change in the 3D extrudate deformation is repostgith absolute variations up to 30%
in all Cartesian directions and relative variatianms to 10% in individual such
directions. However, a developing flow is expedbedore the die exit if the slit die
length reduces to a certain value, further compfigathe 3D swell behavior.
Considering the anisotropy swell behavior in thieledate width and height directions
it is thus interesting to study the potential of 8ffects induced by the contraction
flow for different slit die lengths. This type a#gearch is further supported by taking
into account that there are only limited reportailable on this matter. Moreover,
from an economic point of view, one wants to mirmenthe material amount and the
complexity of a die set-up and thus control the ldiggth for a given contraction

configuration.

Therefore, in the present work, we investigate timsMength of a slit die with a fixed
aspect ratio affects extrudate swell behavior byuihavoidable connection with a
given upstream contraction region in which the sreaction is still variable. Focus is
on the gradual transformation from developing flmwfully developed flow before
the die exit by formally increasing the length bétdie part with a constant cross-
section. In the finite element method based sirarlai as conducted with
POLYFLOW software, this length is varied from 5 8 mm, considering the
multimode Phan-Thien-Tanner (PTT) model for PP mieR00 °C with its parameters

previously tuned based on rheological data [363, @m upstream contraction region
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of length 35 mm. A comprehensive comparison of sheelling behavior in the
extrudate width and height directions is carrietlasua function of the former length

accompanied by an analysis of the associated stresgelocity fields.

5.2. Modelling principles
5.2.1. Geometric parameters

Fig. 5-1 shows the 2D schematic diagram of thescsestion of the end of a slit die,
selecting an aspect ratio of 10. To account forathisotropy of the swell behavior

three swell ratios are defined:

w_ Hqp_ Hy_
Bl — extrudate , BZ — 1—extrudate and B3 _ 2—extrudate (5_1)

W_die Hi-gie Haz—gie
They correspond to the swelling in the extrudatdthyiedge height and middle height
direction [36]. It is important to note that alrgadr fully developed flow, significant
difference between the edge height-{xuda) andthe middle heightz.exirudatd Of
the extrudate can be expected due to the extraddgetropy swell behavior [37]. In
addition, the swell rati®, is defined as the ratio of the area si@edf the extrudate

cross section and the die:

S_
B4_ — extrudate (5_2)
S—die

I 2H, 12}1,

| —_— 2w _—

Figure 5-1. Cross section of the end of a slit dib an aspect ratio of 10. Four swell ratios are
defined, as mathematically represented by Eq. Bdl5a2. They denote the swelling in the
width direction, in the edge height direction, iretmiddle height direction and for the area;

example of a complete die shown in Fig. 5-2.
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5.2.2. Governing equations

In this work, the incompressible polymer melt isnsiolered under steady and
isothermal creeping laminar flow conditions at 2@0 The inertial force is neglected
due to the consideration of a flowing viscoelast&t with a sufficiently low Reynold

number. Since we only consider the extrudate dvedlhvior up to a maximal distance
of 20 mm (die height: 2 mm) after the die exit kperiments, gravity and surface

tension effects of the melts can be ignored as [#6]138].

V-v =0 (5-3)

—Vp+V-T=0 (5-4)

in which v is the velocity vectory is the Hamiltonian operatgris an isotropic

contribution to the total stress commonly callegigsure and the extra stress tensor.

The set of equations above is coupled with the tdatise model relating the extra
stress to the velocity gradient. For a viscoelasbiastitutive model, the extra stress
tensore is split into a purely viscous pary and a viscoelastic par}. The formeiis
solved by the generalized Newtonian flow model B, while the latter isalculated
by a viscoelastic constitutive model. For a timecpum ofN relaxation modes, the
viscoelastic stress tensgy is a sum ofN individual T,,; contributions, which are

calculated by the differential PTT model [36, 40]:

Tp = ?,:1 Tpi (5-5)
exp |Litr(r,) | + 1 [ - DF + 205 | =200 (5-6)
p n; pi pi i 2/t 2 | T ni
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in which 4; and 7, are theith relaxation time and viscosity, describing theeé&r
rheological properties of polymer melts. The nowedr¢; and & parameters
determine the extensional and shieanavior of fluids, respectively; which allows
for the backbone slippage for the non-affine motiéithe surrounding continuum is
also related to the second normal stress differf8.e39].7,,, andz,, correspond to
the lower and upper convected time derivatives,gfandD is the deformation tensor

rate, defined as:

~ D1p;
T, = ;‘: = (i W + (W) 1) (5-7)
— Dtpi
Ty = —;’t’ + (G- W + (W) - 1,) (5-8)
T
D= Vv+(Vv) (5_9)

2

whereVv and(Vv)Tare the velocity gradient and the transpose oféihecity gradient,

respectively.

Table 5-1. Phan-Thien-Tanner material parametelP®odt 200C. Reproduced from

Table 3-2 in Chapter 3.

Parameters
Mode i (s) ni (Pa.s) € &i
1 A 001 n; 536 & 017 & 0.16
2 Ao 01 n, 816 & 018 & 0.2
3 Az 1 ns 707 & 027 & 0.2
4 As 10 na 220 & 04 & 03

The material parameters tife multi-mode PTT constitutive model for the Rlt
(200 °C) are extracted by adjusting the linear aod-linear rheological properties.
The corresponding parameters are shown in TableirB2hapter 3, which are

comparable to a previous report [41].
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5.2.3. General geometry and boundary conditions

For illustration purposes, the 3D flow domain colesing a die length of 80 mm
for the part with a constant cross-section is shawfkigure 5-2(a) alongside the
preceding converging flow region with a fixed lemdt of 35 mm. The associated
contraction ratioi.e. the ratio of the cross-sectio8) (©f the upstream inlet and the die
entry, is 1.256. The converging part of the diergety starts from a circular cross-
section with a diameter of 8 mm and ends with & gdiometry (width 20 mm,
thickness 2 mm). Due to the symmetry, only one tguanf the flow channel is
considered to reduce the computational cost. Attelads foreseen for the free surface
flow and the flow rate is 160 or 620 rim'. The left side (projected) view of the
considered geometry is shown in Fig. 5-2(b), whieeedetails regarding the geometry

configuration can be found in detail.

An overview of all the geometrical characteristios the flow channels with a die
length-to-height ratio ranging from 2.5 to 40 ioyided in Table 5-2. The main
variable in each case lig which is crucial to control the degree of devégpflow
after the entry flow deformations. The general litang conditions are as in previous
work [36]. A nonslip condition for the velocity fikis set on the die walls. A zero
normal force condition is implemented at it as wellitside the die exit, a free surface
flow is formed, which is unknown a priori. Thenetline kinematic conditionn = 0

is solved, withn the normal vector to the free surface. Vanishorgéds are applied at

the outlet of the flow domain.
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(b)

I—. z i R=4mm
o ——

l——R=amm—
W=10 mm _—

Figure 5-2. (a) 3D flow domain of the slit die amoected to the upstream contraction part and
change in a free surface flow upon die exit (foeese on Case E in Table 52 35 mm,|>=
80 mm, aspect ratio of 10), ahd 40 mm); (b) Mesh patterns for 3D geometries; oglarter

is considered for all simulations due to symmetry.

An overview of all the geometrical characteristiosthe flow channels with b-to-
height ratio ranging from 2.5 to 40 is provided'able 5-2. The main variable in each
case id2, which is crucial to control the degree of devéaigdlow after the entry flow
deformations. The general boundary conditions hosva in previous work [36]. A
nonslip condition for the velocity field is set ¢me die walls. Vanishing forces are

applied at the outlet of the flow domain.
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5.2.4. Method of 3D numerical solution

A flow solver (POLYFLOW version, ANSYS version 1B3sed on the finite element
algorithm is utilized to solve the conservation atmhstitutive equations above.
Accounting for the stress singularity around the entry and die exit, the discrete
elastic viscous stress splitting (DEVSS) method lioed with the streamline upwind
(SU) scheme is used to stabilize the numericaltaions [5, 9, 37, 42]. Additionally,
we perform an interpolation method on the veloeityl pressure with quadratic and
linear functions. Due to the intrinsic complexitydbtaining a solution from an initial
linear solution directly, an initial Newtonian stn with the flow rate as the

evolution parameter is employed [21].

Table 5-2. Geometrical parameters and mesh infeomdor flow channels with
various die length& (cf. Fig. 5-2); thd,-to-height ratio varies from 2.5 to 40; the
aspect ratio of the die in the part with constanss section is fixedt 10 (cf. Fig. 5-

1). Case E corresponds to a case of fully develfipadfor the selected flow rates.

Case Width (2W) Height (H) |1 I I3 Mesh  Mesh
(mm) (mm) (mm) (mm) (mm) elements nodes
A 20 2 35 5 40 9984 12087
B 20 2 35 20 40 10800 13104
C 20 2 35 40 40 11040 13392
D 20 2 35 60 40 11640 14112
E 20 2 35 80 40 11880 14400

Mesh arrangements used in the upstream and frizzeuwegion are maintained at the
same level for all flow cases. For the flow regiaside the die, the mesh sizes in both
y andz coordinates are also maintained almost at the $eweéin each case. Fig. 5-

2(b) shows the general mesh arrangements withod 80 mm. A mesh grid that

152



CHAPTER 5 EXTRUDATE SWELL WITH UPSTREARIONTRACTION

progressively adds more elements upon approadhiaglie entry and exit singularity
is used, while mesh elements with larger size ppied in the flow region away from

the singularity [30, 37].

5.3. Results and discussion

5.3.1. Extrudate swell

The typical character of polymer extrudate sweitdsontinuous evolution after the
die exit until an equilibrium is reached [43]. Foslit die, anisotropic swell behavior
is expected due to inherent difference in the dedsions with common aspect ratios
well above 1 [37]. Figure 5-3 presents the evolupeofiles of the swell behavior for
PP melt at 200 °C in three extrudate directionmelg the extrudate widtiBf), the
edge heightR), and the middle heighBg) direction (Eq. 5-1) with flow rates of 620
(top layer) and 196 (bottom layer) ragt. Our previous results for fully developed
(“FD") flow inside a die with a large length (160mnmwith respect to the studied
operating conditions) are also included for congmarias black full lines (simulation
results) and black open circles (experimental &) A further validation regarding
other slit die dimensions is outside the scopdefaresent work, taking into account
the non-trivial nature of such die assembly andptteglictive strength of simulation
tools with material parameters in Table 5-1 detesdibased on dedicated rheological

analysis.

It follows from Fig. 5-3 that the width swell rat® increases significantly at each
axial position with the die length increasing from 5 to 20 mm. Asincreases to 40
mm, a further increase &f only leads to a rather small increaseBinvalue, with

ultimately (forl, equal to 80 mm onwards) a reaching of the asyneptatue for the
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Figure 5-3. The evolution profile of the swell belwa in the extrudate widtHgg), edge height

(B2), and middle height directioiB§) (Eq. 5-1) for polypropylene (PP) melts from slies at

200 °C with various die lengths (5 mm, 20 mm, 40 mm, 60 mm, and 80 mm; full detail

Table 5-2) at a flow rate of 620 nirg? (top row: (a)-(c)) and 196 nihs! (bottom row: (d)-

(e)). The black full lines (simulations) and blamgen symbols (experimental data) are from

our previous work with a sufficiently larde (>> 80 mm) and indicate the swell behavior of a

fully developed (FD) flow [37].

FD flow. This confirms the assumption of the fullgveloped flow before the die exit

in our previous work with a die length of 160 mmtire experimental set-up long
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enough for the contraction flow to fully developesfthe extensional deformations
through the converging region [36, 37]. In the sdashion as the width swell ratio
Bi, the edge height swell rat® presents an increasing tendency with a lohgat
each axial position, although displaying decreasiagds for contract flow for each
Io. In addition, a smaller flow rate contributes tenaaller difference of both swelling
ratios among the cases with varidpsalues. This is due to a longer residence time
with a lower flow rate inside the die, which shorehe critical, for the formation of

fully developed flow.

Table 5-3. The relative ratio of each type of swatio (Eq. (5-10) foi=1,..,4) for
different die lengthsl{ values in Table 5-2)) at 620 and 196 #rsh Negative and
positive values indicate a decrease and increagbdacorresponding swell behavior

for the case of,= 80 mm.

Cr1 Crz Crs Cra

Flow rate (mnis?)

Die length 620 196 620 196 620 196 620 196

60 mm -1.1% -1.0% -1.8% -0.9% 1.9% 1.4% -0.5% -0.3%
40 mm -4.3% -3.0% -1.6% -1.5% 5% 1.4% -1.3% -0.9%
20 mm -12.9% -7.2% 9.7% 6.5% 15.7% 7.6% 3% -1.9%

5 mm -28.1% -135% 37.3% 254% 55.0% 34.3% -4.8%.4%2

Opposed to the variations fBi andBy, increasing, causes a significant decrease in
the middle height swell ratiB; at each axial position, as shown in Figure 5-3a(a)
(f). For example, fot, equal to 5 mm the find; value is 1.46, whereas this value
sharply drops to 1.34 dsincreases to 20 mm. This behavior Byis in agreement

with previous (2D) reports [9, 12, 29, 44, 45] amdhtes to the variation of the
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elasticity of polymer melts. Due to the fading meyeffect of a polymer melt, longer
residence times inside the die lead to a smBdealue [44]. A closer inspection of
Fig. 5-3 also reveals that fol-a0f 5 and 20 mmBs monotonously increases with the
axial distance. In contrast, for the FD flow, ac'sadary” shrinkage flow (black line)
following the initial significant swell behavior isbserved [37]. The reason is the
much larger difference between the swell r&i@ndBs in both former cases, leading
to larger anisotropy for the extrudate swell bebaviThis can be for instance
illustrated by following additional ratios:

Cp = ?f‘_‘*ﬁ (=1, 2, 3 or 4) (5-10)
in which B indicates the large (equilibrated/final) time siwatio for the selectet}
and Bit.so represents the corresponding swell ratio with faremcel, of 80 mm
reflecting the FD case. It follows from the firsk £olumns in Table 5-3 that the
maximumC; increases/decreases are obtained by rediydirgn 80 mm to 5 mm at
620 mnist. Values ofca. 30, 40, and 55% result f@, Cr,, andCys, with thus a
largeca. 25% variation betwee@,; andC,s, highlighting a discrepancy of the swell
behavior in the width and middle height directibmcontrast for highelr values this
difference betwee;1 andCis only ca. 1-5%. Increasing the contraction ratio is

expected to even further increase the anisotrogyedeof the extrudate swell.

For a too short die, thus a too ldywalue, on the molecular level a higher degree of
unrelaxed axial elongational deformation is essdigd if the contraction flow cannot
be fully minimized. In other words, the axial stitging effect stemming from the
converging streamline is predominantly responsifile the larger anisotropy

extrudate swell discussed above. This statemesuigigorted by our previous work in
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which a larger difference betweBpandBs is obtained upon decreasing the parameter
& in Table 5-1 related to a higher elongational vésiyo[37], as also reconfirmed in

Subsection 5.2.3.

1.56 1.45
1.50 F 140F (b)
A o 135F
o 13f 2 130}
° 132 T 125}
E 126 E 1.20f
o 120 AREL] S
g 1-;: F 2 110}
Rad ¥ 105}
;'gz [ 1.00f

0 4 8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28 32 36
Flow distance from die exit (mm) Flow distance from die exit (mm)

Figure 5-4. The evolution profile of the area svihavior (Eq. 5-4) for polypropylene (PP)
melts from slit dies at 200 °C with various die lérgk (5 mm, 20 mm, 40 mm, 60 mm and 80
mm; full details in Table 5-2) at (a) a flow rateG20 mn¥ st and (b) 196 mrhs?. The black
full lines are from our previous work:@#> 80 mm) and indicate the swell behavior of &yful

developed (FD) flow [37].

In Figure 5-4, it is surprising to note thahas no obvious influence @&, especially
for the case of the lower flow rate (Fig. 5-4(mylahe highel, values (upper symbols
in Figure 5-4(a) and (b)). Instead of the largeialon for the other three types of
swell ratioB;, B, andBsz mentioned abovecf. Figure 5-3), a relatively unchangBd
value is observed upon increasiadrom 5 to 80 mm, as also confirmed in the last
two columns shown in Table 5-2 wi@r, values below 5%. These observations for
slit dies based on 3D simulations disagree withgirgeral varying trend for polymer
extrudate area swell behavior through a capillagrmular die [12, 44, 46]. Although
reducinglz increases the middle height swell raBig the decrease of the width swell
ratio works as a compromise. Hence, a focus on thdyarea swell behavior is in

general not recommended to quantify the 3D anipgtad extrudate swell.
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5.3.2. Stress and velocity fields
5.3.2.1. Relation between the die length arebstfields

The presence of normal stresses is a specific ctegistic of viscoelastic behavior of
polymer melts in comparison with Newtonian or pyreiscous melts. As the flow
approaches the die entry, due to the non-constaas-section, a strong extensional
deformation of the polymer melt occurs, resultingaidramatic increase in the axial
normal stress componeny, followed by the stress relaxation after the dige as
shown in Figure 5-5 for thrde values (5, 20 and 80 mm). It can be seen in Fifure
5(a) that until the flow reaches the die entshas no influence omy. However, as
shown in Fig. 5-5(b), upon approaching the die ,ettie magnitude ofrx is
significantly larger for d,0f 5 mm as compared with the coinciding cases cdrad
80 mm, highlighting that too short dies lead toster variations in die swell, at least
in a given direction shown in Fig. 5-3. Hence, stronger flow deviations for lower

l> values are also reflected in theg variations.

3000 8000
1 1
— , @) , ()
2000 [— -20mm | 4000 |- f
—--80mm | :
1000 | oF
g ol < -a000f
% = %
3 I - e
o ' - -8000 |-
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Flow distance from die entry (mm) Flow distance from die exit (mm)

Figure 5-5. The normal stress compongiprofile of the center flow layey£z=0 mm) along
the flow distance (so axial position) away (a) frtma die entry and (b) from the die exit for a
flow rate of 620 mriis®; PP melt flow at 200 °C; model parameters: Table Betails on

conditions: Table 5-2. Focus on thite@alues from Table 5-2.

158



CHAPTER 5 EXTRUDATE SWELL WITH UPSTREARIONTRACTION

80000

(B) —5mm (d)
70000 | 40000 | o4m
60000 | ——&0mm
30000 |
— 50000 =
o [
o o
=5 40000 |- 20000
= 2
30000
10000
20000 |-
10000 | ok
0 rel R S AP TEPE S P W S % PV P I T T T
0.0 01 02 03 04 05 06 07 08 09 1.0 0.0 01 02 0.3 04 05 06 0.7 0.8 09 1.0
yiH zZIW
70000 b e (b) 50000F ——on (e)
——20 mm
40000 |——80mm
;_m‘ i 30000 |
_)v< 3
E € 20000
10000 p
0 e
0.0 01 02 0.3 04 05 06 07 0.8 09 1.0 0.0 01 02 0.3 04 05 06 0.7 0.8 0.9 1.0
y/H W
1000 5000
0 () 4000 ()
3000
-1000 |
2000 F
2000
g 7 1000
% 3000 | % °F
Lo b
<" 4000k 1000 —
-5000 F 2000 | —20mm
3000 p (——80mm
-6000 | 000k
7000 b -5000 |
0.0 0.1 02 0.3 04 05 06 07 08 09 1.0 0.0 0.1 02 0.3 04 05 06 0.7 0.8 0.9 1.0
y/H zZW

Figure 5-6. The distributions of the normal stresmponents (alxy( Txx 7yy), (b)7xx and (Ckyy
along the height direction (y direction centralapg z=0 mm); and the normal stress
components (d) M(tx-Tzz), (€) xx and (f)Tzz along the width direction (z direction, central
plane y=0 mm) with a flow rate of 620 mm! at the location of 3 mm before the die exit
with various % values ranging from 5 to 80 mm; PP melt flow @0 2C; model parameters:

Table 5-1; details on conditions: Table 5-2.

Fig. 5-6(a) and (d) compare the normal stressmiffee SNy (Toc Iyy) and Ny (e 727)
along the middle heighy(direction;z=0 mm) and width directiong @irection;y=0
mm) at the location of 3 mm before the die exitwiitvalues of5, 20 and 80 mm at
a flow rate of 620 mést. For comparison, thg andz values are scaled by the

corresponding dimension of the flow geometry arditidividual normal stresses are
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given in Figs. 5-6(b), (c), (e), and (f). A sigiintly different influence resulting from
thel, variation is observed on the distributiond\gf and Ny, respectively. IrFig. 5-
6(a), theNyy value near the die wall is positive and declinggiiicantly upon
increasing,from 5 to 20 mm but varies not much in vicinitytb& central flow as a
function ofl,. Further increasinizto 80 mm does not affect mubky, at any position,
with in any case a decreaseNyf toward the central flow. In contra&boking atthe
Ny, values, a substantial magnitude increase in the fegion close to the die wall

can be observed for dfl values but a strong decrease is obtained toviardniddle

region %: 0.3 to 0.9) with even negative values, as shawikig. 5-6(d). This

decrease is more gradual fot,aof 5 mm but also longer going on with thus more
negative values toward the center flow. At the etigavever, there is a weaker effect
for a smallerl; so that the less pronounced (width) variation in Figure 5-3 for

decreasingp can be explained.

The individual normal stress components for théhfr interpretation of Fig. 5-6(a)
and (b) are given in Fig. 5-6(b), (c), (e), andIf)Fig. 5-6(b) and (c), both the absolute
value of r and ryy increase more near the die wall with a lolgerhich indicates a
stronger axial X) elongational force and transversal) (compression force,
respectively. This again confirms the relation tedwl, and Bs. However, the
opposite trend can be found in Fig. 5-5 and Fi¢(&-and (f), which indicates a
weaker axial ) elongational force and lateral) compression force close to the die
wall, again confirming the relation betweleandB;. In addition, a significantly larger
lateral elongational forcez direction) applied on the center flow is obseriredig.

5-6 (f), due to a larger;;value upon reducini.
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In a final stage one can also focus at completsscsections so without a restriction
foryorz as in Figure 5-5 and 5-6 at least one of thostions is vanishing. In this
respect, Fig. C-1, C-2 and C-3 in the supplementaaterial reveal more details on
the evolution of the normal stress componentsiligions on the flow cross section
plane at different flow distances, namely 3 mm befbe die exit and 2 mm, 5 mm
and 10 mm after the exit. Thevalue is 5, 20 or 80 mm. Fb=5 mm, the magnitude
of rxin vicinity of the center flow increases signifi¢tgrat the flow distance of 2 mm
after the die exit in Fig. C-1(d) in comparisoniwihat in Fig. C-1(a) (3 mm before
the die exit). This again indicates a larger corspian force in that region. A close
inspection reveals that the flow region close ®tthp die wall in Fig. C-1(a) with the
largest i value is also extended to the side edge cornerginG=1(d) as well. The
same phenomenon can be noted#620 mm and»=80 mm in Fig. C-1, which can
be attributed to the axial velocity redistribution behavior as fully addressed in Fig.

7.

Fig. C-2(d)-(l) (all results after the die exit)ostthat at the edge corner negatiye
values always result, indicating that a compresfiace is applied to that flow region.
Therefore, a contraction flow is observed in thgeetleight direction in Fig. 5-B¢

< 1). This is specifically true upon decreasing dieslength to 5 mm, leading to the
smallestB; values in Fig. 5-3 for the shortest die lengthritk@rmore, Fig. C-3(d)-(f)
depict that negative;; values ultimately result near the side corneheféextrudate,
indicating a damping effect on the width swell béba This region is colored in blue
and is more clearly developing fbrequal to 5 mm, explaining the lowdst values

in Fig. 5-3 for the shortest die length.
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5.3.2.2. Relation between die length and vefaedistributions

Figure 5-7 compares the axial velocity distributiomthe cross section of the die entry,
the die exit, and the extrudate at a distance ahADaway from die exit fok values
ranging from 5 to 80 mm at a flow rate of 620 #freh In Fig. 5-7(a), (d) and (g), it
is shown that, does not influence the axial velocity distributim) at the die entry
even though there is a sharp increasg at the die entry due to a large elongational
force, which can also be seen in Fig. 5-7(j) digiplg the completey, profile for the
centerline flow only y=z=0 mm). For the die exit increasigfrom 5 to 20 and
ultimately 80 mm makes the velocity distribution i@aniform, especially along the
width (2) direction (Figs. 5-7 (b), (e) and (h)). (Fig. %dj, (e) and (f)) consistent with

the stress distribution profiles in Fig. C-1, C+laC-3.

Furthermore, qualitatively similar extrudate vetas are obtained at 40 mm away
from the die exit, as shown by almost same colarssigs. 5-7(c), (f) and (i),
particularly for the case of 20 mm and 80 mm, ae alear from the final decays in
Fig. 5-7(j). In other words, a similar degree o€ ty redistribution behavior is
completed regardless of thevalue for these contraction flows at a given flate.
This is consistent with the very similar area swadios in Fig. 5-4. The extrudate area
swell ratio behavior is mainly determined by theis&ibution degree of the axial
velocity, which induces the velocity redistributive@havior in the transversal and

lateral direction in return [38].
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Figure 5-7. Axial velocity\k) distributions in the cross section of die enaryd and g), the die
exit (b, e and h), and the extrudate 40 mm fromdilkeexit (c, f and i) covering die length
values of 5, 20 mm and 80 mm and for comparisoraydwthe die swell shape at the
aforementioned 40 mm as a black line; (j) the ax@bcity profile of the central flow along
the flow direction ¥=0, zz0 mm) forl. values of 5, 20, 40, 60 and 80 mm; flow rate od 62
mm? s, Die exit points are highlighted by spheres inshae color as the line; PP melt flow

at 200 °C; model parameters: Table 1; details onlitions: Table 5-2.

Fig. 5-8 compares the profiles of the velocity comgntv, of the flow streamline at
y=0.4 mm £=0 mm)of and the velocity componentof the flow streamline at=4
mm (y=0 mm) along the flow distance fty values of 5 mm and 80 mm. The two
streamlines are denoted as@.4, 0) andx, 0, 4), respectively. It is found that when
the flow goes through the upstream contractionoregnegatives, and positivev,
results indicate a compression and extensionakfapplied to the flow streamlines
of (x, 0.4, 0) andX, 0, 4), respectively. For the case dfaalue of 5 mm, a non-
vanishingv; is observed just before the die exit in comparisih that for thd, value

of 80 mm. This corresponds to the much larger edtingal stressy, for the flow
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layer shown in Fig. 5-6(f). In thg direction (red line) the impact seems to be much

less, and a similar overall behavior is noted.
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Figure 5-8. The transversal velocity)(profile at the central flow streamline y£0.4 mm (§,
0.4, 0)) and the lateral velocitywrofile at the flow streamline a=4 mm (§, 0, 4)) along
the flow distance for the case of die lenfgthf 5 mm (a) and 80 mm (b) at the flow rate of 620

mmes?t; PP melt flow at 200 °C; model parameters: Tabléetails on conditions: Table 5-2.

Figure 5-9 shows the variation trends of the trensadvy and lateralv, velocity
components along the free surface flow layers (g@bthe die) fol» values of 5, 20
and 80 mm. The general trend observed iswhas a much lower damping rate after
the die exit thamwy, which is consistent with our previous report [36]Fig. 5-9(a), a
largervy, for al, value of 5 mm at the same axial position is obsgicompared to the
other twol, values. In contrast, the flow coming out of a gi¢h I> equal to 80 mm
has the largest, value along the free surface flow layer, as showRigure 5-9(b).
This explains the previously mentioned oppositeyivay tendency of the extrudate
swell behavior in extrudate width and height dii@t$ upon varyingp (cf. Fig. 5-3).
In addition, in the subplot of Fig. 5-9 (a), a négavalue forv is only observed for
al, of 80 mm. This confirms the occurring of a smaltiskage flow after the initial

swelling behavior in the middle height directior73

164



CHAPTER 5 EXTRUDATE SWELL WITH UPSTREARIONTRACTION

3.5 3.0
b @ ==t | (b) g |
: —=— 20 mm 25 & —=—20 mm
—=— 80 mm —8s—80 mm
25p ot 20}
— —_— I
0 w
L a0} 4
E E 15}
E 5] E
o WY 1.0
10
b 0.5
o - 4 L] 12 16 £ 2 28 N
Flow dl e exi ~]
T low distance from die exit (mim) ool = §|_$ .
00 mn =
: A A A A A A A A A A A e A A A A A A A A
4 0 4 8 12 16 20 24 28 32 36 4 0 4 8 12 16 20 24 28 32 36
Flow distance from die exit (mm) Flow distance from die exit (mm)

Figure 5-9. (a) Velocity componeny along the die wall and the free surface flow layer
direction in the middle plane=0 mm and (b) velocity componew along the side wall and
free surface in the middle plage0 mm for differentz values (5 mm, 20 mm and 80 mm) at a
flow rate of 620 mis!; PP melt flow at 200 °C; model parameters: Table Betails on

conditions: Table 5-1.

5.3.3. Parametric study of the extrudate swell

As discussed above and specifically illustrateBigm 5-5, a strong axial elongational
effect is applied to flow melts with a converginlpw region. Considerings
predominantlycontrolling the extensional viscosity, it is intstiag to study the effect
of this parameter in the multimode PTT model corabiwith the die length effect on
the extrudate swell behavior. Figure 5-10 thereftmmonstrates a sensitivity analysis
of the material parametes on the anisotropy swell behavior with respect todhses
of I,= 80 mm (subplots a-c) ahgs 5 mm (subplots d-f) at a flow rate of 620 fisn
These results complement our sensitivity analysisttie fully developed case, as

covered in previous work [37].

Decreasings from 0.65 to 0.05l¢= 80 mm) facilitates increasing the three types of
the extrudate swell ratiB;, B, andBs, as showrin Fig. 5-10(a)-(c). This agrees well
with the corresponding variations of the extrudatell behavior for the fully devel-
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oped flow thus with a sufficiently larde>> 80 mm in our previous work [37], again

highlighting the relevance of the threshold valdeB®6 mm as put forward in the

present work. For example, with the parametaf 0.05, the final widtiB; and
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Figure 5-10. Effect of parametes in mode 3 of PTT model on three types of the ehte

swell behavior of PP flow at the flow rate of 62nf's regarding the caseslef 80 mm (a-c)

andlz= 5 mm (d-f). The red solid symbols indicate thsutes obtained from the originat=

0.27parameters in Table 5-1. Green and blue symbolesept the cases ef= 0.05andes=

0.65.
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middle height swell rati®; are 1.22 and 1.38 with= 80 mm, and 1.23 and 1.36 for
the fully developed flow. As the die length decesaso 5 mm (Fig. 5-10(d)-(f)) a
significant sensitivity is again confirmed, speidfily for lower & values. A smaller
& formally indicates a larger branching degree ang thlarger extensional viscosity
[37]. It follows that decreasing from the original value of 0.27 in Table 5-1 t@9.
results in the swell ratiB; growing sharply from 1.47 to 1.66, as shown in. Eig
10(f). In contrast, an increase of 0.08 of the bvatio B is noted in Fig. 10(c) with

lo=80 mm.

Note that the width swell ratiB; in Fig. 5-10(d) shows a small decreasing tendency
as the parameteg decreases from 0.27 to 0.05 wihtlr 5 mm, which is opposite to
the case witl, = 80 mm in Fig. 5-10(a). The reason is the afordimead large swell
behavior in the middle height direction (Fig. 5f))(which significantly limits the
swell behavior in the extrudate width directiomiaintain mass conservation. Overall
it can thus be concluded thatdetermines the level of swelling anisotropy. Ihest
words, for a polymer melt with a low one needs to pay more attention to the

optimization of thd, design parameter.

5.4. Conclusions

Three-dimensional effects of upstream contractiow fon polymer extrudate swell
from slit dies are investigated through numeridgadudations for different flow rates
and thus residence times. By increasing the digtihda from low to high values the
middle height swell ratio significantly decreasasilta constant value is approached
for sufficiently long dies in which fully developdtbw is achieved. Conversely, the

width swell and edge height ratio increase uporeasing,. The area extrudate swell
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ratio is however only affected to a limited extadpecially for lower flow rates. This
implies that an identification of possible anisplyshould in general not be based on
the area swell ratio. Furthermore, a method toinlata extrudate product with a less
uneven profile is to elongate the die, especially folymer melts that experience

large extensional deformations.

The |, value does not significantly affect the normalest distribution until the
polymer flow reaches the die entry through the i@miton flow channel. Downstream
the die entry, a significantly larger magnitudete normal stressers, and ry in the
flow region close to the top of the die wall is ebsed upon decreasitg indicating
larger extensional and compression forces beintieabip the flowing melt. However,
an oppositely varying trend is noted regardi@ndz;;in vicinity of the side wall of
the die, further highlighting the relevance of 3ibhglations in which the side wall
effects are fully accounted for. Out of the dietettie big difference of the stress
redistribution behavior caused by the variationstred die length, is shown to

demonstrate the corresponding anisotropy swell\dehaentioned above.

The similar final extrudate average axial velociggardless of thd, value is
consistent with the similar area swell ratios amgplies a similar axial velocity
redistribution behavior. In addition, the evolutiohthe transversal velocity, and
lateral velocityv, components after the die exit directly reveal dpposite varying
trend of the corresponding swell behavior in theweate middle height and width

direction with increasintp value.

Our study shows that a method to obtain an exteugabduct with a less uneven
extrudate profile could be made by properly eloimggthe die, especially for polymer

melts that experience large extensional deformatiblowever, from the view of an
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industrial aspect, at the same time the presswp dill increase and so does the
potential viscous dissipation thus the possibleypelr degradations. Therefore, a
compromise combined with both aspects seems tebessary for the application of

the extrusion processing.
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Chapter 6

Evaluating the exit pressure method for measure-
ments of normal stressdifference at high shear rates
by 3D modelling

A challenge for polymer rheology is the reliableetmination of shear dependent
first normal stress difference {Nalues) at high shear rates (>10Y)s Here we
evaluate the correctness of the commonly appliédpesssure method focusing on
polypropylene, and high and low density polyethglemelts at 200°C. It is
demonstrated that the linear extrapolation of pteesvalues toward the die exit,
which is a key step in the application of the @xéssure method, is affordable to
determine N values despite that these extrapolated exit pressalues are
characterized by a relative deviation of 25-40%eTalidity of the exit pressure
method is further supported by an excellent matith vheological data from the
Laun rule (exponent close to 0.7) and a represemasimulation of extrudate
swelling data in the width and height directionnsmering tuned parameters for the
Phan-Thien-Tanner (PTT) constitutive model. Alee,absence of significant viscous

heating effect near the die exit is highlighteddzhen numerical analysis.
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6.1. Introduction

A good understanding of the viscoelastic propertépolymer melts is of great
importance to design and control polymer flow faogessing methods such as
extrusion and injection molding [1-4]. In polymérenlogy most focus has been on
the melt behavior in simple flow configurations.rFluids undergoing steady shear
flow, e.g. withx being the axial direction as is the case for thali® mounted to an
extruder in Fig. 6-1, the stress components camelsed to three well-defined
material functions that are depending on the staaf thus the velocity profile: (i)
the shear/dynamic viscosity (ii) the first normal stress coefficie#, and (iii) the
second normal stress coefficieft [5]. These material functions are rheometric
functions that can be determined based on measuotsmwiethe shear stress,(,), the

first normal stress differendé (o . — ,,)), and the second normal stress difference

Nz (5, — G,,) as function of; [6].

Such rheological measurements can be challengingoasentional rotational
rheometers are characterized by an effective upip@t that rarely surpasses
frequencies of 130s* for polymer solutions and 16 for polymer melts, due to “melt”
edge fracture [7, 8]. This type of measurementss fad meet the industrial
requirements because most applications with polynedts are carried out awvalues
significantly higher than 10-2&?. This explains why a capillary rheometer is widely
employed for the viscosity or shear stress measemem the highy range, although

a cone-partitioned plate rheometer facilitates s&d¢e highet [9]. In any case, for
normal stress measurements, high accuracy atjtstilhremains a vital issue. In the

present work, focus is on the reliable determimatibN; values.
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(b) { ; Extrudate e

Side view 3

extrudate

€)) 3

camera
camera

Figure 6-1. (a) Principle of extrudate flow fronslé die mounted on an extruder, hence, die
swell; (b) zoom of the die cross section; (c) theomiated normal stresses for an infinitesimally
small unit to define the first\s = o, — o,,,) and secondNz = 6,,,, — ,,) normal stress

difference. The present work focuses on the redidetermination of:.

To measureN;, most commonly a continuous in-line exit pressuomethod is
considered [10], in which focus is on the pressalee at the end of the die (Figure
6-1). This exit pressuralue cannot be directly measured as it is impéessibmount

a pressure transducer exactly at the die exiteésthe exit pressure needs to be
obtained according to extrapolations of measuregqure profiles along the axial
flow (x) direction to the die exit [3, 11]. Compared wikle capillary rheometer, the
major advantages of a slit rheometer include nbt tindirectly obtain the pressure
gradient along the flow distance without in prirei@ Bagley correction or entry
effect but also a direct measuremenfNgfin comparison with a combination bf

andN; values with a capillary rheometer [7, 12].

It should be admitted that since its inceptionhe early 1960s the exit pressure

method has been controversial [10]. As the exisguesis much smaller than the
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pressure readings in the die chaneef)(<2% of the starting value) [10, 11], small
pressure fluctuations because of a viscous heatiffigct, pressure-dependent
viscosities and sensitivities of the pressure tansrs might render a significant
influence on the exit pressure. For example, Loeilgal [13] questioned the exit
pressure method as means d;aneasurement because they obtained negative exit
pressure values upon extrapolation. In additioottsar disagreement in the field is
regarding the assumption of fully developed shkav flown to the exit by ignoring

the flow disturbance caused by the velocity reayeament behavioiSpecifically the
magnitude of error or whether these flow pertudraéffects can be ignored is unclear

[14].

For example, Bogeet al. [7] comprehensively studied the exit pressimeory
including an extra term corresponding to the flagtutbance near the die exit in the
analytic derivations. They pointed out that a dethunderstanding of the velocity
rearrangement profile is necessary before usingxitgpressurenethod for flowing
fluids with low Reynold (Re) number. Furthermoreifd et al. [3] reported that the
normal stress difference data from the exit pressuethod agree with that from the
rotational rheometer at loyw (<10 s?), but an obvious difference is reported at
relatively highy. The results of Haat al.[15-19] on the other hand strongly support
the use of the exit pressumethod with the assumption of fully developed fidawn

to die exit based on experimental observationss@ taithors compared the normal
stress difference data of several polymer meltssahations as measured by the exit
pressure method with those measured by a rotatibealmeter, and found a rather
good agreement [16]. The experimental measurenpeesented by Chaet al.[10]
and two-dimensional (2D) numerical simulations perfed by Tunaet al. [14]

further support the work of Haat al. However, Chopliret al.[20, 21] dismissed the
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validity of the exit pressure method for determgivi under the fully developed flow
assumption. They reported a significant deviatibthe two pressure readings closest
to the exit from the presumed linear pressure lerdéir a polyisobutylene (PIB)
solution in a capillary die, especially at highkear stresses. These authors attributed

the discrepancy to the velocity rearrangement scouis dissipation near the exit.

It is thus clear that a further investigation oa thalidity of the exit pressure method
to determine\; is still worthwhile. In the present work, a combihexperimental and
three-dimensional (3D) flow modeling study is praee to better quantify the
relation ofy and the success of the exit pressure methodoltidlbe stressed that 3D
numerical modeling, as only been performed morenttg, is able to have a detailed
insight into the flow behavior especially closette die exit and outside the die
defining the extrudate swell behavior [22, 23]. Erample, in our previous work, we
highlighted that for polypropylene (PP) melt at Z@increasing the aspect ratio of
a slit die strongly influences the swelling behaviothe three directions and delays
the establishment of the equilibrium swelling piosit 3D die swell experimental and
simulated data are thus additional responses tty ghe relation off and normal
stress differences, therefore opening a new pathifaayalidation of experimental

techniques such as the exit pressure method.

In the present work, a combined experimental amdetdimensional (3D) flow
modeling study is presented to better quantifyrétation ofy and the success of the
exit pressure method, considering polypropylene),(R®v density polyethylene
(LDPE), high density polyethylene (HDPE), and Pknposite with 20% graphite
fillers (PP/20GP) as melting materials. 3D numédricadeling, as only performed

more recently, allows a detailed insight into tlevfbehavior especially close to the
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die exit [22-25]. 3D experimental and simulatedadam extrudate swelling are thus
additional responses to study the relatiof ahd normal stress differences, therefore

opening a new pathway for validation of experimétgehniques.

In a first step, we compare thi values as obtained by the exit pressure methdd wit
those following from conventional rotational rhedrieeanalysis and the empirical
Laun rule [26]. In a second step, the 3D numesaallations for the extrudate swell
behavior are validated against experimental obsiens with the viscoelastic
material parameters tuned based on literatureMNandata. In a third step, the exit
pressure values with and without the assumptidalf developed flow down to die
exit are numerically compared to elucidate the ipdesscontribution of velocity
redistributions, thereby the effect on the exitsgtge method. In a final step, we

numerically focus on the possible impact of a vischeating effect.

6.2. Materials and experimental characterization

6.2.1. Materials

Four polymer melts, namely polypropylene (PP, SBEI75P) melt, low density
polyethylene (LDPE, Lyondellbasell Lupolen 2420Hltnhigh density polyethylene
(HDPE, SABIC B5933) melt, and PP melt with mass 2f¥#phite fillers (PP/20GP,
Asbury 3807) were used with a set temperature 020 For the pure polymer melts,
pellets were directly available. The PP/20GP cortp@ellets were in contrast made
in-houseemploying twin-screw extrusiowith a screw rotational rate of 90 rpm and
a processing temperature window of 160—-22@nd using ahopping machine. The
polymer meltswere all extruded from a single screw extrudeBabender 19 with

a screw diametdds of 19 mm,L¢/Ds of 25;Ls: screw length) combined with a slit die
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(die length: 220 mm, die height§e in Fig. 6-1(b)): 2 mm, and die width\; in Fig.
6-1(b)): 20 mm) at a screw speed of 10-120 rpnDare. Important characteristics

of the polymer materials are listed in Table 6-1.

6.2.2. Mass flow rate and pressure measurements

The mass flow rates are obtained by collectinguebdtes in a given time period. Three
pressure transducers were mounted along the dighlelirection and the distances
from the die exit are 20 mm (measuremer®Po¥alue), 120 mm (measurementRof
value), and 170 mm (measurementRafvalue). Before the pressure measurement,

calibration was carried out for each transducer.

Table 6-1. Material characteristics.

Material Density Zero-shear rate viscosity Power law index
(g-cm?;
25 °C) (Pa:-s;
200°C)
LDPE 0.924 8.49x10° 0.42
HDPE 0.959 5.12x10* 0.43
PP 0.905 2.24x10° 0.60
PP/20GP 0.965 4.12x10* 0.42

6.2.3. Conventional rheological measurements

An ARES (TA, Discovery HR-3, US) rheometer was useperform the temperature-
dependent rheological measurements of polymer raelt80, 200 and 23. The
dynamic small amplitude oscillatory measurementsevperformed with a frequency
sweep in an angular velocity) range of 0.1-50fd s'. The steady shear mode tests

were carried out within a small shear rate rang®.61-5 &' to avoid melt edge
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fracture. The data was corrected for non-lineasftthe shear rate dependent on the
radius. Disk samples with a diameter of 25 mm atliickness of 2 mm were made

using compression.

To enable an evaluation of conventional analysi¢stéor normal stress differences,
focus has been also on the determinatiotV,0f N, by a parallel plate geometry
mode [12, 27]For polymers, generally it holds thidt > 0 but N, < 0, and|N; | =10
|N,| [27, 28]. ThelN,|/|N, | value for both HDPE and PP is claimed to be 000 (X)
[29, 30], which is consistent with our recent siatidn results [24]. On the other hand,
a value of 0.2 has been put forward for LDPE melhés polymer is characterized by
branched chains [28]. For composites, it has beertgd out thatN,|/|N, | increases
further [31, 32]. Consequently, the ratio is asstireebe 0.2. It should be stressed
that these ratios are ball-park values and aiadipharameters in practice, implying

the less fundamental nature of this determinatiethod.

For comparison, the empirical Laun rule [26] isoaldilized to assess,; through
relating the dynamic moduli G’ (storage modulusi &1’ (loss modulus) for simple

steady shear flow in the conventional rheometer:

N, = ) = 26’ [(1 + (M)Z] (6-1)

G”((A))

Originally the exponent was given a value of 0.7, whereas later on varneoiks
reported values mainly ranging from 0 to 0.7 [3, 33, 34]. In this work, for
simplification and without loss of generality, wenlp adopt a = 0 and 0.7,

corresponding to a minimum and maximinby means of the Laun rule.
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6.2.4. Slit die viscosity measurements

The shear viscosityfor a slit die under ideal laminar and isothermanditions is
given by the ratio of the shear stress at the (¢g}) and the shear rate at the wall
(Yw)- Considering the Rabinowitch correction it follethat [35]:

_H *673
T (1+e) oL

(6-2)

Ow

YW — Ya % (2n+1) — ( 6Q (2n+1) (6'3)

3n 2W*(2H)? 3n

in which H is the half die heighg the ratio of die height to width?f the pressure

gradient along the flow directio, the volumetric flow rate, and’ the half die width,
Y4 the apparent shear rate, anthe power law index of the non-Newtonian melt
which is defined as = dIno,,/dIny,. Then values are given for completeness in
Table 6-1. Therefore, the calculatggl value for the four polymer melts lies in a range
of around 10 to 100%due to the single extrusion screw speed of 10rfp@0used in

this study.

6.2.5. Exit pressure method for measuremenirsif iormal stress
difference

The (conventional) exit pressure theory as useth&asurind\; of polymer melt flow
through a planar geometry is based on the macrascopmentum balance theory
[36]. More in detail, assuming that fully develodtalv is remained until the die exit
and that the inertial effect can be neglected duelow ReynoldsRe number, Han
[16] and Daviest al.[37] derived the following analytic expressionking the exit

pressurdPey andNs:
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N, = P, + P, 8P (6-4)

X dlg oy

Hence, the experimental determination of the retelietweerPex ando;, is essential.

6.2.6. Extrudate swell measurement

Two high-definition cameras were used to captueeetktrudate swell behavior from
side and bottom view considering a slit die as ctegliin Fig. 6-1. The details about
the measurement method can be found in our previouk focusing solely on the
swelling of PP flow in Chapter 3. Two swell raten® considered in the present work,
namely B; and B, corresponding to the swell ratio in the width agdbe height

direction of the extrudate:

_ W_extrudate
B, = — == (6-5)
—die
B _ H_extrudate 6_6
, = Hoestrudate (6-6)
—die

6.3. Modelling principle for multidimensionabfl character-

istics

6.3.1. Details on the governing equations angtutive model

In this work, most focus is on isothermal flow ca@mhs, but also non-isothermal
conditions are included to evaluate the relevarficéscous heating near the die exit.
Assuming incompressible fluids under steady creegdaminar flow conditions
without inertial effects and gravity force, the uggd continuity and momentum and
energy equations are given by [33, 38]:

Vv =0 (6-7)
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-Vp+V-t=0 (6-8)
pc,v - VT = kV?T + T: Vv (6-9)

in which v represents the velocity vecterthe isotropic pressuré,the thermal

conductivity andr the extra stress tensor.

6.3.1.1. Interpretation of the exit pressuretiie

It should be further noted that the pressure vBlaerresponds to the normal force

T,, acting on an unit area surface of flow [12, 18]:

Tyy(x,y) = —p(x,¥) + 5, (X, y) (6-10)

in whichp(x,y) is the isotropic pressure amg,(x,y) the extra normal stress. For
fully developed flow|T,, | is constant and expected to be mlasiger thanz,,, |, so
that the contribution of,,, only comes fronp(x, y). However, with flow disturbance
near the die exit, it is no longer reasonable twig the contribution of,,, to the
normal stres§,,,, or the exit pressurfl8]. Under such conditions the exit pressure

Pex needs to be updated:

H 0txy

H
=Py = Tyy = _%fo Ny dy—%fo y ax dy (6'11)

The second right term reveals the influence indumethe flow disturbance [3]. The
detailed analysis can be found in the work of Bagfeal. [7]. Differentiating with

respect tas,,, Eq. (11) can be rewritten as:

0Py d

N 1
N, =P, + TWH + E‘szg(l - fO f(6t,,Re)dd) (6-12)

in which S is the length of the flow disturbance region @&hd x/S (0< x < S).
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The determination of the integral te@f(arw,Re)deis challenging, but in the

absence of a velocity rearrangement effeegjuals 1 [16], so that Eq. 6-12 reduces
to Eq. 6-4. Upon using detailed (3D) simulationse dandirectly accounts for this
functional formf. Hence, such 3D simulations allow to assess ipthasure variation

differs from the linear ideal one.

6.3.1.2. PTT constitutive model to describewiseoelastic behavior

The above system of conservation equations is losed for non-Newtonian fluids
due to the shear dependent extra strd89], which isfor a viscoelastic constitutive
model split into a purely viscous parf;, and a viscoelastic pawt,. Ty is solved by
the generalized Newtonian flow model aryis solved by the basic viscoelastic
differential (or integrated) constitutive model [441]. Note that, is calculated as a

sum ofN individual z,,; contributions:

T, = YiLy Tpi (6-13)

with each individual contribution,,; revealed by the differential Phan-Thien-Tanner

(PTT) constitutive equation [24]:
i A Siy 3 4 S~
exp [ST tr( rpi)] Ty + 4 [(1 - ;) Tt T | = 2nD (6-14)

in which4; andn, are the™ (i=1, ..., N) relaxation time and viscosity, repnateg
the linear rheological properties of melts. The Hiogar &, ande; parameters
(i=1, ..., N) determine the shear and extensidglavior of meltsz,, andz,, are

theit (i=1, ..., N) upper and lower convected time deiixeg oft,;, andD is the

pir

deformation tensor rate.
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6.3.1.3. Additional input for non-isothermal nedicthg

For the computations considering the viscous hgatiffiect, non-isothermal flow
simulations were carried out and compared to isathkresults (200C), applying
the conservation equations of mass, momentum, aedyg [42]. The temperature-
dependent viscosity is obtained with the Arrhenius temperature-shiftianction

[42, 43]:

N E 1 1
=Y nexp|=(—-
1= Li=1 163D |7 o

) (6-15)

with the reference temperatuf®@ equal to 200°C and T, the absolute zero
temperature being 273.1%, E the activation energy, ang|, the universal gas

constant. In addition, focus has been on the catioun of the Nahme number:

Na = 12V (6-16)

- 2
kRgTy

in which 77 is the nominal viscosity and the average velocity in the die. For very

low Na number, ones expect a negligible impact of tenmpesavariations.

6.3.1.4. Geometry and boundary conditions

In agreement with previous work [25], the 3D floandain is given in Fig. D-2 with
one quarter of the flow channel considered for sathulations to reduce the
computational cost due to the symmetry planesflgriat the inlet, a fully developed
flow with a certain flow rate is considered. At ttie walls, a non-slip condition for
the velocity field is prescribedi = vi = 0 (mm/s). A free surface flow developed

outside the die exit is unknown a priori. Forceditans:f;= f, = 0 (\) are however
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set at the outlet of the flow domain, with the sl n andt representing the normal

and tangential component of the force and velocity.

For the non-isothermal modeling approach, a tentperaf 200°C is applied at the
inlet and die wall and 2D simulations are considdcelower the computational cost.
Zero heat fluxg is set for simplicity on the free surface and aliglet [41] as we are
in the present work only interested in the tempeeavariations very close to the die

exit to evaluate the exit pressure method.

For the finite element mesh arrangement, we seleatamesh/grid pattern that
progressively becomes more refined upon approac¢hgingularity at die exit. The
grid consists of 12000 elements and 14364 nodesrdfined mesh pattern is shown
in Fig. D-3 in the Appendix D, in which we creatender grids near the die exit and
wall: 17000 elements and 19868 nodes. Fig. D-Aém¥ppendix D shows the analysis
of the mesh independence on two types of extruslaéd! ratios B andBy; Eq. 6-5
and 6-6) of HDPE melt at 200 °C at various shetasrao that the less refined mesh

can be reliably used for reducing the computaticoat.

6.3.1.5. Numerical method

To solve the system of equations above, a floweso{POLYFLOW version 18,

ANSYS version 18) is used on the basis of thedinlement algorithm. We apply the
interpolation functions on the velocity and pressymadratic and linear, respectively.
A discrete elastic viscous stress splitting (DEV$8inbined with the streamline-
upwind (SU) scheme is applied to improve the calioih stability since a geometric
singularity exists near the die exit, where a sherpnge for the flow boundary

condition occurs. In addition, an evolutionary suokeis utilized on the volumetric
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flow rate to advance the solution to the viscogafibw with high non-linear
rheological properties starting from almost putégwtonian flow, in agreement with

our previous work [24, 25].

6.4. Results and discussion

6.4.1. Measurement of die pressure profile dreisdependent

viscosities

Fig. 6-2 shows the interpolated axial pressureilesfdashed lines) for the 4 polymer
melts at 200 °C obtained at five wall shear ratesmf pressure transducer
measurements at 3 positiois,(P, andPs values), with the raw data in Table D-1 in
Appendix D. In agreement with the work of Mazzaeti al. [44] (quasi-)linear

pressure profiles are recorded upon interpolatith v each case a determinatigh

very close to 1, highlighting the correctness oé tbxperimental set-up. The
corresponding wall shear stresses can be calculatedgh the slopes of the linear

pressure profiles using Eq. 6-2.

A closer inspection of the experimental data iruFég6-2 reveals that the HDPE melt
is characterized by the highest pressure valuechadges. Hence, this polymer is
most suited to study more in detail if locally pese drops are altering. It can be
deduced that the experimental pressure gradietiBi?E melt is becoming slightly
larger toward the die exit. For example, an expental deviation of 4% is observed
at a shear rate of 76.7 as (P; — P,)/Ax=1.06 baithm* whereagP, — P;)/Ax=1.1
bafmnr®. Padmanabhaet al.[11] reported that if the pressure is less thad 3&r,
the effect of pressure on viscosity can be negledds pressure calibrations have

been performed before the actual measurements|itintly larger pressure gradient
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for HDPE upon approaching the die exit might betaited to a slightly decreasing

viscosity from the viscous heating effect or linditgolymer degradations.
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Figure 6-2. Lines: Fitted linear axial pressure filge based on pressure transducer

measurements (symbols) for (a) PP, (b) LDPE, (cPHPand (d) PP/20GF polymer melts

(material characteristics in Table 1) at 200°C #edént wall shear rates (colors); the raw data

and coefficients of determination are given in Eabll in the Appendix D; extrapolations to

die exit ¢=0; dashed lines) lead to exit pressure valuethexit pressure method application

in Figure 6-4; average error bar: < 0.7 bar.

Figure 6-3 compares complex*) and real £) viscosity values of the dynamic and

steady shear test modes for the polymer melts edrstates up to 500'susing

rotational and slit rheometer analysis. A good egrent is observed between the

shear (open symbols) and complex (filled symbakjasity data for neat PP (red),
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Figure 6-3. (a) A comparison between viscosity ataons of HDPE (red), LDPE
(blue), PP (green) and PP/20GP (brown) mel0ét°C (material characteristics in
Table 1): complex viscosity from rotational rheoarefilled symbols; shear viscosity
also fromrotational rheometer: open symbols; shear viscdsity inline slit die method: half-

filled symbols; (b) zoom for indicated region (¢&k in Figure 6-3(a) at larger shear
rates/frequencies; except for the composite the-M@erz rule is obeyed for all polymers.

Average error: <40 Pa

LDPE (blue) and HDPE (green) at low and high shaeterranges, which indicates the
validity of the Cox-Merz rule for these three md#ts]: *(w) = 7 (y). In contrast,
for the PP/20GP composite, the shear viscosityataanuch lower than the complex
viscosity data, indicating the failure of the Coxeld rule for this more complex
material. These results are consistent with pressieports [11, 46-50] and a possible
reason is the deconstruction of the filler-matnid diller-filler interactions by large
strains applied on the flow melt in the non-line@coelastic region [49, 51]. As
explained in Fig. D-4 in Appendix D, the yield stsecontribution is only relevant at
higher filler loadings€.9.40 m%) and at lower filler loading(g.10 m%) the Cox-
Merz rule still holds. Overall, the higk? values for Figure 6-2 and the applicability
of the Cox-Merz rule for PP, HDPE and LDPE meltitade that there is no major

flaw during the pressure measurements for the pelgmers. Hence, a next logical
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step is to determine conventiorak values (Eq. 6-4) for the 3 neat polymers thus
assuming fully developed isothermal flow, as cosene the next section. For

completeness, the method is also applied for theposite.

6.4.2. Determination df;; via the exit pressure method and through

conventional rheological analysis

Eq. 6-2 indicates a linear variation of the pressagainst the flow distance up to the
actual die exit, assuming isothermal fully devebbfiew with pressure independent
viscosities [13]. However, sometimes negative gxdiéssure values have been
reported upon linear extrapolation of pressuremeasurements but positive exit
pressure values upon quadratic extrapolation [§, AOslight curvature can be
obtained in the pressure profile, which if existiisggenerally rather small to be
visually perceptible. This curvature has beentaitad to the entry effect leading to a
developing flow in the vicinity of the transduceasyiscous heating effect of polymer
flow, polymer degradation due to the too long resizk times, a pressure-dependent
viscosity, and even measurement errors [3, 8]./feady indicated above, the latter

two effects can be ignored in the present work.

Fig. 6-4 shows the extrapolated exit pressure (latee points) based on the die
pressure data in Fig. 6-2 alongside the wall slst@sses (Eq. 6-2) in a double
logarithmic plot, with the corresponding linearsfiand associated equations also
provided and a listing of the actuRl raw data in Table D-1 in Appendix D. TRé
values are high in any case but the closest ta theoneat polymers. The slopes of
the fitting lines in Fig. 6-4 are thus representiig P,,./d 1g o,, at higher shear rates
so that with Eq. 6-4 the (conventional) values can be obtained at various (higher)

wall shear rates.
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Figure 6-4. Exit pressure values (as extrapolateeh fFig. 6-2; open blue symbols; so-called
experimentalPex values) versus the wall shear stresge¢from Eq. 6-2) for (a) HDPE, (b)
LDPE, (c) PP and (d) PP/20GP melt at 200 Upon using Eq. (6-4) thN: values can be
obtained as included in Fig. 5 (open blue symbdlspo given is the linear fit and its equation.
The constant term is small so that in the limivefy small shear wall stresses very sriRall
values are obtained. Data from the composite aeded for completeness despite that the

Cox-Merz rule is not obeyed as indicated in Fig(16)}.3

Fig. 6-5 manifests besides these higher sheaNatalues as obtained by the slit
rheometer (exit pressure method; label “E”; Eq., ®de open symbols) also the
values based on application of the Laun rule (EG; Gbel “L"; red/green line
exponenta value of 0/0.7) as well as conventionally assed$segr shear raté\;
values from the rotational rheometer (label “R"tadls in the Subsection 6.5.3; full

filled black symbols) as recorded at lower shete ase also included.
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It is observed in all subplots of Fig. 6-5 that thfference between th;.. data for
the case o= 0 (red curves) and 0.7 (green curves) becomgeravith increasing
shear rate. As shown in Fig. 6-5(a)-(c), for HDBEBPE and PP melts, except for the
LDPE melt at the low shear rate ranljer variations are qualitatively similar &k.

L variations. This indicates the applicability ofetlempirical Laun rule for neat
polymers, also bearing in mind the good match With variations at higher shear
rates. An optimal exponent toward 0.7 is expeciiecksthe green curves are closer to
the experimental data than the red curves, whickesgwith Baird's work thaltl;g
values are larger thaw. data witha = 0 [3]. Hence, the exit pressure method seems
indeed appropriate in measurihg data for neat polymers, with at least the right
magnitude order for neat PP, HDPE and LDPE meltsgit shear rates. Moreover,
the slight mismatch for LDPE at the lower sheagsahight be attributed to the reason
that only a ballpark value fgN,|/|N;| has been utilized for the measuféd data,

as explained above.

It further follows from Fig. 6-5(d) that the Lauale (Eg. 6-1) fails for the PP/20GP
melt, as théN,.. data are significantly larger than tNer data, even upon employing
an ¢ value of 0 and taking into account that tkee values appear to lie in the
extrapolation region oNi.r datain different magnitude orders of shear rates. This
observation is in line with the work of Winter [58ho suggested that the Laun rule
might apply to Cox-Merz rule obeying materials omg demonstrated in Fig. 6-3(b),
the Cox-Merz rule is invalid for the composite migte Hence, based on the results
in Fig. 6-2, Fig. 6-3, Fig. 6-3 and Fig. 6-5, aeputable consistency is obtained for
the neat polymers and for the composite it can balpostulated that the exit pressure

method has potential, consistent with a previopsmteg15].
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Figure 6-5. First normal stress differeM&gfor polymer melts at various shear rates/frequesnci
obtained from different methods: (a) LDPE; (b) HDR& PP and (d) PP/20GF melt (material
properties in Table 6-1). Curves, black solid sylalamd blue open symbols representithe

L data from Laun rule (Eq. 6-1) for exponent of @djrand 0.7 (green), rotational rheometer
(N1-r; Subsection 6.2.3. and the exit pressure metHadhsometer) Ki.g; Eq. 6-4). For the
neat melts the Laun rule can be applied to adjpstroximation (exponent close to 0.7). For all

melts theNi-e andNi-r data are consistent.
6.4.3.  Numerical analysis to evaluate the assiomp of the exit

pressure method

It is clear from Figure 6-5 that a good matcH\efdata via the exit pressure method
(Eq. 6-4) and the empirical Laun rule ((exponent0.7); Eq. (6-1)) is obtained for
neat polymer melts. To further confirm this intdia, in this modeling section, focus

is on the 3D description of experimentally recoréattrudate swell data, which are
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influenced by normal stress differences [53-55]ctl@rmore, the simulations are

adopted to study the impact of the velocity disttibn and the viscous heating effect.

6.4.3.1. Determination and validation of PTTuhparameters

In our previous work [24, 25], we highlighted tHaliy of the PTT model to describe

3D extrudate swell of PP melt at 200 °C from siésd The PTT parameters (Table
D2 in Appendix D) followed from tuning to differetytpes of rheological data. Figure
6-6(c) (purple curve) shows that the PTT predidiedalues for PP are in agreement
with experimentally recorded values with the exigsure method (Eq. 6-4) and a

Laun-rule curve (Eq. 6-1) considering @anvalue of 0.7.

Table 6-2. PTT parameters for HDPE and LDPE metts2@0 °C (material
characteristics in Table 6-1); those for PP aremiin supplementary material and

taken from Table 3-2 in Chapter 3.

PTT model
Materials Mode  4; (s) 1; (Pa.s) & &
1 A;  0.005 n, 890 g 018 & 018
2 A, 0.072 1, 3882 g 023 £ 018
HDPE 3 A;  1.04 75 12977 & 0.23 & 0.23
4 A 15 M, 33595 g 025 ¢ 03
1 A; 0.005 m 325 g 0.2 & 015
LDPE 2 A, 0.063 17, 1123 & 0.22 g 0.16
3 As  0.794 7, 3290 & 0.20 & 0.22
4 10 7, 2950 g 005 & 04
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This good linkage of the PTT based modeling appredth the exit pressure method
as well as the Laun-rule curve is further confirniedrig. 6-6(a) and (b) for HDPE
and LDPE melts still at 200 °C. The good tuningtuf rheological parameters for
both polymer melts, as conducted in the presenkwierpresented in Fig. D-5 in
Appendix D. The corresponding PTT model paramdtarthese PE melts are given

in Table 6-2.

6.4.3.2. Comparison between extrudate swell lsiniauns and experimental

data

Figure 6-7(a) and (b) compare the evolution ofdineulated extrudate swell behavior
of the extrudate widthB;; Eq. 6-5) for HDPE and LDPE melts with the expeial
data at various shear rates. A good agreementseredd in terms oB;, which
increases with the shear rate and flow distancey dmen the die exit. This is in
agreement with literature general trends [30, 5§, A significantly smaller increase
of By is noticed as the wall shear rate varies from3%s51.8 ¢ compared to the
variation from 9.3 3to 35 <. This is similar to the predicted extrudate swehavior
for HDPE melt by Ansarét al.[33]. FurthermoreB, of the HDPE melt is larger than
that of the LDPE melt, indicating the more sigrafit elastic property for HDPE melt
at the temperature of 20Q. This can be specifically postulated as the spwading

shear rate is even lower for the former case.

Fig. 6-7(c) and (d) show the corresponding swelidwéor at 200 °C of the extrudate
height at the edgeB§; Eqg. 6-6). It follows that a ‘negative’ swelling so-called
contraction flow behaviorB, <1) is observed. This swell behavior highlights the

strength of 3D simulations with a full preservatafmmass and cannot be captured by
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Figure 6-6.N1 data of HDPE, LDPE and PP melts at 200 °C. Symindlicate experimental
data from the exit pressure method (Eq. 6-4; blpenosymbols), rotational rheometer (cf.
Subsection 6.3.3, black filled symbols), and tharLeule (Eq. 6-1); green half-filled symbols;
exponent of 0.7), while the purple curves correspmnoverall fits with the PTT model. The
obtained PTT parameters are highlighted in Tabk (BBDPE and LDPE) and Table 3-2 in
Chapter 3. It follows that the PTT model curves @mssistent with all data and thus also the

data as recorded by the exit pressure method.

simplified two dimensional (2D) simulations [25]. good agreement between the
experimental data and simulation results can bechagain for both HDPE and LDPE
melts. In Appendix D (Figure D-6) the similar agreant for the PP melt is included.
Based on the numerical flow results regarding ektte swell, it can thus be
concluded that tha&l; values as following from the Laun rule (exponeh04d) and

the exit pressure method (Eq. (6-4)) describe thellelastic properties of PP, HDPE

and LDPE melts at 200 °C. This further supportsapglication of the conventional
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exit pressure method, although a further validatiam still be conducted with respect

to its ideal flow assumptions, as covered below.
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Figure 6-7. Simulated (curves; 3D isothermal siioies using the PTT model) and
experimental (symbols) evolutions of the swell baébain the extrudate widthBg; Eq. 6-5; (a)
and (b)) and edge height directid2;(Eq. 6-6; (c) and (d)) for HDPE and LDPE melt2@® °C

at different shear rates. Similar plots for PP raedt shown in Fig. 6-7 in the Chapter 3. Good

descriptions are observed, further validating tlewance of Eq. 6-4.

6.4.3.3. Numerical evaluation of impact of flaigturbances near the die
exit

To investigate the effect of flow disturbances ni&r die exit in Figure D-7 in the
Appendix D, a numerical comparison is performedween the simulated exit
pressure values as obtained by the detailed 3D lingdand those assuming
simplified linear extrapolation. It is seen thae teviation between both types of

simulations starts at around 1 mm before the dig wakich is in agreement with
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literature stating disturbances at 1 or 2 timethefhalf die height (herd = 1 mm)

[7, 18]. Furthermore, a sharp increase in the sated| pressure value very close to die
exit is noted with the 3D model. This increase étated to a numerical stress
singularity near the die exit, as shown in Figwe 8r the three neat melts and two
wall shear rates. Note that for HDPE the strongemcreases in Figure 6-8 are a
consequence of the stronger pressure variatiofidgire 6-2 and Fig. D-7 in the

Appendix D, and the higher elasticities as discdissd-ig. 6-7.

GX105 = 76.7s"
518s" -0.15 mm
5x10° | 9735 I
66.7s" -
X 934" I
. 4x10° | 439s" |=
g )
- x10° \
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1x10° b m—— i
L L L 1 L 1 L 1 L 1 I L

3.0 -27 24 -21 18 -1.5 1.2 -09 -0.6 -0.3 0.0
Distance from die exit (mm)

Figure 6-8. First normal stress differeridgalong the die wall for LDPE and HDPE melts at
lower and higher wall shear rates (colors) accardm a detailed 3D model (with velocity
redistribution) at 200 °C (material parameters ibl&®%-1 and PTT model parameters in Table
6-2). The dashed line indicates the position athvhie calculate the exit pressure value with
the 3D full model so with velocity redistributioad-calledPex value) in Fig. 6-8 to minimize

the impact of a possible artificial effect [58].

The nature of exit singularity for viscoelastic retalis still unclear as being a real
physical phenomenon or an artificial predictioraaczombination of both [58]. It has
been indicated that mesh refinement enhances thesity of the stress singularity
[24, 58] and thereby results in a larger pressataes near the exit. This has been
noticed in the present work as well with also Egdor the drastic increase taking
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place in line with literature data [59]. Hencejstrecommendable to consider an
intermediate solution and to deliver with a dethillow modeling at least an
underestimated but not an overestimated value efettit pressure. Therefore, we
evaluate the pressure value at the position whieeeNi value abruptly starts
increasing. Fig. 6-8 displays that this positiomieund at a distance of 0.1-0.2 mm
before the die exit. For uniformity, we fix thisgition at 0.15 mm before the die exit
for all simulations. For clarity we denote this netetl exit pressure value Bsy: as

opposed tdP.x as based on Eq. 6-4 and thus extrapolation.

Importantly, this distance of 0.15 mm is in theragblated region in Fig. 6-2 and thus
a natural question is to quantify the deviationsMeen linearly extrapolated and
actually calculated values accounting for veloc#distributions. Figure D-8 in the
Appendix D shows that for all neat melts the floistdrbance in vicinity of the die
exit leads to a significantly higher pressure vallee relative contribution stemming
from the velocity redistributioR,,, which is defined aP,, , — P.,)/P.x, amounts
to ca. 25-40%. Increasing the shear rate decreasedlglidie value ofR,, which

agrees with the report by Han [18].

These insights at first sight indicate that Eq4)6s unsuited as there are significant
deviations betweeB., andPex  values. However, it should be reminded that theac
goal is the reliable determinationN. Therefore, Figure 6-9 (top) presents the update
of Fig. 6-4 for the two PE melts using simulateg values as obtained from linear
extrapolation of the 3D modeling results. We dtare at a distance sufficiently away
from the die exit to ensure the linearity accordioghe method. Similar slopes as in
Fig. 6-4(a) and (b) are observed, indicating atkahieffect on thé; determination.

The latter is indeed confirmed in Fig. 6-9 (bottam)which the lines from Fig. 6-9
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(top) are used to obtain the correspondiigvalues (red filled symbols) formally
according to Eq. 6-4. It follows that thebk data are consistent with tid data
according to the green Laun-rule curve with an egmbo of 0.7. This highlights the
relevance of the exit pressure method as these tiderdata are in turn consistent
with theN; values recorded based on the exit pressure méthedipon applying Eq.
(6-4) with the actual experimental pressure prsfifef. discussion Fig. 6-5). In
addition, we show in Figure 6-9 (bottom) that fhedata for the PE melts as simulated
by the detailed 3D model (evaluation at wall), tleagploying the PTT model in the
Polyflow software while considering velocity redibutions (purple open symbols),
also agree with the Laun rule data. Hence, thenaisson of fully developed flow

down to the die exit is valid for thé; calculation by means of exit pressure method.
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Figure 6-9. Top: Simulated exit pressure by lirearapolation (sufficiently far away from the
die exit) as a function of the simulated wall sh&teessow (a) LDPE and (b) HDPE at 200 °C;

full red curve: linear fit. Bottom: comparison oéthormal stress differenda as obtained with
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the full 3D model thus accounting for velocity distitions (purple open symbols; evaluation
at wall), as calculated based on the simulatedapatatedPex in Fig. 6-9 (a) and (b) with Eq.
(4) (red filled symbols) and as obtained basedhenltaun rule withe = 0.7 (green curves;

consistent with experimental exit pressure valadsig. 6-5).

6.4.4.3. Impact of viscous heating effect

The numerical analysis mentioned above is perforrmader isothermal flow
conditions. However, the viscous heating effecttlud viscoelastic flow might
influence the temperature field inside the flowruhal [43] thus affecting the pressure
field. The fit of the temperature-dependent rhealgoroperties of polymer melts is
shown in Fig. D-9 in Appendix D, with the matenerameters required presented in

Table D-3 in Appendix D for the three polymer melts

As explained in Fig. D-10 in Appendix D, flow sinatilbns indicate a negligible effect
of temperature gradients, implying a very Ibla number. Indeed, for HDPE, LDPE
and PP melt théNa number is 0.032, 0.035, and 0.09 at the highlesarsrate,
indicating a very weak viscous heating effect [38]. Consequently, theéN;
measurements by means of the exit pressure meshibdught to be free from this

effect, at least considering the experimental rangeestigated in this work.

6.5. Conclusions

For neat polymer melts at 200C, we have comprehensively evaluated the exit
pressure method via the slit rheometer to medsuvalues at high shear rates, which
cannot be obtained by a conventional rotationabmmeter due to the melt edge
fracture. In this method, the (quasi-)linear axiessure profiles for the polymers at

various wall shear rates are first extrapolatedthe die exit, yielding the
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corresponding exit pressure values, which in tuenralated to the associated shear

stresses to delivé; values.

For these neat polymers, the shear viscosity da@sured from the inline slit die
method agree very well with those from the rotalaheometer at low shear rates as
well as the associated measured complex viscoatty @ver a wide shear rate range,
indicating the validity of the empirical Cox-Merale. TheN; values at the shear-rate
magnitude order of 10 to 100'@&s measured by the exit pressure method lie
additionally in the value range calculated by tlaih rule with an exponeint of O

and 0.7.

Extrudate swell behavior, which is related to ndreteess differences, has been also
utilized to further assess the validity of the gxéssure method for these neat polymer
melts. 3D numerical simulations have been performeasing the differential
viscoelastic multi-mode PTT model. The correspogdimaterial parameters have
been obtained by tuning the rheological functionsluding fitting the N; data
obtained from the empirical Laun rule that are ¢giest with the exit pressure method
basedN:; data. A good agreement between the predicted eatgudwell and
experimental measurements for the neat polymersniglbbserved, which further

confirms that the exit pressure method is appréptmdeterminé\; values.

To address the disagreement in the field on thiepegssure method stemming from
the skeptical assumption of fully developed flownhoto die exit, we additionally
compared the numerical exit pressure values ingeasfmaccounting for the flow
redistributions near the die exit or not doing Although the pressure contribution
from velocity rearrangement near the die exit aot®forca. 25-40% at various shear

rates, this deviation diminishes in impact uponuiing on the actual simulatéd
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values, which are consistent with those by the préssure method. In addition, a
negligible effect coming from viscous heating ofymer melts on the pressure field
near the die exit has been demonstrated. Hencegxihgpressure method can be

reliable utilized for the neat polymers studied.

Future work will be directed to also investigatenpmsites. In this respect, the current
study has already shown that Cox-Merz and Launfaild¢o describe the viscosity
data for a PP composite. Even though the Launfailke theN; values obtained with
the exit pressure method appear to be in the edlatipn region of those obtained by
the rotational rheometer. Hence, the exit pressigtiod seems to have also potential
for more complex materials. Additional future wartuld focus on the evaluation at

even higher shear rates.
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CHAPTER 7 EXTRUDATE SWELL OF PP/GRHITE COMPOSITES

Chapter 7

From die swell for neat polymer meltsto composite

melts. a preliminary study

In this preliminary study, with the aim at graspitig rheological behavior of the die
swell of polymer composites with various filler tmnts, a modified Phan-Thien-
Tanner (PTT) model is proposed. To reduce the btegof the material parameters,
we maintain the non-linear parameter constant infemode of the PTT model. As a
result, the viscosity parametgy and non-linear material parameters sucheaand

& of PTT model are described as functions agairssffitter volumetric content. The
anisotropic swelling behavior predicted by PTT nlode presented for
polypropylene(PP)/graphite composites. It is sholat the PTT model is less suited
in capturing the anisotropic swelling behavior d? Bomposite with high volumetric
content of graphite fillers. Also the relevancestip-condition simulations is put

forward.
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7.1. Introduction

Extrusion, a polymer forming operation under melhditions, is widely used in
industrial applications [1-5]Plastic profiles are applied today in large scates
industrial fields. Polymers such as polypropylefP), polyethylene (PE) and
polyvinylidene (PVDF), owning advantages of distirging corrosion and light
weight are an excellent substitute material for tradaiomaterials ¢opper and

alumina) in industrial applications such aslieat exchangers [6, 7].

In most cases, the low thermal conductivities @2-W/mK) of plastics cannot

achieve the requirements of heat conducting fot brehangers [7]. Generally, the
solution to address this issue is most to add tabconductive fillers (such as graphite
[8, 9], Boron Nitride (BN) [10, 11] and Carbon filse[12], et al) to the polymer

matrix to increase its thermal conductivity. Howevadding filler induces an

influence on the rheological and viscoelastic proes of polymer composite melts
thus resulting in a processing difficulty, highltgly unstable flow behavior during
the processing such as the extrudate swell [13€lfrkskin [3, 16-18] and melt
fracture phenomenon [16, 19] as the filler contantreases to a critical value.
Therefore, studying how the filler influences theological properties and thereby
the processing behavior of polymer composites isrgaortant research subject with

the aim of controlling the processing conditionsldain the desired product profiles.

It is generally put forward that additions of fikeinto a polymer matrix suppress the
swelling behavior [14, 15, 20-23]. Furthermorelefilcharacteristics seem to affect
the swelling behavior such as the filler sizegfiltontent and even the interaction
between filler and matrix thus affecting the digpen quality [14, 22]. For example,

Stabik [24] found that larger aspect ratios ofefill lead to smaller extrudate swell,
210



CHAPTER 7 EXTRUDATE SWELL OF PP/GRHITE COMPOSITES

while other factors such as the specific surfackraean diameter contribute less to
the swelling of PE and polystyrene melts. Howevterthe best of the author’'s

knowledge, there are very few studies addressmgstiue of the anisotropic swelling

behavior of polymer composites by a comprehensiver®delling method with for

instance the well-established PTT model.

In our previous work [25-27], we extensively stuitbe processing behavior such as
the extrudate swell behavior of neat polypropyl@PE-, high densityolyethylene
(HDPE) and low densitypolyethylene (LDPE) from a slit die by means of a
combination of experimental observations and 3D enical modelling mainly with
the viscoelastic constitutive PTT model using thdtd element method based
POLYFLOW solver. Anisotropic swelling behavior dgmls here not only on the
type of the polymer melt but also on the flow getineharacteristics such as the
aspect ratio of the die and the length/heighbratithin an upstream contraction

region.

In this preliminary study, we evaluate the influes®©n the rheological properties of
PP melt upon adding the graphite filler into polymaatrix. The question is how to
relate the material parameters of the constitutieelel to the rheological properties
caused by addition of filler particles. It is impamt to mention that other filler
characteristics such as the filler size and espgdlee interaction between the filler
and matrix are not the scope of this preliminanggtsince focus is only on one type
of filler. The objective of this study is to have @nsight of the impact on the
anisotropic extrudate swelling behavior of PP cosites caused by adding filler
particles via a comparison with experiments anduations with the tuning material

parameters of the PTT model. In addition, a modifi®T T constitutive model by
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establishing a function of the material paramedgianst the filler volumetric content

of graphite filler is proposed.

7.2.  Modelling principles
7.2.1. Geometric parameters

Figure 7-1 depicts the 2D schematic diagram otties section of a slit die with an
aspect ratio of 10. Several swell ratios can benddfas the ratios between the
dimensions of the extrudate and the die. To idgmtipossible anisotropic extrudate
swell behavior, three such ratiBs, B, andB; are needed, denoting the swelling in
the extrudate width, edge height and middle hadglettion (Figure 7-1), respectively

[27]:

Bl — W_extrudate } BZ — Hi_extrudate and B3 — Hj_extrudate (7_1)
W_die Hi_die Hy_die
Additionally, B, is defined as the swell ratio of the area s§@f the extrudate cross

section and the slit die:

S_
B4_ — extrudate (7_2)
S—die

2H, 2H,

| — ALY _

Figure 7-1. The cross section of a slit die (ceésanoaspect ratio of 10). Four swell ratios can
be defined, as mathematically represented by Hgaid Eq. 7-2. They relate to swelling for

the width direction, the edge height direction,niddle height direction, and the area swelling.
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7.2.2. PTT constitutive model

For the differential viscoelastic constitutive mbdée extra stress tensoican be
divided into a purely viscous pat, and a viscoelastic pa,, which can be

calculated by the basic viscoelastic constitutigeations.

In comparison with a single mode PTT model, a rmlide PTT model with
a relaxation time spectrum enables more accuratelaiion results [28]. This model

is expressed as:

Tp = ?]:1 Tpi (7-3)
ihi Sine— oy Gi
exp [sn— tr(‘rp,-)] Tpi + 2 [(1 — ;)‘rpl + ST | = 2n,D (7-4)

in which the two non-linear parameteesand¢;, mainly control extensional and
shear behavior of polymer fluid, respectively, agj{ andt,, denote the upper and

lower convected derivatives of;, defined by:

o, = 2w (i WV + (W) - 1) (7-5)

pt Dt
- Dtpi
T, = ;’t’ + (G- W + (W) - 1,) (7-6)

To figure out how the filler particles affect theeological properties of the polymer,
a modified PTT model is proposed to take into cdesition the effect on the
rheological behavior of polymer composite fluids¢is as the filler size, filler shape
(aspect ratio), filler content and the network betw the filler and polymer matrix.
As we mentioned above, in this preliminary studhg factor of the filler volumetric

content denoted asis only considered. To reduce the number of th&albkes of the
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material parameters, the relaxation tilmés maintained constant for all polymer
composites with a time range from 0.01 to 10 s. flinetion of the viscosity against
the filler volumetric content is denoted ®4X). Regarding the non-linear material

parametet; ande; , we assume that the parameter is constant inreade to reduce

the number of variables. The corresponding matéuiadtions are denoted &éx)

ande(x). As a consequence, a modifies PTT constitutiveaghisdwritten as:

A v e
exp [% tr(rpi)] Tpi 1y [(1 — E(z—x))‘tp, + ?rpl =2n,D (7-7)

7.2.3. Boundary conditions and numerical method

The 3D flow domain is given in Fig. D-2 with oneagter of the flow channel
considered for all simulations to reduce the comfiahal cost due to the symmetry
planes. Briefly, at the inlet, a fully developedvl with a flow rate of 620 m#fs is
considered. At the die walls, a non-slip conditfonthe velocity field is prescribed
unless stated otherwise:= vi= 0 (mm/s). A free surface flow developed outsiuk t
die exit is unknown a priori. Force conditiofis: f, = 0 (N) are set at the outlet of the
flow domain, with the subscriph andt indicating the normal and tangential

component of the force and velocity.

The flow solver (POLYFLOW version 18, ANSYS versid8) is used based on the
finite element algorithm. We apply the interpolatifunctions on the velocity and
pressure quadratic and linear, respectively. Ardiscelastic viscous stress splitting
(DEVSS) combined with the streamline upwind (SWesoe is applied to improve
the calculation stability due to the exit singubarin addition, an evolutionary scheme

is utilized on the volumetric flow rate to advarthe solution to the viscoelastic flow
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with high non-linear rheological properties stagtiftom almost purely Newtonian

flow, in agreement with our previous work [26, 27].

7.3. Material and characterizations

7.3.1. Materials

Polypropylene (PP, SABIC 575P) melt and graphiter§ (GP, Asbury 3807) were
used in this study. For the pure polymer meltslepevere directly available. The
PP/graphite composite with various mass filler eatg of 10%, 20% and 40%,
corresponding to the volumetric filler content aB%, 9.2% and 21.1% were in
contrast made in-hougamploying the twin-screw extrusiowjth a screw rotational
rate of 90 rpm and a processing temperature windbw60-210°C and using a
chopping machine. The polymer meliere all extruded from a single screw extruder
(P. Brabender 19 with a screw diamddgrof 19 mm,LJ/Ds of 25;Ls: screw length)
combined with a slit die (die length: 220 mm, dédit Hae in Fig. 7-1(a)): 2 mm,

and die width lgie in Fig. 1(a)): 20 mm) at a screw speed of 10-120 at 200°C.

7.3.2.  Conventional rheological measurements

An ARES (TA, Discovery HR-3, US) rheometer was useperform the temperature-
dependent rheological measurements of polymer raeR80°C. The dynamic small
amplitudeoscillatory measurements were performed with a frequency siveap
angular velocity @) range of 0.1-50@d s*. The steady shear mode tests were carried
out within a small shear rate range of 0.01-%5t@ avoid melt edge fracture. Disk
samples with a diameter of 25 mm and a thicknes2 afim were made using

compression.
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To enable an evaluation of conventional analysi$stéor normal stress differences,
focus has been also on the determinatioV,0f N, by a parallel plate geometry
mode [29, 30]For polymers, generally it holds thidt > 0 butN; < 0, and|N; | =10
|N;| [29, 31]. ThelN,|/|N,| value for PP and PP with low filler content (4.3%)
claimed to be 0.1 (200 °C) [32, 33]. For composiiedias been pointed out that
|N,|/IN;| increases further [34, 35]. Consequently, th@ratassumed to be 0.2 and

0.3 for PP/9.2GP and PP/21.1GP, respectively.

7.4. Results and Discussion
7.4.1 Rheological analysis and tuning of PTT nh@deameters with
increasing filler content

Figure 7-2 compares the experimental rheologictl ofcluding the storage modulus
G’, loss modulus G”, shear viscosity and the first normal stress differerdefor

PP (a and b) and PP composite with a graphiter filtatent of 4.3% (c and d),
considering the parameters in Table 7.1. It is sea&nan excellent agreement between
the experimental measurements and the tuning da®TH model is observed for
both polymer melts with regarding to the linearalogical data such as G’ and G”.
As compared with a good prediction of the non-limdsological data such &k and
shear viscosity datg, for neat PP fluid, a very slight over-predictiohtbe N; by
PTT model is noted, which might be attributed t® tbason that only a ballpark value
for [N, | / |N;| has been utilized for calculating thg data, as explained above.

However, all the predictions by PTT model are hjgidceptable in both cases.
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Figure 7-2. Experimental rheological data includihg storage modulus G’, loss modulus G”,
and shear viscosity, and the first normal stress differerdgare shown for PP (a and b) and
PP composite with graphite filler content of 4.3%(4.3GP: ¢ and d). The curves indicate the
tuning corresponding rheological data by PTT modéth respect to PP/9.3GP composite, the
N1 data at high shear rate range is measured by nudamst pressure method explained in

Chapter 6. The corresponding material parameterstemen in Table 7-1.

Figure 7-3 shows the varying trends of the rhealalgiroperties of PP/GP composites
as the filler volumetric content increases furth&s. the filler volumetric content
increases from zero up to 21.1%, it is found thatftequency where the G’ value is
equal to G” value shifts to a lower range, whickicates stronger elastic properties
caused by the addition of graphite fillers [8, 3®i.other words, adding filler into

polymer matrix facilitates a transition from a fitlike material to a solid-like one for

217



CHAPTER 7

O n
(a) 10’ s (b) PPi9.2GP
I o
aE— 10° — T
/ L |
= L
= =
[ =z
© PP/9.2GP 2
5 2
o £
=

AQ A% A8 A A0 AD A8 A8
Yyoré (s
10°
&}
(c) - - : (d)

PP/21.1GP

G' or G" (Pa)
1 (Pa.s) or Ny (Pa)

. " " - k. al.

A8 A8 8 A8 R A9 A8 A8 A8 8
o(rads™) yoré(s?)

Figure 7-3. Experimental rheological data including storage modulus G’, loss modulus G”,
and shear viscosity, and the first normal stress differerideare shown for PP composite with
graphite filler content of 9.2% (PP/9.2GP: a andrx) 21.1% (PP/21.1GP: c and d). The curves
indicate the tuning corresponding rheological datePTT model. With respect to PP/9.3GP
composite, thé\: data at high shear rate range is measured by noé@xé pressure method

explained in Chapter 6. The corresponding mategedmeters are shown in Table 7-1.

polymer melt at low strain rates in Fig. 7-3(a) éo)d In addition, the good prediction
of the linear rheological data of G’ and G” for BRGP and PP/21.1GP composites
indicate again the good predictive ability of PTddel. With respect to the non-linear
rheological data such & and viscosity data, a more over-prediction is d@s the

filler content from 4.3% in Fig. 7-2 grows to 9.286d 21.1% in Fig. 7-3.

In our previous work [25], it is reported that t@®x-Merz rule is invalid as the
graphite filler increases up to 9.2% and the pdssibason for that should be the

deconstruction of the filler-matrix and filler-@t interactions upon applying a large
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strain. This factor is not accounted for by thecwiastic constitutive PTT model. In
addition, the significantly scatteréd data by rotational rheometer for PP/21.1GP
composite in Fig. 7-3 indicates a severe melt na&ctduring the measurement
experiments. Overall, there is a larger discreparetyveen the PTT prediction and
experimental data for the higher filler contentbjlevat leasthe right order of
the magnitude value for both types of rheologiathd symbols and curves) implies

an acceptance of the PTT predictions with resmeatl the rheological properties.

Table 7-1. Material parameters for Neat PP andd®posites with various graphite

filler content.

PTT model
Mode A ni & &

1 A 001 m 536 e 0.17 & 0.16

2 A2 01 n2 816 & 0.18 & 02

3 A3 1 ns 707 &3 0.27 & 0.2
Neat PP

4 A4 10 n4 220 & 04 &4 0.3

1 A 001 m 670 & 04 & 0.3

2 A2 01 n2 1417 & 04 & 03

3 A3 1 n: 1590 e 0.4 & 0.3
PP/4.3GP

4 A4 10 n4a 970 & 04 & 0.3

1 A 001 m 1620 & 0.6506514 & 0.7 0.7 14

2 A2 01 n2 4192 & 065 7414 & 07 14 14

3 A 1 9183 & 0.650.651.4 0.7 07 14
PP/9.2GP ’ A ’ &

4 A4 10 ns4 18818 € 0.6506514 & 0.7 0.7 14

1 A 001 n1 3766 & 09 093 & 09509518

2 A2 01 n2 12232 & 09 3 3 & 095 1.8 1.8

3 A3 1 ns 58956 e 09 093 & 0.950.951.8
PP/21.1GP

4 A 10 na 292851 & 0.9 09 3 & 0.950.951.8

Note: we investigate the sensitivity of parameterttom extrudate swell of PP/9.2GP and
PP/21.1GP by changing the non-linear PTT model pateré and € as the PTT model cannot
predict well the extrudate swell or rheological prajes of PP composites with high filler
content. The parameters in italic are chosen tomam with the original parameters in black.
Attention should be paid that when we change theevafif parameter, the value of all the
original evalue should be remained unchanged. We only stikéethe sensitivity of the non-
linear parameters on the rheological propertiespalymer composites beacuse the linear
parameter are necessary for a correct fitting af theological properties of by PTT model.
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The corresponding material parameters for PTT mddel different polymer
composites with a graphite filler content rangingnfi O to 21.1% are shown in Table
7-1. Regarding the non-linear material paraméterthe material parameters are
maintained constant in the four modes of PTT mddeleach polymer melt to
decrease the number of the variables. The samedeoation is taken for the
parametee;. It is expected that the values of $hende; increase upon increasing
the filler content. The reason can be explained tta rigid filler particles prohibit
the entanglements amid polymer molecules, so iea¢mtangled polymer chains can
be easily disentangled once applying a small sttairs resulting in a larger strain-

thinning behavior [37].

In order to capture the varying trend of the mateparameters against the filler
content, it is of significance to establish a fumetrelating the material parameter to
the filler volumetric contert. As seen in Figure 7-4, the dependence of thesisc

parametem;in each mode on the filler contextis exhibited by dog-log plot. It

should be mentioned that the data of viscosity patar for neat PP with zero filler
content x=0) is not shown. It is interesting to note thera perfect linearly increasing
trend as the filler content increases, accompawiéid a value of the determination
factor R? high up to 0.995. The associated equatiomfdan each mode is shown in
the corresponding subplot. All the equations carrdweritten and summarized by

Equation 7-8:

n:(x) = K; * x% (x> 0) (7-8)

The two constantg; anda; are listed in Table 7-2. It follows that largedues for
both parameters of the viscosity function are oleskrin the order ofy,(x),

n3(x), n,(x) andn,(x). This indicates that the viscosity of polymer casites at
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the low shear rate range thus corresponding to fieilgixation time rangé\. is more

sensitive to the addition of the graphite filler.

Table 7-2. The associated parameters for the eguafiviscosity functions against

the filler volumetric content for each mode of Pifiddel:x > 0.

K; a;
7, (%) 10%32 1.08
N, (%) 10° 1.35
N3 (x) 1063 2.27
N4(x) 10792 3.58
10*
(a) R’ 0998 (b)
log 7;(x) = 4.32 + 1.08logx log n2(x) = 5.0+ 1.35logx
10"
5 =7
o o
e 7]
= =
10°
10°
& & 8 g Ny 8
Volumetric content (x) Volumetric content (x)
whk | R'0.0999 | (c) ['R* 0.995 | ()
log 13(x) = 6.3 + 2.27 logx [ 108 n4(x) = 7.92 + 3.58logx
10°F
m —_
s 10° | a
% é 10°F
10° 10'}
2 A o
A8 A8 ) & "y o

Volumetric content (x) Volumetric content (x)

Figure 7-4. A comparison of the viscosity parametgk) in each mode against the filler
volumetric content (0, 4.3%, 9.2% and 21.1%). Liimekcate the fitting of the tuning material
parameter (symbols) based on the rheological dateeqolymer composite melts. Important
to note that the material parameter for neat PRx#0 is not presented in each subfigure since

both values of viscosity and volumetric filer camtterre plotted with a logarithm scale. The

221



CHAPTER 7

associated equation for each viscosity againsfillee content is shown in the subpicture,

which is only valid with filler content > 0.

Figure 7-5 shows the non-linear material parameilectuding g; and§; for PP
composites with various filler content. In Fig. @&h a linear increase of tligvalue
is observed as the filler volumetric content inee=a indicating a stronger
elongational thinning behavior. In addition, a $anivarying trend is noted for the
parameteg; although with a lower value (0.883) of the detevation factorR? as
compared to that of thg(x) function against the filler content (0.951) irgFv-5(b).
The associated equations are presented as:

e(x) = 0.31 + 2.90x (7-9)

£(x) = 0.22 + 3.69x (7-10)

in which the constart.31 + 0.04 and0.22 + 0.01 thus representing the intercept of
the fitting line in Fig. 7-5 indicate the corresplimg non-linear material parameters

for neat PP shown in Table 7-1.

In summary, Eq. (7-7), Eq. (7-8), Eq. (7-9) and &q10) compose the modified PTT

model in this preliminary study. These equatioresgathered below:

exp [S(Hﬂ tr('[pi)] Ty + 0 [ =Dz, + 225 | = 20,00 D (7-7)
n:(x) = K; x x% (x> 0) (7-8)
e(x) = 0.32 + 2.81x (7-9)
£(x) = 0.22 + 3.69x (7-10)

222



CHAPTER 7 EXTRUDATE SWELL OF PP/GRHITE COMPOSITES

Comparing the present modified model with the oreppsed by Thiert al.[38], it

is seen that we establish three functions of thiemnadh parameters such agx), £(x)
andé(x) against the filler volumetric content of graphfiker. This means that it
might allow for obtaining the PTT material paramstor PP/GP composite with a
certain filler content without knowing its experintal rheological data, which the
original PTT model lacks. It is again important toention that other filler
characteristics such as the filler size and espgdre interaction between the filler
and matrix are not in the discussion scope ofgteiminary study since focus is only

on one type of the filler.

1.2 1.2
R?:0.951 (a) R*:0.75 (b)
1O0F g(x) = 0.32 +2.81x O g(x) = 0.22 + 3.68x
08} 0.8}
| |
w06k L) i 0.6
04l - 04} =
0.2
0.2k
1 L o a i i
o A 2 > :
Q Q Q Q Q-Q “'\ Q:], “.’5

Volumetric content (x) Volumetric content (x)

Figure 7-5. The dependence of the non-linear natparameteé (x) ande(x) on the filler
volumetric content. The red lines indicate thedinfitting of the non-linear material parameters
for PP/GP composites tuned by PTT model. The aastmmtiequations are presented in each

subplot.

7.4.2. Extrudate swell as a function of fillentent

The typical character of polymer extrudate swelldéor is its continuous thus spatial
and time dependent evolution after emerging thexiie Fig.7-6 shows the evolution
profile of the predicted extrudate swell behaviothie width and edge height direction

of PP composites with various graphite filler vokinic contents at close to a flow
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rate of 620 mifis. For a comparison, the experimentally measurédidate swell
ratio for various polymer melts are shown as welrig. 7-6. It should be mentioned
that the experimental measurements were carriedt@uslightly different flows rate
for each composite since we fixed the extrusiored 60 rpm. Due to the different
densities and pellet sizes caused by the addifigmaphite filler, it results in a flow
rate of 620 mriis for neat PP, 552.63 mifs for PP/4.3GP composite, 510 &tsrfor

PP/9.2GP composite and 504.6 #fsrfor PP/21.1GP composite.

1,05

vor —;:MJGF‘ (a) —_Fr (b)
——PPI9.2GP 1,00 ——PP/4.3GP
125F PPI21.1GP PP/9.2GP
m PP 0,95 —:§121.1GP
m PPUA3GP ] L
1,20 | = pPo.2GP n = PPI4.3GP
PP21.1GP 0,90 PP/9.2GP

m PPR21.1GP

Width swell ratic B,

0,80 |-

Edge height swell ratio B,
e
™
o

0,75 |-

0,70 |

L 2 . N " 2 L N L L 2 L L M L L 2 N
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
Flow distance (mm) Flow distance (mm)

Figure 7-6. Comparison between the evolution ofdineulated (curves) width swell ratigx
and edge height swell rat of PP composite melt with various filler contehasimulated
flow rate of 620 mr#is and the experimental measured swelling ratitiseoéxtrudate (symbols)
from the slit die as a function of the flow distarafter the die exit. Attention should be paid
that the experimental measurements were carriedtdalifferent flows rates for each composite
since we fixed the processing condition at an eiruspeed of 60 rpm, thus resulting in 620
mm?/s for neat PP, 552.63 nmifs for PP/4.3GP composite, 510 fsfor PP/9.2GP composite

and 504.6 miiis for PP/21.1GP composite.

It is seen that the width swell rat® increases with the flow distance first, then
reaches an equilibrium value with further incregsthe flow distance. This is
consistent with general reported trends [33, 39]. 40 is expected that the

experimentally measured extrudate swell ratio desre with the addition of graphite
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PP/21.1GP PP/9.2GP

20 mm 20 mm

Figure 7-7. Images of the extrudate profiles of RPUIGP (a) and PP/9.2GP (b) composites
from a slit die at an extrusion speed of 60 rpnreponding to a flow rate of 510 mm3/s and

504.6 mnd/s respectively.

fillers [20]. For example, the width swds} for neat PP at the flow rate of 620 fisn

is 1.20, which drops sharply to 1.11 as the voluimétler content grows to 9.2% and
further falls to 1.05 for PP/21.1 composite. Thesin is explained that the rigid fillers
prohibit the elastic recovery of the deformed patymmolecules thus decreasing the
swelling behavior. However, a further simulated@ase of the filler contentto 21.1%
results in a growing of the swell rafifa, which contrasts with the experiment results
shown in Fig. 7-7. Furthermore, a significantly mpredicted width swell rati®; of
PP/21.1GP composite is observed in Fig. 7-6, wisatot just to be attributed to a
slight larger flow rate (620 mifs) as a boundary condition applied in the simatati
case as compared to that regarding the experirb@at& mni/s), based on another
simulation case with exactly the same flow rat&@®4.6 mn¥s. Therefore, the PTT
model appears not be able to reproduce the swdikhgvior of polymer composite
with a high volumetric content, considering thereat material functions seems not
fully take into account the rheological changesseaiuby adding graphite fillers. The
reason might be attributed to the failure of thestibutive PTT model in covering the

deconstructions of the network constructed byrféled matrix. On the other hand, a
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high filler content might facilitate the occurriraf the slippage thus resulting in a
decreasing swell ratio [41], which is unaccountadir this study.

Fig. 7-6(b) compares the swelling ratio of the ed#ate height at the edge along the
flow distance direction. As we reported before [28], contraction flow behavior is
noted as well although adding filler into the matthcreasing the filler content seems
to contribute to a smaller swell rat# thus a larger contraction flow behavior. Hence,
the need for 3D modeling remains. In addition,@sgared with the width swell ratio
B;, the deviation between the predictions by PTT rhoded experimental

measurements is insignificant even for the caseR#21.1GP composite.

1,45 1,8
140 (a) (b)
- 15
o B
S 1,35
=
T 130 o 14}
T 2
1,25 =
i Z 13f
£ 1,20F T
2 1154 o 12F
T —=—PP o —a—pp
T 110f —e—PP/4.3GP « —e—PP/4.3GP
s | —h—PP/9.2GP 1,1k —&— PP(9.2GP
o PPi21.1GP PP/21.1GP
] & S VOB
'] 4 8 12 16 20 24 28 32 36 0 5 10 15 20 25 30 35 40
Flow distance (mm) Flow distance (mm)

Figure 7-8. Comparison between the evolution ofdineulated middle height swell ratBs
and area swell ratiB4 (curves) of PP composite melt with various fikentent at a flow rate

of 620 mnd/s.

In addition, Fig. 7-8 (a) presents the simulate&lbag behavior of the extrudate
height at the middle. Firstly, it is seen that a@abBiimcrease in the filler content to 4.3%
generally causes a decrease in the swell Batiblowever, further increasing the filler
content in contrast leads to an increase of thdl sato B; for PP/9.2GP and
PP/21.1GP. Fig. 7-8(b) compares the evolution le®ff the area swelling behavior
(B4) for polymer composites. Due to both decreasenefswelling behavior in the

height and width direction of the extrudate, theaaswell ratioBs decreases as
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expected with adding filler. However, increasinigfi content from 9.2% to 21.1%
again contributes to a larger area swell rBowhich further indicates the failure of
PTT model in modelling the extrudate swell behawigpolymer composite with high
filler content, consistent with the observationstie swelling behavior in width
direction shown above.

In previous work [42], it has been shown that theasswell behavior is however not
affected so much if the upstream irregular conimaciow region is included, since
there is an opposite swelling behavior in middlégheand width direction. An
increasing trend in the former case is obtainedendidecreasing trend in the latter
case is noticed. Clearly, this is different fromatuthave been observed with the
addition of filler particles into the matrix. Thisdicates more options for adjusting

and controlling the extrudate swell behavior fotypger melt.

Fig. 7-9 exhibits the simulated extrudate profdedach polymer melt at the flow rate
of 620 mni/s and the flow distance of 40 mm after the did.eXidirect insight is

noted that the width swell ratio decreases firshwidding filler content, then shows
an increase trend with further addition of filler.addition, here is the interest that the
sharp corner in the PP extrudate seems to bec@selwious as increasing the filler
content and even disappears with filler conten2bfl%. The disappearing of the
sharp edges disappears with further addition t#rfilhas also been put forward by
Spanjaardst al.[43] with increasing the Weissenberg number (Winelt, which is

a strength of 3D modeling.
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Figure 7-9. Profiles of the extrudate at a floneraf 620 mr¥s of PP composite melt with
various filler content at the flow distance of 4hrafter the die exit: (a) neat PP, (b) PP/4.3GP,
(c) PP/9.2GP, (d) PP/21.1GP. Black curves indidageshape of the slit die while the green

curves represent the extrudate profiles.

7.4.3. Theoretical evaluation regarding materiahpeeters

Fig.7-10 shows the rheological analysis of PP/9.26PPP/21.1GP composites with
varying the non-linear material parameteendé. It should be noted that the format
Ni-£2-1.4 in the legend of Fig. 7-10(a) indicates théusaof 1.4 for the material
paramete€ in mode 2 of multi-mode PTT model. The formatall-&-1.4 corresponds
to the parametet in each mode of multi-mode PTT model being 1.4aAssult, the
term with the similar format in Fig. 7-10 (b), (ahd (d) has the same indication.
Without special indications, these curves represkatrheological data with the
original parameters shown in Table 7-1. For PP/@.Z®mposite, it is seen that
increasing:, value from 0.65 (original parameter in Table #d)L.4 seems slightly

influences the shear viscosity data but increaedNt data. In addition, as for
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elongational viscosity data, surprisingly, it isifal that the elongational data can be
fitted only at small range of the elongational ratss than 10-swith Polymat used
as the fitting tool. Furthermore, ifwe fix dlvalues at 1.8, an irregular fluctuated
curve shape can be obtained not onlyNodata but also for shear viscosity data. This
might explain the divergence of the simulation akdtion when we vary the shear
parametet from the original value in Table 7-1 to 1.8. Ird&tbn, we found that the
maximum value fo£ should be smaller than 1, otherwise the abnorittaldg results

of the rheological data will be obtained, resultinghe calculation divergence for the
case of extrudate swell modelling. For completeriess mentioned here that for
Polyflow software there is a range férparameter between 0 to 1, while for the
parametet there is no obvious limit. Some reporters tenaefikithe & value at zero,
which results in an ultralarge value for PTT model [38], although it means an

ignoring of the second normal stress differeNge
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Fig.7-10. Rheological analysis of PP/9.2GP and PR@P composites with varying the non-
linear material parametetsandé. Notes should be made that the forMa€.-3 corresponds
to the value of 3 for the material parametén mode 2 of multi-mode PTT model. The format

N:i-all-£-1.8 indicates that the parametein each mode of multi-mode PTT model is 1.8.
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Without special indications, these curves represkatrheological data with the original

parameters shown in Table 7-1.

For PP/21.1GP composite in Fig. 7-10(c), it is fduhat a large increase of the
elongational parameter from the original value 0.9 in Table 7-1 to 3 Iead a
decrease of the elongational viscosity but seemm®stl not to influence the shear
viscosity dateys and normal stress differenbk. Fig. 7-10(d) compares the effect of
the shear parametéron the rheological data. It is interesting to nibtzt there is an
irregular sharp change ft\1 and shear viscosity datgas theZ; increases from 0.9
to 1. When the parametéin each mode is fixed at a value of 1.8, not aglyut also
nsandN; can be fitted at the very small shear rate orgdtional rate range less than
0.1 st. This might be the reason why the correspondingarical modelling of the

extrudate swell of the PP/21.1 GP composite mé# ifia this case.

Considering that the simulation results of the @wdate swell behavior of the PP/9.2
GP and PP/21.1GP composite do not correspond webkxperimental results,
respectively, here we compare the modelling exteugiaell with varying the material
parametee since we have confirmed thavalue should lie in the range from 0 to 1,
otherwise the numerical simulation case performedyflow would fail. It is seen
that an increase of thg parameter from 0.65 to 1.4 does not lead to aifgignt
change to the extrudate swell profile of PP/9.2cGposite as a function of the flow
distance, which indicates a further adjustmenhefdlongational parameter seems not
be able to fully eliminate the discrepancy betwtdensimulated width swell ratio,B
and its experimental counterpart. A similar varyirend can be found in terms of the
height swell ratio B However, as we reported before [27], varying pagameter
from 0.05 to 0.65 results in a significant decreafsihe extrudate swell ratio for neat

PP melt. In contrast to the large change of thaggtional behavior of the polymer
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melt from elongatioal-hardening to the typical gational-thinning behavior with
varyinges parameter from 0.05 to 0.65 [27], the rheologmalperties of PP/9.2 GP
composite varies slightly by changingparameter from 0.65 to 0.05, resulting in a
slight effect on the extrudate swell in return. @ other hand, for the PP/9.2
composite with already a strong strain-thinninganeédr, it seems difficult for a larger

elongational-thinning behavior by a further inceea$ the parametes.
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Figure 7-11. Effect of parameter on the extrudatellsB: and B of PP/9.2 GP composite.
Increasing the parameterfrom 0.65 to 1.4 leads to a slight decrease df matith swell and

middle height swell ratio.

Fig. 7-12 exhibits the sensitive analysis of theapsetere on the width swell ratio B
and height swell ratio of PP/21.1GP composite. We increasedethgarameter in
each mode from 0.9 in Table 1 to the value of Bwshin Fig. 12. Similar changes
are seen as compared to that of PP/9.2GP compuoaiteely a rather slight decrease
of both width swell ratio Band B are noted, which still shows a significant difiece

from the experimental measurement in Fig. 7-11a.

It seems that a further change of the parameteld oot cover and eliminate the
discrepancy between the PTT-based predicted extgudavelling and the
experimental measurement for PP composite with filigr content. Phan-Thien

pointed out that the intriduction of slippage cdiudi at die wall reduces the amount
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of the extrudate swell of the planar polymer flgd3]. On the other hand, previous
reports demonstrated that the slippage behavioajillary measurement leads to a
lower real viscosity than its apparent viscosity,[84], which is also at least one of
the reason for the failure of Cox-merz rule forymoér composites with high filler
content. Therefore, the significant discrepancyveen the PTT predicted extrudate
swell behavior and that of PP/21.1GP composite trighattributed to its slippage
behavior which is not taken into considerationrfamerical simulation in this study.

A further study regarding this issue needs to gezhout.
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Figure 7-12. Effect of parameteron the extrudate swelliBand B of PP/21.1GP composite.
Increasing the parameterfrom 0.9 to 2 leads to a slight decrease of batithwswell and

middle height swell ratio.

7.4.4. From simulations with no slip boundary dtiods to
simulations doing so

As we mentioned above, the reason for PTT modihdgin predicting the extrudate
swell behavior of PP composites with high fillemtent might be attributed to the
possible slippage behavior during the extrusiorcgssing. There are many reports
that pointed out that the occurrence of the slippaghavior for polymer melts tends

to decrease the swell ratio through a slit die dasea 2D modelling. Fig. 7-13
232



CHAPTER 7 EXTRUDATE SWELL OF PP/GRHITE COMPOSITES
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Figure 713. Effect of slip behavior on the extrudate sviglland B of PP/9.2GP (a-b) and
PP/21.1GP (c-d) composite.

compares the extrudate swell behavior of PP corteasgih 9.2% and 21.1% graphite
filler by introduction of the slippage behavior not. It is seen that the slippage
behavior decreases the extrudate swell ratio ofttreidate width as expected, which
is closer to the experiment measurement resultaieider, the swell behavior at the
middle height direction of the extrudate unexpelgtéttreases with introducing the
slippage behavior along the die wall inside the &tiés worth mentioning that the
swell behavior at the middle height direction witte realistic 3D modelling
configuration corresponds to the swell behaviorhwihe ideal 2D modelling
configuration. Different from the general varyingrid with 2D modelling, the swell
ratio Bs increases by an introduction of the slip behastwwwn in Fig. 7-13. Since
the experimental measurements of the swell ratidoBpolymer composites are not

available with the experimental setup in this stutdig an open question for the effect
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of the slip behavior on the 3D extrudate swell lvidrafrom a slit die. The unexpected
increasing B3 swell ratio might be attributed te ttmass conservation rule of the

polymer melts when the swell behavior at the extedvidth direction decreases.

7.5. Conclusions

In this preliminary study, the rheological propestiof PP/Graphite composites with
various volumetric contents have been presentediandssed extensively. Itis found
that the original PTT model has an excellent apbtlit predict the linear rheological
properties including the storage G’ and loss G”dulos for all PP composites.
However, with increasing filler content, an ovextiction of the non-linear
rheological properties such as the shear viscogitand the first normal stress
difference N1 by PTT mode result, although the rheological dayameans of
experiment and fitting with the PTT model has astehe same order of magnitude.
The reason might be attributed to the deconstmaifdhe interaction between filler-
filler and filler-matrix once there is a large $trin the non-linear viscoelastic region
applied to the polymer chains. This factor seenmdtde accounted for by PTT model

combined with basic functions.

We have compared the evolution profiles of the joted swelling of PP/Graphite
composites in the height at the edge and middld, the width direction of the
extrudate from a slit die with the viscoelastic siitutive PTT model. It is found that
the addition of filler particles is decreases tharuate swell behavior in all
dimensional directions but unexpectedly increabeseixtrudate swelling behavior
with a further addition of filler content up to 9&2 This is different from the
experimental results, indicating the constitutiierAmodel with basic functions fails

in predicting the extrudate swell behavior of pogrmmomposite with high volumetric
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filler content. We attribute this to the deconstime of the network architecture
between filler and matrix as a large strain is egubl which is not taken into
consideration by PTT model. The consideration igf sbnditions however reveals

interesting shifts in material behavior.

Furthermore, in this preliminary study, focus isome type of the rigid filler, graphite.
As a consequence, the filler characteristics ssdhefiller shape, filler size and the
interaction between filler and matrix thus affegtihe rheological properties should
be taken into consideration with respect to the iffemtl constitutive PTT model to
account for the impact on extrudate swell behaefgrolymer composites caused by

adding fillers. This is an interesting researchidaeghich deserves to be paid attention

in future work.
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Chapter 8

CONCLUSIONS AND OUTLOOK

8.1. Conclusions

A comprehensive study of the flow behavior inside autside the slit die has been
fundamentally conducted, considering polyolefint:mahd going beyond the state of
the art as put forward in Chapter 2. Advanced 3Mnhernical modelling has been
performed considering the finite element methodedaPOLYFLOW algorithm

combined with 3D experimental validations. Severajor conclusions could be

drawn, as highlighted below.

Firstly, the isothermal flow of neat PP at 200 “@otigh a slit die and upon
subsequent swelling has been investigated in Chapig extrusion experiments and
3D numerical simulations with the generalized Newda constitutive model with the
Cross law viscosity function and the viscoelastidtirmode PTT model. The
pressure profiles predicted by both models indigedie agree well with experimental
data obtained for all flow rates evaluated. Thghdly larger exit pressure predicted
by the PTT model compared to that of Cross law rhodases different extrudate
swell behavior, which corresponds to experimemsililts for extrudate swell through
real-time measurements. The swell behavior in Batlght and width directions
depends on the distance from the die exit and $o#il ratios increase with the flow
rate, which is in contrast to the simulation resolbtained with the Cross law model.
In addition, the swell ratio in the width directiorcreases in a much lower rate than

the swell ratio in the height direction until edgpilum is achieved in both directions.
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As a result, the distance from the die exit in watttee final extrudate shape is obtained
strongly depends on the die width.

Secondly, the impact of the die geometry includthg aspect ratio namely the
width/height ratio of slit dies on the 3D extrudateell ratio has been investigated in
Chapter 4. High aspect ratio leads to a low widtklkratio B, and edge height swell
ratio B, and shifts the onset of the axial equilibrium dimgl position to a further
distance. Contract flow at the edge of the extridegight is noted while increasing
the edge height swell rati®,. The middle height swell ratiBs profiles for the 3D
flow significantly deviate from that of the 2D sitation. This phenomenon of a
secondary shrinkage is not eliminated even if #peat ratio increases to the highest
value of 20. The mechanism for the above phenoméndliustrated by the flow
velocity and stress fields. A significant deviatiohthe 3D configurations from the
corresponding 2D one inside and outside the dgerserally noted. Increasing the
aspect ratio of the flow cells narrows the discrelyebut cannot vanish the 3D effect.
For sure the deviation out of the die still carl@heglected, even if the flow behavior
in the die y direction) seems almost the same as that of thédDwith an aspect
ratio higher than 2. The larger axial velooiyfor a larger aspect ratio outside the die
contributes to a slower normal stress relaxatiberaby a slower swell behavior
delaying the swelling equilibrium position. Furthere, a parametric study reveals
that the width swell rati8, largely decreases with increasiégvhich is related to the
second normal stress difference. An increagiogntrolling the elongational viscosity
decreases both the width well raBp and the height swell ratiBs. In addition, the
secondary shrinkage flow becomes large with deirgas but still cannot be

observed in the corresponding 2D flow. This implthat the 3D effect on the
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extrudate swell behavior depends not only on tleergric characteristics of the flow

channel but also on the melt material parameters.

Thirdly, we evaluated the impact of upstream cattflow on polymer extrudate
swell from slit dies through numerical simulatidos different flow rates by means
of adjusting the die lengthyJ/height ratio in Chapter.®Decreasing die lengtbads
to an opposite variation trend of the swell ratidgtie width and edge height direction
(decreases up to 30%) compared to the middle hdighttion (increases up to 55%).
The area swell ratio remains limited with decredsdew 5%, specifically for lower
flow rates. This implies that an identificationpdssible anisotropy should in general
not be based on the area swell ratio. Furthernsmreethod to obtain an extrudate
product with a less uneven profile is to elongaiedie, especially for polymer melts

that experience large extensional deformations.

The I, value does not significantly affect the normales$ distribution until the
polymer flow reaches the die entry through the i@mion flow channel. Downstream
the die entry, a significantly larger magnitudete normal stresses, and ry in the
flow region close to the top of the die wall is ebsed upon decreasitg indicating
larger extensional and compression forces beintiegbip the flowing melt. However,
an opposite varying trend is noted regardingzheandz,; in vicinity of the side wall
of the die, further highlighting the relevance &f S8imulations in which the side wall
effects are fully accounted for. Outside the dig, élere is a large difference of the
stress redistribution behavior caused by the variatof the die length,, which
demonstrates the corresponding anisotropic swéiawier mentioned above. The
similar final extrudate average axial velocity reflass of thd. value is consistent
with the similar area swell ratios and implies mifar axial velocity redistribution
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behavior. Additionally, the evolution of the traessal velocityy, and lateral velocity
v, components after the die exit directly illustréte opposite varying trend of the
swell behavior in the extrudate middle height andthvdirection upon increasing die

length.

Fourthly, the 3D modelling of the extrudate swedhbvior of several polymer melts
is utilized in Chapter 6 to validate the exit pregsmethod for measuring the normal
stress difference data at high stain rate rangehak a challenging research topic in
the field of rheology. For neat polymer melts a0 2@, we have comprehensively
evaluated the exit pressure method via the slanteter to measumg; values at high
shear rates. In this method, the (quasi-)lineaalgdessure profiles for the polymers
at various wall shear rates are first extrapolatedthe die exit, yielding the
corresponding exit pressure values, which in tuenrelated to the associated shear
stresses to delivé; values. For these neat polymers, the empiricatiderz rule is
valid. TheN; values at the shear-rate magnitude order of 10@os' as measured by
the exit pressure method lie additionally in theieaange calculated by the Laun rule

with an exponentt of 0 and 0.7.

3D numerical simulations with respect to the exatedswell behavior have been
performed with the differential viscoelastic muttiede PTT model. The
corresponding material parameters have been obtdigetuning the rheological
functions including fitting theéN; data obtained from the empirical Laun rule that are
consistent with the exit pressure method bddedata. There is a good agreement
between the predicted extrudate swell and expetamh@measurements for the neat
polymer melts, further confirming that the exit gsare method is appropriate to

determine N; values. In addition, the pressure contribution nfrovelocity
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rearrangement near the die exit accounts#f0o25-40% at various shear rates, which
although does not dismiss the exit pressure metsiode the actual simulatedh
values with 3D modelling by PTT model are consisteith those by the exit pressure
method based on the simulated pressure profilesdtition, a negligible effect
coming from viscous heating of polymer melts onphessure field near the die exit
has been demonstrated. Overall, the exit pressatkeath can be reliable utilized for
the neat polymers studied. In addition, even thathg Laun rule fails in calculating
the N; data for PP composite, tiM values obtained with the exit pressure method
appear to be in the extrapolation region of thdstained by the rotational rheometer,
implying that the exit pressure method appearsaeehalso potential for more

complex materials.

Lastly, with the aim of investigating the extrudaeell behavior of such more
complex polymer composites, the numerical simuretioy PTT model are compared
to experimental measurements in Chapter 7. Thelobeal properties of
PP/Graphite composites with various volumetric eatd have been compared and
discussed. It is found that the original PTT madds$ an excellent ability to predict
the linear rheological properties including therate G’ and loss G” modulus for all
PP composites. However, with the increasing offitter content, an overprediction
of the non-linear rheological properties such as ghear viscosity, and the first
normal stress differendd; by PTT model results, especially as the voluméiitir
content grows up to 21.1% a. A modified PPT modepiioposed by means of
establishing the functions of the material paranseseich ag;, £ ande against the
volumetric content of graphite filler. Furthermori,is found that adding filler
particles is decreases the simulated extrudatel svedlavior in all dimensional

directions, in agreement with experiment resultewklver, an increase of the
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extrudate swelling behavior is noticed with a fertaddition of filler content to 9.2%,
which is opposite to the experimental results,dating the constitutive PTT model
with basic functions fails in predicting the extate swell behavior of polymer
composite with high volumetric filler content.  attributed to the deconstruction of
the network architectures between filler and madsxa large strain is applied, which

is not fully taken into consideration by currentlPiodel.

Hence, die swell phenomenon has been fully captimethe neat polyolefin melts

but for the related composites further refinemeamgsstill needed.

8.2. Outlook

The PhD research has focused on the comprehensistigation of the complicated
flow behaviour of various viscoelastic flows thrdwtie flow channels with different
flow geometries, specially the extrudate swell,33numerical modelling. Several

research perspectives are identified which areghbto merit from future work.

For example, in this PhD research, the effortsigoré out the 3D complicated
extrudate swell behaviour are involving polyolefomponent, such as neat PP, LDPE
and HDPE. For polymer blends and even immisciblgrper systems, for example
PP/PS blends, the relevance of the thermal kinatfcenolecular migrations on
extrudate swell once the melts emerge the dieaxised by the phase-separating
behaviour are interesting to figure out. To addtbssissue, the proper viscoelastic
constitutive model should be firstly selected tptoge the rheological behaviour in

dynamic or steady mode.

In addition, with respect to some highly chain-totaed or polydisperse polystyrene

melts, interests lie in the investigations to $ebe constitutive PTT model is able to
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accurately predict the rheological properties esplgcthe non-linear normal stress
difference and elongational viscosity data, whielbraes to be difficult to obtain at
high strain rates. In terms of these polymer systahe molecule-based constitutive
Double Extended Pom-pom (DCPP) model appears & sabstitution to allow for
the prediction of the rheological properties. Copsmtly, this may provide insights
into deviations of the simulations by PTT modelnfr@xperimental measurements
regarding the extrudate swelling behaviour of higbhain branched polymers
stemming from inherent disadvantage of PTT modelth@ numerical scheme
methods. Experimentally, for these polymer systen®&D image measurement setup
should be able to accurately capture the extruslagtling behaviour far away from
the die exit due to the more complicated multiscaelaxation behaviour by avoiding
the sagging or gravity effect and maintaining #@hermal temperature to avoid the
impact of the crystallizations of the polymer meltsthe swelling behaviour over the

whole evolution.

With respect to the polymer composites, althoughaalified PTT model has been
proposed by establishing the functions of the nwtgoarameters against the
volumetric filler content, further steps should tagen to explore how to add items
accounting for the deconstructions of the filldlefiand filler-matrix network into the
original viscoelastic PTT model once a large stisiapplied to the polymer melts. It
should be mentioned that for the polymer compositiéls ultrahigh filler content, a
yield stress phenomenon might happen, which is esstgd to be also taken into
consideration. The rheological properties of momed& of fillers with various
geometric characteristics should be measured amdfitted by PTT model, so that a
modified PTT model is proposed to account for tlerfparticles with generalized

filler characteristics such as filler size, aspextios, filler content and filler-matrix
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interactions. This in other hand allows for a gafieed viscoelastic model which not
only be able to predict the flow behaviour of ngalymer melts but also the
composites systems with various filler contentsieHdso the variation of processing

temperature crucial.

In addition, the slippage behaviour might happeextiusion processing as the shear
stress is beyond a critical value. Although slippaghaviour is generally thought to
decrease the swelling behaviour of polymer melsy ft affects the 3D anisotropic
swelling behaviour in each dimension of the exttedmom slit dies also seems

interesting via a further 3D modelling study forieais polymer melts.

Finally, die designs in industry are based on thdeustanding of the complicated
extrudate swell behaviour to obtain the final dediproducts in various processing
conditions. A reverse extrusion engineering basedhe 3D numerical modelling

should be the next goal to establish the propede#gn regarding the flow channels.

246



APPENDIX A EXPLANATION FOR PTT MODEL

Appendix A

Extra details on viscodlastic PTT mode

A.l. Predictions of PTT model in simple shear flow

The basic constitutive equations of PTT model tmgote the extra stress tensgr

is written like:
SN L S—~1_
9@t +A|A-9H7, +55, | =2,,D (A-1)
2 A
g(‘rp) = exp [;—tr(‘rp)] = exp [;— (Txx + T, + TZZ)] (A-2)
p P

in whichtr(t,) is the trace of theensor stress,. 7, and the deformation strain rate

tensorD can be written like:

Tpxx  Tpxy Tpxz Dyx ny Dy,
T, = |%yx Toyy Tpyz|, D=|Dyx Dy, Dy, (A-3)
Tpzx  Tpzy  Tpzz D,y D,, D,

In which the subscripts, y andz correspond to the flow direction and the direction
perpendicular to the flow direction, respectiveg D is defined as the half sum of
the velocity gradient tens®wv and its transposev”, thereforeD can be written as

well:

ox dx  Ox dx oy dz
_1|0vy dvy dv, 1|{0vy vy Ovy
T2 | dy [25% [25% | 2| 0x dy 0z
lavx vy a'7ZJ vz vz 3y

dz dz dz ox ay az

dvy  Ovy a”l} vy Ovx aﬂ}

(A-4)

For a simple shear flow,, andD can be simplified as:
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Toxx  Tpxy O
T =ty Ty O (A-5)
0 0 Tpzz
10vy 1.
[0 29y o] Jo Sy 0
I =1, (A-6)

2 5y 0 0 ¥4 0 O

0 0 0 0O 0 O

Back to Eg. A-1, the upper convected time derivetiy and the lower convected time

derivativet, are defined as:

T, = DDTt” — (1, W+ W' 1) (A-7)
- _ Dty T
=2 T (tp Vo + Vo' - 1) (A-8)

in which% = 0 for steady flow, Eq. A-5 are introduced into Egq7Aand Eq. A-8,

then 7, and 7, are rewritten:

xx Hzy O] 10 0 0] [0 ¥ 0
Ty =—||%yx Tyy O -[7 0 0|+]0 O Ol'
0 0 g, oo o loo o
Tpxx Z-pxy 0 2 Tp Xy pry 0
yx  Toyy 0 ——[ Tyyy 0 Ol}/ (A-9)
0 0 7y 0 0 0
Gxx Hxy 0110 3% 01 [0 0 0] [#xx %y O
T, =|%yx Tyy O '[0 0 o|+|¥ O 0]' Toyx  Tpyy 0 | =
0 0 gyl looo looo]|o o o,
0 Tpxx 0
forx 2Tpmy O (A-10)
0 0 0

Then Eqg. A-5, Eqg. A-6, Eq. A-9 and Eq. A-10 areggled into Eq. A-1, and Eq. A-1

is rewritten:
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-2 S
Tpxx  Tpxy 0 (5 - 2) Tpxy 2 Toyy + 2 Tpxx 0
7,) | % 7 0 |+ 2]|¢2 ¢ y=
A e i R B )
pe 0 0
0 % ¥ 0
0 0 O

These kinematic equations lead to the following-hioear systems of equations of

Tpxxr Tpyy QN Ty

9(Tp) Tpxx + A(E—2) Ty ¥ =10 (A-12)

9(0) toy + 21 (2 1y + S )y =1,y (A13)

9(Tp) Ty + ATy ¥ =0 (A-14)
Based on the system of equations, we can therefasn the viscometric material

functions ofz,,,, (), N; () andN,(}):

9(eo)ry 7 (A-15)

ory(N=—=F 7 ——
PV () + 2 -0

. A
Nl(y) “Toxx — Tpyy = %‘t:) Tpxy (A'16)

. A&
N2(7) = Tpyy = Tpzz = r::/) Tpxy (A'17)

N2() 2

From Eq. A-18, it shows that the magnitude valu¢hefratio ofN; () andN,(%) is

determined by the parametér It can be seen that the absolute valuevgfy)
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increases withf value increasing, which increases with a more iS@gmt shear-

thinning behavior.

A.2. Prediction of PTT model in shear-free oremsgional flow
For a shear-free flow, the unidirectional elongadioviscosity is defined:
n,(&) = —’T””“é Yy (A-19)

In order to obtain the uniaxial extensional vistpdiata, a velocity fieldr =
€(x,— % - g) is considered, then the deformation strain Baghown in Eq. A-4 can

be written like:

1 0 o0
1
p=¢0 =3 O (A-20)
0 0 -—-

Wheretr(D) = 0 corresponds tthe mass conservation rule. The stress tegsior

Eq. A-3 is written here like:

Tpxx 0 0
T,=| 0 7y O (A-21)
0 0 Tpzz

According to the definition oft,, and¥, in Eq. A-7 and Eq. A-8.

2Ty 0 0 2Tpxx 0 0
T=—| 0 -5y 0 |6, m=| 0 -5y 0 | (A22)
0 0 —Tyzz 0 0 —Tpzz

Then introducing Eq. A-22 into Eqg. A-1, the equatfor extensional flow is:
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Tpxx 0 0 (25 - 2) Tpxx 0 0
g9(ty) 0 yy 0 [+2 0 1- @pry 0 & =
0 0 Tpzz 0 0 0(1— @szz
1 0 0
1
2|0 2 0 (A-23)
0O 0 -—-

Based on the system of equations, we can therefuign the extensional material

functions:
9(Tp) px +22(E = Vit =217, (A-24)
9(1p) Ty + A1 — Hityy,=— 1,8 (A-25)

Combining Eq. A-24, Eqg. A-25 and Eq. A-19, thenatdain:

2\ — Toxx"pyy _ g(tp)
7 (8) =555 = 31, (g(rp)—u(l—f)é)(g(rp)H(l—f)é:)] (A-26)

Here it can be seen that when the part in the taigket in the right side of Eq. (A-26)
equal the value of 1, the ratio of elongationatwesty to shear viscosity namely the
Trouton ratiois equal to 3, which is a typical value for thewti@nian flow. It should

be noted that when the paramefés equal to 1, the rheological properties incligdin

1, 1, andNa are independent on the value of parameter

A.3. Contributions of each mode to final rheol@jiproperties

Based on the discussion above, it shows the acalyquation systems derived from
a single mode PTT model regarding the simple shesravior and uniaxial

extensional behavior. For the fit of the rheologm@perties by PTT model, all these
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equation systems above are also should be cougtedh& modulus equation shown

as below:

G0 =7 6 (w) = —12 (A-27)

1+(10)? ' 1+(Aw)?

Multi-mode PTT model with relaxation spectrum igizeéd to capture the viscoelastic
response to polymer chains with various time-scaleformation history.
Consequently, it is meaningful to figure out thentribution from each mode to the

total rheological properites:

T, =YV1, (A-28)

Here we select the material parameters of neanPRilble 3-2. Fig. A-1 shows the
rheological properties, namely storage modulussBg&ar viscosity),, first normal
stress differenc®\;, and extensional viscosity., predicted by 4-mode constitutive
PTT model and the corresponding each mode of tHa-mode. It is seen that the
reological properties Ghps, N1 andnpe at highy or & =100 s* dominantly come from
the contribution of mode-4 from the multi-mode Pifiddel. In terms of G’ anil; at
extraly low strain rate range, aroum0.1l s!, it is mainly composed of the
contribution of mode-1. With regard to the termsand np, by contrary, the
contribution of mode-1 to the total magnititudengfandns no longer plays a main

role, which might be because of the small valuggah mode-1. In addition, the
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Figure A-1. Rheological properties of neat PP pitediby 4-mode PTT model (the label 4mode
in legend) and its each mode (label mode-1, modee2lie-3 and mode-4): (a) elastic modulus

G’; (b) shear viscosityps, (c) first normal stress differendd; (d) elongational viscositype.

rheological properties predicted by mode-2 and ribaeainly compose the final
rheological properties at middle strain rates betw#0 § and 100 3. It should be
interesting to note that the reciprocal of straiterrange mentioned above is equal to
the corresponding parameter relaxation tilpen thei® mode of the multi-mode

model. This might be the reason for the phenomehenseved above. Consequently,
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it is easy to understand that manually tuning ki@®logical property at a certain strain
range can be conducted by adjusting the materi@npeters in the corresponding
mode predominantly. Therefore, next focus is onab@uation of the sensitivity of

the material parameters on the rheological progedf polymer melt.

A.4. Sensitivity of the material parameters onrtieological

properties

The paramete#; and 17, are related to the linear rheological propertiepaymer

melt like G’, G” and zero shear-rate viscosify, which are easily obtained from the
Small Amplitude Oscillatory Steady (SAOS) test e tinear viscoelastic region.
Therefore, here our focus is on the effect of thelinear parametef; andg; on the

nonlinear reological properties likg,, N1, N2 andz,,. On the basis of the discussion

above, we figure out how each mode of the multi-enBdT model contributes to the
final or total rheological properties, hence weestlthe corresponding nonlinear
parameters in mode 3 as an example to illustrageefifiect on the rheological

properties. Important to mention that the paraméter &; cannot affect the storage

modulus G’ and loss modulus G”.

Fig. A-2 shows the sensitivity of parametgon the rheological properties of neat PP
melt. It is seen in Fig. A-2(a) that increasing graeters;significantly leads to an
increase of the magnitude value lgf||but a decrease fd\: value. In addition, seen
from the right axil, an obvious increasing ratidueaof N|/N; is noted as well with
&, increasing. As presented in Fig. A-2(b), the sivstosity obvisouly decreases in
the order of the, value from 0.05 to 0.8, while little change of taetensional
viscosity is noticed in Fig. A-2(c).
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Figure A-2. The effect of parametégf on the rheological properties of neat PP

predicted by 4-mode PTT model: (a) the left axil(bblid curve) and | (dot curve);
right axil: the ratio value of [§/N: (dashed dotted curve); (b) shear viscosity; (c)

elongational viscositype.

Fig. A-3 exhibits the changes of the rheologicalgarties caused by varying the
parameter of; in the range of 0.05 to 0.65. Same as the paramhigy; increasing
the parameter of; results in a smalleX; value. It should be noted that although the

value of|N;| shows an increasing trend with increasipgthe variation degree is
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much smaller than that in the situation of incregsi, shown in Fig. A-2(a). As a

result, the ratio value oN}|/N; keeps unchanged due to the unchanged value of the

¢,- Back to Eq. A-18, it might be explained by thagen that thé\p|/N; value is only

determined by the value @t Shown in Fig. A-3(b), little change of the shear

viscositynps is caused by varying the parameteeofWhile a sharp increase of the
extensional viscosityrype value correspond to the well-known strain-hardgnin

behavior, is noticed in contrast as tevalue decreases to 0.05.

Overall, based on the discussion above, it is emttthat the material parametérs
andg; mainly control the shear behavior including thaation of N, N> and Mysr and
the elongational behavior like extensional visqpsige, respectively. However, the

material parametet, could as well tune the elongational visocsityt asthe material

parameteg; can tune the shear-based rheological propertxdsdimgN: andN. to a

very limited extent.
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EXPLANATION FOR PTT MODEL
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Figure A-3. The effect of parametéf on the rheological properties of neat PP

predicted by 4-mode PTT model: (a) the left aXil{solid curve) and\| (dot curve);

right axil: the ratio value of\b|/N; (dashed dotted curve); (b) shear viscosity; (c)

elongational viscositype.
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Appendix B

Supplementary information for Chapter 4

B.1. Mesh patterns for 3D and 2D simulations

Figure B-1. Meshes for 3D geometries with variasigect ratios in Table 4-2: (a): 1:1, (b) 2:1,
(c) 5:1, (d) 10:1, (e) 20:1, (f) refined mesh pattior the geometry with aspect ratio 5:1; (c’)

and (f') reveal the close view of the mesh gridarrtee die exit.

ly I,

Die wall Free surface

Inlet ~ ~
outlet

N/ -

Symmetry

Figure B-2. Mesh for the 2D flow domaix:y mesh sizes are maintained.
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The mesh-independence of the simulation resultsdoh slit die is verified at = 48

s?, as shown in Table B-1. It should be noted thatlie highest aspect ratio of 20,
the simulation for PP flow based on the refined Mésould not be fully conducted
since the computational memory for the calculat®beyond that of the computer
server used. However, the final area swell ratithefsimplified Newtonian flow in
terms of Mesh 6 and the refined Mesh 6 are compavi¢gd a discrepancy less than
0.6%. To reduce the computational cost, the sinoraesults are obtained based on

the less refined mesh patterns in the sectionsbelo

TABLE B-1. Mesh information and swell ratios withnous aspect ratios #j= 48 st

Aspectratio  Mesh Elements Nodes B; By Bs B4
1 4736 6075 1.3 1.3 1.145 1.555
! Refined-1 9240 11220 1.29 129 1132 1.536
2 6240 7722 1284 1309 1.06 1533
1> Refined-2 11250 13376 1.28 1.307 1.052 1.52
3 8320 10098 1.26 0.99 131 1.507
2 Refined-3 12000 14212 1.26 0.99 1.308 1.504
4 10920 13068 1.22 0.86 131 1.478
> Refined-4 18750 21736 1.218 0.86 1.308 1.47
5 15600 18414 1.19 0.81 1.294 1.452
10 Refined-5 22500 25916 1.188 0.798 1.292 1.446
6 20800 24354 1.15 0.78 1.288 1.417
20 Refined-6 34000 38786
7 520 594 1.314
2D Refined-7 850 946 1.31
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B.2. Details on extrudate area swell

Figure B-3 compares the final area swell raBaof the extrudates along the flow
distance. It is shown that increasing the aspeitt significantly decreases the final
B4. For example, as the aspect ratio increases freen2D, the corresponding area
swell ratio falls from 1.55 to 1.417. This is maimittributed to the abrupt decrease in
the width swell ratidB; even though there is a very slight drop in the neideight
swell ratioBs. In terms of the low aspect ratios, the equilibriswelling positions can
be reached immediately in a very short distancéevibr high aspect ratiog(5) an
obvious gradual swelling follows the initially sipaswelling behavior until the final
equilibrium positions are reached. Therefore, iasieg the aspect ratio delays the
onset at which the equilibrium is achieved, in agnent with the results in Figure B-

4 and B-5.

1.6}
1.5F
mv
o 14}
£ .l —1:1
g ’ —1.5:1
@ 12k —_—21
e 521
11 N —10:1
’ —20:1
1.0 PP B | A 1 1 1 1 1

0 4 8 12 16 20 24 28 32 36
Flow distance from exit (mm)

Figure B-3. Extrudate profiles of area swell radio(Eq. 4-3) with different aspect ratiogt=

48 s (200°C; PP die extrudate).
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B.3. Extra information on axial velocity compome

Figure B-4 compares the axial velocity)(profiles of the fully developed flows along
the transversaly(variation atz=0 mm) and lateral directiorz {ariation aty=0 mm)
with x=-10 mm before die exits with different aspectaatiory,= 48 and 15 Yleft
and right column). For the sake of comparison,cibreesponding dimensions of the
flow cells @H and2W) normalize they andz coordinates. They values are scaled
by thecorresponding 2D average velocitxa(op). It follows that as the aspect ratio
increases, the velocity profile of the central floeO mm;z variation; right part of
the subfigure) along the width direction is clogeflat compared to its analogus=0Q;

y variation; left part of the subfigure), indicatitizat the flow behavior in the width
and height direction differs gradually from eachest consistent with our previous

work at an aspect ratio of 10 in Chapter 3 [1].

Regarding aspect ratio of 5, the velocity gradi@#ps almost zero only wh(izzﬁw;|
value is equal to 0.2, while for higher aspectostf 10 and 20, a non-zero velocity
gradient only begins whel@zﬂ value reaches a value around 0.3 and 0.4. Thilasp

that in thez direction the flow can be thought as planar flowept for the flow region
close to the side confining wall, again highliglgtithe 3D effect. Along the
direction, a significant alternation from 2D to 3Bnulations is also noted due to the
3D effect, but more gradient variation is obserwgth the region where the impact
of 3D effect on the flow field is dominant now ilbse to the symmetry plane. The
largest deviation from the 2D simulation in FigB€, B-3 and B-4(a) is observed
for aspect ratio of 1, in which the maximum velgdg quite smaller than that of the

2D flow. The ratio of the maximum velocity valuettat of 2D flow decreases from

262



APPENDIX B SUPPLEMENTARY INFORMADN FOR CHAPTER 4

0.858 ¢,= 15 st) to 0.847 1,=48 st) in terms of an aspect ratio of 1, which indicates

that increasing the shear rate increases the #oteff

18} 16F (b) i
14 14k
1.2} 12p ¢
Q a i
SRR g 10} -
x o w
= os} = 08} 1
o Z ——2D .
(X3 > 06F ——qz |} |1
i ——21 ||
04f 04} f —s:1 | i ——5:1
f | | i ——10:1| . | 10:1
o2f 201 | 20| | 02F/ 201 | 20:1)
0.0 e a PR PR TP TP T 1 A 0.0 PR P PEEPE SR TP TP P :
0.5 0.4 0.3 0.2 0.1 0.0 0.1 02 0.3 04 05 0.5 -0.4 0.3 -0.2 0.1 0.0 0.1 0.2 0.3 04 05
y/2H z2W yi2H 22w

Figure B-4. A comparison of the axial velocity pl®fof the center flow (normalized with the
average 2D value,/y=0 mm (left/right part of the subfigure) 10 mm befdhe die exitx=-
10 mm) at two apparent shear ratesy(a)48 stand (b)y,=15 st; 200°C; PP extrudate (Table

II); a stronger gradient is obtained for fhairection.

B.4. Extra input on stress in die

Figure B5 shows the calculated fully developedsstreomponents at= -10 mm
(shear stressesg;cand rzx;, normal stress differencelhi{ (Lo Iyy) andNy; (& 7z5) for

all 3D and 2D flows af, = 48 st. In Fig. B-5(a), for the simplified 2D flow, théesar
stressry (left part of subfigure) linearly grows with théecheight and is almost the
same as that of the one of the 3D flow with highsect ratios (>2). Regarding small
aspect ratios, the shear strgggrofiles show a clear discrepancy from that of2be

flow, particularly in case the aspect ratio equal&. The region where the 3D effect
0N fyxis dominant is for|%| between 0.15 and 0.45. The maximum stress values o
the “top” die wall for all simulation cases are rgathe same, confirming the

reasonability of the strategy used in this studgntontain the samg for all 3D and
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2D simulations. Similar trends are found Ky profiles in Figure B-5 (again left part
of subfigure)Increasing the aspect ratio narrowshgprofile difference. Due to the
almost sameyx andNyy, value on the “top” die wall for all simulation$ietre is a small
deviation in the finaBs values (cf. Eq. 4-11; Table 4-3) although with eiiéfnt

extrudate evolution profiles in Figure B-5.

The rxandNy, profiles along the widthz{ direction are also presented in Figure B-5
(right parts of subfigures). Significant changeshef stress profiles (also as a function
of 2 come from varying the aspect ratios. For instaf@mean aspect ratio of 1, the
Ny, magnitude (Fig. B-5(b)) is up to around kiBa. As the aspect ratio increases, the
stress profile is closer to be nearly flat in mokthe flow region with much lower
maximumNxmagnitudes at the edge. Here, the relevance ofiatiog forzdirection

and the consideration of 3D model is thus agaihligbted.

35000k (a)
30000 b %

25000 |
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yI2H
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zl2W
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Figure B-5. A comparison of stress componentsutly leveloped 3D flowx= -10mm) with

different aspect ratios and 2D flow (Table 5-2; PRrudate; 200 °C): (a) shear stress

components x andrz); (b) normal stress difference componemNg((zu 7yy) andNxA T 7z9)

aty, =48 st
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Appendix C

Supplementary information for Chapter 5

C.1. Extra input on the redistribution of streesnponentdxy,

Tyy andtz; along flow distance

Figure C-1 reveals the evolution of the normalsstreomponent;xalong the flow
direction on the flow cross section y-z planes, elgnf3 mm (a, b and c) before the
die exit and 2 (d, e and f), 5 (g, h and i) andnf (j, k and 1) after the die exit,
respectively. It is seen in Fig. C-1(a) that negatixclose to the flow region inside
the die is noted, corresponding to a compressimefapplied to the flow layers. As
the flow just leaves the die exit, a larger magihitwf the strongety indicating a
larger compression force is observed. This cornedpdo theryvariations in Fig. 5-
5. Interesting to note that the flow region clas¢hie side edge of the extrudate in Fig.
C-1(d), Fig. C-1(g) and Fig. C-1(j) with the largesvalue instead of the flow region
close to the top die wall in Fig. C-1(a). This imeglthe axial velocityx redistribution
behavior. In addition, decreasing the die leng#nseto increase the compression
force in the flow region and the elongational foctwse to the die walls, shown in Fig.
C-1(d)-(l). Therefore, a larger velocity redistriton is expected due to the less
homogenous flow distribution shown in Fig. C-1(ajcampared to that in Fig. C-1(b)

and Fig. C-1(c).
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Figure C-1. The distributions of the stress compénein different y-z planes of the flow cross
sections at different flow distances for the cadatie length of 5 mm (a, d, g and j), 20 mm (b,
e, h, k) and 80 mm (c, f, i, I); Figure C-1(a)-{ajlicate thetxxdistributions at a distance of 3
mm before the die exit; Figure C-1(d)-(f) indicdle tx« distributionsat a distance of 2 mm
after the die exit; Figure C-1(g)-(i) indicate thedistributionsat a distance of 5 mm after the
die exit; Figure C-1(j)-(l) indicate thexdistributionsat a distance of 10 mm after the die exit.

Black curve in each figure represents the finaluedte profile in various cases. Flow rate of

620 mnd/s.

Figure C-2 reveals the evolution of the normalsstreomponenty,on the flow cross
section y-z planes. Consistent with Fig. 5-6(byative stress,,corresponding to the
compression force in the center flow region and $meall positive stresgyy
corresponding to the elongational force close ¢éadile edge are observed. As the flow
leaves the die exit, however, seen in Fig. C-2(d}Hat at the edge corner, the
negative value ofyyis noticed for all cases, indicating a compres$iooe applied to
that region due to flow redistributions. Therefoomntraction flow B, < 1) is

observed in edge height direction shown in Fig.. 38rthermore, the larger
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magnitude value ofyyis observed with decreasing the die length to 5 feading to
smaller B ratio with shorter die length. Larger magnitudéueaof r,, close to the
middle top of the extrudate is noted with5 mm in Fig. C-2(j) than that with=20
mm andl;=80 mm in Fig. C-2(k) and Fig. C-2(l) at the flovshnce of 10 mm after

the die exit. This might result in the larger mieldwell ratio B for 1,=5 mm in Fig.
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Figure C-2. The distributions of the stress compéngin different y-z planes of the flow cross
sections at different flow distances for the cadatie length of 5 mm (a, d, g and j), 20 mm (b,
e, h, k) and 80 mm (c, f, i, I); Figure C-2 (a)-{iajlicate theryydistributions at a distance of 3
mm before the die exit; Figure C-2 (d)-(f) indicale Tyy distributionsat a distance of 2 mm
after the die exit; Figure C-2 (g)-(i) indicate thedistributionsat a distance of 5 mm after the
die exit; Figure C-2 (j)-(I) indicate the-distributionsat a distance of 10 mm after the die exit.

Black curve in each figure represents the finaludte profile in various cases. Flow rate of

620 mnd/s.

Figure C-3 reveals the evolution of the normalssreomponent,, on the flow cross

section y-z planes. The main difference of thesstrg distribution in Fig. C-3(a) with
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respect td,= 5 mm stems from the much largerof the center flow inside the die as
compared with that in terms bE 20 mm in Fig. C-3(b) anld= 80 mm in Fig. C-3(c).
This indicates a stronger elongational force althvgwidth direction in the former
case. Fig. C-3(d)-(f) depicts the negativeclose to the side edge of the extrudate as
the flow just leaves the die exit, leading to angang effect’ on the width swell
behavior. With a further distance after the did,eékie blue region taking up the stress
contour of the extrudate cross section near theesigie of the extrudate applied with
negativer; in Fig. C-3(d)-(I) becomes larger as the die langtlowered to 5 mm.
This explains the smallest width swell ratig die to the strongest ‘damping effect’

on the width swell behavior in Fig. 5-3 for the eadl,= 5 mm.
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Figure C-3. The distributions of the stress componein different y-z planes of the flow cross
sections at different flow distances for the cadatie length of 5 mm (a, d, g and j), 20 mm (b,
e, h, k) and 80 mm (c, f, i, I); Figure C-3(a)-{sllicate therz-distributions at a distance of 3
mm before the die exit; Figure C-3(d)-(f) indicakte 1z distributionsat a distance of 2 mm

after the die exit; Figure C-3(g)-(i) indicate thedistributionsat a distance of 5 mm after the

die exit; Figure C-3(j)-(I) indicate the-distributionsat a distance of 10 mm after the die exit.
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Black curve in each figure represents the finalwadte profile in various cases. Flow rate of

620 mni/s.
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Appendix D

Supplementary infor mation for Chapter 6

D.1. Detailed explanation for the exit pressmethod through

a slit die

For a detailed analysis regarding the exit pressuethod, a comprehensive
momentum balance theory is adapted to illustrageflibw behavior over the exit
region of the slit die shown in Figure D-1. Theyudeveloped flow is assumed at the
position ofx = 0, where a control surface is taken upstrearfréan the die exit with

a distance ok = S. A second surface passed through a jet at a poffitiently far
from the exit where a uniform velocity distribution is assumed [1]. Important to
mention that a steady isothermal, incompressibEsqure-independent, and creeping
laminar flow without surface tension and air dréfgas is assumed through the slit

die.

-
%
I
<
YV ¥ Y

Figure D-1. Flow behavior over the slit die exigien, of which a half cross-section is

considered. The macroscopic momentum balance tliadopted to obtain the exit pressure.
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The overall momentum balance theory for the stedalyar flow layer at the distance

of y = 0 leads to the following equation:

[} pV2 (5, 0)2Wdy — pV;2(y, 0)2WH; — [ T (v,0) 2Wdy + [ 2(W +

H)t,,(H,x)dx =0 (D-1)

in whichT,, is the normal stress applied to the flgpwis density of the flowr,,, is

the shear stress with a negative magnitude vaaregahe exit flow region. Since W

>» H (Large aspect ratio), Eq. D-1 is simplified into

5! pViP(y, 0)2Wdy — pVi? (v, 002WH; — [' Tex(y,0) 2Wdy + [ 2Wt,, (H,x) dx = 0
(D-2)

As for the term reactive thru$t which is equal to the momentum flux, therefore thi

indicates that the total reduced thrust throug flbiw region is defined as:

VIr = [, pVi?(v,0)2Wdy — pV;2(y,002WH,  (D-3)

VTr is equal to zero as ignoring the inertial effectted polymer flow with ultralow

Reynolds numberRe [2], Eq. D-2 is reduced to:
— Jy Tex 3, 0) dy + [} T (H,x) dx = 0 (D-4)
The viscometric normal stress difference is defiasd
N (3,0) = Tpx (¥, 0) — Ty, (3, 0) (D-5)
Taking Eqg. D-5 into Eq. D-4, Eq. D-4 is rewrittest a

— [N, 0 dy — [Ty, (v, 0)dy + [ 1 (H,x)dx =0 (D-6)

Sincea;% = 0 for fully developed flowT;,,, (v, 0) is equal to a constant, then
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— [N, (y,0)dy = T, (H,0)H + [, T, (H,x)dx =0  (D-7)

Rearranging Eq. D-7, it becomes
Sy Ny (7,0) dy = =Ty (H,00H + [ T, (H, %) dx (D-8)
Assuming that the pressure of atmosphere air eqoiasro, the magnitude value of

the term-T,,(H,0) equals to the pressumg, (0) measured by the pressure

transducer.
Considering the linear pressure decrease alondfldie region (Z—Z :%W), it is
reasonable to extrapolate the pressure gradiextictoire the exit pressur,(S):

Py(0) = %S + Py(S) (D-9)
Combining Eq. D-9 with Eq. D-8, Eq. D-8 is rewriite

Ny (v, 0) dy = (Pe ) + %s) H+ [ 1, (Hx)dx  (D-10)

Substituting the variable y in the left side of E210 withy = HT—’, Eqg. D-10 is

written as:

2
[T Ny (5,0)d7=1,P(S) + -8 + 2 [T 1, (H, %) dx (D-11)

H H

The termr,,, represents the wall shear stress in the exit rejamx = 0tox =S

and differ from the fully developed stress duehi telocity rearrangement behavior.
It is rather difficult to derive a rule to exprdke term quantitatively, but a qualitative
expression related to the effect from the lengtthefexit region, wall shear stress and

Re number of the flow, can be deducted as:

Txy = —Twf (6 Tw; Re) (D-12)
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In which, @is defined ag =~ (0< x < S).

Taking Eq. D-12 into Eq. D-13, then Eq. D-13 is riéi&n as:

w W2 W2 1
Sy Ni(5,0) dz =1, P.(S) + -5 = =S [ "7, f (6 7,;Re) 4 (D-13)

Differentiating with respect to, on both sides, the equation fidi calculation is

finally obtained:

AP, 9 Tyw?
N, = B,(S) + 1, 6; oS (1= J, 7w f (87 Re) d0) (D-14)

Where the last right term indicates the flow retlsttion behavior close to the die
exit. Therefore, ignoring the flow redistributiortmvior closed to die exit, Eq. D-14

is be reduced to:

0P,

N, =P +r1, .

(D-15)

Generally,N, is expressed as a function of the wall shearsfoeghe fully developed

flow:

1\/1 = K‘[Wa (D'16)

This indicates that there should be a similar éqonaib combine the exit pressure

P,(S) and the wall shear stresg:
P(S)=K't," (D-17)

Taking Eq. D-17 into Eq. D-15, then the final siifipl equation regarding the exit

pressure method is:

dlog Pe
dlogt

Ny = P(S) + P(S) (D-18)
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D.2. Extra input on discussions of Chapter 5

D.2.1. Extra input on pressure measurementditatie

Table D-1. Measured pressures for various polymeltst(material parameters in
Table 6-1; plot in Fig. 6-2) at 20C (P (i=1, 2, 3) at different die distances (20, 120,
170 mm) and the calculated (experimental) exit resPex. Also given is the

coefficient of determination for the associate@dinfit.

Material Shi’;r)rate Pbar) P(bar) R(bar) Pebar)  R2 ()
343 4325 3099 518 0187  0.99970
439 5028 3561 6.09 0216 1
PP 642 6217 4412 751 0257  0.99998
822 6977 4997 835 0290  0.99970
934 7346 525 883 0323  0.99980
343 5529 3907 658  0.085 1
458 6174 436 735  0.094 1
LDPE 566  67.76 47.98 809 0152  0.99999
667 7121 5032 854  0.191 1
973 8588 6098 1030 0279  0.99996
187 9826 7021 11.85 0469  0.99981
350  131.60 93.78 1592 0638  0.99990
HDPE 518  157.37 11230 19.07 0.832  0.99986
641  172.68 12334 2094 0941  0.99983
76.7 18591 13292 2264 1.139  0.99981
235 4798 3355 583 0140  0.99980
330 5466 3822 665 0165  0.99981
PPIG20  52.0 6544 4581 7.96 0204  0.99983
68.4 7080 4967 860 0233  0.99990
775 7754 5460 946 0338  0.99997
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D.2.2. Geometry and Mesh patterns for 3D modelling

Figure D-2 presents two types of mesh patterns aiffarent mesh grids or densities.
Denser and smaller mesh elements are utilizedtheaxit singularity regions in the

case of refined mesh in Fig. D-3 in comparison Jé#s refined mesh in Fig. D-3.

0,
llyer

Ing, "

Figure D-2. 3D flow domain of a slit die profilerfthe isothermal (200 °C) flow simulations;

one quarter of the geometry is considered.

Fig. D-4 compares the extrudate width swell r&icand edge height swell ratigy
for HDPE melt with varying shear rates to checkrttesh sensitivity on the simulated
swell behavior. It is seen that there is no charfdbe evolution profiles of both swell
ratios with refining the mesh configuration. Thegkest difference foB; andB;isless
than 0.3% and 0.5%, respectively. This indicateat tthe swell behavior is

independent of the mesh pattern.
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Figure D-4. A comparison of the extrudate width lbwatios B: and edge height swell ratiz»

of HDPE melt as a function of wall shear rate viwtlo mesh patterns: Mesh and Refined mesh.
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D.2.3. Extra information on the rheological pedges of PP compo-
sites

Figure D-5(a) shows that only if the filler amoumtreases to 40 m%, a yield stress
phenomenon might start to occur, which cannot beenked for the PP/10GP and
PP/20GP melt in this study. Importantly, if théefilamount is lowered to 10 m%, the

Cox-Merz rule is valid again, as shown in Fig. )5(

10° -
(b) ® PP/M1OGP
4 = PP/10GP
10° 10°F ) PPIOGP
v Pesss.
5 255 c ToTs
’m‘ =3 =
o S COn
=1 a L =P |
g 10 g 10 b4°o O
g 2 &
5 2 :
7] 5
10°
10°
102 I 1 1 0} A A L
10" 10° 10’ 10" 10° 10’ 10?
@ (rad-s™) ¥ (s) or o (rad-s?)

Figure D-5. (a) Stress as function of the angutagdency for PP composites with mass amount
of 10%, 20%, 40% graphite; (b) Various types otussty for PP composite with 10% graphite
filler: complex viscosity from rotational rheometditled symbols; shear viscosity also from
rotational rheometer: open symbols; shear viscdsisn inline slit die method: half-filled

symbols.
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D.2.4. Extra details on the PTT model at 200 °C

D.2.4.1. Isothermal fit at 200C

Figure D-6 exhibits the fit of the rheological pespies of HDPE and LDPE melt, as
recorded in the present work (focus @) G”, complex viscosity, shear viscosities
and extensional viscosity), using the PTT mode2@Q °C. Good fittings for both
HDPE and LDPE melts indicate the reasonabilityhef material parameters in Table
6-2. It should be noted that the parametesrobtained according to the general trend
for the extensional behavior like no strain-hardgnifor polymers with linear
molecular structures like PP and HDPE, and strantiéning behavior at the smaller
strain rate range for polymer with chain-branchedcsures like LDPE [3-6]. For
completeness, parameters for PP melt at 200 °@edound Table 3-2 in Chapter 3

[7].

.| HOPE200°C —— PTTmodel (a) 10° ,
10°F ——PTT model 3 10° F
-
i I | a 10°
") e el e T
& . LT g 10E =
a Bt = 107 : 0 o e >
= 10° 5 =4 (=2 9 = =
S = ’ , 205 5. TSeg_
£ 10° o =10 F > 8,
——PTT modsl i e —
3 medel
10°F — -+ PTT model s — -PTTmodel 2
@ n-slitrheometer 10 ® sl heometer 10
5 i
" ™ erotational rheometer 10° - :‘rrmatinnul rheometer
Ly T . r T 10' . ; L L 10'
102 10" 10° 10" 102 10° 107 10" 10° 10 10° 10°
¥ (s?) or o (rad-s?) ¥ (s') or o (rad-s™)

Figure D-6. The viscosity values (left axis) obtinfrom various measurement ways; the
storage and loss modulus, G’ and G” from the iot&l rheometer (right axis): symbols
represent the experimental data and the curves #imewittings by PTT model (dash curve
represents the fitted extensional viscosity d¢e8)HDPE and (b) LDPE at 20C. Parameters

in Table 6-2 in the main text.
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D.2.5. Extra details on the impact of the fledistributions

For the three neat polymer melts (200 °C), Fig. (eft axis) compares at three shear
rates the simulated so-call®d, values obtained by extrapolation of red linesim F
D-7 (shaded colored bars) with the simulag: values based on the purple curves
in Fig. D-7 (evaluation at -0.15 mm,; full coloredrb; explanation see main text). It
is found that for all melts the flow disturbanceviiinity of the die exit leads to a
significantly higher-pressure value. In additidre telative contribution to the die exit
stemming from the velocity redistributidty, defined agF,, , — P.y)/ Py, Ca 25-
40%, is as shown in Fig. D-8 (right axis; blackigters). For example, for HDPE
flow at a shear rate of 51.8,5%,, . andP,, are 1.8 and 1.28 bar, and therefBpeis

around 30%.

9 4.0 4.0
7;,}@:,[;};}@;5},;,5;' (a) ——Without valocity redistribution | (b) —— Without velocity redistribution (c)
B | . With velocity redistribution 35 | == With velosity redistribution 35F ——w ty redistribution
HDPE T=518s" | LDPE V=667s" | __PP_Y=8
T+ 3o} 30f
= & T 25f =~ 25}
H = H
45t b=
¢ 20fF =20}
£ 2 e
2 4r o 45Fk a 15}
] £ ]
3 o =
¥ 10} & 10}
F18
05F 05f
1}
0.0 0.0}
oF
Y1 P S S S R S S TP 1 N S S P AP S TP
-5.0-4.5-4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.5 0.0 -5.0-45-4.0-35-3.0-2.5-2.0-1.5-1.0-0.5 0.0 -5.0-4.5-4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.5 0.0
Distance from die exit (mm) Distance from die exit (mm) Distance from die exit (mm)

Figure D-7. The pressure profiles along the did dia¢ction to the die exit while considering
the flow velocity rearrangements (purple dashetedaturve; full 3D model) and without doing
so (red curve; linear extrapolation) for (a) HDRE), LDPE, and (c) PP melt as approaching
the die exit at 200 °C. For the purple dashed dattedes, based on the results in Fig. 6-8 in
the main text, a position of -0.15 mm is used askarao minimize the impact of a possible

artificial error, i.e. the 3D simulated exit pressBex,r is determined there.
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Figure D-8. Left axis: a comparison of the simufatxit pressure while considering the
velocity redistribution near the die exit (so-cdllBexs; cf. purple curves in Fig. D-7) and
without doing so (so-calleBlex values;cf. red extrapolation lines in Fig. D-7) for HDPE (yed
LDPE (blue), and PP (green) melt at 200 °C and miiffeshear rates; Right axis (grey scale):
the relative contribution to the exit pressure amgrfrom the velocity rearrangemeiR, peing
(Pex.r — Pox)/ Pexr). There are significant deviations, but for aakleN: determinationdf. the
application of the conventional Eq. 6-4) this déwia can be ignored, as shown in Fig. 6-9 in

the main text.

D.2.6. Non-isothermal modelling with PTT model

Figure D-9 presents the non-isothermal viscositiesG'/” data for the three polymer
melts, HDPE, LDPE and PP at the temperature of 280,and 230C. Referring to

Eq. 6-15 in the main text 201 is selected as the reference temperature and the
corresponding viscosity functions at 180 and 230are obtained through a non-
isothermal fit of the experiment data. Good agre#rizeshown in Figure D-9 and the

corresponding material parameters are shown ineTéd3.
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Figure D-9. The viscosity values (left axis) obtrat three different temperatures (180, 200
and 230°C): open symbols: viscosity at low shear rate (CoxzZMeile); filled symbols:
viscosity at high shear rate from slit rheometére Storage G’ and loss G” modulus (right axis)
obtained at different temperatures: half-filled &gis: G’; open symbols: G”. All the curves

show the fit by the PTT model: (a) HDPE, (b) LDRil 4c) PP.

Table D-2. Extra material parameters of the netrper melts at the corresponding

highest shear rate (cf. Eq. 6-15 and Eq. 6-16).

HDPE LDPE PP Reference

k(Wm-K?)  0.44 0.3 0.11 8]
E (kIJmof) 27.3 46.6 40.5 This work
U(@m-s™1) 0.024 0.026 0.03 This work
T, (K) 473 473 473 This work
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In Table D-2, in comparison with HDPE, LDPE hasuaeér activation enerdy due
to the presence of chain branching [9]. To redbeeebmputational cost, 2D modeling
is utilized now to assess the non-isothermal flahdvior caused by the viscous

heating effect.

Fig. D-10(a)-(c) reveal the temperature distribatio the region close to die exit at
the corresponding maximum wall shear rate studiedeéch neat polymer melt, at
which the temperature gradient caused by the visdmating effect is generally
acknowledged to be the largest [10]. It is foundttthe maximum temperature
increase occurs on the symmetry flow plane clogbeaie exit, which is similar to
the previous results [10, 11]. The temperatureatiams at various shear rates can be
found in Fig. D-10(d). The corresponding maximumperature increases are 1@
for HDPE, 0.7°C for LDPE and 0.8C for PP melt, considering an ideal start
temperature profile with respect to the set tempeeaof 200 °C. This indicates that
the temperature increases (at least in the regionatose to the die exit) are less than
2 °C so that they can be neglected. This indicates ttea viscous heating effect
vanishes so that té: measurements by the means of the exit pressuteothere
free from this effect, at least considering theezkpental ranges investigated in this

work.
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Figure D-10. The simulated simplified 2D temperatdistribution of the three neat polymer
melts ( reference PTT model parameters in TableaBelTable D-3) at the largest wall shear
rates with 200 °C applied at the inlet and die walp a zero heat flug is set for simplicity

on the free surface and die outlet as we are alysing in the present work on the region very
close to the die exit; (a) PP at wall shear rate0& s'; (b) LDPE at wall shear rate of 113;s
(c) HDPE at wall shear rate of 103;4d) the maximal temperature increase at diffeveait
shear rates due to the heating effect; all simuiatiwvith an ideal set extrusion temperature of
200 °C. The results indicate that the viscous heatirfgcefcan be neglected for the

determination of the exit pressure.
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