______________________________________________________________________________________

António Gaspar Lopes da Cunha

M odelling and Opti misation of

Single Screw Ex trusion

Tese submet ida à Universidade do Minho para a obtenção do grau de Doutor em Ciência e

Engenhar ia de Polímeros

Universidade do Minho

1999

______________________________________________________________________________________

SUMÁR IO

A produção de produtos emplást ico por extrusão ou injecção é precedida pela plast icização dos polímeros emunidades mono fuso. Os mecanismos envo lvidos neste processo são complexos e dependem do mater ial, da geo metria e das condições de operação utilizados.

Usualmente, a definição das condições de operação ou da geometr ia do parafuso é baseada numprocesso de tentativa e erro. Ummétodo mais eficiente ser ia a determinação das condições de operação ou da geometr ia do parafuso de forma a obter-se o desempenho desejado, ou seja, resolver o problema inver so. Isto não é uma tarefa fácil, dado que a for mulação inversa da plast icização não pode ser obtida explicitamente. Além disso, a solução pode não ser única, dado que diferentes combinações da geometria do parafuso e/ou das condições de operação podemproduzir o mesmo desempenho. Uma estratégia alternat iva é desenvo lver umalgor it mo de optimização onde, as equações disponíveis para reso lver o problema directo são usadas iteractivamente até que a solução convir ja para umóptimo.

Neste trabalho implementa-se este esquema automát ico de optimização. Para isso seleccio naram-se os Algorit mos Genét icos como algorit mo de optimização, devido à sua capacidade para lidar comproblemas co mbinatórios e ao facto de não necessitaremdo cálculo de derivadas nemde outro tipo de infor mação adicio nal. O desempenho de umesquema de optimização deste tipo depende, primar iamente, da validade das predições, e também, da sensibilidade da rotina de modelação a variações nos dados de entrada. Desta forma, fo i implementada e validada uma rotina de modelação capaz de ter estes aspectos em consideração e, simultaneamente, produzir resultados empouco tempo de computação.

A ligação do algor itmo de optimização coma rotina de modelação é feita através de uma função object ivo que quantifica os critérios relevant es bemco mo a sua relat iva importância para o processo. Tendo emconta a complexidade do espaço de procura e a existência de conflitos entre os critérios fo idesenvo lvido umnovo algor itmo de optimização mult io bject ivo usando Algor ithmos Genét icos ˘ Reduced Pareto Set Genetic Algorithm (RPSGA). Este método incorpora uma técnica de redução do conjunto de Pareto. O algor it mo fo ivalidado usando problemas de teste ( benchmark problems ) conhecidos. Ao mesmo tempo, a metodologia fo iusada para a resolução de umproblema realde extrusão e o seu desempenho fo ico mparado como de outro algor it mo Nondominated Sorting Genetic Algorithm (NSGA).

Os resultados obtidos parecemindicar que este algor itmo pode ser muito útil, especialmente

______________________________________________________________________________________ quando são necessár ias populações de grandes dimensões. Verificou-se, também, que a metodologia é capaz de produzir resultados comsignificado físico.

A metodologia de optimização aquidesenvo lvida fo iaplicada na optimização das condições operatórias e no desenho de parafusos para casos de estudo específicos. Como object ivo de validar a metodologia de optimização computacional co mparam-se os resultados de uma análise factorial completa , usando exper iências de extrusão, comos resultados obtidos quer por uma rotina analít ica (previamente implementada) quer pela rotina numér ica implementada neste trabalho. É possívelver ificar que o modelo numér ico produz melhores resultados. No caso do desenho de parafusos, ver ifica-se que os resultados obtidos são sensíveis à importância relat iva dos diferentes cr itér ios e a mudanças nas condições operatórias e nas propriedades dos polímeros.

______________________________________________________________________________________

SUMMARY

Upon manufacturing plast ics parts byextrusion or inject ion, polymers are plast icised in single screw units The mechanis ms invo lved in this process are complex and material, geometr yand operation dependent. Usually, the setting ofthe extruder operating condit ions or the establishment ofthe adequate screw geometryis based on trial-and-error. A more efficient method consists in determining the operating condit ions or screw geometrythat produce the desired per for mance, i.e. to solve the inverse problem. This is not an easytask, since the inverse for mulat ion ofplast icat ing extrusion cannot be explic it ly obtained. Also, the solut ion is probablynot unique, since different combinat ions o fscrew geometryand/or operating condit ions might produce the same per formance. An alternat ive strategyis to develop an optimisat ion algorithm, where the equations available to solve the direct problemare used iterat ively, until the so lution converges to anoptimum.

In this work such an automat ic optimisat ion scheme is implemented. Genetic Algor ithms

(GAs) are chosen as the optimisat ion algorithm, given their capacit y for dealing wit h combinatorial-t ype problems and the fact that theydo not require neit her der ivat ive infor mat ion nor other addit ionalknowledge. The perfor mance o fsuch an optimisat ion scheme depends, mainly, on the validit yo fthe predictions and also, on the sensit ivit y ofthe modelling package to changes in the input var iables. Therefore, a numer ical modelling package able to take these aspects into considerat ion and, simultaneously, produce results with lower computation time, is also implemented and validated.

The linkage between the optimisation algor ithmand the modelling package is made through an object ive funct ion that quantifies the relevant criter ia and their relat ive importance to the process. Given the complexit y ofthe search space and the existence ofso me conflict ing cr iteria a new mult io bject ive optimisat ion method using GAs ˘ Reduced Pareto Set Genetic

Algor ithm(RPSGA) ˘ was developed. This method incorporates a technique for reducing the

Pareto set. Wellknown benchmark problems were used to validate the algorithm. Also, a

^real world~ extrusion problem is so lved. Compar isons are made with Nondo minated Sorting

Genet ic Algorithm (NSGA). The results obtained seemto indicate that this approach can be ver yuseful, especially where there is the need to use large populat ions. This optimisat ion methodologyis able to produce results with phys icalmeaning.

______________________________________________________________________________________

The methodologydeveloped in this work is applied to the optimisat ion ofthe operating condit ions and screw design for specific case studies. A fullfactorialanalys is, using extrusion exper iments, was carried out in order to assess the computational results, obtained byboth analyt ical ( implemented previously) and numer ical modelling packages. The results allow one to conclude that the approaches where the numer ical model is used yield better results. The results obtained for screw design show that the optimisat ion algor ithmis sensit ive to the importance ofthe different criter ia, to changes in the operating condit ions and to changes in the polymer properties.

______________________________________________________________________________________

AC KNOWLEDGEMENTS

I take this opportunit yto express my deep gratitude to myresearch and scient ific advisor,

Prof. José António Covas, for his support, encouragement and availabilit y. I amindebted to himfor the opportunit yto work in the area ofpolymer extrusion. I hope to continue this profitable co llaboration in the future.

I amalso indebted to Prof. Pedro Oliveira for his important support and contribution on the field ofoptimisat ion.

I would like to thank the Departamento de Engenharia de Polímeros , the Instituto de

Materiais and the Centro de Engenharia de Polímeros ofthe Universit y of Minho for the facilit ies, equipment and financial support provided.

I would also like to thank the Centre de Mise en Forme des Materiaux , specially Professors

Jean Franço is Agassant and Bruno Vergnes, for the facilit ies and equipment provided as well their fr iendly hospitalit y.

The financial support provided by the co-operation programme ofthe Junta Nacional de

Investigação Científica e Tecnológica and the French E mbassyin Portugalwas also ver y useful.

The contribut ion ofall the people ofDEP, in part icular João Manuel Maia, is also gratefully acknowledged.

At last, but not least, my gratitude goes to my family wit hout whomthis work would not have mater ialised.

______________________________________________________________________________________

INDEX

Sumár io iii

Summar y v

Acknowledgements vii

Index ix

Nomenclature xi

1- Introduction 1

2- Extrusion optimisat ion 3

2.1- Introduction 3

2.2- Optimisat ion techniques 5

2.3- Genetic Algorithms 14

2.3.1- Genetic operators 19

2.3.2- Sizing the populat ion 26

2.3.3- Niching and speciat ion on GAs 27

2.4- Object ive funct ion 33

2.5- Mult iobject ive optimisation 35

2.5.1- Reduced Pareto set 38

3- Modelling ofsingle screw extrusion 45

3.1- Introduction 45

3.2- Extruder geometr y 46

3.3- Solids conveying 49

3.4- Delay 59

3.5- Melt ing 68

3.6- Melt conveying 75

3.7- Computer implementation 81

4- Exper imentalwork 91

4.1- Polymer properties 91

4.2- Extruder 93

4.3- Statist icaldesign ofexper iments 95

4.4- Optimisat ion related to the assessment ofGAs 96

5- Results and discussio n 99

5.1- Introduction 99

5.2- Case studies 99

5.3- Modelling results 102

5.3.1- Setting the numer ical modelling parameters 102

5.3.2- Parameters definit io n 108

5.3.3- Assessing the modelling results 111

5.4- Optimisat ion results 123

5.4.1- Setting the GA parameters 123

5.4.2- Optimisat ion ofthe processing condit io ns 141

5.4.3- Screw design 150

______________________________________________________________________________________

6- Conclusio ns 165

7- Suggestions for further work 169

8- References 171

9- Appendices 179

A- Grooved feed sect ions 179

B- Polymer properties 189

C- Setting the numer ical parameters 197

D- Results ofthe numer ical modelling routine 205

______________________________________________________________________________________

______________________________________________________________________________________

NOMENCLATURE

Greekcharacters

a inclinat ion angle o fthe screw channel

a constant (equation 2.11, genetic algorithms)

a s ther maldiffusivit yo fthe solid plug

d (H) length ofscheme H

d C thickness ofthe melt filmC (delay and melt ing zones)

d DE thickness ofthe melt filmD/E (delay zone II and melt ing zone)

d

f flight clearance

f solids conveying angle

g shear strain

g weighted average totalstrain (WATS)

g

� shear rate g � mean shear rate h melt viscosit y h i,j viscosit yon the point ofcoordinates i,j ofthe finite differences gr id l heat of fusio n ofthe polymer q average helix angle q helix angle q b helix angle at the barrelsur face q s helix angle at the root ofscrew r m melt densit y r s solid bed densit y s share radius ofa circumference that is the maximumdistance between chro mosomes t shear stress t yx |C shear stress acting on the inter face A-C in the direct ion x t yx |DE shear stress acting on the inter face A-DE in the direct ion x t yz shear stress acting in the direct ion z

Roman characters

A slope ofthe taper

A

1

, A

2

constants ofthe pressure profile equat ion for solids conveying zone

A´

1

constant ofthe pressure profile equat ion for delay zone I a constant ofthe power law viscosit yequation a ij regression constants (equation 2.6)

B

1

, B

2

constants ofthe pressure profile equat ion for solids conveying zone

B´

1

constant ofthe pressure profile equat ion for delay zone I

______________________________________________________________________________________ b distance ofthe temperature controller to the interface b N groove width c constant c p specific heat ofthe melt

D b

inter nalbarreldiameter

D i

inter nalscrew diameter

D s

externalscrew diameter

D average screw diameter d is the distance in the y direct ion such that )dy(T)dy(T s s

= = =

2 1

D pointer distance between pointers (equation 2.10) d ij distance between individuals i and j e flight width e m

total mechanicalpower consumpt ion for melt ing zone e mbp

mechanicalpower required to build up pressure (melt ing zone) e mcl

mechanicalpower dissipated onthe clearance ( melt ing zone) e mfC

mechanicalpower dissipated onthe melt filmC (melt ing zone) e mfDE

mechanicalpower dissipated onthe melt filmDE (melt ing zone) e mp

mechanicalpower dissipated onthe melt pool( melt ing zone) e p

total mechanicalpower consumpt ion for melt conveying zone e pcl

mechanicalpower dissipated onthe clearance ( melt conveying zone) e pp

mechanicalpower required to build up pressure (melt conveying zone) e psc

mechanicalpower dissipated onthe screw channel( melt conveying zone) e w

total mechanicalpower consumpt ion for solids conveying zone e´ w

mechanicalpower consumpt ion (delay zone I) e wb

mechanicalpower dissipated onthe barrelsur face (so lids zone)

¢ wb e mechanicalpower dissipated onthe barrelsur face (delayzone I) e wf

mechanicalpower dissipated onthe flights e wp

mechanicalpower consumpt ion for compressio n e ws

mechanicalpower dissipated onthe screw root

F perfor mance measure

Ñ F gradient of F

F 1 fr ict ion force between the barreland the solid bed

F 2 , F 6 forces due to the pressure gradient

F 3 , F 4 fr ict ion forces due to the contact ofsolid bed with screw walls

F 5 fr ict ion force due to the contact ofso lid bed wit h screw root

F 8 , F 8 nor malreact ions

FO I object ive function ofindividual I f mean value ofthe object ive funct ion ofall population f object ive function f b polymer fr ict ion coefficients at barrelsur faces f s polymer fr ict ion coefficient at screw surface f(H) mean value ofthe object ive funct ion ofall individuals o fgeneration t

______________________________________________________________________________________ f(t)dt residence time distribut ion funct ion (RTD)

G funct ion g j j inequalit y constraints

H scheme (genet ic algorithms)

H channelheight

H 1 channelheight in the feed zone

H 2 channelheight in the meter ing zone

H s height ofthe so lid bed h k k equalit yconstraints h N groove height h N0 maximumgroove height

K constant ofthe pressure profile equat ion for solids conveying zone k 0 constant ofthe power law viscosit yequation k b ther malconductivit y ofthe barrel( metal) k m ther malconductivit y ofthe melt k p ther malconductivit y ofthe screw ( metal).

k s ther malconductivit y ofthe so lid polymer l number ofalleles or genes limit indifference limit above which the perfor mance ofthe solut ions is considered as similar z A m | � down-channel mass flow rate in the solid bed, at localisat ion z z z| A m D + � down-channel mass flow rate in the solid bed, at localisat ion z+ D z z| By m � rateofmelt circulat ion thoroughthe poolin x-y plane z| C m � down-channel mass flow rate, for zone C at localisat ion z z| Cx m � net flow rate out ofthe film, to melt pool, in the x direction z z| C m D + � down-channel mass flow rate ofthe melt film C, at localisat ion z+ D z z| DE m � down-channel mass flow rate ofthe melt film DE, at localisat ion z z| DEx m � net flow rate out ofthe filmD/E, to melt filmC, in the x direct ion z z DE m D + | � down-channel mass flow rate ofthe melt film DE, at localisat ion z+ D z m( H,t) number ofcopies ofthe scheme H on generat ion t m´ I niche count ofindividual i

T m � totaldown-channelmass flow rate

N number ofindividuals on the populat ion (genet ic algor ithms)

N screw speed

N 1 ,N 2 range ofvar iation ofscrew speed

N_ranks pre-defined number ofranks

N max maximumnumber ofpossible values for screw speed

NS number ofindividuals to be selected n constant ofthe power law viscosit yequation o(H) scheme order

P pressure

P i,j pressure onthe point ofcoordinates i,j ofthe finite differences gr id

P

1 , P

2

pressures at the at down-channeldistance z 1 and z 2 , respectively p number ofscrew flights in parallel p c crossover rate

______________________________________________________________________________________ p m mutation rate q number ofpeaks

Q globalqualit y function (equat ion 2.28)

Q vo lumetric output

Q * vo lumetric flow rate associated with the neighbourhoods ofplane y

Q * c vo lumetric flow rate associated with the neighbourhoods ofplane y c q b heat flux on the barrel q f heat flux on the flights q s heat flux on the root ofthe screw

C R melt ing rate over interface A-C

D R melt ing rate over interface A-D

E R melt ing rate over interface A-E r sphere radius that contains the totalspace (equation 2.17)

S screw pitch

Sh() shar ing funct ion

SP select ion pressure

T temperature

T 0 constant ofthe power law viscosit yequation

T ( y ) cross temperature profile (direct ion y )

T b barreltemperature

T b1 ,T b2 range ofvar iation ofbarreltemperature

T bmax maximumnumber ofpossible values for barreltemperature

T i,j temperature on the point ofcoordinates i,j ofthe finite differences gr id

T m melt ing temperature

T s temperature at screw surface

T s0 temperature ofthe polymer at extruder entrance

T s1 temperature profile for region 1

T s2 temperature profile for region 2 t generat ion number (genetic algor ithms) t polymer residence time inside the extruder t(y) residence time associated with each path-pair ( y - y c ) t f time fract ion that a fluid element spends on the upper portion ofthe channel t dom size ofthe compar ison set t max maximumnumber ofgenerat ions

V vo lume that contains the totalspace (equation 2.18)

V b barrelvelocit y

V bx barrelvelocit y in transversaldirect ion

V bz barrelvelocit y in down-channel direction

V L melt velocit yin the dir ect ion ofscrew axis

V sy velocit y ofthe so lid towards solid- melt film inter face (delay zone I)

V sy1 velocit y ofthe so lid towards the solid- melt filmC inter face

V sy2 velocit y ofthe so lid towards the solid- melt filmE inter face

V sz solid bed velocit y

V x velocit y profile in x -direct ion

V z velocit y profile in z -direction z V average o fthe V z velocit yin x direct ion

W channelwidth

W b channelwidth at the barrelsur face

______________________________________________________________________________________

W s channelwidth at the root ofscrew

W B melt poolwidth

W average channel width w j weight attributed to criterion j

X coordinate x offinite differ ences gr id po ints x Cartesian coordinate

D x different ial element in the x direct ion

Y coordinate y offinite differ ences gr id po ints y Cartesian coordinate y c lower position a polymer particle onthe channel(direction y )

D y different ial element in the y direct ion z 1 , z 2 down-channel distances z m helical distance fromthe hopper to the locat ion where the lower and lateral melt films for m

D z different ial element in the z direct ion

______________________________________________________________________________________

______________________________________________________________________________________

1- INTRODUCTION

Single screw extrusion is one ofmost important polymer processing techniques and is also the basis ofa number ofother important processing techno logies. This explains the amount of both exper imental[MAD 59, STR 61] and theoreticalwork [TAD 70]. The pioneer ing work of Maddock and Street [MAD 59, STR 61], on the understanding ofthe phys icalmechanisms taking place inside the extruder, induced a number ofnew developments, such as barr ier screws, mixing sect ions, grooved barrels, etc. Moreover, the mathemat ical modelling ofthe pheno mena developing inside the extruder [AGA 96, O´BR 92], enabled the use ofsoftware to studythe perfor mance o fexist ing systems and, eventually, to define the processing condit ions (and/or the equipment character ist ics) for new mater ials/applicat ions, with a minimumo fexper imentaleffort.

The available software is able to predict some important process performance parameters, such as mass throughput, power consumpt ion, melt temperature and melt temperature ho mogeneit y, degree ofmixing, length ofscrew required for melt ing and pressure generat ion, for a given set ofscrew geometry, mater ialproperties and operating condit io ns. Nevertheless, the definit io n ofthe operating condit ions or the design o fa new screw is a trialand error process, where the operating condit ions or the screw geometr yare changed unt ilthey meet the desirable per for mance measures. Present ly, the challenge is to solve this optimisat ion problem automat ically, i.e., to obtain the optimal operating condit ions or screw geometr yfor a given polymer and screw geo metr yor processing condit ions, respectively. This is not an easytask, since the inverse for mulat ion ofplast icat ing extrusio n cannot be explicit ly obtained. Also, the solut ion is probably not unique, since differ ent combinat ions ofscrew geometr yand/or operating condit ions might produce the same per for mance [COV 95]. Therefore, the development ofan optimisat ion algor ithm, where the equations available to solve the direct problemare used iteratively, unt il the convergence ofthe solut ion to an optimum, is necessar y

[COV 99].

This work discusses the implementation ofsuch automat ic optimisat ion scheme for plasticating single screw extrusion. Genet ic algor ithms were selected for this purpose, given their capacit yfor dealing with co mbinatorial-t ype problems and the fact that theydo not require der ivat ive infor mation neit her another additionalknowledge [GOL 89a].

The results produced byany optimisat ion algor ithm depend, principally, ofthe modelling package, i.e., oftheir sensit ivit yto changes in the input var iables and their correspondence

______________________________________________________________________________________ with the realproblemunder study. Given their complexit yand the number ofvar iables invo lved, this is a challenging problem. This probablyalso explains the scarcit yofliterature onthe subject [POT 94, FAS 94].

In chapter 2 the optimisat ion algor ithm(Genet ic Algor ithms) used in this work is descr ibed and co mpared with other techniques. Simultaneously, the methods used to quantify the system perfor mance, a conventionalobject ive function and a new mult iobject ive optimisat ion scheme, are presented.

Since it is important that process modelling produces adequate results, a compro mise between complexit yand comput ing time vs. relaxat ion ofsimp lifications frequent lyassumed, must be discussed. Chapter 3 presents the global modelling package implemented. The functional zones in the screw are considered sequent ially, and the results, such as cross temperature profiles, pressure, output, residence time distribut ion, power consumpt ion and solid bed profile, are computed.

Extrusion exper iments were carried out, using a full factorialanalys is, in order to verify the validit yo fthe computationalresults. The results, eit her using an analyt icalor numer ical model, are co mpared with exper imentaldata in chapter 5. In the same chapter, the optimisat ion methodologydeveloped in this work is applied in the optimisation o fthe operating condit ions and to the design ofa screw for specific case studies.

______________________________________________________________________________________

2- EXTRUSION OPTIMISATION

2.1- Introduction

A plast icat ing extruder receives the polymer fro mthe hopper, melts and ho mogenises it and pumps it to the die. The phys icalpheno mena developed inside the machine are complex, and were onlyfully understood after intense exper imentaland theoreticalwork [TAD 70, RAU

86, AME 89, AGA 96]. Theycorrespond to a set ofsequent ialfunct ionalzones that are usually ident ified as (Figure 2.1):

i) iv) v) iii) ii) vi)

Transversal cuts

Figur e2.1- Physical phenomena insidethe extruder.

i) Solids conveying in the hopper - gravit yconveying o fgranular materials;

ii) Solids conveying in the screw - fr ict ion drag solids conveying;

iii) Delay zone - conveying ofso lids (partially) surrounded by a melt film;

iv) Melting zone - with a specific melt ing mechanism;

v) Melt conveying ;

vi) Melt flow throughthe die.

For modelling purposes these funct ional zones are sequent ially connected using the appropriate boundar ycondit ions, i.e., the results obtained within one zone are the input condit ions for the subsequent one. The systemgeometry, the polymer properties and the operating condit ions are taken into account, in order to obtain so me per formance measure of the process, such as output, melt temperature, power consumption or degree ofmixing.

However, in the most situations, it is necessar yto define the operating condit ions and/or the systemgeometryin order to obtain the best systemper for mance. This corresponds to the inverse for mulat ion ofthe problemthat can be understood as an optimisat ion problem.

______________________________________________________________________________________

At present, the most commo n method used for optimisat ion and design ofthe extrusion process is that oftrial-and-error. The operating condit ions (screw speed and barrel temperatures) are var ied and the corresponding perfor mance is analysed unt iltheymeet the necessar yspecificat ions. This process can be carr ied out either using so ftware or by exper imentation.

In this approach optimisat ion corresponds to the resolut ion ofthe inverse problem( by opposit ion to the direct problem, where for a specific geo metry, operating condit ions and mater ialproperties, equations are solved in order to the process perfor mance parameters), i.e., obtaining the operating condit ions or the screw geometr ythat satisfy the per formance parameters, such as output maximisat ion, melt temperature minimisation, degree ofmixing maximisat ion, etc.

The most efficient and intuit ive way ofso lving extrusion optimisat ion problems is through their inverse for mulat ion, where the equations that govern the process are solved in order to the operating condit io ns or to the screw geometr yand taking into account the boundar y condit ions. This is not an easytask, especially for such a complex process as plast icat ing extrusion where the inverse for mulat ion cannot be explicit ly obtained. Also, the problemis ill posed, i.e., the solution is not unique, since different operating condit ions or screw geometry can produce ident icalper for mance measures [COV 95].

Therefore, the use ofan optimisat ion methodologycoupled to the available so ftware to solve the direct problemthrough an object ive funct ion that quantifies the per formance is necessar y.

Figure 2.2 illustrates such a methodology. The optimisat ion algor ithmuses the modelling package, iteratively, to obtain infor mat ion about the process through this object ive function.

For that, the modelling package receives, fro mthe optimisat ion algor ithm, the values ofthe var iables to optimise and evaluates the corresponding systemper for mance, using the database. A measure ofthe systemper for mance is passed to the optimisation algor ithm through an object ive funct ion that takes into account the severalper for mance parameters and their relat ive importance.

There are several optimisat ion algor ithms able to satisfy these requirements and severalways to quantifythe process performance. This chapter discusses the implementation ofthe above methodologyto polymer extrusion process.

20

______________________________________________________________________________________

Optimisation Algorithm

Database

Modelling

Package

Objective

Function

USER

Figure 2.2- Optimisat ion methodology.

2.2- Optimisat ion techniques

The role ofoptimisat ion is to find the best set ofparameters that optimise an object ive funct ion, particular ly by improving the per formance in the direct ion ofso me optimalpo int or points [GOL 89a]. In general, the aim is approach to the global optimum, on a given search space, by maximis ing or minimising the object ive function, which can be subjected to equalit y or/and inequalit yconstraints. In the case ofa maximisat ion problem, the mathemat ical for mulat ion is the fo llowing:

K k x h

J j x g

N i x f i k

i j

i

, , 1 0 ) (

, , 1 0 ) ( to subject

, , 1 ) ( maximise

�

�

�

= =

= ³

=

(2.1)

where f is the objective function of the N parameters x i , g j are the J

( J ³ 0) inequalityconstraints, and h k are the K ( K ³ 0)equality

constraints.

Realwor ld optimisat ion problems ( like polymer processing) might invo lve linear or non-

linear objective funct ions, linear or non-linear constraints, integer and/or continuous var iables,

stochast ic or determinist ic inputs, and single or mult iple cr iter ia. Therefore, some algor ithms

may be better adapted to the characterist ics ofspecific problems, while others can work

satisfactoryacross a large spectrumofproblems [GOL 89a].

______________________________________________________________________________________

The aim of this section is to point out thecharacteristics of some

general purpose optimisation techniques, in order to select the more

adequate for theproblem under study.

Randomsearch

This technique consists simply in select ing rando mly po ints fromthe search space and

evaluat ing them. This technique has the limitat ion ofworking wit h one point each time, which

does not provide an amplifying overview ofthe search space; moreover, search is ver yslow

since the technique does not use anyavailable infor mat ion on the problem. Randomsearch is

seldomused [BEA 93a].

Gradient Methods

These methods use infor mat ion about the object ive funct ion gradient in order to establish the

search direct ion. For instance ifthe object ive is to optimise the funct ion y = f ( x 1 , x 2 ), froma

given starting point P ( x 1 (0) , x 2 (0) ) the gradient vector used is:

þ ý ü

î í ì

¶

¶

¶

¶ =

2 1

,

x f

x f

f grad

(2.2)

It can be proved that this vector has the direct ion ofthe largest increase of f [TOL 75]. These

methods perfor mwell wit h unimodal functions, but theyhave the tendencyto converge to the

fir st peak found with mult imodalfunct ions (Figure 2.3). Also, when the der ivat ive (or an

approximat ion to the der ivat ive) cannot be determined these methods cannot be used. The

search is local, since the search stops when one optimumis found [BEA 93a]. Gradient

methods can be co mbined with rando msearch in order to overcome this problem. After

locat ing one peak using the gradient method, a new starting po int is randomly chosen in order

to find a new peak. The process is repeated until a number ofprescr ibed peaks are detected.

However, each of hillclimbings is carr ied out in isolat ion, i.e., the method evaluates the same

number ofpoints on the var ious regio ns ofthe search space regardless oftheir objective

funct ion values [BEA 93a].

______________________________________________________________________________________

P

Starting

point

Peak

found

Hillclimb f ( x )

x

Figur e2.3- Thesearch by gradient met hods.

Simulated Annealing

Simulated annealing makes a parallelism with the wayliquids freeze or metals recr ystallise

dur ing the annealing process. When a melt, init ially at high temperature and disordered, is

slowly cooled down, the systemat anyt ime is approximatelyunder ther modynamic

equilibr ium. The systembeco mes progressivelyordered and approaches a frozen ground state.

When the init ial temperature is too low, or the cooling is insufficient lyslow, the system may

beco me quenched, i.e., trapped in a localminimum energystate [RUT 89].

Byanalogy, simulated annealing optimisat ion starts fromone po int randomly selected fro m

the search space (an init ial ther modynamic state with a given energy- E - and temperature -

T ), and makes a rando m movement (keeping the temperature constant, the init ial

configuration is perturbed and this energy change ˘ D E ˘ is computed). This movement will

be accepted ifimprovement is obtained ( i.e. ifthe change in energyis negative), and accepted

with a determined probabilit yin the opposite case (positive change in energy). As the search

proceeds, this probabilit ydecreases froma value clo se to 1 to near zero (in the phys ical

analogy the probabilit yis given bythe Bo ltzman distr ibut ion ˘ exp [ D E / T ]). For the current

temperature, the process is repeated a number oftimes sufficient to produce a good sampling

ofthe search space. Then, the temperature is decreased and the ent ire process repeated until a

frozen state is attained ( T =0). The application o fthis algorithm requires the cho ice ofthe

init ialtemperature, the number ofiterations to be performed at each temperature, and how

much the temperature is decremented at each step [RUT 89]. As in the case ofthe random

search, the method works only wit h one point each time [BEA 93a].

______________________________________________________________________________________

Neuralnetworks

Neuralnetworks are search algor ithms based on the structure and the working ofthe human

neuron. Optimisat ion is carr ied out after ident ifying and learning the patterns that relate the

input to the output data. Figure 2.4 illustrates a simple neural network structure the

Feedforward Artificial NeuralNetwork (FANN) or back-propagation network [RUM 86],

used commo nlyfor modelling and controlpurposes. It is constituted byan input layer (given

bythe parameters to optimise), an output layer (represent ing the object ive funct ion) and a

hidden layer that makes the connect ion between the two. A network ofnodes (named

neurones) const itutes each ofthese layer s. The output ofa neurone is affected bya weight (the

parameters ofthe network) and passed to all neurones in the subsequent. Such weights modify

the value ofthe signals that cross a given connect ion, thus making possible to produce a

desired output value for a given set ofinputs. Theyare defined after an adaptation and

lear ning state using training data.

N

T 1

T 2

T 3

Objective

function

1 1 Bias

Input

layer

Hidden

layer

Output

layer

Figur e2.4- Structureof a simpleneural net work.

The network is evaluated byfurnishing input data to the neurones in the input layer. The data

is passed to the hidden layer without calculat ions, where it is processed bythe neurones and

propagated to subsequent layers. The output ofthe network is a funct ion represent ing the sum

ofthe contribut ions ofthe inputs to that network. Ifthe bio logicalanalogies are ignored, this

methodologyfits the neural network parameters to data, i.e., is a formofnon-linear

regression.

Alt hough this technique is wellsuited to a wide range ofproblems, the learning stage can be

ver ylo ng and new training is required when considerable modifications to the problem

condit ions are made [WAS 89, DIR 93, DIR95].

______________________________________________________________________________________

Expert systems

An expert systemsimulates the interaction ofthe user with a specialist to solve a problem. It

compr ises (Figure 2.5) a knowledge base, a knowledge acquisit io n component, an interactive

component, an explanat ion co mponent, and an inference co mponent [WOR 94]. All the facts,

rules and know-how are collected in the knowledge base, where the knowledge acquisit io n

component provides communication between the specialists ofthe process and the knowledge

base. New infor mat ion is incorporated in the base, for example, by monitor ing how human

specialists solve var ious t ypicalproblems. A lot ofinteract ion with the specialists is thus

necessar y, in order to create a data base with the adequate dimension, able to work with

var iat ions on the operating condit io ns, mater ials properties and systemgeo metry. The

interact ive co mponent is the link between the final users and the knowledge base, either by

solving the problem( inference co mponent) or byexplaining the so lut ions (explanation

component) and the decisio n- making process to the user. This methodologyhas been used to

solve severaldesign problems [BRO 86, THO 89, POW 89, WOR 94].

Knowledge

Acquisition

Component

Explanation

Component

Inference

Component

Interactive Component

KNOWLEDGE BASE

EXPERTS USERS

Figur e2.5- Expert system[WOR 94].

Sensitivity analysis

A sensit ivit y analysis is generally used to quantifythe relationship between var iat ions o fthe

parameters to optimise ( independent var iables) and var iat ions ofthe object ive funct ion

(dependent var iables). It consider s the change in a per formance measure F as a function ofthe

parameter x , through a funct ion G [SMI 94]:

( ) x x f G x F ),( ) ( = (2.3)

______________________________________________________________________________________

where f is the objective funct ion or the cr iterion to satisfy. The gradient (the design

sensit ivit y) is given by:

( ) ( )

x x ), x ( f DG

Dx

) x ( Df

f x ), x ( f DG

Dx

) x ( DF

) x ( F

¶

+

¶

= = Ñ (2.4)

Once this sensit ivit y is known, the effects ofa var iat ion o fthe parameter d x on the objective

funct ion can be est imated using e.g. finite differences ( forward differences):

x

) x ( F ) x x ( F

Dx

) x ( DF

d d - +

= (2.5)

Despite its simplicit y, the finite difference method is often inaccurate and inefficient, making

it necessar yto use other techniques, such as dir ect different iat ion or adjo int methods, which

complicate the optimisation scheme [SMI 94].

Statistical methods

The aim here is to evaluate data, obtained either by computer modelling or byexper imental

means, through the use ofan objective funct ion [TAD 70]. Severalexper imentaldesigns are

available, such as full factorial, centralco mposite, lat in square, Plackett-Burman, Box-

Behnken, Taguchiand simplex design [MON 91]. The choice ofa method depends on the

character ist ics ofthe problemunder study, namely the number of factors and levels for each

factor, the factors type (continuous or discrete), the type ofresponse var iable to study, the

sample size (number ofreplicates) and the restrict ions invo lved [MON 91].

In polymer extrusion, assuming unifor mtemperature along the barrel, the full factorial

method produces an equation, for each one ofthe dependent var iables, ofthe type:

( )

b b b b j T N a T a N a T a N a a T N f 12

2

22

2

11 2 1 0 , + + + + + = (2.6)

where f j is one ofthe j dependent var iables, N is the screw speed, T b is the barreltemperature,

and a k and a kl are constants determined byregression analys is fro mexper imentalor modelling

data. The optimum ofthis funct ion can be determined either bycalculat ing the gradient vector

(equation 2.2) or byusing graphical means. In realproblems the temperature along the barrel

is not constant, which might increase the number ofindependent var iables beyo nd reasonable

limits.

______________________________________________________________________________________

When the relat ions between the criter ia and the independent var iables are established fro mthe

results ofa mathemat ical model, it is not possible to detect eventualinteractions between the

var iables, since the exper imentalvar iation is not present [MEN 92].

Evolutionary Algorithms

Evolut ionar y Algorithms (EAs) are a class ofstochast ic search techniques. Theyinclude the

fo llo wing methods [SPE 93a, CHI 95a]:

· Genet ic Algorithms (GAs), proposed byJohn Holland [HOL 75];

· Evolut ionar y Strategies ( ESs), proposed by Rechenberg [REC 73];

· Evolut ionar y Programming (EP), proposed by Fogel et al. [FOG 66];

· Genet ic Programming (GP ), proposed by Koza [KOZ 91].

Starting fro ma poolofpo ints theyconfine progressivelythe region where the optimumis

located through the applicat ion ofgenetic operators (Figure 2.6).

The differences between the var ious techniques are related to the coding representation ofthe

search space, to the types ofselect ion mechanisms used, to the structure ofthe operators, and

to the measures ofacco mplishment. Evolutionar yprogramming (EP) is mainly used in

artificial intelligence, whereas genetic programming is used to develop more complex

structures such as Lisp expressio ns or neuralnetworks to solve specific problems. Genet ic

Algor ithms (GAs) and Evo lut ionar yStrategies ( ESs) are mainly used in optimisation

problems and have similar per formance [SPE 93a]. GAs have probably received more

attention in the literature, particular ly to tackle multiobject ive optimisat ion problems [ FON

93, HOR 94, SRI 95].

______________________________________________________________________________________

Objective

Function

Parameter 2

Parameter 1

OPTIMUM

Objective

Function

Parameter 2

Parameter 1

OPTIMUM

Objective

Function

Parameter 2

Parameter 1

OPTIMUM

Initial Population 2nd Generation

ith Generation nth Generation

Objective

Function

Parameter 2

Parameter 1

OPTIMUM

Figur e2.6- How EAs work.

General comments

Most optimisat ion methods start fromone point ofthe search space and mo ve to another

using a transit ion rule. However, in mult imodalproblems when a localpeak is found it is

difficult to ensure that the algor ithmwillcont inue it s search. Since Genet ic Algorithms work

with a populat ion ofpoints that climb many peaks in parallel, the probabilit y ofconverging to

a false peak is reduced, in co mpar ison with other methods. Therefore, it is clear that GAs are

substant iallydifferent fro mthe other search methods [GOL 89a]:

· Theyrequire the codificat ion ofthe set ofparameters;

· Theycarr yout the search on a populat ion, not in a single po int;

· Theydo not require infor mat ion concer ning der ivat ives nor another auxiliar y knowledge,

but only the value ofthe object ive funct ion; other methods, such as gradient techniques

28

______________________________________________________________________________________

also require der ivat ives o fthe object ive funct ion; neuralnetworks and expert systems need

some formofprevious knowledge on the process;

· Theyuse probabilist ic transit io n rules, not determinist ic rules;

· Theyobtain more than a single solut ion, leaving the finalcho ice up to the user.

The robustness ofan optimisat ion method, i.e., the balance between efficiency(when the

algor ithmis able to attain the optimumin a specific proble m) and efficacy (when the

algor ithmper for ms wellin severalt ypes o fproblems) is another significant characterist ic.

Figure 2.7 illustrates this point plotting efficiencyagainst the problemt ype. The most

advantageous method has a curve defined as robust scheme (good efficiencyand efficacy),

where the attainment ofan optimum on a specific problem is passed to a second level, in

order to achieve good performance in severalt ypes ofproblems [GOL 89a]. Combinatorial

problems have a linear or non-linear object ive funct ion defined over a set offinite but ver y

large so lut ions. Unimodalproblems have one global optimum, whereas mult imodal problems

have two or more localoptima. Enumeration or randomwalk methods have litt le efficiency

and the efficacy remains practically constant for all t ypes ofproblems. The gradient

(specialised) scheme per for ms wellin a narrow class o fproblems (unimodal), but is o flitt le

utilit yin other types ofproblems. Other specialised algor ithms such as simulated annealing

for combinatorialproblems can be efficient for another type ofproblems.

Problem type combinatorial unimodal multimodal

Efficiency

Robust scheme

Enumeration or

random walk

Specialised scheme

Figur e2.7- Efficiency vs. problemt ypefor several methods [GOL 89a].

Genet ic Algorithms are a robust method that can be applied wit h success in severalt ypes of

problems. Since theywork with a population ofpoints it is possible to obtain more than one

solut ion on the search space, as it will be reported later, when niching and speciat ion are

______________________________________________________________________________________

discussed. The use ofprobabilist ic transit ion rules does not mean that the method is a simple

rando msearch, but is used to conduct the search to regions not previouslyexplored. GAs are

ofeasyand direct applicat ion because theyonly need to know what the parameters to

optimise are ( in order to code them) and what the object ive funct ion value is [GOL 89a]. This

character ist ic is usefulfor complex problems such as po lymer extrusion optimisation, where it

is not possible to obtain an explicit equat ion for the object ive funct ion.

2.3- Genetic Algorithms

Genet ic Algorithms (GAs) are search and optimisat ion methods that mimic naturalevolut ion

through genetic operators like crossover and mutation. They work with a populat ion ofpoints,

each one represent ing a possible so lution in the search space. Each individual has a value

associated to it (fit ness or objective funct ion), which is a measure ofits per for mance on the

system. Individuals wit h greater performance have a bigger opportunit yfor reproduction, i.e.

to pass their character istics to future generations [GOL 89a].

The link between the algor ithmand the realproblem under studyis made: i) through coding

the solut ion space (generally a binar ycodification) where each so lution is transfor med into a

string defined as chro mosome ; ii) via an object ive funct ion that quantifies the per formance of

each individual(so lut ion or chromosome).

The flowchart depicted in Figure 2.8 shows the various steps ofthe algorithm[HOL 75, GOL

89a]. The init ialpopulat ion individuals are obtained rando mlyin the Init ialisat ion module.

Next, these elements are evaluated as a funct ion oftheir per formance on the problem under

study, i.e., evaluat ion consists in modelling the extrusion process using as input data each

chromosome represent ing the parameters to optimise (e.g. screw speed, barreltemperature

profile, etc). As a result, the values ofthe parameters to be considered in the objective

funct ion are obtained. In the fo llowing step a new populat ion is produced fromthe previous

one. In order to do that, the genet ic operators (crossover, mutation and/or inversio n) are

applied to elements ofthe init ialpopulat ion that were selected on the basis oftheir fit ness

values. Consequent ly, a new populat ion is obtained. I fthe number ofprescr ibed generat ions

has not been reached ( t > t max ), this new population fo llows the same route (evaluat ion,

select ion, crossover, etc) [HOL 75, GOL 89a].

______________________________________________________________________________________

The methodologywill be illustrated with an example, where the aimis to define the screw

speed and the barreltemperature that maximise the output ofa given extruder and polymer.

Fir st, is necessar yto define the range ofvar iat ion ofthe parameters to optimise (screw speed

˘ N Î [ N 1 , N 2 ], and barreltemperature - T b Î [ T b1 , T b2 ]) and their var iat ion intervals D N and

D T b , respectively( i.e., the maximum number ofpossible values for screw speed is

1 1 2

max

+

D

-

=

N

N N

N and similar lyfor the barreltemperature). Then, the population is

init ialised, i.e., values of N and T b are obtained rando mlyin their range ofvar iat ion [0, N max -

1]. Table 2.1 illustrates this procedure, consider ing a populat ion of10 individuals, the screw

speed var ying between 30 and 50 rpm, the barreltemperature lying between 160 and 180ºC,

D N = D T b =1 and N max = T bmax

=21. Each chro mosome co mpr ises 10 posit ions, 5 corresponding to

screw speed and 5 to barreltemperature. Each ofthese posit ions is named a gene or an allele.

START

Population

initialisation

Evaluation

Crossover

Mutation

Inversion

Selection

END t >t max Yes No

Figur e2.8- GA flowchart.

The fir st iteration starts with the evaluat ion ofall the individuals. An extrusion modelling

package calculates the output for the systemgeometr y, polymer properties and the specific

operating condit ions. The individuals are sorted bydescending order ofthe output. A pre-

______________________________________________________________________________________

defined number ofindividuals is selected for crossover, mutation and inversio n ( in this

example onlycrossover will be used). Individuals wit h greater perfor mance (output) willbe

given a greater opportunit yto be selected. Table 2.2 presents the results obtained for the 10

individuals ofthe init ial population.

Table 2.1- Generation of the initial population for the example under study.

Transformed variables Real variables Chromosome

Individual

N T b N T b N T b

1 10 1 40 161 01010 00001

2 0 12 30 172 00000 01100

3 5 20 35 180 00101 10100

4 14 15 44 175 01110 01111

5 6 4 36 164 00110 00100

6 20 18 50 178 10100 10010

7 5 2 35 162 00101 00010

8 18 4 48 164 10010 00100

9 6 14 36 174 00110 01110

10 18 11 48 171 10010 01011

Table 2.2- Initial population for the example under study.

Chromosome Transformed

variables

Individual

N T b N T b

Output

(kg/hr)

Crossover

Position

Parents

1 10100 10010 20 18 8.5 2 1,3

2 10010 00100 18 4 8.1 6 2,4

3 10010 01011 18 11 8.0 8 1,10

4 01110 01111 14 15 7.7

5 01010 00001 10 1 7.0

6 00110 00100 6 4 6.2

7 00110 01110 6 14 6.0

8 00101 00010 5 2 6.0

9 00101 10100 5 20 5.8

10 00000 01100 0 12 5.2

Q =6.85

The next generat ion includes the best individuals fro mthe previous one ( in this case 40%) and

new individuals obtained by crossover between the parents selected previously(carr ied out on

a randomselected position). Crossover consists in the interchange ofgenes between the

parents. Figure 2.9 illustrates this procedure for the crossover between individuals 1 and 3 on

posit ion 2. The other individuals are obtained bycrossover between individuals 2 and 4 and

between individuals 1 and 10, on positions 6 and 8, respectively. Table 2.3 presents this

second generation and the corresponding mass outputs. As can be obser ved the output average

______________________________________________________________________________________

was increased fro m6.85 to 7.8 kg/hr. This process is repeated until the maximumnumber of

iterat ions is reached or some convergence cr iter ion is sat isfied (such as, a percentage ofthe

populat ion converges for the same value).

Chromosome 1

Chromosome 2

10 9 8 7 6 5 4 3 2 1 position

position = 2

Random number:

New Chromosomes

Decimal

20 - 18

18 - 11

20 - 19

18 - 10

Selection of:

0 1 0 0 1 0 0 1 0 1

0 0 1 0 1 1 1 0 0 1

0 1 0 0 1 1 0 1 0 1

0 0 1 0 1 0 1 0 0 1

Figur e2.9- Exampleof crossover.

Table 2.3- Second generation for the example under study.

Chromosome Transformed

variables

Individual

N T b N T b

Output

(kg/hr)

1 10100 10010 20 18 8.5

2 10010 00100 18 4 8.1

3 10010 01011 18 11 8.0

4 01110 01111 14 15 7.7

5 10100 10011 20 19 8.5

6 10010 01010 18 10 8.0

7 10010 00100 18 4 8.1

8 01110 01111 14 15 7.7

9 10000 10010 16 18 7.8

10 00100 01100 4 12 5.6

Q =7.8

The improvement in per for mance throughout the var ious generat ions can be explained with

the aid ofthe Schemata Theory[GOL 89a], together with the properties o fthe genet ic

operators. A scheme descr ibes a set ofchromosomes with fixed genes (alleles) in certain

posit ions. For example, in binar yrepresentation, the chro mosomes (010), (011) and (000) can

be represented bythe scheme H = 0**, where the asterisk is a meta symbo l, represent ing a

posit ion ofindifference ( i.e., either 0 or 1). This means that three characters constitute a

______________________________________________________________________________________

scheme,

{ }

V + = 0 1 , , * . A population of N individuals can be represented by2 l to N. 2 l

schemes, where l is the number ofalleles in each scheme.

The differences between the severalschemes are quant ified using the concept ofscheme

order, o ( H ), and scheme length, d ( H ). Scheme order represents the number offixed posit ions

that the scheme contains ( in a binar yrepresentation this corresponds to the number of0s and

1s), e.g., o (1*01*) = 3 and o (*1**0) = 2. The scheme length is the distance between the first

and the last fixed posit ions, e.g., ( ) d 1 01 4 1 3 * * = - = and ( ) d * * *0 1 5 2 3

= - = .

For example, when proportional selection, simple crossover and mutation are used, the lower

limit ofthe expected number ofcopies ofthe scheme H , included in the generation ( t +1), is

given by[GOL 89a]:

( ) ( )

( ) ( ) ( )

ú û ù

ê ë é -

-

- ³ + Hop

l

H p

f

H f t H m t H m m c 1

1 , 1 , d (2.7)

where m ( H , t +1) and m ( H , t ) are the number ofcopies o fthe scheme H on the generat ions t +1

e t , respectively; f ( H ) is the mean value ofthe object ive funct ion ofallindividuals o f

generat ion t which are represented bythe scheme H ; f is the mean value ofthe object ive

funct ion ofthe ent ire populat ion; p c and p m are the probabilit ies ofcrossover and mutation,

respectively. The number ofcopies ofthe schemes having a mean value ofthe objective

funct ion greater than [ f ( H ) ] increases as the search progresses. This search is a geo metric

progression that promotes the exponentialincrease ofthe best individuals on future

generat ions.

The schemata theorywillbe illustrated with an example where the aim is to maximise the

sin( x ) funct ion (0 £ x £ p ). Table 2.4 represents the init ial populat ion of5 individuals.

The best individualo fthe init ialpopulat ion ( individual 2) will be the fir st individualo fthe

second generation, while the others willbe obtained bycrossover between parents 1 and 2 on

string point 2 and between parents 2 and 5 on string point 3. For crossover purposes the

parents are picked up using a select ion technique (roulette-wheel, introduced in the next

sect ion) based on their per for mance, while the crossover points are obtained rando mly. The

improvement obtained wit h this new generat ion is evident, since the average ofthe objective

funct ion increased fro m0.559 to 0.76. The optimal string in this problemis (10000), which

______________________________________________________________________________________

represents x = p /2. This string is contained in the scheme H 1 =(1****) that represents two

individuals ofthe init ial population and four ofthe second generation, whereas scheme

H 2 =(0****) is represented bythree individuals o fthe init ial populat ion and byone on the new

populat ion. Since the object ive is to maximise sin( x ) funct ion, it is desirable to have more

copies ofscheme H 1 than H 2 . This improvement in per formance by simple manipulat ion of

the strings and ignoring the co mplete search space illustrates the potential ofGAs. These short

and above-average schemata are known as building blocks . As the search proceeds, the

combinat ion ofthese blocks produces better building blocks, until convergence to the

optimum[GOL 89a].

Table 2.4- Example of the GA working for the sin( x ) function.

Initial population New population

Individual String x f(x) Crossover

Point

Parents String x f(x)

1 01001 0.90 0.783 2 1,2 10100 2.00 0.909

2 10100 2.00 0.909 3 2,5 01000 0.80 0.717

3 00010 0.20 0.199 10101 2.10 0.863

4 00100 0.40 0.389 10010 1.80 0.974

5 11010 2.60 0.516 11100 2.80 0.335

) ( x f =

0.559

) ( x f =

0.760

2.3.1- Genetic operators

A- Selection

The select ion operator determines which individuals ofthe current populat ion will act as

parents ofthe next generation. The process has two steps. First, a value is attributed to the

object ive function ofeach individual. This can be done either byattributing a value

proportional to the perfor mance ofeach individual(object ive funct ion value), or byranking

the population according to the corresponding value ofthe objective funct ion and

subsequent ly attribut ing a value to the object ive funct ion ofeach individualthat depends

solely on its posit ion on that ranking.

This scheme introduces a unifor mscaling o fthe ent ire populat ion and a simple and effect ive

wayofcontrolling the select ion pressure - SP (represent ing the probabilit yo fselection ofthe

best individualin co mpar ison with the average probabilit yo fall individuals). Ranking can be

linear or exponent ial[BAK 85]:

______________________________________________________________________________________

( ) ( )

FO SP

SP N i

N i

= - +

- + -

2

2 1 1 (2.8)

FO c

c c i N

N i =

-

-

- 1

1

(2.9)

respectively, where N is the number ofpopulat ion individuals, FO i is the objective funct ion

value for individual i , SP is the select ion pressure (1.0 < SP £ 2.0) and c is a constant that

controls the select ion pressure on the exponent ialranking (0< c <1).

The second step ofthis operator consists in the select ion ofthe parents according to the value

previously attributed. Severaltechniques are available:

· Roulette-wheelselect ion,

· Tournament select ion,

· Stochastic universal selection,

· Localselect ion,

· Truncation select ion.

i) Roulette wheel selection

This is the simplest select ion technique, and consists on [BAK 87]:

1. ordering the populat ion individuals by descending order oftheir object ive funct ion value;

2. calculat ing their cumulat ive sum;

3. generat ing a rando mnumber between 0 and the totalofthe above sum;

4. select ing an individualwhose cumulat ive sum will be closer but greater than the number

generated previously;

5. repeating steps 3 and 4 untilthe totalnumber ofindividuals is selected.

Tables 2.5 and 2.6 descr ibe this procedure, consider ing a population of10 individuals ( N =10)

and that the object ive funct ion value was determined according to the linear ranking scheme

(equation 2.8), with a select ion pressure of2 ( SP =2). The probabilit yo feach individualbeing

selected was calculated. Table 2.6 illustrates the select ion of6 individuals: First, a rando m

number is obtained and compared with the cumulat ive sum ; the first individualthat has a

cumulat ive sumequalor greater than this number willbe selected.

______________________________________________________________________________________

Table 2.5- Roulette wheel selection.

Individualorder 1 2 3 4 5 6 7 8 9 10

Object ive function 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2

Cumulat ive sum 2.0 3.8 5.4 6.8 8 9.0 9.8 10.4 10.8 11.0

Select ion probabilit y 0.18 0.16 0.15 0.13 0.11 0.09 0.07 0.06 0.03 0.02

Table 2.6- Selection of 6 individuals using the roulette wheel method.

Randomnumber (between 0 and 11.0) 3.1 0.5 7.1 10.6 6.1 5.2

Individualselected 2 1 5 8 4 3

ii) Tournament selection

This technique consists on the rando mselect ion ofa fixed number ofindividuals ( N tour

) from

the ent ire populat ion. The best is picked up fromthis sub-group and used as parent. The

process is repeated whenever necessar yto produce a new individual. The value of N tour can be

defined as a percentage ofthe totalpopulat ion ( N ) and can var y between 2 and N .

iii) Stochastic universal selection

This procedure is similar to the roulette-wheelselect ion, but now pointers equally separated

replace the rando mnumbers. The fir st pointer is obtained fro ma number generated randomly

ranging between 0 and the prescr ibed distance, D pointer

, where:

NS

FO

D

N

i i

er int po å

= = 1 (2.10)

and NS is the number ofindividuals to be selected [BAK 87].

Tables 2.7 and 2.8 show the results obtained using the previous example. The distance

between pointers is 1.833 (11/6) and the number rando mly generated is 0.516.

Table 2.7- Stochastic selection.

Individualorder 1 2 3 4 5 6 7 8 9 10

Object ive function 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2

Cumulat ive sum 2.0 3.8 5.4 6.8 8 9.0 9.8 10.4 10.8 11.0

Table 2.8- Selection of 6 individuals using the stochastic selection method.

Pointer 0.516 2.349 4.182 6.015 7.848 9.681

Individualselected 1 2 3 4 5 7

______________________________________________________________________________________

iv) Local selection

In this case, the individual to be selected is condit ioned to a zone called localneighbourhood.

Neighbourhood is defined bythe structure through which the populat ion is distributed and can

be interpreted as a group ofpotentialassociated individuals. Init ially, half ofthe population is

selected, either rando mlyor byone ofthe methods descr ibed above. Next, a neighbourhood is

defined for each ofthese individuals, their parents being selected fro mwithin. The structure

ofthe neighbourhood can be linear (fulland halfr ing), two-dimensio nal( fullcross, halfcross,

full star and halfstar) or three-dimensio nal[GOR 91].

The structure defines the neighbourhood size ( i.e., number ofindividuals). Infor mat ion

interchange between allthe populat ion is guaranteed bythe over lapping ofthe neighbourhood

[GOR 91].

v) Truncation selection

In this technique onlypart ofthe populat ion can be selected. The populat ion is grouped by

decreasing order ofthe individualobject ive function values and onlythe first N trunc (a

percentage ofthe totalpopulat ion, which generally stands between 10% and 50%) individuals

are selected [BLI 95].

Alt hough there have been efforts for developing strategies to compare the efficiencyo fthe

var ious selection techniques proposed, is not possible to define in advance the best select ion

technique to be used in a particular optimisat ion problem. E mpir ical studies on the real

problemshould therefore, be carr ied out [BLI 95].

B- Crossover

This operator enables the production oftwo new chro mosomes (offspr ing) ofa new

generat ion fro mtwo exist ing chromosomes in the current population (parents), bygenes

interchange between them. This interchange is carried out fromone or more posit ions in the

chro mosome, thus defining the type ofcrossover to be applied:

· Crossover in one position;

· Crossover in mult iple posit ions;

· Unifor mcrossover;

This is the most powerfulprocess o finfor mat ion modificat ion that GAs use for searching,

since it allows a rapid exploration ofthe search space. As the infor mat ion that passes to future

______________________________________________________________________________________

generat ions is obtained fro mindividuals wit h greater performance, this is not a randomsearch

but explores the best regions ofthe search space [GOL 89a, BEA 93b].

i) Crossover in one position

As shown in Figure 2.10, a randomposit ion is selected in the parents chromoso mes, the genes

are exchanged between themand two individuals are created. In this example, crossover is

carr ied out between two chromosomes oflength 6 (0 to 5), between posit ions 3 and 4.

Crossover only invo lves the exchange ofgenes in the chromoso mes [GOL 89a].

Chromosome 1

Chromosome 2

1 0 1 1 0 1

0 1 1 0 1 1

5 4 3 2 1 0 position

position = 3

Random number:

New Chromosomes

1 0 1 0 1 1

0 1 1 1 0 1

Decimal

45

27

43

29

Selection of:

Figur e2.10- Exampleof crossover in oneposit ion.

ii) Crossover in multiple positions

In this case, m posit ions are picked rando mly, from1 until the maximum number ofgenes,

without repetit ion. These posit ions are then ordered and the genes between the successive

posit ions are interchanged [SPE 91]. Figure 2.11 exemplifies this process for the case oftwo

posit ions ( m = 2). Crossover occurs between two chromosomes oflength 6 (0 to 5), between

posit ions 1 and 2 and between posit ions 4 and 5.

______________________________________________________________________________________

Chromosome 1

Chromosome 2

1 0 1 1 0 1

0 1 1 0 1 1

5 4 3 2 1 0 position

position 2 = 1 position 1 = 4

Random numbers:

New Chromosome

1 1 1 0 0 1

0 0 1 1 1 1

Decimal

45

27

57

15

Selection of:

Figur e2.11- Exampleof crossover in two points.

iii) Uniform crossover

Unifor mcrossover generalises the previous scheme, since each gene is a point for potential

crossover. The concept is based on the rando mdefinit io n oftwo masks with the same number

ofgenes as the chro mosomes. Each mask gene ident ifies the parents that provide the gene for

the offspr ing. Generally, the second mask is the inverse ofthe first one. Each gene ofthe new

individualis equal to the corresponding gene ofparent 1 ifthe gene ofthe mask is 1, and

equalto the corresponding gene ofparent 2 ifthe gene is 0 [BEA 93b, SYS 89]. Figure 2.12

illustrates this type ofcrossover. Offspr ing 1 remains wit h the genes ofparent 1 when the

corresponding posit ion onthe mask is 1 , otherwise it willhave the genes ofparent 2.

Other crossover techniques have been proposed, but theyhave litt le applicat ion [GOL 85,

SYS 91, DAV 91]. Despite severalco mparat ive studies [BEA 93b, SYS 89], it is difficult to

define the best crossover technique for a particular problem, hence the cho ice ofone method,

as well as ofthe best crossover ratio, should be based upon exper imentalevaluat ion.

C- Mutation

In this process, one chromoso me position is randomly selected and the value ofthe gene is

changed, thus causing the destruction ofthe exist ing infor mation. The need for this operator

comes fromthe fact that, along the var ious iterations relevant infor mat ion may be lost when

the worst chromosomes are eliminated. Through this occasio nal randomchange, GAs

guarantee that new areas ofthe search space are explored [BEA 93b]. Due to they

character ist ic (destruction ofinfor mation), the probabilit yo foccurrence ofmutation must be

lower, in the order of1/ N [BÄC 91].

______________________________________________________________________________________

Chromosome 1

Chromosome 2

1 0 1 1 0 1

0 1 1 0 1 1

5 4 3 2 1 0 position

mask 2 = 1 0 0 1 1 1 mask 1 = 0 1 1 0 0 0

Random numbers:

New Chromosomes

0 0 1 0 1 1

1 1 1 1 0 1

Decimal

45

27

11

61

Selection of:

Figur e2.12 - Exampleof unifor mcrossover.

Figure 2.13 shows an example o fmutation. Fir st, a randomnumber that defines the mutation

posit ion is selected. Then, another randomnumber between 0.00 and 1.00 is obtained and

compared with the mutation ratio (in this case 0.08 ). Ifthe number is smaller, then the gene

in this posit ion is subjected to mutation, i.e., a randominteger number ( 0 or 1 ) is placed in the

posit ion previouslyselected (this means 50% ofprobabilit y). Mutation only occurs ifthis last

number is different fro mthe gene in the selected position, and willonly be carr ied out for a

given number ofchro mosomes, defined for the mutation rate (consider ing a rate of 0.1 , the

probabilit y o fmutation will be (0.1 x 0.08 x 0.5 )x100 = 0.4%).

Chromosome 1 0 1 1 0 1

5 4 3 2 1 0 position

position = 3

Random numbers:

Decimal

45

New Chromosome

1 0 0 1 0 1 37

Selection of:

n. between 0 and 1 = 0.05 Smaller than the mutation ratio = 0.08

integer n. betw een 0 e 1 =

0

1 0 1 1 0 1 1 45 or

Figur e2.13 - Exampleof mutation.

The theoretical demo nstration ofthe efficiencyo fanyo fthese techniques is yet to be done. In

fact, the importance ofcrossover and mutation is stilla matter ofdebate [SPE 93b].

______________________________________________________________________________________

D- Inversion

Inversio n produces the interchange ofinfor mat ion inside one chromoso me. It is used with the

object ive ofreordering the genes inside the chro mosomes, in order to increase the potential

for evo lut ion [GOL 89a, BEA 93b]. Two points ofthe chro mosome are rando mlyselected

and their genes are inverted, as illustrated in Figure 2.14. This operator is particular lyuseful

when the objective funct ion var ies with time, which is not the case ofpolymer extrusion.

Initial Chromosome 1 0 1 1 0 1

5 4 3 2 1 0 position

position 2 = 1 position 1 = 4

Random numbers:

New Chromosome 1 1 1 0 0 1

Decimal

45

57

Selection de:

Figur e2.14 - Exampleof inversion.

2.3.2- Sizing the population

Defining the populat ion size (or length) to be used on a specific problem is ofpr imal

importance. A too small population does not process sufficient schemes to attain the optimum

and mayconverge quicklyto another point. On the other hand, the cho ice ofexcessive length

results in a useless increase ofthe computation times [GOL 89b].

The populat ion size depends essent ially on the number ofgenes in the chro mosomes

(schemes) to be processed ( l ) and on the degree ofcomputer parallelism (algorithm) [GOL

89b, GOL 92].

Goldberg et al. [GOL 92] showed that the optimum populat ion size depends also on the

select ion method used and on the character ist ics o fthe specific problem under study(Table

2.9). De Jong and Spears [ DeJ 90] confir med these results and concluded that the choice of

the population size has a strong interacting effect on the results. The number ofindividuals

required for convergence is lower when the stochastic universal select ion method is used, but

this supremacy is offset bygreater computationalcosts [GOL 92].

Most ofthese studies are empir ical and limited to a particular type ofproblems. Thus, a

practical assessment ofthe populat ion size is required for each new particular problem.

42

______________________________________________________________________________________

Table 2.9- Influence of the selection method on the population size (RW- roulette-wheel

selection, TS- tournament selection, R- ranking e SUS- stochastic universal selection).

N

l RW TS R SUS

20 109 54 109 21

50 271 135 271 82

200 1084 1084 1084 144

2.3.3- Niching and speciation

Multimodal functions

In most optimisat ion problems it is necessar ynot only to find the overall optimum, but also to

ident ify the var ious localoptima. Convent ional GAs are not able to do this, since they

converge necessar ilyto one point ofthe overall search space [GOL 89a].

As demonstrated in Figures 2.15 and 2.16 (representing the funct ions f x x

1

6 ( ) sin (5 )

= p and

f x e x x

2

2 2 0 1

0 8 6

2

( ) sin (5 ) ln .

. = - - æ

è ç ö

ø ÷ p , in the interval0 £ x £ 1, respect ively) the individual optima o f

a mult imodal function can have identicalor different values. IfGAs are applied repeatedlyto

determine ofthe maximumo fthe fir st funct ion, theyconverge indifferent lyto anysingle

peak. This happens because the populat ion cannot have an infinite dimensio n, as assumed by

the schemata theory. The problemis designated by^genet ic dr ift~ and can cause the

accumulat ion oferrors as the search proceeds [GOL 87]. However, convergence to a single

peak is not desirable in funct ions wit h var ious similar maxima. Generally, when the search

space has local maxima wit h different values, it will be interest ing that convergence occurs to

the peak with the greatest value, but also that a determined number ofindividuals converge

for each individualpeak. This is particular ly important in the case o fcomplex functions, as it

provides the characterisat ion oftheir topography.

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 X f1(x)

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 X f2(x)

Figur e2.15- Multimodal funct ion wit h

maximumof equal values.

Figur e2.16- Multimodal funct ion wit h

maximumof differ ent values.

______________________________________________________________________________________

In order to dealwith the above, the concepts of niching and speciation ofnaturalevo lut ion

should be introduced in a populat ion ofchromosomes. This is based on the idea of for ming

stable populat ions o forganisms by creat ing separated niches where theyare forced to share

the available resources [GOL 87, DEB 89].

There are several niching methods that can extend the concept ofGAs to domains that require

the identificat ion ofmult iple so lut ions. Mahfoud [MAH 95] compared four niching methods

(shar ing, crowding, sequent ial niching and parallel hillclimbing ) and concluded that parallel

hillclimbing fails on problems ofhigh complexit y, that sequent ial niching [BEA 93c] is weak

on easyproblems and unable to solve harder problems, that shar ing [GOL 87] works well on

problems with var ying levels o fcomplexit y and that its perfor mance can be improved through

the applicat ion offit ness scaling, and finally, that determinist ic crowding [MAH 92, MAH

94] is able to dealwit h problems ofalllevels ofcomplexit y, but it may lose the lower optima

as the search proceeds. Therefore, shar ing seems to be the most promising method.

Shar ing analogue for ms can be created through modificat ions to the theoryofnaturalniche

and specie format ion. Goldberg and Richardson [GOL 87] proposed that theyshould be

implemented in the chromosomes based on the distance between them d ij , i.e., a shar ing

funct ion, Sh ( d ij ) , should be defined as:

Sh d d

if d

otherwise ij ij

share ij share ( ) ,

,

= - æ

è ç ö

ø

÷ < ì

í ï

î ï

1

0 s s a

(2.11)

where a is a constant and s share is the radius o fa circumference defining the maximum

distance between chromosomes, in order to formas many niches as the number ofpeaks on

the search space. The shar ing funct ion has three properties:

1 0 1

2 0 1

3 0

. ( ) ,

. ( )

. lim ( )

£ £ "

=

=

® ¥

Sh d d

Sh

Sh d ij ij

d ij ij

(2.12)

44

______________________________________________________________________________________

Figure 2.17 illustrates this concept. The funct ion f 1 ( x ) considered in Figure 2.15 has 5 maxima

in the search space (0 £ x £ 1). The niche size is given bythe ratio between the size ofthe search

space and the number ofpeaks, i.e., 1/5=0.2; consequent ly, s share is 0.1.

Since the basic idea ofshar ing is that the object ive funct ion ofan individual diminishes in the

presence ofits neighbours, the finalobject ive function value ( FO´ i ) willresult fro mthe ratio

between the init ial evaluat ion ( FO i ) and its niche count ( m´ i ).

F O

FO

m i i

i

¢ = ¢

(2.13)

where m´ i is the sumofallthe shar ing funct ions related to this individual.

¢ =

= å m sh d

i i j j

N

( )

1

(2.14)

The shar ing function wit h himself [ sh ( d ii ) =1 ] willbe also included.

X

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 f1(x)

s share

Figur e2.17- Definit ion of s share for implement ing sharing.

The distance between individuals can be deter mined in the realparameter space, ( phenotypic

sharing ) or in the codified space ( genotype sharing ). The former will be adopted, since it has

physicalmeaning and greater perfor mance (according to Deb [DEB 89]). Two individuals ( X i

e X j ) on a p dimensio nalspace can be defined as:

[ ]

[ ]

X x x x

X x x x i i i p i

j j j p j

=

=

1 2

1 2

, , ,

, , ,

; ; ;

; ; ;

�

�

(2.15)

______________________________________________________________________________________

The distance between them( d i j ) can be defined using the nor mon a p dimensio nal space,

using the Euclidean distance.

( )

d x x

ij k i k j k p = -

= å

, ,

2

1

(2.16)

In most practicaloptimisation problems, s share cannot be determined as easily as in the

previous example (Figure 2.17). Ifeach niche is contained in one p-dimensio nalspace wit h

radius equalto s share

, this means that each sphere contains 1/q ofthe totalvo lume ofthe search

space, where q is the number ofpeaks in that space. The sphere radius ( r ) that contains the

totalspace is therefore given by [DEB 89]:

( )

r x x k k k p = -

= å 1

2

2

1 , max , min

(2.17)

and the vo lume ( V ) is:

V c r p

= (2.18)

where c is a constant and x k,min and x k,max are the minimu mand maximumvalues for the

parameter k in all the populat ion, respect ively.

The parameter s share may be calculated fro m[DEB 89]:

s

share p r

q

=

(2.19)

where q is the number ofpeaks that are expected to exist.

Ifthis analysis is applied to the funct ion f 1 ( x ) represented in Figure 2.17, with p =1, x k,min =0,

x k,max

=1 and q =5 one obtains r =0.5 and s share

=0.1.

Since in most optimisat ion problems the number ofpeaks is unknown, the use ofthe above

methodologyto define the value of s share

, implies the use ofa trialand error procedure.

Shar ing can be indist inct lyapplied in the space ofthe var iables to optimise, or in the cr iter ia

space, depending on which niching is necessar y. Generallyit is applied in the cr iter ia space,

where the cho ice ofthe solut ion is carr ied out and where diversit y alo ng the Pareto frontier is

required.

46

______________________________________________________________________________________

Dur ing shar ing process, scaling ofallspace parameters in the same interval( for example

between 0 and 1) is indispensable in order to avoid the compar ison between values that can be

ver ydifferent. For example, ifin a po lymer extrusion problem only the output and the power

consumption are considered as relevant criteria, with their value ranging between 2 and

10kg/hr and between 1000 and 3000W, respect ively, and if4 peaks exist, the value o f s share ,

beco mes 500.004. As shown in Figure 2.18-A one unique niche compr ises the ent ire range of

the output parameter. Conversely, ifboth parameters are scaled between 0 and 1, the value of

s

share is 2 /4, which corresponds to the radius o fthe cir cumferences shown in Figure 2.18-B.

Output (kg/hr)

Power consumption (W)

1000 -

3000 -

500 s share

= 500.004

Output (kg/hr)

1 -

1 s share

= /42

A B

Figur e2.18- Theimportanceof scaling thevariables.

As s share

, the a parameter (equation 2.11) controls the radial size o fthe niche ^radius~ (see

Figure 2.19) [GOL 87, HOR 93].

The var iat ion ofthe degree ofthe Holder metric used in the equation 2.16 changes the shape

ofthe niche [HOR 94]:

d x x

ij k i k j k p s s

= - æ

è ç ç ö

ø

÷ ÷

= å

, , 1

1

(2.20)

where s is the metric degree. Figure 2.20 shows the var iat ion ofthe niche shape in two-

dimensio nal space with the value of s .

47

______________________________________________________________________________________

0

0.2

0.4

0.6

0.8

1

0 0.05 0.1 0.15 0.2

d

Sh(d)

Figur e2.19- Influenceof a on thesharing function.

s=2 s<2 s=1 s>2

Figur e2.20- Nicheshapes as a function of Holder metric, in two dimensions.

When optimis ing mult imodalfunct ions, the performance o fthe genet ic algorithmcould be

affected when crossover is applied between individuals fro mdifferent peaks, as the new

individuals generallydo not belong to anyofthem. This can be avo ided by reducing the

frequencyo fcrossover between the individuals o fdifferent peaks. A new parameter s mating ,

similar to s share

, does not allow crossover between individuals whenever the distance between

themselves is greater than s mating

; since s mating belongs to the same space that s share

(and is also a

measure ofthe distance between two individuals), these parameters can be ident ical [GOL

89a, FON 93, DEB 89, MAH 94].

2.4- Object ive funct ion

The optimisation of polymer plasticating e xtr usion is a multiobjective

proble m, where it is necessary to satisfy simultane ous ly several system

performance meas ures (criteria, attributes or objec tives), suc h as output,

le ngth of screw required f or melting, melt te mperature, power

cons umption, de gree of mixture. Some of these are conflic ting, e.g.,

maximise the output and minimise the power c ons umption simultane ous ly.

a =20

a =2

a =1

a =0.5

a =0.1

______________________________________________________________________________________

M oreover, their relative impor tance to the global pr ocess performance is

subjective and can be c onsidere d differently. T he mathe matical formulation

of a multiobjective optimisation pr oblem (by modification of equation 2.1)

is:

K k x h

J j x g

M m N i x f

i k i j i m

, , 1 0 ) (

, , 1 0 ) ( to subject

, , 1 ; , , 1 ) ( maximise

�

�

� �

= ³

= =

= = (2.21)

where M is the number ofcr iter ia to satisfy.

The var ious object ives can be taken into account in two ways. Usually, a global object ive

funct ion, that includes all the cr iter ia, is considered. However, the decision-maker maybe

interested in obtaining if possible severalalter nat ive so lut ions. Other methods have been

developed for this purpose, taking advantage fromthe fact that GAs work with a populat ion

ofindividuals [GOL 89a, FON 93, HOR 94, SRI 95].

i) Global objective function methods

In this case the individualcr iter ia are combined in order to forma globalobject ive funct ion

with one unique value. The global object ive funct ion can be calculated using var ious

possibilit ies, such as the weighted sumofthe cr iteria, the distance between the cr iteria, the

Min-Max formulat ion [SRI 95] and the product ofthe cr iteria [POT 93, POT 94, POT 96,

POT 97].

The weighted sumofthe cr iter ia is obtained from[SRI 95]:

FO w F

i j j

j q

=

= å

1

(2.22)

where q is the number ofcr iteria, w j is the weight attributed to each cr iter ion (which can var y

between 0 and 1, with å w j = 1) and F j is the objective funct ion ofcr iter ion j , which can take

two for ms, depending whether one wishes to maximise or to minimise the cr iterion X j :

F

X X

X X j j j

j j

=

-

- min

max min

(2.23)

F

X X

X X j j j

j j

= -

-

- 1 min

max min

(2.24)

______________________________________________________________________________________

X j is the value that results fromthe evaluat ion ofthe cr iterion j , while X jmin and X jmax are the

minimumand maximum values that this cr iter ion can take, respectively. By definit io n, each

individualobject ive funct ion value ranges between 0 and 1 and, consequently, so does the

value ofthe globalobject ive funct ion. The reduction ofallvalues to the same non-

dimensio nal scale is, therefore, assured.

The global object ive funct ion can also be a measure ofthe distance between the values ofthe

individualobject ive funct ions and a demand- levelvector ( y j ), which has to be defined bythe

decisio n- maker:

r q

j r

j j i y F FO

1

1 ú

û ù

ê

ë é

- = å

=

(2.25)

where r is the metric constant (1 £ r < ¥ ). Usually a Euclidean metr ic ( r = 2) is used.

The Min- Max for mulation can be presented bymodifying equat ion 2.21 [SRI 95]:

q j Z j , , 1 min maximise �= = G (2.26)

where Z j is determined by:

j j j

j y y F

Z

-

=

(2.27)

Potente et al. [POT 93, POT 94, POT 96, POT 97] considered the product ofindividual

perfor mance cr iteria to quantify the global per for mance ofpo lymer extrusion, in order to

avo id the possibilit yo fsolut ions where anyo fthe single cr iteria might take a zero value:

å = Õ

j j ji a

j a

j i q FO (2.28)

where a j are the weight factors and q j are the individualqualit y cr iter ia.

In this work the weighted sumofthe cr iteria willbe used. Since this for mulat ion is probably

the simplest, easilytakes into account the relat ive importance ofall cr iter ia and scales all

space parameters in the same interval (as will be necessar ywhen shar ing is applied).

50

______________________________________________________________________________________

ii) Pareto Optimum

In a typicalmult io bject ive optimisat ion, there is a set ofsolut ions that is better than the others

when allthe object ives are considered simultaneously, but can be worst than so me ifonly

specific cr iter ia are considered. Therefore, a solut ion corresponding to the optimum ofallthe

cr iteria does not exist in a problem ofthis type The concept of Pareto optimal or non-

dominated solutions [GOL 89a, FON 93, HOR 94, SRI 95] is illustrated in Figure 2.21

consider ing, as an example, two individualcr iter ia relevant to extrusion. Ifboth object ives are

to be minimised, point 5 is do minated bypo int 2, since it represents a condit ion where both

cr iteria are greater. Therefore, points 5 and 6 are dominated, whereas points 1, 2, 3 and 4 are

non-do minated, and make-up the Pareto frontier.

1

4

6

3

5

2

160

170

180

190

200

500 1000 1500 2000

Power consumption (W)

Melt Temperature (°C)

Figur e2.21 - Pareto frontier.

2.5- Mult iobject ive optimisation

The concept ofnon-do minated solut ions can be used together with GAs to obtain,

simultaneously, severalso lut ions alo ng the Pareto frontier. Select ing one so lution alo ng the

Pareto frontier requires that the user has some knowledge about the factors that influence the

problem. The cho ice made byone user is not necessar ilyco incident with the cho ice o f

another. Based on the init ial idea proposed byGo ldberg [GOL 89a], severalmult iobjective

optimisat ion methods have been developed [FON 93, HOR 94, SRI 95]. Theyrequire that the

convent ional GA be modified in such a waythat:

i) Each individual is evaluated independent lyin each cr iter ion.

Pareto Frontier

______________________________________________________________________________________

ii) The select ion is made independent ly in each cr iterion; severalmethods, such as

tournament selection or ranking schemes [FON 93, HOR 94, SRI 95] can be adopted.

It is necessar yto consider the concepts ofniching and speciat ion in order to distr ibute

the population evenly throughout the entire frontier [GOL 87].

Crossover and mutation between individuals are made according to previous selection

schemes.

i) Method based on ranking schemes

The method proposed by Fonseca and Fleming [FON 93] is based on the attribut ion ofa value

to the object ive function ofeach individualthrough a ranking scheme. Accordinglyin each

generat ion posit ion 1 on the scale is attributed to the non-dominated individuals, while the

remaining are classified in ter ms o fthe number ofindividuals that dominate them. This is

equivalent to writ ing:

rank n i i

= + 1 (2.29)

where rank i represents the posit ion ofthe individual i on the ranking and n i is the number of

individuals that dominate i .

This attribut ion fo llows var ious stages:

a) The populat ion is ordered following the ranking descr ibed above;

b) The value o fthe object ive funct ion is attributed byinterpolating between the ^best~

( rank =1) and the ^worst~ ( rank = n* £ N ) individuals, using a ranking funct ion (equation

2.8 or 2.9);

c) The average value o fthe object ive funct ion is computed fromthe individuals wit h the

same rank;

d) Niche count (equation 2.13) is incorporated on the above object ive funct ion value, in

order to place the individuals inside each rank; consequent ly, convergence to a unique

point is avo ided;

e) Finally, a select ion method is applied (e.g. roulette-wheelselect ion) in order to obtain

an individualfor reproduction and/or recombinat ion;

f) The procedure follows the convent ionalGA route.

ii) Method based on tournament selection

______________________________________________________________________________________

Horn, Nafpliot is and Go ldberg [HOR 94] modified the tournament selection technique in

order to avoid convergence to a single so lut ion, and to maintain mult iple non-dominated

solut ions. This modification was carr ied out adding tournament bydo minat ion fo llowed by

shar ing whenever it was not possible to choose a parent (solution ofthe actualpopulat ion) for

reproduction and/or recombinat ion. This select ion process follows five steps:

a) Two individuals are rando mlychosen;

b) A set ofindividuals ( t dom ) is also chosen randomly for co mpar ison purposes;

c) Each ofthe two candidates is co mpared with the set;

d) Ifone ofthe candidates is dominated by the set and the other is not, the latter is

chosen;

e) Ifnone ofthemis do minated, shar ing is used to choose the winner (the individual

with smaller niche count - ¢m i ).

The size ofthe compar ison set ( t dom ) controls the select ion pressure. The effic iencyo fthis

algor ithmdepends on the relat ion between the sharing pressure and the select ion applied.

Shar ing is applied on the attribute space where diversit yis desirable.

iii) Method based on non-dominated sorting

Similar ly to the method based on ranking schemes, the basic idea is to use the ranking

select ion scheme to emphasise the influence ofbetter points, while shar ing is used to maintain

a stable distr ibution alo ng the Pareto frontier [SRI 95].

As in the previous algorithms, this method differs fro ma traditionalGA on the selection

operator working mechanism. The steps for the select ion phase are:

a) To ident ifythe non-dominated populat ion individuals (that willconst itute the first

individuals front, front =1);

b) To attribute an object ive funct ion value according to the front number (the fir st will

have the highest value) and identically to all the individuals o fthe same front;

c) To maintain the diversit y, the individuals o fthis front willbe subjected to shar ing, i.e.,

the object ive funct ion value willbe divided bythe niche count;

d) To proceed to the next front: front = front +1;

53

______________________________________________________________________________________

e) To ident ifythe non-dominated individuals ofthe current populat ion, ignoring for the

time being those that have been already classified;

f) Repeat steps b) to e) while individuals to be classified still exist;

g) To proceed according to the usual methods ofselect ion, crossover and mutation.

2.5.1- Reduced Pareto set

The result ofa mult io bject ive optimisat ion method using GAs is the Pareto frontier, which

usually contain a large number ofpoints (e.g. 500 points). The practicaluse ofthis optimal

Pareto frontier is reduced ifit beco mes too problemat ic to ident ify the preferred solut ion fro m

this set ofpoints. Figure 2.22-A illustrates one result with a mult io bject ive optimisation

method applied to the optimisat ion ofthe extrusion process where the aim was to minimise

melt temperature at die outlet and mechanical power consumpt ion. After reducing the number

ofpoints in the front ier (Figure 2.22-B), while maintaining all it s character istics intact, the

cho ice o fthe optimalpo int can be easily made, consider ing the relat ive importance ofthe two

cr iteria (the points 1 to 5 are the non-dominated ones).

1

4 3

2

160

170

180

190

200

500 1000 1500 2000

Power consumption (W)

Melt Temperature (°C)

5

A

1

4 3

2

160

170

180

190

200

500 1000 1500 2000

Power consumption (W)

5

B

Figur e2.22- Exampleof reducing thePareto front ier.

The mult io bject ive optimisation methods descr ibed previously, based on the attribut ion ofan

object ive function value to the individuals fromthe set ofnon-dominated points, have limit ed

applicat ion to problems with manycr iter ia, where most points that define the population in

each generat ion are non-do minated. For example, in Figure 2.22-A some ofthe points

presented are dominated, since onlytwo criteria are defined; however, ifother criteria were to

be considered, these dominated points could be non-dominated in the corresponding Pareto

front iers. Therefore, when a mult iobjective optimisat ion method with GAs is applied the

probabilit y that all the individuals o fthe populat ion willbe selected for reproduction is

similar, since the selection phase ofthe above methods is based on the whether the individuals

______________________________________________________________________________________

are non-dominated or not. Pareto frontier reduction together with a mult io bject ive

optimisat ion algorithmwill be ver y useful, since it provides a clearer separat ion ofthe

individuals.

Pareto set reduction [ROS 85], based on the clustering ofso lut ions, can be incorporated in

two steps ofa GA mult io bject ive optimisat ion: during the selection o findividuals for

reproduction and reco mbination and at the end, for the choice ofthe preferent ial so lut ion fro m

the Pareto set obtained.

The method proposed by Roseman and Gero [ROS 85] produces the cluster ing ofso lut ions

that can be considered similar between themselves, in allor in so me cr iter ia. Then, inside the

groups, the solut ions that show to have preferent ial characterist ics are selected. The technique

consists in compar ing the proximit y ofso lut ions on the hyper-space, i.e., the similitude or

proximit y oftwo solutions is evaluated through some kind ofmeasure ofthe distance between

themby the aggregat ion ofthe var ious distances in each cr iter ia. The technique used for

clustering the so lutions was the Complete- linkage met hod [ROS 85]. It is essent ial to define

an indifference limit, above which the per formance ofthe solut ions is considered as similar.

This limit, that can be dist inct for each cr iter ion, is defined as the percentage ofthe distance

between adjacent groups relative to the totaldistance (between extreme groups). The

algor ithminvo lves the sequence illustrated in Figure 2.23.

Table 2.10 presents an example where the Pareto set contain 5 different polymer extrusion

operating condit ions (A, B, C, D and E) with per for mance measures in two criter ia ( melt

temperature and power consumpt ion to be minimised).

Assuming that 10% is an acceptable percentage difference limit for each object ive, the groups

are sorted in ascending per for mance order and the init ialdifferences are co mputed ˘ steps a)

to e) ofFigure 2.23 (see Table 2.11).

______________________________________________________________________________________

a) For each objective sort thesolutions by ascending order.

b) For each objective, every solution is treated as one group (one solution per group, except in

the case of equal solutions).

c) In the case of equal solutions, maintain one solution by group, ref erencing the solution that is

kept.

d) For each objective ( C j ), calculate themaximum amplitude [ Range( C j ) ] :

( ) ( ) ( )

j j j C Min C Max C Range - = (2.30)

e) For each objective calculate thedifferences ( d if ) between each adjacent group ( k and k +1). The

diff erences between adjacent groups are calculatedas a percentage of the interv al of existent

values f or each objectiv e. The minimum difference is the ratio of the difference between

adjacent groups ov er the pre-defined difference limitsf or each objective.

( )

( ) ( )

( )

j j j

j C Range k C Min k C Max

k C Dif

, 1 ,

,

- +

= (2.31)

f ) Select the absolute minimal diff erence.

g) If this difference exceeds the limit for each objective, select the next minimum diff erence. If all

the limits have been exceeded, thealgorithm ends.

h) Merge the groups whose diff erence is belowthe limitsf or the respective objective.

i) Recalculatethe differences f or this objective.

j) If any solution of theassembled groups is dominated, eliminate this solution. If not, returnto

step f ).

k) If the number of solutions/groups that remainnon-merged is greater than the number of

required soutions/groups, return tostep f ).

Figur e2.23- Algorithmfor thereduction of t hePareto set.

Table 2.10- Pareto optimal set for extrusion example.

Operating

Condit ion

Melt

Temperature

( ºC)

Power

Consumption

(W)

A 192 560

B 178 770

C 169 1000

D 165 1450

E 166 1500

______________________________________________________________________________________

Table 2.11- Example of Pareto set reduction:

Values sorted and grouped in each objective ˘ 1 st iteration.

C1 ˘ Melt temperature ( ºC) C2 - Power consumpt ion (W)

Group Operating

Condit ions

Values Difference

(%)

Operating

Condit ions

Values Difference

(%)

1 A 192 51.9 E 1500 5.3

2 B 178 33.(3) D 1450 47.9

3 C 169 11.(1) C 1000 24.5

4 E 166 3.7 B 770 22.3

5 D 165 A 560

After the first iteration the minimumdifference found in cr iter ion C1 is 3.7% ˘ i.e., step f),

between groups 4 and 5, and since it is lower than 10% - step g). The next stage is to merge

these groups ˘ step h), and check for dominat ion between them(Table 2.12) ˘ step j).

Operating condit ion D is non-do minated byE, since it has a higher perfor mance in cr iter ion

C2, i.e., a higher group, then this so lution is not eliminated ˘ step j).

Table 2.12- Example of Pareto set reduction:

Check for domination ˘1 st iteration.

Groups

Operating

Condit ion C1 C2

E - 1

D - 2

After the 2 nd iteration the differences for criter ion C1, where the groups 4 and 5 are linked,

needs to be recalculated (Table 2.13) ˘ step i).

Table 2.13- Example of Pareto set reduction:

Values sorted and grouped in each objective ˘ 2 nd iteration.

C1 ˘ Melt temperature ( ºC) C2 - Power consumpt ion (W)

Group Operating

Condit ions

Values Diff.

(%)

Group Operating

Condit ions

Values Diff.

(%)

1 A 192 51.9 1 E 1500 5.3

2 B 178 33.(3) 2 D 1450 47.9

3 C 169 14.8 3 C 1000 24.5

4 E 166 4 B 770 22.3

4 D 165 5 A 560

The minimumdifference in cr iter ion C2 is now 5.3% between groups 1 and 2, i.e., operating

condit ions E and D. Merging groups 1 and 2 and checking for dominat ion is carr ied out

(Table 2.14). In this case operating condit io n E dominates operating condit ion D, since they

belo ng to the same group in cr iter ion C1, i.e., operating condit io n D will be eliminated in all

cr iteria.

______________________________________________________________________________________

Table 2.14- Example of Pareto set reduction:

Check for domination ˘2 nd iteration.

Groups

Operating

Condit ion C1 C2

E 4 -

D 4 -

After recalculat ing the differences, the results are presented in Table 2.15. The minimum

difference found is now 14.8%, which is greater than the pre-defined acceptable limits (10%)

˘ step k), hence the process stops. The operating condit ions A, B, C and E define the new

reduced Pareto frontier.

Table 2.15- Example of Pareto set reduction:

Values sorted and grouped in each objective ˘ 3 rd iteration.

C1 ˘ Melt temperature ( ºC) C2 - Power consumpt ion (W)

Group Operating

Condit ions

Values Diff.

(%)

Group Operating

Condit ions

Values Diff.

(%)

1 A 192 51.9 1 E 1500 53.2

2 B 178 33.(3) D 1450

3 C 169 14.8 2 C 1000 24.5

4 E 166 3 B 770 22.3

D 165 4 A 560

Using the reduction of Pareto set with the GAs

The fundamentalobject ive ofmult io bject ive optimisat ion with GAs is to distr ibute the

populat ion unifor mly alo ng the Pareto frontier and simultaneouslyto promote the progressive

displacement ofthis frontier towards the improvement ofthe individual object ives [GOL 89a,

FON 93, HOR 94, SRI 95].

Starting wit h a set ofsolut ions on the Pareto frontier, in anygiven generat ion, the method

reduces the number ofsolut ions on the efficient frontier, while maintaining the character ist ics

ofthe original set. This feature can be incorporated in mult iobject ive optimizat ion with GAs,

bymodifying the tradit ional algorithm in order to include the Pareto set reduction in each

generat ion and to define a ranking scheme ofthe solut ions that considers this reduction. The

number ofindividuals that belo ng to the Pareto frontier ( N ) is reduced according to a pre-

defined number ofranks ( k = 1, 2 , ..., N_Ranks ). The objective funct ion value is calculated

according to the sequence descr ibed in Figure 2.24.

______________________________________________________________________________________

a) Pre-define the number of required ranks, N_Ranks ;

b) First iteration, k =1;

c) W hile k < N_Ranks do :

1. Reduce the population down to k

N

N Ranks _ æ

è ç ö

ø

÷ individuals

2. For all the remaining individuals that do not have yet a rank f rom previous iterations, do

Rank k = k ;

3. Go tothe next generation, k = k + 1;

d) Assign the individuals to beclassified as: Rank i = N_Ranks ;

e) Calculatethe objective function value f rom this ranking, using equation 2.8 or 2.9, where N is

replaced by N_Ranks and i by Rank i ;

f ) Select the individuals f or reproduction by one of the available methods (e.g. roulette-well

selection).

Figur e2.24- Reduced Pareto set with GAs.

This algor ithmcan also include shar ing for a more unifor mdistribut ion ofthe population

along the Pareto frontier. In this case, an addit io nal step is inserted between steps e) and f) of

Figure 2.24, using equation 2.13 to calculate a new value for the object ive function. T he

select ion pressure can be controlled bythe value of N_Ranks (the smaller this value, the

greater the select ion pressure), which ranges between 2 and N . The determination ofa precise

value requires an empir icalstudy; acceptable values, that do not alter significant lythe

perfor mance ofthe algorithm, are usually situated between 10% and 50% of N .

This algor ithmdoes not require scaling object ive values dur ing the Pareto set reduction.

Another advantage is the use ofa unique parameter, N_Ranks (ifshar ing is not considered)

which is easy to determine.

______________________________________________________________________________________

60

______________________________________________________________________________________

3- MODELLING OF SINGLE SCREW EXTRUSION

3.1- Introduction

In a typicalsingle screw extruder an Archimedes type screw rotates inside a heated barrel.

The screw has (at least) three dist inct geometricalsect ions ( figure 3.1): the feed zone, where

the channel depth is constant ( H 1 ); the compression zone, where the channel depth changes

along the axis; and the meter ing zone, where the channeldepth is again constant but smaller

( H 2 ).

D

H 1

H 2

Heater band

FEED COMPRESSION METERING

L 1 L 2 L 3

Figur e3.1- Typical singlescrew extruder.

As stated previously, the object ive ofthis work is to optimise automaticallythis process

through the use ofan optimisat ion algor ithm(GAs), i.e., to define the processing condit ions

(screw speed and barreltemperature profile), or the screw geometrythat produce the best

systemper formance. Since, the inverse for mulation o fthis process cannot be explicit ly

obtained and the solut ion is probably not unique, the use ofan optimisation scheme, like the

illustrated byfigure 2.1, is adopted. The process modelling package has as input data the

polymer properties, screw geometr yand processing condit ions, and its results (output, melt

temperature, length ofthe screw required for melt ing, power consumpt ion and degree of

mixing) are used to quantify the process perfor mance. The theoretical model must be sensit ive

to changes on the input data, able to predict the required per for mance parameters and,

simultaneously, must produce results with low computation times (given the intense use

required by the optimisat ion algorithm).

The abilit yto produce reliable per for mance parameters and the sensit ivit y to the input data are

usually acco mplished via elaborate theoreticalmathemat ical models, which make use of

sophist icated, but time consuming, numer ical schemes such as finite elements [VIR 84 ,

ZHU 91, PAL 72a, PAL 72b, KIM 95, CHA 95, GHO 96, BRO 97]. Conversely, analyt ical

models [ AGA 96, DAR 56, TAD 70, BRO 72, TAD 67, GRI 62], produce results more

______________________________________________________________________________________

quicklybut with less accuracy, since the resolut ion ofthe const itutive equat ions is made wit h

some important simplificat ions. Thus, a compromise between these two approaches must be

found. Results such as output, melt temperature, melt temperature distr ibut ion, power

consumption, so lid profile, length ofscrew required for melt ing, degree ofmixing, residence

time distribut ion, pressure profile, are required for a relevant optimisat ion. For that, numer ical

models based on finite differences [TAD 72, ELB 84, LIN 85a, FEN 77] willbe used

whenever possible. Since their computation t ime is inco mparablylower than the obtained

with finite elements. The objective o fthis chapter is to present and discuss the computer

implement ing ofthe mathemat ical models adopted for each funct ionalzone (see figure 2.1).

These individualzones will be considered sequent ially and their boundar y condit ions will be

discussed. A global modelo fthe extrusion process, where the aimis the determinat ion ofthe

operationalpo int for a given extruder/die co mbinatio n willbe adopted.

3.2- Extruder geometr y

Figure 3.2 illustrates a portion ofthe screw and barrelthat is used to define the geometr yofa

single screw extruder. The internalbarreldiameter is D b , the internaland externalscrew

diameters are D i and D s , respectively, and the screw pitch is S . The channeldepth H , is given

by:

2 i b D D

H

-

=

(3.1)

The flight clearance is d f . The helix angle, q , and the channel width, W var yin the radial

direct ion (at the root ofthe screw, q s and W s , at the barrelsur face, q b and W b ) respectively:

÷ ÷

ø ö

ç ç

è æ

=

i s D

S arctg

p q

(3.2)

÷ ÷

ø ö

ç ç

è æ

=

s b D

S

arctg

p q

(3.3)

e S W s s

- = q cos (3.4)

e S W b b

- = q cos (3.5)

62

______________________________________________________________________________________

The flight width, e , is measured in a direct ion normalto the flights (as the channel width).

Generally, the number ofscrew flights in parallel, p , is 1. The channel depth var ies in the

compressio n zone ofthe screw, between H 1 and H 2 :

2 1 2 L A H H - = (3.6)

A is the slope ofthe taper.

Figur e3.2- Geometry of an extruder screw.

Modern extruders have a number ofaddit ional features such as grooved barrelsect ions, distr ibut ive and disper sive mixing sect ions and barr ier screws [RAU 86]. Only the grooved barrelwillbe considered in this work. The grooves can be longitudinal or helico idal( figure

3.3). The groove width is b N ; the height ( h N ) is not constant, but decreases linear ly fro ma maximumvalue at the beginning ( h N0 ) to zero.

Figur e3.3- Barrel section wit h longitudinal and helicoidal grooves.

______________________________________________________________________________________

Modelling plast icat ing single screw extrusion implies necessar ily that a number of simplificat ions need to be made. Some ofthese are associated with the geometr yofthe screw channeland to the cinemat ic condit ions [TAD 70]:

a) The channelcan be unro lled and treated as a rectangular cross section, so that Cartesian coordinates are used.

The error introduced bythis approximat ion is negligible, since the channeldepth is much smaller than the screw diameter [TAD 70, FEN 79, STE 95]. Therefore, the channel width and the helix angle beco me constants given bytheir average values, W and q , respectively

(equations 3.7 and 3.8).

2

s b W W

W

+

=

(3.7)

2

s b

q q q + = (3.8) b) The screw is stationar yand the barrelrotates.

This simplificat ion is usuallyadopted since it is easier to visualise and studythe extrusion physicalpheno mena. Tadmor and Klein [TAD 70] discussed this assumpt ion for melt flow in the melt conveying zone. Theyproved that the tangent ialvelocit y profile ofan isothermal

Newtonian fluid flowing between two infinitelylong concentric cylinders, is ident ical, regardless whether it is the inner or the outer cylinder that rotates, i.e., theyconcluded about the legit imacyo fthis assumpt ion. More recently, Rauwendall et al . [RAU 98] proved exper imentallythat this assumpt ion is just ified. They der ived analytical equat ions for the flow ofa Newtonian fluid in a single screw extruder using two geometr icalsystems ( flat plate and cylindr ical) and two cinemat ic condit io ns (rotating barreland rotating screw). Theyconcluded that the velocit ies and the pressure gradients are exact ly the same for the cylindr icalsystem and that for the flat plate systemthe differences are insignificant ifthe channeldepth is small relat ivelyto the barreldiameter ( H <0.2 D ).

Hence, one can define a barrelvelocit y( V b ) and its components ( V bx and V bz ) on a Cartesian system( figure 3.4).

b b D N V p = (3.9)

______________________________________________________________________________________ b b bz V V q cos = (3.10) b b bx sin V V q = (3.11) where N is the screw speed.

y z x

V bx

V b V bz q b

Barrel

Pushing flight

Trailing flight W

Figur e3.4- Barrel velocit y components.

3.3- Solids conveying

The so lids conveying zone extends fromthe hopper unt ilthe locat ion, on the screw, where the fir st polymer pellets melt.

HOPPER

The hopper ofan extruder is generally const ituted bya sequence ofverticaland/or convergent columns. The pellets are transported to the screw by the act ion ofgravit y. Dur ing this process a stress field is developed in the pellets, which depends on the working condit io ns, static

(hopper closed, during the init ial loading) or dynamic stress fields (hopper open, during the discharge), figure 3.5 [WAL 66, WAL 73, THO 95]. In dynamic condit io ns two types offlow can occur (figure 3.6), funnelflow or mass flow [THO 95], which depends on the converging wall slop. The funnelflow occurs when the slop is shallow, this t ype offlow is undesirable, and on the contrarythe mass flow willoccur when the hopper walls are sufficient lysmooth.

Generally, the hopper on the extrusion process works open but in quasi-stat ic condit ions

[WAL 66, WAL 73].

The pressure at bottomofthe hopper is o ften considered as an init ialcondit io n for the calculat ions on the solids conveying zone on the screw. It maybe estimated by per for ming a force balance on an elementalhor izontalslice ofbulk solids mater ial [WAL 66].

______________________________________________________________________________________ static dynamic

Figur e3.5- Stress fields for static and dyna mic conditions.

Funnel flow Mass flow

Figur e3.6- Flow types for dyna mic conditions.

SCREW

The so lids conveying zone has received less attention in co mpar ison wit h the melt ing and melt conveying zones [AME 89]. This is probably due to the difficult ies associated namely in consider ing that the solid bed does not behave as consistent block, as wellas in determining some important polymer physicalpropriet ies (such as bulk densit y and coefficients of fr ict ion) which depend on process var iables like temperature, velocit yand localpressure.

One ofthe first attempts to modelthis zone was carr ied out by Darnell and Mo l[DAR 56], who assumed that the flow ofso lids ( i.e., the movement ofa non- defor mable elast ic so lid bed) results fro mthe difference between the fr iction forces act ing on the screw surface and barrelsur faces. Subsequent studies have been proposed, extended this analysis and considered mot ion due to shear rates in polymer melt films surrounding the solid, non-isother mal condit ions, two-dimensio nal so lid bed and fluid containing so lid particles [CHU 71, BRO 72,

TAD 72, LOV 73, ATT 80]. The modeldeveloped by Tadmor and Broyer [TAD 72] deserves a specialnote, since the original Dar nelland Mo l´s analysis was extended to include the ther maleffects that take place on the solid bed, particular ly closer to the screw and barrel sur faces.

This decade witnessed new theoretical and exper imental studies. After ver ifying exper imentallythat the pellets do not behave generally as a coherent bed, some authors [ZHU

91, FAN 91] developed a theoretical modelbased on finite elements, which takes this fact into consideration, but that introduces also four new mater ial parameters that are difficult to determine in pract ice. The Spalding and Hyun group developed a non-isother mal modelfor starve- fed and for flood-fed extruders [STR 92, HYU 97]. A device for measur ing so lids

______________________________________________________________________________________ conveying rates as a funct ion ofbarreland screw temperatures, screw speed, and discharge pressure was developed [HYU 96]. The results obtained with this modelare compared wit h exper imentaland theoretical data. The results seem to be reasonable, but theyneed so me addit ionalwork in order to be validated. Recent lyCampbell et al. [CAM 95, YAM 98] proposed a modelassuming that the solid bed behaves as an elast ic fluid. The modelremains to be completed and validated. Finally, Spalding et al. developed methods that allow the quant ificat ion ofthe bulk densit yand the fr ict ion coefficients as a funct ion oftemperature, velocit y and pressure, which are tested with several polymer s [HYU 90, SPA 93, SPA 95a,

SPA 95b].

Given the current limitat ions ofthe most recent models for solids conveying, the pressure gradient and power consumpt ion willbe computed adopting the Broyer and Tadmor analysis

[BRO 72, TAD 72]. The temperature profile requires obviouslya non-isother mal model, hence the modelof Tadmor and Broyer [TAD 72] willbe modified and implicit finite differences will be adopted. The method avoids the need o fa numer ic relat ion between the value ofthe differences onthe transver saland lo ngitudinal dir ect ions.

Pressure generation

Broyer and Tadmor [BRO 72, TAD 72] considered the fo llowing simplificat ions:

· The pellets behave as a continuous elastic plug;

· The so lid plug contacts perfect ly allsides ofthe screw channeland barrel;

· The flight clearance is neglected;

· The var ious fr ict ion coefficients are constant;

· The polymer densit yis assumed to be constant;

· Gravitat ionaland inertialforces are neglected.

The densit yand fr ict ion coefficients can var ywit h temperature, pressure, velocit yand other var iables if the calculat ions are per formed on small down-channelincrements.

Fromsimple geo metric considerations, the volumetr ic output is given by [DAR 56, TAD 70,

BRO 72]:

( )

( ) ú û

ù ê ë

é

-

-

+

- = q p q f

q f p sin H D

e p tg tg

tg tg

H D D H N Q b b

b b b 1 2

(3.12) where f is the solids conveying angle.

______________________________________________________________________________________

The pressure profile is obtained fro mforce and torque balances made on a different ialdownchannelelement, as shown in figure 3.7 [TAD 70, BRO 72]. The forces include fr ict ion ( F 1 ) between the barreland the solid bed (acting in a direction making an angle q + f with the down-channel direction), fr ict ion due to the contact ofthe solids with the screw root ( F 5 ) and screw walls ( F 3 and F 4 ), respectively, nor mal reactio ns ( F 7 and F 8 ), and forces due to the pressure gradient ( F 6 and F 2 ).

F

1

F

2

F

3

F

4

F

5

F

6

F

7

F

8

dZ q f

Figur e3.7- Forces acting on a solid bed element.

The pressure r ise is given by:

ú

ú û

ù ê

ê ë

é

÷ ÷ ø

ö ç ç è

æ

+

-

= ò 2

1 2 2

1 1 1 2 exp .

z z

dz

K A B

K A B

P P

(3.13) where P

1

and P

2

are the pressures at down-channel distance z

1

and z

2

, respectively. A 1 , A 2 , B 1 ,

B 2 and K are constants given by:

b s s b s b b sin f W sin f H . sin W f A q q f + + = 2

1

(3.14) q sin W H A =

2

(3.15) b

s s b s s b

b s b b D

D g cot sin f W

D

D . g cot . sin f H . cos W f B qq q q f -- - = 2

1

(3.16) b D

D W H B q cos 2

=

(3.17) q q

q q sin f

f sin

D

D K s

s b

-

+

= cos

cos

(3.18)

In these equations, f s , and f b are the polymer- metal friction coefficients at the screw and barrel surfaces, respectively.

______________________________________________________________________________________

Power consumpt ion

The mechanicalpower consumpt ion in the so lids conveying zone ( e w ) is the product ofthe fr ict ion force at the barrelsur face bythe barrelvelocit yin the f direct ion. In turn, the latter is the product ofthe localpressure by the inter facialarea between the solid bed and the barrel

( P 2 f b W b dz ) [BRO 72]:

dz P W f D N de b b b w f p cos

2 = (3.19)

Upon integration alo ng the down-channeldirect ion:

f p cosz P W f D N e m b b b w D = (3.20) where P m is:

1

2

1 2 ln P

P

P P

P m

-

=

(3.21)

The mechanicalpower consumpt ion results fro m:

wp wf ws wb w e e e e e + + + = (3.22) where e wb , e ws , e wf and e wp are the mechanical power dissipated on the barrelsur face, on the screw root, on the flights and for compressio n, respect ively. The corresponding expressio ns are:

( ) f q

q p

+

D = b

b m b b b wb z P W f D N e sin

sin

(3.23)

( ) 1 sin

sin sin

sin r tg

tg z P W f D N e s

b s

b b

b m b s s ws q

q q

q f q

q p

+

D =

(3.24)

( ) ú û

ù

÷ ø

ö ç è

æ - + ÷ ø

ö ç è

æ +

ê ë

é +

+ D =

D

D tg g f W

D

D W f

H z P f D N e s s b s s b b b

b b b m s b wf q q q q q f q f

q

q q

q f q

f p cot 1 cos sin sin cos cos sin

sin

sin 2 sin

sin sin

sin

(3.25)

( ) ÷ ÷ ø

ö ç ç è

æ

+

=

1

2 ln

P

P

P sin

sin sin

sin

W H D N e m b b

b wp q

q f q

f p

(3.26) with:

______________________________________________________________________________________ b

s

S

e

S

e r q

q cos

1

cos

1

1 -

-

=

(3.27)

Transversal temperature profile

The temperature profile in the solid plug can be predicted byso lving the energy equat ion, which depends on:

· heat convect ion alo ng the channel due to the polymer motion;

· heat conduction ( in the radialdirect ion) due to the temperature gradients;

· heat conduction in the down-channeldirect ion.

The latter can be neglected when co mpared with the other two. Thus the temperature profile along the screw channelcan be descr ibed byequation 3.28, where the left termrepresents heat convection and r ight termrepresents the heat conduction:

2

2 y

) y ( T z

) y ( T V s sz ¶

¶ =

¶

¶ a

(3.28)

V sz is the so lid bed velocit y, T ( y ) is the cross temperature profile (direct ion y ) and a s is the ther maldiffusivit yo fthe solid plug.

Fr iction at the polymer-barreland po lymer-screw walls and heat conduction fro mthe barrel increase the temperature ofthe solid plug (particular lynear the surfaces). Pressure, temperature and relat ive velo cit yaffect the fr ict ion coefficients, therefore, the temperature.

Figure 3.8 shows the heat fluxes due to fr ict ion on the var ious sur faces on a differentialcrosschannelslice ofthe solid plug. The heat fluxes onthe flights ( q f ) and onthe screw root ( q s ) are generallyneglected [TAD 72]. Heat generation on the root ofthe screw will be considered in this work, in order to define the location where the polymer reaches the melt ing point and the second part ofthe delayzone starts (as will be presented in the fo llowing sect ion).

Equation 3.28 is so lved consider ing that the heat fluxes (per unit surface) are defined by equations 3.23 and 3.24 divided by the sur face where theyact ( zW b

D a nd z W s

D , respectively). The heat generated at the barrelsur face is dissipated in two fluxes, one in the direct ion ofthe solids, the other in the direct ion ofthe barrel[T AD 72]:

barrel

b

H y

s b y

) y ( T k y

) y ( T k q

¶

¶ +

¶

¶ - =

=

(3.29)

______________________________________________________________________________________ where k s and k b are the ther mal conduct ivit yo fthe solid polymer and ofthe barrel( metal), respectively.

Barrel

Screw

Flight

Flight

q b q s

q f

q f

y x

D z

H

W

Figur e3.8- Heat fluxes duet o friction on solid plug cross-channel slice.

The evaluation o fthe conductive heat flux on the barrelis made using the barreltemperature value ( T b ), measured at distance b fromthe interface, and consider ing a linear temperature profile alo ng the barrelthickness:

b

T T y

y T b barrel

-

»

¶

¶ ) (

(3.30) where T is the inter face temperature.

It is more difficult to compute the heat flux onthe screw, because the screw temperature is not known. One can eit her consider that the temperature at the screw surface ( T s ) is constant (e.g.

equalto the inlet polymer temperature - T s0 ) or assumes an adiabat ic screw. In this case, the heat flux is:

0 =

¶

¶

= y

p s y

) y ( T k q

(3.31) where k p is the ther mal conduct ivit yo fthe screw (metal).

Equation 3.28 can be so lved using an implicit finite difference method, such as a Crank-

Nico lson scheme, together with the boundar ycondit io ns in the barrel(equat ion 3.29) and in the screw root (equation 3.31). The differ ential element in the y direct ion ( D y ) willbe independent ofthat in the z direct ion ( D z ) [TAD 72, MIT 97]. The screw channelis filled with

______________________________________________________________________________________ a rectangular gr id with sides parallelto the y and z axes ( figure 3.9); D y and D z are the grid spacing (or different ial elements) in the y and z directions, respectively. The co-ordinates of the grid points ( Y , Z ) are given by:

î

í

ì

=

= z i Z

y j Y

D

D (3.32) with i = 0, 1, � M and j = 0, 1, �, N .

y=H z

y z=0 i-1

j-1

j i

i-1 i

j-1

j

j+1

z D y D

Figur e3.9- Finit ediffer ences grid.

The discretisat ion ofequat ion 3.28 is made using centraldifference approximat ions for the fir st order derivat ive in the z and in y direct ions, respect ively:

z

T T z

T j, i j,i j,i

D

-

=

¶

¶ - 1 (3.33) y

T T y

T j i j i j i

D

-

=

¶

¶ - +

2

1 , 1 ,

,

(3.34)

Using the Crank- Nicolson scheme for the second order derivat ives in the y direct ion yields:

ú û

ù ê ë

é

D

+ -

+

D

+ -

=

¶

¶ - - - + - - +

2

1 1 1 1 1

2

1 1

2

2 2 2

2

1 y

T T T y

T T T y

T j, i j, i j, i j,i j,i j,i j,i

(3.35)

______________________________________________________________________________________

Figure 3.9 shows the 6 points invo lved in these approximat ions for calculat ing the temperature in the point T ( i , j ). Replacing in equat ion 3.28 and rearranging:

( ) j i

sz j i j i j i

s

j i

s j i

s sz j i

s

T z

V

T T T y

T y

T y z

V

T y

,1 2 ,1 ,1 1 ,1 2

1 , 2 , 2 1 , 2

2

2

2 2

- + - - - -

+ -

D

+ + -

D

=

D

- ÷ ÷ ø

ö ç ç è

æ

D

+

D

+

D

- a

a a a

(3.36) where the temperatures on the left hand side are unknown and the temperatures on right hand side were computed in the previous step, or correspond to the init ialtemperatures for z =0

( i =0). Replacing j by1, 2 , �, N -1 produces a system o fequations, that can be put in matr ix for m:

B T A = (3.37) ú

ú

ú

ú

ú

ú

ú

ú

ú û

ù ê

ê

ê

ê

ê

ê

ê

ê

ê ë

é

D

-

D

+

D D

-

D

-

D

+

D D

-

D

-

D

+

D D

-

=

2 2 2

2 2 2

2 2 2

2 2

0 0

... ... ... ... ...

... ... ... ... ...

0

2 2

0

0 0

2 2 y y z

V y

y y z

V y

y y z

V y

A s s sz s

s s sz s

s s sz s a a a

a a a

a a a

(3.38)

[ ]

N i N i i i

T T T T T T , 1 , 1, 0, ... -

= (3.39)

( )

( )

( )

( ) ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú û

ù ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ë

é

D

+ + -

D

D

+ + -

D

D

+ + -

D

D

+ + -

D

=

- - - - - - -

- - - - - - - -

- - - -

- - - -

1 ,1 ,1 1 ,1 2 ,1 2

2 ,1 1 ,1 2 ,1 3 ,1 2

2,1 3,1 2,1 1,1 2

1,1 2,1 1,1 0,1 2

2

2

2

2

...

2

2

2

2

N i

sz

N i N i N i

s

N i

sz

N i N i N i

s

i

sz i i i

s

i

sz i i i

s

T z

V

T T T y

T z

V

T T T y

T z

V

T T T y

T z

V

T T T y

B a

a

a

a

(3.40)

Since this systemhas N -2 equations and N unknowns, the two boundar ycondit io ns (equations

3.29 and 3.31) produce two extra equations:

s i

s i

s q T y

k

T y

k - =

D

-

D 2, 0, 2 2

(3.41)

______________________________________________________________________________________ b b

b

N i

b s

N i

s qT b

k

T b

k y

k

T y

k - - = ÷ ÷ ø

ö ç ç è

æ

+

D

+

D

-

- , 2 , 2 2

(3.42)

Then, the matr ix A (3.38) and the vector B (3.40) are changed into:

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú û

ù ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ë

é

+

D D

-

D

-

D

+

D D

-

D

-

D

+

D D

-

D

-

D

+

D D

-

D

-

D

= b

k y

k y

k

y y z

V y

y y z

V y

y y z

V y

y

k y

k

A b s s

s s sz s

s s sz s

s s sz s

s s

2

0

2

0 0 0 0

2 2

0 0 0 0

... ... ... ... ... ... ...

... ... ... ... ... ... ...

0 0 0

2 2

0

0 0 0 0

2 2

0 0 0 0

2

0

2

2 2 2

2 2 2

2 2 2 a a a

a a a

a a a

3.43

( )

( )

( )

( ) ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú û

ù ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê ë

é

- -

D

+ + -

D

D

+ + -

D

D

+ + -

D

D

+ + -

D

-

=

- - - - - - -

- - - - - - - -

- - - -

- - - - b b

b

N i

sz

N i N i N i

s

N i

sz

N i N i N i

s

i

sz i i i

s

i

sz i i i

s

s q T b

k

T z

V

T T T y

T z

V

T T T y

T z

V

T T T y

T z

V

T T T y

q

B

1 ,1 ,1 1 ,1 2 ,1 2

2 ,1 1 ,1 2 ,1 3 ,1 2

2,1 3,1 2,1 1,1 2

1,1 2,1 1,1 0,1 2

2

2

2

2

...

2

2

2

2 a

a

a

a (3.44)

The so lution to this systemcan be obtained using, e.g., the method ofGauss eliminat ion with partialpivot ing.

______________________________________________________________________________________

Barrel grooves

The output capacit yofthe so lids conveying zone, as well its insensit ivit y to pressure fluctuations can be increased by augment ing the fr ict ion coefficient on the internalbarrel sur face, via machining longitudinal or helico idalgrooves onthe barrel( figure 3.3).

Severaltheoretical and exper imentalanalyse on the grooved section o fextruders have been carr ied out [BOE 90, POT 85, RAU 82a, RAU 82b, GRÜ 84, RAU 86, POT 88, POT 89]. In this work the influence ofthe grooves will be considered through the use ofan equivalent fr ict ion coefficient (that depends on the grooves geometr y) in the convent ional so lids conveying analysis. This equivalent (or efficient) fr ict ion coefficient willbe deter mined by the contact ofthe solid bed in screw channelwit h the barrelflight tip sur face and with the solid bed contained by the barrelgrooves. The influence ofthe grooves geometr y(groove depth, h N , and totalgroove width - number ofgrooves mult iplied by the groove width, b N ) on the perfor mance of four methods to compute the equivalent fr ict ion coefficient is presented in

Appendix A. As expected, totalgroove width is the relevant parameter, since the occurrence ofa transversal po lymer flow on the grooves is deter minant for their efficiency. For that reason, the effect ive fr ict ion coefficient only decreases when the groove depth is sufficient ly small (towards the end ofthe grooved section).

3.4- Delay

The melt ing mechanism does not start immediately at the end ofsolids conveying zone ( i.e., when the so lid polymer closer to barrelsur face reaches the melt ing temperature). Maddock

[MAD 59] and Tadmor et al. [TAD 67] reported a two-stage process (figure 3.10):

· The polymer in contact with the barrelsur face melts fir st and forms a filmat the barrelsolid po lymer inter face. This film increases gradually its thickness.

· Subsequently, a melt poolappears near to the active screw flight ofthe channel and its width increases unt ilthe ent ire polymer melt s (this is the melt ing zone).

There are, at least, two causes for this delay[ AGA 96, TAD 67, KAC 72]. The init ial melt rather than accumulat ing near to the active flight will penetrate and fill the voids between pellets, delaying the film for mat ion. After the format ion ofthe melt film, the melt ing mechanis mwillonly start when the thickness ofthe melt filmexceeds the flight clearance. It is co mmo n that the filmthickness grows far beyo nd the value ofthe clearance, unt ilthat a

______________________________________________________________________________________ sufficient cross channelpressure, is able to push and defor mthe solid bed against the trailing flight [KAC 72, AGA 96].

Melt film

Active flank Passive flank

Melt pool

Figur e3.10- Maddock/ Tadmor melt ing mechanism.

In pr inciple, depending on the operating condit io ns, particular lythe screw temperature, it is possible that the polymer closer to the screw surfaces (walls and root) reaches its melt ing point during the delay zone. As seen in the previous sect ion, at the screw flanks and root there is, also, dissipat ion byfr ict ion, with a consequent gradualincrease ofthe temperature ofthe solid po lymer. Therefore, the delay zone can have two stages (figure 3.11), i.e. , froma specified screw location onwards a melt filmnear allscrew sur faces can be formed, and can be maintained throughthe melt ing length.

Delay zone I Delay zone II

Figur e3.11- Proposed two-stagedelay zone.

DELAY ZONE I

As shown in figure 3.12, the solid bed contacts the screw walls and root, where the local temperature increases due to heat dissipation fro mfr ict ion. This mechanismis co mpleted when the so lid polymer reaches its melt ing point. Simultaneously, the solid polymer cont inues to melt at the melt film- so lid bed inter face (the heated barreland the intense shear ing occurring in the film contribute significant lyto this process, as will be seen later).

Kacir and Tadmor [KAC 72] developed a theoretical modelfor this zone that allows the calculat ion ofthe filmthickness profile, the temperature profiles in the film and in the so lid

______________________________________________________________________________________ bed, the pressure generat ion, the power consumpt ion and the zone length. Addit ionally, the modeldeveloped here considers:

· heat convect ion in the down-channeldirect ion,

· heat conduction in the radial direction,

· heat convect ion in the radial dir ect ion.

V bz

V bx V sz

H x

z

y

T(y)

T b

T m

T so

T s

A

V b

C d

C

Figur e3.12- Cross-sect ion for delay zoneI.

The fo llowing assumpt ions are established:

· The so lid bed is an isotropic and ho mogeneous continuum;

· Melt leakage over the flight tips is neglected;

· The mo lten polymer is an inelast ic viscous fluid;

· The flow is steady;

· The so lid- melt inter face is smooth;

· The melt filmflow is fullydeveloped in the down and cross channel directions ( i.e.,

¶ V x / ¶ x = 0 and ¶ V z / ¶ z = 0);

· Gravitat ionaland inertialforces are neglected.

Melt film

The mo mentumand energy equat ions are the fo llowing [ELB 84, LEE 90, HUA 93 ,

HAN 96]:

÷ ÷ ø

ö ç ç è

æ

¶

¶

¶

¶ =

¶

¶ y

V y x

P x h

(3.45)

______________________________________________________________________________________

0 =

¶

¶ y

P (3.46)

÷ ÷ ø

ö ç ç è

æ

¶

¶

¶

¶ =

¶

¶ y

V y z

P z h

(3.47)

2

2

2

) ( gh r � +

¶

¶ =

¶

¶ y

T k z

T y V c m z p m

(3.48) where r m is the melt densit y, c p is the melt specific heat, k m is the melt ther mal conduct ivit y and h is the melt viscosit y, which will be calculated using a temperature dependent power law:

( ) [ ] 1

0 0

- - - = n T T a exp k g h � (3.49) k 0 , a , T 0 and n are constants and g � is the shear rate, given by:

2 1 2 2 ú

ú û

ù ê

ê ë

é

÷ ÷ ø

ö ç ç è

æ

¶

¶

+ ÷ ÷ ø

ö ç ç è

æ

¶

¶

= y

V y

V x z g �

(3.50)

Since the leakage flow is neglected, the melt must recirculate in the x -direction:

ò = C dy y V x

d

0

0 ) ( (3.51) where d C is the melt film thickness.

The relevant boundar ycondit io ns are:

î

í

ì

= =

= = î

í

ì

= =

= = î

í

ì

- = =

= = b

m bz z

sz z bx x

x

T ) y ( T

T ) y ( T

V ) y ( V

V ) y ( V

V ) y ( V

) y ( V d d d

0 0 0 0

(3.52) where T m is the melt ing temperature.

The resolut ion ofequat ions 3.45, 3.47, 3.48 and 3.51, coupled to the boundar ycondit io ns

3.52, provides the melt film velocit yand temperature fields. The mesh is similar to that shown in figure 3.9, where the y coordinates var ybetween y = 0 (so lid-melt inter face) and y = d C (the film thickness). The equations are non- linear, since the viscosit ydepends on the temperature and on the velocit yfield, thus involving the use ofa specific finite difference discret isat ion

[MIT 80, ZIE 83]. The solut ion ofequat ions 3.45 and 3.47 can be obtained using the implic it

Crank-Nicho lson scheme.

______________________________________________________________________________________ ú

ú

ú

ú

ú û

ù

D

+ ÷ ÷ ø

ö ç ç è

æ

+ -

ê

ê

ê

ê

ê ë

é

+

D

+ ÷ ÷ ø

ö ç ç è

æ

+ -

=

¶

¶

- - - + + +

- - - - - - - + - + - + -

2

1 ,

2

1 , ,

2

1 , 2

1 , 1 ,

2

1 ,

2

1 ,1

2

1 ,1 ,1

2

1 ,1 2

1 ,1 1 ,1

2

1 ,1

2

1 y

Vx Vx Vx

y

Vx Vx Vx x

P j i j i j i j i j i j i j i

j i j i j i j i j i j i j i h h h h

h h h h

(3.53) ú

ú

ú

ú

ú û

ù

D

+ ÷ ÷ ø

ö ç ç è

æ

+ -

ê

ê

ê

ê

ê ë

é

+

D

+ ÷ ÷ ø

ö ç ç è

æ

+ -

=

D

-

- - - + + +

- - - - - - - + - + - + - -

2

1 ,

2

1 , ,

2

1 , 2

1 , 1 ,

2

1 ,

2

1 ,1

2

1 ,1 ,1

2

1 ,1 2

1 ,1 1 ,1

2

1 ,1 ,1 ,

2

1 y

Vz Vz Vz

y

Vz Vz Vz z

P P j i j i j i j i j i j i j i

j i j i j i j i j i j i j i j i j i h h h h

h h h h

(3.54) where

2

1 1 + - j, i

h is the viscosit ycalculated using equation 3.49 with an average temperature and shear rate:

2 1 2

1 1 1

2

1 1 1 ú

ú û

ù ê

ê ë

é

÷ ÷ ø

ö ç ç è

æ

D

-

+ ÷ ÷ ø

ö ç ç è

æ

D

-

= - + - - + - y

Vz Vz y

Vx Vx j, i j, i j, i j, i g � (3.55)

2

1 1 1 j,i j, i T T

T - + -

+

=

(3.56)

2

1 1 - - j, i

h ,

2

1 +j,i

h and

2

1 -j,i

h are computed using a similar rule

The different ial terms ofthe energy equat ion (3.48) need to be replaced by equat ions 3.33 and

3.35, respectively.

( ) j,i

j, i j, i j, i j,i j,i j,i m

j, i j,i j,i p m y

T T T y

T T T k

z

T T

Vz c

2

2

1 1 1 1 1

2

1 1

1

2 2

2

1 g h

r

� + ú û

ù ê ë

é

D

+ -

+

D

+ -

=

D

-

- - - + - - +

-

(3.57)

______________________________________________________________________________________

Subst ituting j by1, 2 , �, N -1, produces a systemofequations that can be put in matr ix form as in equat ion 3.37. The systemis completed with equation 3.51 and with an equat ion for the mass flow rate in the melt film, obtained by a mass balance.

Figure 3.13 shows the iterative procedure for the simu ltaneous reso lution ofequat ions 3.53,

3.54 and 3.57, where V x ( y), V z ( y), x

P

¶

¶

, P and T(y), need to be determined for section i . The numer icalreso lution is similar to that ofthe solids conveying zone, when equat ion 3.28 is put in matr ix for m(equation 3.37).

Initial values for:

Vx 0,j (y) (e.g., a linear profile between 0 and V bx )

Vz 0,j (y) (e.g., linear variation between V sz and V bz )

T 0,j (y) (e.g., linear variation between T m and T b ) do { do { solve equation 3.53 (to obtain Vx i ,j

and ¶ P/ ¶ x ) solve equation 3.54 (to obtain Vz i ,j

and P i )

} while ( Vx i ,j

, ¶ P/ ¶ x , Vz i ,j

and P i have not converged) solve equation 3.57 (to obtain T i ,j )

} while ( T i ,j

has not converged)

Figur e3.13- Method for solving a systemof non-linear differ ent ial equations.

Solid bed

Here, a displacement ofthe solids towards the melt filmmust occur, due to melt ing [TAD 70,

ELB 84]. An addit ional termin the energyequation (the heat convect ion in the radial direct ion) must be included.

2

2 y

) y ( T z

) y ( T V y

) y ( T V s sz sy ¶

¶

=

¶

¶

+

¶

¶ a

(3.58) where V sy is the velocit ytowards the solid- melt interface.

At the screw root the heat generated byfr ict ion dissipat ion has two components, one in the solids direct ion, the other in the screw direction.

0 0

) ( ) (

= =

¶

¶

-

¶

¶

= y

p y

s s y

y T k y

y T k q

(3.59)

______________________________________________________________________________________

The screw temperature must be known. As referred previouslythis is not an easytask. An empir icalequation suggested byCox and Fenner [COX 80] will be adopted:

( ) [ ] ( ) z exp T z exp T ) z ( T so b s

b b + - = 1 (3.60) where:

m

b so

b m z

T T

T T ln ÷ ÷ ø

ö ç ç è

æ

-

-

= b

(3.61) and z m is the helical distance between the hopper and the location where the lower and lateral melt films first appears.

The discretisat ion ofequat ion 3.58 is ident ical to that ofequat ion 3.28.

Mass and heat balances over the solid-melt interface

The behaviour ofthe melt filmand ofthe solid bed can be coupled through mass and heat balances in the inter face. The mass flow rate in the melt film ( z z| C m D + � ) is determined bythe rate ofmelt ing over the interface ( R C ): see figure 3.14, which represents an elementalportion ofthe interface between the melt film, C, and the solid bed A (see also figure 3.12).

C z c z z c

R m m + =

D + � � (3.62) where:

ò = c dy y V W m z m c z c

d r

0

) ( �

(3.63) c sy s C W z V R D = r (3.64) where r s is the solid bed densit yand the indices

C| z

and

C| z + D z refer to the down-channel increment z and z + D z , respectively, in zone C.

The mass flow rate in the so lid bed ( z z| A m D + � ) is:

C z A z z A

R m m - =

D + � � (3.65) where:

( ) s z s sz s z A

W H V m r = � (3.66) and H s|z is the solid bed height. Then, the totalmass flow rate ( T m � ) is:

______________________________________________________________________________________ z z c z z A T m m m D + D +

+ = � � � (3.67)

Finally, a heat balance over the melt ing inter face yie lds:

sy s

H y

s

H y

m V y

T k y

T k c c

l r d d

= ÷ ÷ ø

ö ç ç è

æ

¶

¶ - ÷ ÷ ø

ö ç ç è

æ

¶

¶

- = - =

(3.68) x

AC

R

z z C

m

D + |

� z C

m

|

�

z

z + D z

A

z z A m D + |

�

z B m

|

� z Cx m

|

�

z By m

|

�

Figur e3.20- Mass balances for regions A and B.

The so lid po lymer velocit y in the direct ion ofthe melt films C ( V sy1 ) and DE ( V sy2 ) can be

determined by heat balances over the interfaces A-C and A-DE. The corresponding equations

are, respectively:

1 sy s solid , C A s melt , C A V |

y

T

k |

y

T

k lr=

¶

¶

-

¶

¶

- -

(3.98)

2 sy s melt , DE A solid , DE A s V |

y

T k |

y

T k lr=

¶

¶

-

¶

¶

- -

(3.99)

Force balances

The analys is is co mpleted with the equilibr iumo f forces acting on the solid bed in the x and y

direct ions:

( )

s

C| yx DE | yx ) DE ( ) C (

H x

P

x

P t t +

=

¶

¶ +

¶

¶ 2 (3.100)

÷ ÷

ø ö

ç ç

è æ

¶

¶

=

¶

¶

=

¶

¶

+

¶

¶ )B( ) DE ( ) C (

z

P

z

P

z

P

z

P (3.101)

______________________________________________________________________________________

and wit h a condit ion ofpressure continuit y alo ng the solid bed:

( )

s s

) DE (

s

) C (

H W

x

P W

x

P +

¶

¶ + =

¶

¶ (3.102)

where t yx |DE and t yx |C are the shear stresses acting on the interfaces A-DE and A-C,

respectively.

The var ious systemo fequat ions are subjected to the fo llowing geometr ic constraints:

H H DE s C

= + + d d (3.103)

W W W DE s B

= + + d (3.104)

The discretisat ion by finite differences is similar to that presented to the other different ial

equations.

Power consumption

The mechanicalpower consumpt ion for the melt ing zone ( e m ), results fro mthe contribut ions

ofthe power dissipated on the melt films C ( e mfC ) and DE ( e mfDE

), on the melt pool( e mp ), on

the flight clearance ( e mcl ) and the power required to build up pressure ( e mbp ):

mbp mcl mp mfDE mfC m e e e e e e + + + + = (3.105)

The power required for shear ing the melt films and the melt poolresults fro mthe relative

velocit y between the metalsur faces ( barreland screw) and the so lid bed:

( )

ò ò ò ò

=

=

D

=

¢

= ú ú

û ù

ê ê

ë é

÷ ÷

ø ö

ç ç

è æ

+

=

max max

y

y y

y z

z

X

x yz z yx x

dy dy dz dx ) y ( ) y ( V ) y ( ) y ( V

e

0

0 0 0 t t (3.106)

where t yx and t yz are the shear stresses in the dir ections x and z , respect ively.

The integralin dir ection y is due to the var iat ion ofthe velocit ies in this direct ion; a weighted

average is co mputed. For melt film C the corresponding expressio n is:

( )

ò ò + D

=

C

C

dy dy V V z W

e

C| yz C|z C| yx C|x s

mfC d d

t t

0

0 (3.107)

______________________________________________________________________________________

where W s is the solid bed width and W A * D z is the area were the shear stresses act. For melt

film DE is:

( ) ( )

ò ò + D +

=

DE

DE

dy dy V V z H W

e

DE | yz DE |z DE | yx DE |x s s

mfDE d d

t t

0

0 (3.108)

where H s is the solid bed height and ( W s + H s )* D z is the area were the shear stresses act.

Finally, for the melt pool:

( )

ò ò + D

=

H

H

B yz B z B yx B x B

mp

dy dy V V z W

e

0

0

| | | | t t

(3.109)

where V z|B and t yz|B are the average values for each y , since they var ywit h x and y . The power

consumption on the flight clearance and the required to build up pressure are, respectively:

z e k V

e

n

f n

b

mcl

D =

+

d

0

1

(3.110)

dz

z

P Q e mbp ¶

¶ =

(3.111)

3.6- Melt Conveying

The melt conveying, or pumping zone, develops after melt ing is co mpleted. It contributes to

mixing and to generate the required pressure to force the polymer through the die at a specific

output. This, is the most studied functional zone since it determines the mass output ofthe

extruder and its working character ist ics can be inferred froma fluid mechanics analys is,

without the need ofextensive exper imentalwork. Most theoreticalanalyses published so far

considered the fo llowing type ofsimplificat ions [AME 89, RAU 86]:

· Polymer rheo logy˘ purely viscous Newtonian or non-Newtonian fluid.

· Isother malor non- isother mal condit ions.

· One-, two- or three-dimensio nal flow.

· Down channel convect ion effects ˘ included or neglected.

· Leakage flow through the screw tips ˘ included or neglected.

______________________________________________________________________________________

· Exist ing or not exist ing slip at the walls.

Table 3.1 summar ises the assumpt ions made in the melt conveying models, according to

Amellal et al. [AME 89]. Fenner et al. [FEN 77] compared exper imentalresults with

theoreticalresults obtained using var ious models. Theyconclude that, for most practical

purposes, atwo-dimensio nalanalys is ofdeveloping non-isother malnon-Newtonian flo w gave

the satisfactorypredict ions.

Table 3.1- Assumptions of melt conveying models (individual

references are giveninthe review by Amellal et al. [AME 89]).

Assumptions

Models

1 2 3 4 5 6

Rowell and Finla yson Y Y 2 N N N

Carley and Strub Y Y 2 N N N

Carley, Mallouk and Mckelvey Y Y 1 N N N

Carley and Mckelvey Y Y 1 N N N

Mallouk and Mckelvey Y Y 1 N N N

Mckelvey, Jepson Y Y 2 N N N

Squir es Y Y 1 N N N

Mori and Matsumot o N Y 1 N N N

Griffit h N Y 2 N N N

Squir es N Y 1 N N N

Middlema n N Y 2 N N N

Zamodits and Pearson N N 2 N N N

Dyer, Martin N N 2 N N N

Kaiser and S mith N N 2 Y N N

Donovan N Y 1 Y Y N

Fenner and Williams N N 2 Y N N

Palit and Fenner Y Y 2 N N N

Palit and Fenner N Y 2 N N N

Pittma n et al. Y Y 2 N Y N

Choo, Hami and Pittma n N Y 2 N Y N

Viriyayut hakorn and Kassahun N N 3 Y Y N

Brucker et al. N N 2 Y Y N

Meijer and Verbraak Y Y 1 N N Y

ASSUMPTIONS: 1- Newt onian flow, 2- Isothermal model, 3- Number of

dimensionsconsidered, 4- Convection included, 5- Leakage flowtaken into

account, 6- Slip at wall exists.

More recent ly, new studies have been reported (see table 3.2). Joo and Kwon [JOO 93]

studied the effect ofthe 3D circulatoryflow on the residence time distr ibution. Kim and

Kwon [KI M 95a] suggested a simple approach to determine the screw character ist ics for 3D

flow, byintroducing a TotalShape Factor to correct 2D flow analys is. Theyalso compared

the results ofa quasi3D modeland of2D modelconsider ing slip and concluded that slip

effects are ver ysignificant [KIM 95b]. Chiruvella et al. [CHI 95b] developed a 2D non-

______________________________________________________________________________________

Newtonian non- isothermal modelbased on finite differences. Chang and Lin [CHA 95]

developed a hybr id finite element finite difference method for simulat ing the non-Newtonian

non- isother malmelt flow on the screw channel. The velocit yand pressure fields were

obtained using finite elements whereas temperature is co mputed using finite differences.

Lekarou and Brandao [LEK 96] proposed a non-Newtonian non-isother mal model where a

finit e difference/finite vo lume method was used to solve the governing equat ions. More

recent ly, Ghoreishy and Rafizadeh [GHO 96] developed a numer icalalgor ithmbased on the

finit e element method to solve the flow and energy equat ions under non-Newtonian and non-

isother mal condit ions. A least squares finite element method is used to solve the flow

equations, whereas the energyequat ion is so lved with the Bubnov-Galerkin for mulat ion.

Cheng et al . [CHE 97] studied the effect ofthe slip at the screw and barrelusing a simple

analyt ical model. Finally, Yu and Hu [YU 98] compared the results obtained with two simple

analyt ical models, one assuming the tradit ional parallelplates geometry, the other a helical

channel. They concluded that the second modelreduces to the first when the channel depth-

to-screw diameter ratio approaches zero. However, the use ofthese most sophist icated models

needs to take into considerat ion the high co mputation times (pr incipallywhen finite elements

are used) that are invo lved.

Table 3.2- Assumptions for the melt conveying models.

Assumptions

Models References

1 2 3 4 5 6

Joo and Kwon [JOO 93] N Y 3 N N N

Kimand Kwon [KIM 95a] N Y 3 N N N

Kimand Kwon [KIM 95b] N Y 3 N N Y

Chiruvella, Jaluria and Abib [CHI 95b] N N 2 Y N N

Chang and Lin [CHA 95] N N 2 Y N N

Lekarou and Brandao [LEK 96] N N 2 Y N N

Ghor eishy and Rafizadeh [GHO 96] N N 2 Y N N

Cheng, Xie, Bigio and Briber [CHE 97] Y Y 1 N N Y

Yu and Hu [YU 98] Y Y 1 N N N

ASSUMPTIONS: 1- Newt onian flow, 2- Isothermal model, 3- Number of dimensions considered ,

4- Convection included, 5- Leakageflowtaken into account, 6- Slip at wall exists.

The modeladopted in this work must be coherent with the previous zones and must be able to

predict the most relevant process var iables (pressure gradient, power consumpt ion,

temperature profile, residence time distr ibut ion and degree ofmixing). The non-isother mal

two-dimensio nal flow ofa non-Newtonian fluid, in the presence ofconvect ion must,

______________________________________________________________________________________

therefore, be considered. Figure 3.21 presents the velocit yand the temperature profiles for

this zone. The fo llowing assumpt ions are made [FEN 77, FEN 79]:

· Gravitat ionaland inertialforces are neglected;

· The mo lten polymer is a viscous fluid obeying to the power-law;

· The flow is steady;

· Leakage flow and wallslip are neglected;

· The flow is fullydeveloped in the down and cross channeldirect ions ( i.e., ¶ V x / ¶ x = 0 and

¶ V z / ¶ z = 0);

· The temperature field is fullydeveloped in the cross channeldirect ion ( i.e., ¶ T/ ¶ x = 0);

· Heat conduction in the down channeldirect ion can be neglected (i.e., ¶ 2 T/ ¶ z 2 << ¶ 2 T/ ¶ y 2 ).

V bz

V bx

H

x z y

T(y)

T b

T b

V b

Figur e3.21- Cross-sect ion for melt conveying zone.

Under these condit ions, the governing equat ions are ident icalto those for the melt poolin the

melt ing zone (equations 3.45, 3.46, 3.78 and 3.79). The relevant boundar ycondit ions are:

ï ï

î ï ï

í ì

= =

= =

= =

= =

ï ï

î ï ï

í ì

= =

= =

= =

= =

î í ì

- = =

= =

b s s s

bz z z z z

bx x x

T H y T

T y T

T W x T

T x T

V H y V y V

W x V x V

V H y V y V

) (

) 0 (

) (

) 0 (

) (

0 ) 0 (

0 ) (

0 ) 0 (

) (

0 ) 0 (

(3.112)

Power consumption

The power consumpt ion ( e p ) results fromthe contribut ion ofthe power dissipated on the

screw channel( e psc ) on the flight clearance ( e pcl ) and fro mthe power required to build up

pressure ( e pp ) which are given by equat ions 3.109 to 3.111, respectively [TAD 70, RAU 86].

______________________________________________________________________________________

Residence time distribution (RTD) and mixing

The degree ofmixing ofa particular melt increases with the generat ion ofinter facial area

between its individualco mponents and wit h the average flow residence t ime inside the

extruder. The increase ofinterfacialarea is proportionalto the growth ofshear strain ofthe

melted polymer. The stress exper ienced byeach polymer particle var ies wit h its posit ion in

the screw channel. Particles close to the barreland to the screw root suffer a greater levelo f

stress than those in the centre . Therefore, the average strain can be used as a relat ivelysimple

but satisfying cr iter ion to quantify the degree ofmixing in an extruder [PIN 70, BIG 73 , BIG

74].

Pinto and Tadmor [PIN 70] computed the Residence T ime Distribut ion (RTD) and the

^degree o fmixing~ (by means ofa weighted-average totalstrain - WATS), assuming the

isother mal flow ofa Newtonian fluid between parallel plates. Bigg [BIG 73, BIG 74]

developed a two-dimensio nalnon-Newtonian isother mal model predict ing the residence time

and strain distribut ions. The velocit ygradients on the x and z direct ions ( V x ( y ) and V z ( y )) are

computed numer ically, assuming constant melt temperature and that V z only var ies wit h y .

The modelused in this work fo llows generallythe Bigg´s [BIG 73, BIG 74] analysis, but

assumes that the velocit yon the z direction var ies wit h x and y and that flow is non-isother mal

(equations 3.45, 3.46, 3.78 and 3.79). Since the molten po lymer recirculates in the x direct ion,

it is important to define the position that the same element of flu id occupies in upper ( y ) and

lower ( y c ) portions ofthe channel( Figure 3.22). These posit ions can be calculated fro m:

( ) ( ) 0

0

= + ò ò H

y x y

x dy y V dy y V c (1.113)

The time fract ion that a fluid element spends on the upper portion ofthe channel is t f

(consequently, on the lower portion is 1- tf ).

( )

( )

c x x f

y V y V t

+

=

1

1

(1.114)

Each path-pair has a residence time associated with it - t ( y ):

( )

( ) y V

L y t

L

= (1.115)

where V L ( y ) is the velocit y in the direct ion ofthe screw axis, calculated from:

______________________________________________________________________________________

( ) ( ) ( ) [ ] q q cos sin y V y V y V z x L

+ = (1.116)

and ( ) y V z is the average ofthe V z ( x , y ) velocit yin x dir ect ion, i.e.:

( ) ( ) ( ) 1 / ,

0

+ = å

=

N y x V y V

N

i i z z

(1.117)

where N is the number ofincrements (see figure 3.9).

y

y

c

Figur e3.22- Circulation of a melt element along theupper and lower paths.

The weighted average totalstrain ( WATS) can be calculated byintegrat ing the strain

exper ienced bya particle - g ( y ) - with respect to the residence t ime distribut ion funct ion ˘ f ( t ):

( ) ( ) ò ¥

=

0 dt t f y g g

(1.118)

The residence time distr ibution function is obtained fro m:

( )

( )

* *

* *

C

C

Q Q

Q Q d

dt t f

+

+

=

(1.119)

where f ( t ) d t is the fract ion ofmelt whose residence time lie in the range t to t +d t , Q * + Q * c is

the totalvo lumetric flow rate (i.e., Q ), d Q * and d Q * c are the different ial flow associated with

the neighbourhoods ofplanes y and y c , respectively, so that:

( ) ( ) ( ) [ ]

W dy y V y V Q Q d c z z C

+ = + * * (1.120)

The average velocit ies are calculated fro mequat ion 1.117 for the corresponding y values.

______________________________________________________________________________________

The strain undergone by a melt element (necessar yin equat ion 1.118) is given the shear rate

mult iplied bythe time ofshear ing. A particle stays in the extruder a time t ( y ), ofwhich t f is

spent in the upper path and 1- t f in the lower path. Consequent ly, g ( y ) is calculated fro m:

( ) ( ) ( ) ( ) ( ) ( )

f c f t y t y t y t y y - + = 1 g g g � � (1.121)

where the totalshear rates in the upper and lower paths are determined with the aid of

equation 3.80 with the fo llowing modificat ion:

( )

1

,

0

+

=

¶

¶ å

=

N y x V

x

V

N

i i z

z (1.122)

3.7- Computer implementation

This sect ion descr ibes the co mputer implementation ofthe individual models descr ibed

previously. Routines for each one are init iallydeveloped. Then, a global modelis built up

through a coherent linkage between adjacent zones.

As depicted in figure 3.23 and descr ibed in greater detailin figure 3.24, the algor ithm

estimates two init ialoutput values ( fromthe screw geo metryin the melt conveying zone and

the screw speed) and carr ies out calculat ions alo ng the down-channeldirect ion. The down-

channellength is divided into small increments. The var iables calculated for element i will be

used as input data for element i +1. The predicted pressure at the die exit is used as a

convergence cr iterion. I fthis pressure is lower than e (a sufficient ly smallvalue) the program

stops; otherwise addit ionalco mputations are carried out with new output values (defined by

the Secant Method - figure 3.24). Ifa maximumnumber ofpre-defined iterations are reached

without convergence, this means that the input data (material properties, systemgeometr yand

operating condit ions) is not adequate.

Simultaneously, another global modelo fthe extrusio n process ( implemented previously

[CUN 94]) will be studied. The modelonly differs in the theoretical models used for the

individualzones, where analyt ical models are used (except in the calculat ion ofthe solid bed

temperature profile for the solids conveying zone). Take into account the type ofindividual

models used, the algor ithmdescr ibed and implemented here will be named numer ical,

whereas the other algor ithmwillbe named analyt ical. Table 3.3 presents a compar ison

between the two in terms ofthe models used for the individualfunct ional zones.

______________________________________________________________________________________

Start

Define:

Q 1 and Q 2

¯ Hopper

¯ Solids Conveying

¯ Delay

¯ Melting

¯ Melt Conveying

End

Yes

No

Die

P exit <

New

Q 1 and Q 2

For each Z

Figur e3.23- Global programstructure.

Q 1 P 1 = f( Q 1 ) [using the modelling routine]:

[Hopper, Solids Conveying, Delay Zone I, Delay Zone II

OR Melting, Melt Conveying and Die]

Q 2 P 2 = f( Q 2 ) [using the modelling routine]:

[Hopper, Solids Conveying, Delay Zone I, Delay Zone II

OR Melting, Melt Conveying and Die]

Iteration = 2

do {

if ( P iteration - P iteration-1

>0) {

[permute Q iteration-1 with Q iteration ]

[permute P iteration-1 with P iteration ]

}

( ) ( )

1

1 1 1 1

-

- - + -

- - - =

iteration iteration iteration iteration iteration iteration

iteration iteration

P

P

P P Q Q Q Q

P iteration+1

= f( Q iteration+1

) [using the modelling routine]:

[Hopper, Solids Conveying, Delay Zone I, Delay

Zone II OR Melting, Melt Conveying and Die]

iteration = iteration +1

} while (( P iteration+1 > e ) or (iteration < maximum nº of

iterations))

Figur e3.24- Global algorit hm.

______________________________________________________________________________________

Table 3.3- Comparisonbetweenthe analytical and the numerical models.

Analytical model

· Hopper

- Walker [WAL 66] analysis (static

loading conditions )

· Solids conveying zone

- Tadmor and Broyer [TAD 72] non-

isother mal so lid plug

· Delay zone

- Tadmor and Klein [TAD 70] is used to

estimate the zone length

- Chung [CHU 75] is used to compute

the pressure profile

· Melting zone

- Tadmor [TAD 70] three-zone melt ing

model, wit h a power law temperature

dependent fluid

- Melt temperature was computed

assuming viscous dissipation wit h

isother mal barreland adiabatic screw

[AGA 96]

· Melt conveying zone

- Non-Newtonian model[TAD 70]

coupled to the above average melt

temperature approach

Num ericalmodel

· Hopper

- Walker [WAL 66] analysis (static

loading conditions )

· Solids conveying zone

- Non- isother malso lid plug, with heat

dissipat ion at allsur faces

· Delay zone

- Two sequent ialsteps:

1. Solid bed and a melt filmnear to the

inner barrelwall ( with heat convection on

the radial and longitudinal directions )

2. Solid bed surrounded by melt films

· Melting zone

- Lindt et al [LIN 85, ELB 84] 5-zone

model

· Melt conveying zone

- 2D non-isothermalflo w ofa non-

Newtonian fluid [FEN 77]

Hopper

The hopper is considered as a sequence o fvert icaland/or convergent columns containing

loose pellets. In figure 3.25 P 0 is the boundar ycondit io n for section 1, P 1 is the pressure at

bottomofsect ion 1 (and boundar y condit ion for section 2), and ident ically for P 2 and P 3

(which correspond to a boundar ycondit ion for the solids conveying zone in the screw). The

input data for calculat ing the vert ical pressure profile include the pellets physical properties

(densit y and internaland external fr ict ion coefficients), the systemgeo metr yand the height of

mater ialin the hopper.

Solids conveying in the screw

The input data compr ises the systemgeometry, the physical and ther mal po lymer properties

and the localoperating condit ions. Below the hopper aperture the pressure is assumed to be

constant and equalto the pressure at the bottomofthe hopper. The calculat ions in this zone

are made along small down-channelincrements, where the polymer properties are up-dated

______________________________________________________________________________________

for the localpressure and temperature condit ions (see figure 3.26). This zone ends when the

mater ialadjacent to the barrelsur face reaches the polymer melt ing temperature. At that

locat ion the pressure, the solids conveying length, the power consumption, and the transversal

temperature profile are known.

1

2

3

P 0 = 0

P 1

P 2

P 3

Figur e3.25- Hopper geometry.

Delay zone

The entr ycondit ions frompreceding zone provide the possibilit yo fpredict ing pressure, film

thickness and transversaltemperature profiles in the so lid bed and in the melt film alo ng the

down-channel direction. When the temperature, near to the screw root, reaches the melt ing

point, the zone ends. This zone leads either to a delayzone II or to the melt ing zone (as stated

before, the delay zone II is a particular case ofthe melt ing zone). The computation algor ithm

is presented in figure 3.27. At the end ofthis zone the zone length, the film thickness, the film

and so lid bed transver saltemperature profiles, the pressure and the mechanicalpower

consumption are computed.

Melting zone

Calculations for the melt ing zone require similar data to that ofthe delayzone. Figures 3.28

and 3.30 show the sequence o fcalculations for this zone. The results for this zone are

pressure, films thickness, solids profile, films and so lid bed transversal temperature profiles,

melt pooltwo-dimensio naltemperature profile and power consumpt ion.

______________________________________________________________________________________

Melt conveying

The strategyadopted for this zone is illustrated in Figure 3.30. Pressure, two-dimensio nal

temperature profile, power consumpt ion, residence time distr ibution and weighted average

totalstrain ( WATS) constitutethe calculat ions made for this zone.

------------ Solids Conveying Zone ------------

[INPUT DATA]

¯ Geometry ( W , H , q , e , � )

¯ Material properties ( f s , f b , r s , a s , k s , k b , T m )

¯ Operating conditions ( N, T b , T s , T s0 )

¯ Entrance conditions ( P 1 )

z ¬ HG /sin( q )

P ¬ P1

T s mean ¬ T s0 do {

[Updating material properties for P and T s mean ]

f ¬ equation 3.12

P 2 ¬ equation 3.13

T s i ¬ equation 3.28 by finite differences

e w ¬ equation 3.20

T s mean ¬ Average T s I

P ¬ P 2

z ¬ z + D z

} while ( T s i ( y = H ) < T m )

[RESULTS]

Z s (solids conveying length);

T s i ( z = Z s ); P ( z = Z s ); e w ( z = Z s )

Figur e3.26- Algorithmfor thesolids conveying zone.

Die

The calculat ions on the die are needed in order to calculate the operationalpo int ofthe

extruder/die combinat ion and to validate exper imentally the extrusion theoreticalresult s.

Since the object ive o fthis work is to studythe extruder (and not the die), the modelfor this

zone should be able to predict pressure gradient values ident icalto that ofthe exper imental

results. Therefore, the pressure gradient in the die is co mputed using an empir icalequation

relat ing pressure and output:

D P C Q C =

1 2 (3.123)

where C 1 and C 2 are constants determined exper imentally.

______________________________________________________________________________________

------------ Delay Zone I ------------

[INPUT DATA]

¯ Geometry ( W , H , q , e , � )

¯ Material properties ( f s , f b , r s , a s , k s , k b , k m , T m , h )

¯ Operating conditions ( N, T b , T s )

¯ Entrance conditions ( Z s , T s i ( z = Z s ), P ( z = Z s ), e w ( z = Z s ))

z ¬ Z s

P ¬ P(z = Z s )

T s mean ¬ Average T s i

(z = Z s )

e w ¬ e w ( z = Z s )

d c0 ¬ d f do {

[Updating solids properties for P and T s mean ]

P 2 ¬ equation 3.70

[Calculations on the film]

do {

T f 0i ¬ ( T ib + T m )/2

T f mean ¬ Average T f 0I

[Updating melt properties for P and T f mean ]

V xi , V zi ¬ Assume linear profile or take profilefrom previous z

Do {

V xoi ¬ V xi ; V zoi ¬ V zi

V xi ¬ equation 3.45 by finite differences

V zi ¬ equation 3.47 by finite differences

} while (( V x0i ¹ V xi ) and ( V z0i ¹ V zi ))

T f I ¬ equation 3.48 by finite differences

} while ( T f i ¹ T f 0i )

[Iterative calculation of V sy ]

T s i ¬ equation 3.58 by finite differences

V sy ¬ equation 3.68

Do {

V syo ¬ V sy

T s i ¬ equation 3.58 by finite differences

V sy ¬ equation 3.68

} while ( V sy0 ¹ V sy )

m C|z+ D z ¬ equation 3.62

m A|z+ D z ¬ equation 3.65

[Iterative calculation of H sz ]

H sz ¬ H

do {

H s ¬ H sz d C ¬ equation 3.63

H sz ¬ H - d C

} while ( H sz ¹ H s )

e w ¬ equation 3.74

T s mean ¬ Average T s I T f mean ¬ Average T f I P ¬ P 2 z ¬ z + D z

} while ( T s ( y = 0) < T m )

[RESULTS]

Z d (length of delay zone I)

T s I ( z = Z d ); T f I ( z = Z d )

d C ( z = Z d ); P ( z = Z d ); e w ( z = Z d )

Figur e3.27- Algorithmfor dela y zoneI.

______________________________________________________________________________________

---------- Delay Zone II OR Melting Zone ----------

[INPUT DATA]

¯ Geometry ( W , H , q , e , � )

¯ Material properties ( f s , f b , r s , a s , k s , k b , k m , h )

¯ Operating conditions ( N, T b , T s )

¯ Entrance conditions ( Z d , d C , T s i ( z = Z d ), T f i ( z = Z d ), P ( z = Z d ), e w ( z =

Z d ))

z ¬ Z s ; P ¬ P(z = Z s )

T s mean ¬ Average T s i (z = Z s )

e w ¬ e w ( z = Z s ); d C0 ¬ d C ; d DE0 ¬ d f ; W B0 ¬ 2 d f do {

P 2 ¬ Subroutine DP_DZ

[Iterative calculation of V sy1 and V sy2 ]

V sy1 ¬ equation 3.98

V sy2 ¬ equation 3.99

Do {

V 0sy1 ¬ V sy1 ; V 0sy2 ¬ V sy2 [Calculation of a , T s iI and T s iII

, using the Secant Method ˘

until T s iI = T s iII

, at point a ]

T s iI ¬ equation 3.83 by finite differences

T s iII ¬ equation 3.84 by finite differences

V sy1 ¬ equation 3.98

V sy2 ¬ equation 3.99

} while (( V 0sy1 ¹ V sy1 ) and ( V 0sy2 ¹ V sy2 ))

R C ¬ equation 3.90; R DE ¬ equation 3.93; m C|z ¬ equation 3.87;

m Cx|z ¬ equation 3.88; m Dex|z ¬ equation 3.89;

m DE|z ¬ equation 3.92; m C|z+ D z ¬ equation 3.86;

m DE|z+ D z ¬ equation 3.91; m A|z+ D z ¬ equation 3.94;

m B|z+ D z ¬ equation 3.96; m By ¬ equation 3.97

[Iterative calculation of H sz and W sz ]

H sz ¬ H ; W sz ¬ W B0 do {

H s ¬ H sz ; W s ¬ W sz d C ¬ equation 3.87

d DE ¬ equation 3.92

H sz ¬ H - d C - d DE

W sz ¬ equation 3.95

} while (( H sz ¹ H s ) and ( W sz ¹ W s ))

e w ¬ equation 3.105

X/W ¬ W sz / W [Solids Profile]

T s mean ¬ Average T s iI and T s iII T f mean

(zone B, C or DE) ¬ Average T f i

(zone B,C or DE)

P ¬ P 2

z ¬ z + D z

} while ( X/W > 1% )

[RESULTS]

Z m (length of melting zone)

T B i ( z = Z m )

P ( z = Z m )

E w ( z = Z m )

Figur e3.28- Algorithmfor dela y zoneII and melt ing zone.

______________________________________________________________________________________

------------ Subroutine DP_DZ ------------

dp/dz 0 ¬ dp/ dz from previous increment

dp/ dz D ¬ dp/ dz D from previous increment

do {

dp/dz D0 ¬ dp/ dz D [Zone C]

do {

T C mean ¬ Average T C 0I

[Updating melt properties for P and T C mean ]

V xi and V zi ¬ Assume linear profile or take profile from previous z

do {

V xoi ¬ V xi ; V zoi ¬ V zi V xi ¬ equation 3.45; V zi ¬ equation 3.47 by finite differences

} while (( V x0I ¹ V Zi ) and ( V x0i ¹ V zi ))

T C i ¬ equation 3.48 by finite differences

} while ( T C i ¹ T C 0i )

[Zone DE]

do {

T DE 0i ¬ ( T s + T m )/2; T DE mean ¬ Average T DE 0I

[Updating melt properties for P and T DE mean ]

V xi and V zi ¬ Assume linear profile or take profile from previous z

do {

V xoi ¬ V xi ; V zoi ¬ V zi V xi ¬ equation 3.45; V zi ¬ equation 3.47 by finite differences

} while (( V x0I ¹ V xi ) and ( V z0i ¹ V zi ))

T B i ¬ equation 3.48 by finite differences

} while ( T DE i ¹ T DE 0i )

dp/ dz D ¬ equations 3.100 and 3.102

} while (| dp/dz D0 ˘ dp/ dz D | < error)

if ( w B <H)

then [Zone B ˘ unidimensional]

do {

T B 0i ¬ ( T s + T m )/2; T B mean ¬ Average T B 0i

[Updating melt properties for P and T B mean ]

V xi and V zi ¬ Assume linear profile or take profile from previous z

do {

V xoi ¬ V xi ; V zoi ¬ V zi

V xi ¬ equation 3.45; V zi ¬ equation 3.47 by finite differences

} while (( V x0I ¹ V xi ) and ( V z0i ¹ V zi ))

T B i ¬ equation 3.48 by finite differences

} while ( T B i ¹ T B 0i )

else [Zone B ˘ two-dimensional]

do {

T B 0ij ¬ ( T s + T m )/2; T B mean ¬ Average T B 0ij

[Updating melt properties for P and T B mean ]

V xi , V zij ¬ Assume linear profile or take profile from previous z

do {

V xoi ¬ V xi ; V zoij ¬ V zij V xi ¬ equation 3.45 by finite differences

V zij ¬ equation 3.78 by finite differences

} while (( V x0I ¹ V xi ) and ( V z0ij ¹ V zij ))

T B ij ¬ equation 3.79 by finite differences

} while ( T B ij ¹ T B 0ij )

dp/ dz ¬ equation 3.101

[RESULTS]

dp/ dz

T C I T DE I T B i j

Figur e3.29- Melting zone: algorit hmfor thecalculation of dp / dz .

______________________________________________________________________________________

------------ Melt Conveying ------------

[INPUT DATA]

¯ Geometry ( W , H , q , e , � )

¯ Material properties ( f s , f b , r s , a s , k s , k b , k m , h )

¯ Operating conditions ( N, T b , T s )

¯ Entrance conditions ( Z m , T B ij

( z = Z m ), P ( z = Z m ), e w ( z = Z m ))

z ¬ Z m

P ¬ P (z = Z m )

T mean ¬ Average T B ij

(z = Z m )

e w ¬ e w ( z = Z m )

do {

T mean ¬ Average T 0ij [Updating melt properties for P and T mean ]

V xi and V zij ¬ Assume linear profile or take profile from previous z one

do {

V xoi ¬ V xi V zoij ¬ V zij V xi ¬ equation 3.45 by finite differences

V zij ¬ equation 3.78 by finite differences

} while (( V x0i ¹ V xi ) and ( V z0ij ¹ V zij ))

T ij ¬ equation 3.79 by finite differences

} while ( T ij ¹ T 0ij )

RTP ¬ equation 3.120

WATS ¬ equation 3.119

[RESULTS]

P

T ij RTP

WATS

Figur e3.30- Algorithmfor the melt conveying zone.

______________________________________________________________________________________

4- EXPERIMENTAL WORK

4.1- Polymer properties

A High Densit yPo lyethylene blown film extrusion grade (NCPE 0928, fromBORE ALIS)

was used in the exper imentalpart ofthe work. Some ofthe properties presented in Table 4.1

were determined exper imentally( viscosit y, melt densit y, specific heat, heat of fusio n and

melt ing temperature). As to the remaining properties, due to the impossibilit yto make their

exper imentaldeterminat ion, it was decided to opt byvalues existent in the literature for

similar grades ofthe same polymer.

Viscosit ycurves were determined at typicalextrusion shear rates (between 6 and 300 s -1 ) and

temperatures (160, 190 and 220 ºC) using a twin- bore capillar y rheometer (ROSAND RH-7-

2, see Figure 4.1). The exper iment is co mputer controlled, the user only defining the set of

descent speed ofthe pistons. The tests were made at constant speed, the shear rate being

proportional to this velocit yand the shear stress being calculated fro mthe pressure read bya

transducer at bottomofthe barrels. The Bagleyand Rabinowitsch corrections are perfor med

automat ically in order to obtain the realvalue ofthe viscosit y. The flow curves (appendix B)

for the three temperatures considered allo w the calculat ion ofthe power law constants (Table

4.1).

Piston

Thermocouple

Polymer

Recor d ofthe

applied for ce

Heater

Pressure

transducer

Capillary

Die

Figur e4.1- Capillary rheomet er scheme.

The melt densit yhas been determined using the same capillar yrheo meter, but adjusted to

construct the diagram pressure/vo lume/temperature (PVT). The PVT test relates the volume

filled bya fixed quantit yofmater ialwit h pressure and temperature. Inthis test onlyone barrel

ofthe rheometer is used, Figure 4.2. The exper imentalprocedure invo lves the compressio n (at

______________________________________________________________________________________

constant speed and fixed temperature) ofa known quant ityo fmater ial while the pressure and

the volume are recorded. The test was made at three typicalextrusion temperatures (160, 190

and 220 ºC). Relat ing melt densit ywit h temperature and pressure it is possible to obtain the

constants ofthe corresponding equat ion (Table 4.1). The PVT curves were presented in

appendix B.

Piston

Thermocouple

Polymer

Record of the

applied for ce

Heater

Screw

Pressure

t ransducer

Figur e4.2- Capillary rheomet er scheme, adjusted to PVT tests.

The specific heat, heat of fusio n and the melt ing temperature where determined

exper imentallywit h a PERKIN ELMER Differentia lScanning Calor imeter ( DSC 7). This

device is const ituted bytwo ovens, where it is possible to var ythe temperature ofboth the

sample and the reference, and bytwo temperature sensors, as shown in Figure 4.3. This

device is based in the Flux Compensat ion Pr inciple: the signaldetected is a measure ofthe

difference between the heat fluxes that cross the ovens ofthe sample and the reference. These

heat fluxes were received independent ly byeach one ofthe ovens, so that the sample oven

temperature is equalto the reference oven temperature (with differences less than 0.01 ºC).

The results obtained are presented in Appendix B and summar ised in Table 4.1.

B

A

B

A

A- Heaters

B- Temperature sensors

Room temperature

Figur e4.3- DSC scheme.

107

______________________________________________________________________________________

Table 4.1- Polymer properties.

Property Equation Values Ref.

Solids density

( ) P F

0 e ¥ ¥ r - r + r = r

with

T T b

T b T b b F

g

3 2

2 1 0 -

+ + + = r ¥ = 948 kg/m 3

r 0 = 560 kg/m 3

Tg= -125 °C

b 0 = -1.276e-9 1/Pa

b 1 = 8.668e-9 1/°C Pa

b 2 = -5.351e-11 1/°C 2 Pa

b 3 = -1.505e-4 °C/Pa

[HYU90]

Melt density PTgPgTgg

3 2 1 0 m

+ + + = r g 0 = 854.4 kg/m 3

g 1 = -0.03236 kg/m 3 °C

g 2 = 2.182e-7 kg/m 3 Pa

g 3 = 3.937e-12 kg/m 3 °C Pa

--------

Friction coefficients pol ymer-barrel = 0.45

pol ymer-screw= 0.25

[PAS 92]

Solids thermal

conductivity

0.186 W/m °C [PAS 92]

Melt thermal

conductivity

0.097 W/m °C [PAS 92]

Heat of fusion 196802 J/kg --------

Solids specific heat 1317 J/kg --------

Melt specific heat 2

2 1 0 m

T C T C C C + + =

C 0 = -1289 J/kg

C 1 = 86.01 J/kg °C

C 2 = -0.3208 J/kg Pa

[SPA 92]

Melting temperature 119.6 °C --------

Viscosit y ( ) 0 T T a 1 n

0 e k - - - g = h � n = 0.345

k 0 = 29.94 kPa s n

a = 0.00681 1/°C

T 0 = 190 °C

--------

4.2- Extruder

A Leistr itz LSM 36 laboratorialsingle screw extruder fitted with a convent ionalpo lyethylene-

type three-zone screw was available. A simple annular die was attached to the extruder (see

Figure 4.4).

D = 36 mm

H1 = 5.6 mm

7D 7D 12D

10.3D 7D 6D

H2 = 2.0 mm

2.7D

Heater band

20 mm

235 mm

55 mm

310 mm

110 mm

D 175 mm

D35 mm

Figur e4.4- Geometry of the extruder used in the experiments.

______________________________________________________________________________________

Alt hough the extruder is able to control6 independent zones, as shown in Figure 4.4, the

heater bands were grouped into three zones plus the die ( for direct compar ison with the

computations, as will be discussed later).

The extruder was instrumented with flush- mounted pressure and temperature dynisco-type

transducers, as shown in figure 4.5. A computer equipped with a data acquisit ion board was

used to read the pressure, whereas the temperature was read with temperature indicators. The

power consumpt ion was obtained fromthe motor amperage indicated bythe machine control

system. The extruder was equipped with a pneumat ic screw extraction device, specially

developed for this work, thus making it possible to determine the length ofscrew required for

melt ing.

15.7D

22.6D

24.4D

26.1D xx .x

yy .y

MPa

ºC

Force

Screw

extraction

device

Machine control system

xx .x

yy .y rpm

ºC

zz .z A

Figur e4.2- Layout of thepressure/t emperaturetransducers and scr ew extraction device.

The exper imentalprocedure for the extruder experiments is the fo llowing:

i) Connect the extruder using the pre-defined operating condit ions;

ii) Wait until the process stabilises (circa 30 minutes);

iii) Read and record the motor amperage indicated by the machine controlsystem;

iv) Read and record the temperature and pressure values using the data acquis it ion

system;

v) Extract the screw:

a) Stopthe machine;

b) Disconnect the temperature resistances;

c) Take offthe die;

d) Connect the screw extraction device and co llect the screw outside the extruder;

e) Take the polymer fromthe screw channelmarking the number ofthe spires;

______________________________________________________________________________________

4.3- Statist icaldesign ofexper iments

Consider ing the time consuming and cost intensive characterist ics ofthe exper imentalwork

invo lved in the trial-and-error optimisat ion ofthe extrusion operating condit ions for specific

polymer/equipment combinat ions, its relevance in determining the influence ofand the

interact ions between the var ious input var iables [MON 91], a fullfactorialdesign of

exper iments was adopted.

As seen in Chapter 1, this type ofanalys is consists in the studyofthe process response

observed when the input var iables are changed, as wellas in the possibilit yto relate these

changes with the input var iables. The independent var iables suscept ible ofinfluencing the

exper imentalresults (dependent or output var iables) are classified in severallevels of

intensit y. The effect ofa factor is defined as the change in response that results fro ma change

in the factor level. The interaction between factors corresponds to the different responses

observed when the levelo fone factor is changed, and the differences in response between the

levels o fthis factor are not ident ical at all levels ofthe other factors [MON 91].

Table 4.2 presents the four independent factors chosen to be studied in this work (screw

speed, N and three-barreltemperatures, T 1 , T 2 and T 3 ). Since each factor is var ied at three

levels, 3 4 exper iments should be carr ied out. Table 4.3 lists the exper iments, which are to be

perfor med in rando morder. In order to ident ifythe possible interact ions between var iables it

was necessar yto replicate the exper iments; in the present study, each exper iment was

replicated three times, thus increasing the totalamount ofwork to 243 exper iments. In order

to minimise the required effort onlymass output, melt temperature (at die entrance) and

mechanicalpower consumpt ion were monitored for each exper iment.

Table4.2- Definition of factors and levels for the experiments.

FACTORS (4) LEVELS (3)

Rotation speed (rpm) N 10 30 50

Zone 1 T 1 150 170 190

BarrelTemperatures (°C) Zone 2 T 2 160 180 200

Zone 3 T 3 170 190 210

Two types ofanalysis were per formed with this exper iments, namelyan Analysis o fVar iance

(ANOVA) and a Mult ivar iate Analys is ofVar iance (MANOVA) [CHA 96]. In the for mer, the

analys is is per formed on each ofthe dependent variables. In the MANOVA analys is the four

______________________________________________________________________________________

var iables are considered simultaneously in order to detect a potentialdegree ofcorrelat ion

between them.

Table 4.3- List ofexperiments.

Exper iment No. T 1 (°C) T 2 (°C) T 3 (°C) N (rpm)

A1, A2, A3 150 160 170 10, 30, 50

A4, A5, A6 150 160 190 10, 30, 50

A7, A8, A9 150 160 210 10, 30, 50

A10, A11, A12 150 180 170 10, 30, 50

A13, A14, A15 150 180 190 10, 30, 50

A16, A17, A18 150 180 210 10, 30, 50

A19, A20, A21 150 200 170 10, 30, 50

A22, A23, A24 150 200 190 10, 30, 50

A25, A26, A27 150 200 210 10, 30, 50

A28, A29, A30 170 160 170 10, 30, 50

A31, A32, A33 170 160 190 10, 30, 50

A34, A35, A36 170 160 210 10, 30, 50

A37, A38, A39 170 180 170 10, 30, 50

A40, A41, A42 170 180 190 10, 30, 50

A43, A44, A45 170 180 210 10, 30, 50

A46, A47, A48 170 200 170 10, 30, 50

A49, A50, A51 170 200 190 10, 30, 50

A52, A53, A54 170 200 210 10, 30, 50

A55, A56, A57 190 160 170 10, 30, 50

A58, A59, A60 190 160 190 10, 30, 50

A61, A62, A63 190 160 210 10, 30, 50

A64, A65, A66 190 180 170 10, 30, 50

A67, A68, A69 190 180 190 10, 30, 50

A70, A71, A72 190 180 210 10, 30, 50

A73, A74, A75 190 200 170 10, 30, 50

A76, A77, A78 190 200 190 10, 30, 50

A79, A80, A81 190 200 210 10, 30, 50

4.4- Exper iments related to the assessment ofGAs

As seen in section 2.3, extrusion optimisat ion with GAs starts with a populat ion ofpoints well

distr ibuted along the search space and proceeds unt ilvirtuallyallpopulation elements have

ident ical values. In the process, as news generations are created, the average per for mance of

the population improves progressively. As discussed later, it was decided to carryout

exper iments using the operating condit ions predicted for specific generations and to monitor

the value and the evo lution o fthe object ive funct ion. The list ofexper iments and

______________________________________________________________________________________

corresponding generation number is presented in Table 4.4 (see also Figure 5.22). The output,

melt temperature at extruder exit, pressure along the barrel, power consumpt ion and so lids

bed profile were monitored.

Table 4.4- List ofexperiments to assess the optimisationresults.

Processing Conditions

Experiment

Number N (rpm) T 1 ( ºC) T 2 ( ºC) T 3 ( ºC)

Generation

Exp1 29 165 180 190 0

Exp2 46 163 172 188 5

Exp3 48 160 168 185 10

Exp4 49 156 164 193 15

Exp5 50 153 161 189 20

Exp6 50 151 161 175 30

Exp7 50 150 160 170 40

Exp8* 44 165 176 188 0

______________________________________________________________________________________

5- RESULTS AND DISCUSSION

5.1- Introduction

In this chapter the most important numer ical modelling and Genet ic Algorithm parameters

willbe defined. The predict ions ofthe modelling package willbe discussed and co mpared

with exper imentaldata. Two case studies invo lving the optimisat ion ofthe operating

condit ions and screw design will be studied in detail. Co mpar ison wit h exper imentaltrial-

and-error optimisation results willbe used to assess the methodology.

5.2- Case studies

The extrusion case studies presented in this section willbe used as reference for the

optimisat ion ofthe operating condit ions and for the screw design. These examples willbe

fo llo wed by both, the computational and the extrusio n exper iments.

a) Optimisation of the operating conditions

This example willdealwit h the optimisat ion ofthe operating condit ions, i.e. , the aimis to set

the screw speed ( N ) and the barreltemperature profile in three zones ( T 1 , T 2 and T 3 ) ofthe

Leistritz extruder available. Table 5.1 shows their range ofvar iat ion.

Table 5.1- Range ofvariationofthe processing conditions.

Processing conditions Minimum Maximum

Screw speed (rpm) 10 50

BarrelTemperature ˘ Zone 1 (°C) 150 190

BarrelTemperature ˘ Zone 2 (°C) 160 200

BarrelTemperature ˘ Zone 3 (°C) 170 210

Therefore, each chro mosome willbe for med by4 parts (one for each var iable) each having 6

genes, with a total length l = 24 (Figure 5.1).

N

(6)

T 1

(6)

T 2

(6)

T 3

(6)

Figur e5.1- Chromosomestructure.

Table 5.2 defines the criter ia to optimise, their corresponding object ive ( maximisation or

minimisat ion) and the allowable limits ( X i min and X i max

). The relat ive importance is

established bya set ofweights ( w

) - Table 5.3. Five case studies were considered.

113

______________________________________________________________________________________

Table 5.2- Criteria definition.

Criteria Objective X i m in X i m ax

Output (Kg/hr) Maximise 1 9

Length ofscrew required for melt ing ( mm) Minimise 200 821

Melt temperature (°C) Minimise 150 210

Power consumpt ion (W) Minimise 0 3000

Table 5.3- Weights ofthe individual criteria.

Weights

Case

Studie

s

W 1 W 2 W 3 W 4

OF1 0.5 0.2 0.2 0.1

OF2 0.2 0.5 0.2 0.1

OF3 0.2 0.2 0.5 0.1

OF4 0.1 0.2 0.2 0.5

OF5 0.25 0.25 0.25 0.25

b) Screw design

The methodologyadopted for screw design willbe illustrated with an example. The aim is to

design a three-zone screw, i.e., to optimise the geometrical parameters shown in Figure 5.2

that satisfythe cr iteria contained in Table 5.4.

D = 36 mm

D1 = [20,27] mm

7D

L1 = [10,450] mm

10.3D 7D 6D

D3 = [27,33] mm

2.7D

Heater band

20 mm

235 mm

L2 = [100,400] mm

L = 960 mm PITCH:

S = [28,44] mm

Figur e5.2- Designing a screw: paramet ers to optimise.

As shown in Table 5.5, var ious situations willbe studied successively. Different individual

object ives, mult iple object ives but with different criter ia weights, var iat ions in the processing

condit ions, or the use ofvar ious po lymers, willbe considered. The use ofvar ious po lymer s in

the same extruder willbe simulated byconsider ing the extrusion ofHDPE, LDPE and PVC,

______________________________________________________________________________________

each under its typical processing condit io ns. The optimisations will be made using GAs wit h

object ive function and using the analyt ical model. Some addit ionalruns, where the

mult io bject ive optimisat ion GA and the numer icalmodel are used, will also be made. The

LDPE and PVC properties were presented in Appendix B.

Table 5.4- Criteria to satisfy.

Criteria Objective X i m in X i m ax

Output (Kg/hr) Maximise 0 15

Length ofscrew required for melt ing ( mm) Minimise 200 936

Melt temperature (°C) Minimise 16 0 23 0

Power consumpt ion (W) Minimise 0 10 000

Mixing qualit y( WATS) Maximise 0 1300

Table 5.5- Runs for screw design(objective function GA).

Optimisation Criteria

( Weights )

Processing conditions

Ru

n

Aim of the

Optimisation Q T L P W N T1 T2 T3

Pol ymer

1 1 0 0 0 0 50 150 160 170 HDPE

2 0 1 0 0 0 50 150 160 170 HDPE

3 0 0 1 0 0 50 150 160 170 HDPE

4 0 0 0 1 0 50 150 160 170 HDPE

5

Individual

Criteria

0 0 0 0 1 50 150 160 170 HDPE

6 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

7 0.2 0.2 0.2 0.2 0.2 50 150 160 170 HDPE

8 0.2 0.3 0.2 0.1 0.2 50 150 160 170 HDPE

9

Different

Relative

Weights

0.1 0.1 0.2 0.5 0.1 50 150 160 170 HDPE

6 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

10 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

11

Reproducibility

0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

12 0.5 0.1 0.2 0.1 0.1 10 150 160 170 HDPE

13 0.5 0.1 0.2 0.1 0.1 30 150 160 170 HDPE

6

Processing

Conditions

0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

14 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE Constant

15

ScrewPitch

0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE Variable

6 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

16 0.5 0.1 0.2 0.1 0.1 50 150 160 170 LDPE

17

Different

Materials 0.5 0.1 0.2 0.1 0.1 50 170 180 200 PVC

18 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE* Lower

19

Multiple

Criteria

Viscosit y 0.5 0.1 0.2 0.1 0.1 50 150 160 170 HDPE

*

Higher

______________________________________________________________________________________

5.3- Modelling results

5.3.1- Setting the numerical modelling parameters

The results ofthe numer ical modelling ofthe plasticat ing polymer extrusion process depend

on the init ialinput values ofso me parameters. Some ofthese are associated with the

numer icalalgor ithm(e.g., the grid size in the transversalplane - xy , length ofthe increment in

the down-channeldirect ion), while others concern to process var iables ( init ialthickness ofthe

films surrounding the solid bed, init ialmelt poolwidt h, criter ion to estimate the length of

delay zone II, screw temperature along the so lids conveying zone).

a) Grid size in the transversal plane - xy

The use ofa small gr id to modela process using finite differences leads, almost invar iably, to

more accurate results. However, since this is also obtained at the expense ofa greater

computation time, a carefulbalance needs to be made, particular ly if the modelling package is

to be used in connect ion with an optimisation algor ithm. In order to establish this, var ious

runs were made using a different number ofgr id points, as indicated in Table 5.6 and studying

the var iat ion ofthe responses ofthe parameters listed in Figure 5.3.

Table 5.6- Number ofgrid points.

Number ofgrid points

Runnumber

X Y

1 5 5

2 8 8

3 10 10

4 12 12

5 13 13

6 14 14

7 15 15

8 20 20

9 25 25

10 30 30

Figures 5.4 to 5.8 show the evo lution ofsingle valued responses versus the number ofgr id

points (line wit h fullsymbo ls), and their relat ive difference to the preceding value ( line wit h

open symbo ls). Results obtained with less than 8 gr id points are ver ypoor; results obtained

with 10 to 15 points are reasonable (relat ive differences lower than 5%). Above 15 gr id points

______________________________________________________________________________________

the relat ive differences are lower than 2%. The oscillat ions o fthe relative differences for

some responses do not represent anyaddit io nal error ofthe numer ical model.

� Single values:

· output,

· maximumpressure,

· power consumpt ion,

· melt temperature at the extruder exit,

· length ofscrew required for melt ing,

� Profiles along down-channeldirect ion ( Z ):

· solid bed,

· pressure,

· melt temperature,

· power consumpt ion,

· thickness ofthe filmclo se to the barrelsur face,

� Cross-temperature and velocit yprofiles in the down-channel dir ection.

Figur e5.3- Responseparamet ers to study.

7.50

7.75

8.00

8.25

8.50

5 10 15 20 25 30

Number of grid points

Output (kg/hr)

0.0

2.0

4.0

6.0

Output difference (%)

Figur e5.4- Output and relativediffer ence vs . number of grid points.

15

20

25

30

35

5 10 15 20 25 30

Number of grid points

Maximum pressure (MPa)

0.0

5.0

10.0

15.0

20.0

Max. press. difference (%)

Figur e5.5- Maximumpr essureand relativediffer ence vs . number of grid points.

117

______________________________________________________________________________________

2600

2650

2700

2750

2800

5 10 15 20 25 30

Number of grid points

Power consumption (W)

0.0

1.0

2.0

3.0

4.0

Power con. difference (%)

Figur e5.6- Power consumpt ion and relativedifference vs . number of grid points.

175.0

177.5

180.0

182.5

185.0

5 10 15 20 25 30

Number of grid points

Melt Temperature (°C)

0.0

2.0

Melt. temp. difference (%)

Figur e5.7- Melt temperatureand relativediffer ence vs . number of grid points.

1.50

1.55

1.60

1.65

1.70

5 10 15 20 25 30

Number of grid points

Length for melting (m)

0.0

2.0

4.0

6.0

8.0

Length difference (%)

Figur e5.8- Lengt h required for melt ing and relativediffer ence vs . number of grid points.

Figures 5.9 and 5.10 represent the effect ofthe grid size for the pressure and melt temperature

profiles, where a bigger gr id influence was detected. Above 5 grid po ints the profiles beco me

virtually ident ical.

118

______________________________________________________________________________________

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

0.00 0.50 1.00 1.50 2.00 2.50 3.00

Z (m)

Pressure (MPa)

X = Y = 5

X = Y = 10

X = Y = 15

X = Y = 20

X = Y = 25

X = Y = 30

Figur e5.9- Pressureprofile vs . number of grid points.

100.0

120.0

140.0

160.0

180.0

200.0

0.00 0.50 1.00 1.50 2.00 2.50 3.00

Z (m)

Melt temperature (°C)

X = Y = 5

X = Y = 10

X = Y = 15

X = Y = 20

X = Y = 25

X = Y = 30

Figur e5.10- Melt temperatureprofile vs . number of grid points.

Figure 5.11 presents transversaltemperature and velocit yprofiles for 5 and 20 grid points.

Cross-sections in the solids conveying, delay, melting and melt conveying zones were

considered. The profiles on the left have the same shape and order ofmagnitude than those on

the right.

The computation time requir ed for the var ious runs is identified in Figure 5.12. As expected,

computationallyt ime growth exponent iallyupon a linear increase ofthe number ofgr id

points.

Consider ing the results presented, it seems that the most adequate grid size to use depends on

the applicat ion. Ifthe modelling package is to be used in associat ion with an optimisat ion

algor ithm, where it needs to be used manyt imes, a grid size of10 seems preferable. I fthe

object ive is to studya specific processing situat ion, where a few runs are needed, a gr id size

ofat least 15 points willbe more advisable.

119

______________________________________________________________________________________

X=Y=5 X=Y=20

0

20

40

60

80

100

120

140

0 0.001 0.002 0.003 0.004 0.005 0.006 y (m)

Ts (ºC)

Z = 0.207871 Z = 0.264530 Z = 0.335353 Z = 0.442439

A)

0

20

40

60

80

100

120

140

0 0.001 0.002 0.003 0.004 0.005 0.006 y (m)

Z = 0.207871 Z = 0.264530 Z = 0.321189 Z = 0.452090

A)

0.00

0.02

0.04

0.06

0.08

0.10

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004 y (m)

Vz (m/s)

Z = 0.491943 Z = 0.590951 Z = 0.739462 Z = 0.986981 Z = 1.432517

B)

0.00

0.02

0.04

0.06

0.08

0.10

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004 y (m)

Z = 0.501384 Z = 0.599972 Z = 0.747854 Z = 0.994325 Z = 1.536560

B)

z=2.422

163

167

171

175

179

183

187

191

0.000 0.005 0.010 0.015 0.020 0.025 0.030

0.0000

0.0005

0.0010

0.0015

0.0020

Y (m)

X (m)

C) z=2.473

163

167

167

171

175

179

183

187

191

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

0.0000

0.0005

0.0010

0.0015

0.0020 y(m)

x (m)

C)

Figure 5.11- Transversal profiles: A) solid bed temperature profile for the solid and delayzones; B) V z velocit y

profile in zone C for the melting zone; C) two-dimensional temperature profile in the pumping zone.

0

400

800

1200

1600

2000

0 5 10 15 20 25 30 X = Y

Time (minutes)

Figur e5.12- Computation time versus number of grid points.

120

______________________________________________________________________________________

b) Increment along the down-channel direction - z

The effect ofthe size ofthe increment used in the down-channeldirect ion on the stabilit yo f

the results was ident ified after carr ying out the runs shown in Table 5.7.

Table 5.7- Number ofincrements in z direction.

Run number Number of increments

in z direction (ZB)

1 80

2 90

3 100

4 110

5 120

6 130

Again, changes in output, maximumpressure, power consumption, melt temperature, length

ofscrew required for melt ing, with different increments alo ng the down-channeldirect ion

were studied. Above 100 elements the maximumpressure is stable (var iabilit ylower than 3%,

as shown in Figure 5.13), and the screw length required for melt ing var ies less than 9%

(Figure 5.14). The var iabilit yo fthe output, power consumpt ion and melt temperature is

infer ior, respectively, to 2%, 5% and 0.2% (see appendix C). Obviouslythe use ofa larger

number ofincrement points requires greater computation times but, as shown in Figure 5.15

this increase is not relevant, principallywhen compared with their growth when the grid size

increases, as settled before. The profiles ofprocess var iables along the down-channel

direct ion become unstable for 80 or less increments (particular ly in the case o fpressure, solid

bed and filmthickness profiles).

Therefore, it can be inferred fro mthe above that it should use at least 100 increments.

23

25

27

29

31

33

80 90 100 110 120 130

Number of increments in z direction

Maximum pressure (MPa)

0.0

6.0

12.0

18.0

24.0

30.0

Max. press. difference (%)

Figur e5.13- Maximumpr essureand relativediffer ence vs . number of incr ements in z direction.

121

______________________________________________________________________________________

1.50

1.60

1.70

1.80

1.90

80 90 100 110 120 130

Number of increments in z direction

Length of screw for melting (m)

0.0

4.0

8.0

12.0

16.0

20.0

Length difference (%)

Figur e5.14- Lengt h requir ed for melting and relativediffer ence vs . number of increments in z

direction.

30

40

50

60

80 90 100 110 120 130

ZB

Time (minutes)

Figur e5.15- Computation time versus thenumber of incr ements in z dir ect ion.

5.3.2- Parameters definition

a) Initial thickness of the film close to the barrel surface

Three runs were made in order to studythe influence ofthe init ial thickness o fthe film close

to barrelsur face (zone C, Figure 3.13) on the results. An init ialvalue ofthis film is needed at

the beginning ofdelay zone I. The results are shown in Table 5.8, where the flight clearance

( d

f

) is equalto 0.1 mm. No significant differences are perceived. A similar behaviour would

be obtained upon consider ing profiles alo ng the down-channel direct ion, particular lythe film

thickness profile (Figure 5.16).

b) Initial thickness of the film close to the screw root and passive flank

Three runs were also used to studythe influence ofthe init ial thickness ofthe film close to the

screw root (zone E) and to the screw passive flank (zone D) surfaces (Figure 3.16). These

122

______________________________________________________________________________________

var iables must be assumed at the beginning ofdelay zone II, where theyare considered to be

equal. Table 5.9 and Figure 5.17 shows that differences between runs can attain 6.5% in the

case ofmaximumpressure and for screw length required for melt ing. Then, any o fthese

values can be used for this parameter.

Table 5.8- Effect of the initial thickness of the film close to barrel surface.

Run C0 Output

(kg/hr)

Maximum

Pressure

( MPa)

Power

Consumpti on

(W)

Melt

Temperature

( ºC)

Length for

Melting

(m)

1

f

8.097 24.63 2741 179.86 1.529

2 2

f

8.097 24.63 2735 179.86 1.529

3 4

f

8.104 24.58 2727 179.85 1.529

Maximum

difference (%) 0.09 0.20 0.51 0.006 0.0

0.0

0.1

0.2

0.3

0.4

0.5

0.00 0.50 1.00 1.50 2.00 2.50 3.00

Z (m)

F ilm t h ick n es s ( mm )

f

2f

4f d f

2 d f

4 d f

Figur e5.16- Filmthickness profile vs . init ial thickness value.

Table 5.9- Effect of the initial thickness of film close to screwand passive flank surfaces.

Run D0 Output

(kg/hr)

Maximum

Pressure

( MPa)

Power

Consumpti on

(W)

Melt

Temperature

( ºC)

Length for

Melting

(m)

1

f

8.097 24.63 2741 179.86 1.529

2 2

f

8.054 25.14 2641 179.44 1.628

3 4

f

8.160 25.68 2735 179.76 1.529

Maximum

difference (%) 1.3 6.5 3.8 0.23 6.5

c) Initial melt pool width (or thickness of the film close to the passive flank)

The effect ofthis parameter (zone B, Figure 3.15) was studied through the 6 runs ident ified in

Table 5.10. At the beginning ofdelayzone II, it starts as a thin film, whose width increases as

melt ing proceeds. Power consumption and length required for melt ing are the most sensit ive

123

______________________________________________________________________________________

parameters (7.5% and 12.9%, respectively). However, ifruns 1 and 6 are ignored, the

differences are, almost, null. Figure 5.18 illustrates the effect ofthis init ialvalue on the solid

bed profile. Onlyfor W B0 equalto 30 d

f some differences are perceived. Consequent ly, any

value in the interval[2 d

f

, 15 d

f

] can be used for this parameter.

0.0

0.3

0.5

0.8

1.0

1.3

1.5

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

L (m)

F ilm t h ick . - D E ( mm )

f

2f

4f d f

2 d f

4 d f

Figure5.17-Film thickness profiles for zone DE vs. initial thickness of this film.

Table 5.10- Effect of the initial width of themelt pool.

Run W B0 Output

(kg/ hr)

Maximum

Pressure

( MPa)

Power

Consumptio

n(W)

Melt

Temperatur

e ( ºC)

Lengthfor

Melting

(m)

1

f

8.086 24.25 2694 179.79 1.727

2 2

f

8.097 24.63 2741 179.86 1.529

3 4

f

8.098 24.66 2740 179.86 1.529

4 8

f

8.096 24.69 2740 179.88 1.529

5 15

f

8.089 24.77 2739 179.88 1.529

6 30

f

8.113 25.61 2550 179.76 1.529

Maximum

difference (% ) 0.33 5.6 7.5 0.067 12.9

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00

Z (m)

X / W

W b 0 = f

W b 0 = 2f

W b 0 = 4f

W b 0 = 8f

W b 0 = 15f

W b 0 = 30f

Wb0 = d f

Wb0 = 2 d f

Wb0 = 4 d f

Wb0 = 8 d f

Wb0 = 15 d f

Wb0 = 30 d f

Figur e5.18- Effect of theinitial width of themelt pool on t hesolid bed profile.

d) Screw temperature upon solids conveying

______________________________________________________________________________________

Generally, the screw temperature is not known, except when the screw is refr igerated and the

temperature is controlled. Therefore, it was assumed that the screw temperature in the delay

and melt ing zones is given byequation 3.61 and that in the pumping zone it equals the barrel

temperature. The screw temperature in the so lids conveying zone needs to be set. The runs

listed in Table 5.11 were made for that purpose. Three situations are considered: a)

temperature equalto the inlet polymer temperature, b) average oflocalbarreltemperature and

c) adiabat ic screw. The relat ive differences onlyare significant in the case o fthe length of

screw required for melt ing for the second situation. However, it is necessar yto note that the

value ofthe fr ict ion coefficient between the solid po lymer and the screw sur face used in the

calculat ions is small (equalto 0.25). This means that the influence o fthe method to compute

the heat exchanged and/or generated in the screw sur face will be attenuated. Since it is

desirable that this coefficient will be the smallest possible, in order to improve the solids

conveying capacit y, it will not be considered in this study. Therefore, in the remaining

calculat ions the screw willbe considered adiabat ic. This is what is more realist ic in the major

part ofthe practical extrusion situations [AGA 96].

Table 5.11- Effect of the screwtemperature value on solids conveying zone.

Run T scre w

Output

(kg/hr)

Maximum

Pressure

( MPa)

Power

Consumpti

on (W)

Melt

Temperatu

re ( ºC)

Length for

Melting

(m)

1 T s0 8.097 24.63 2741 179.86 1.529

2 (T b +T s0 )/2 8.115 24.06 2693 179.80 1.726

3 Adiabatic 8.129 23.89 2686 179.80 1.579

Maximum

difference (%) 0.40 3.10 2.05 0.03 12.9

5.3.3- Assessing the modelling results

The computational results were assessed by direct compar ison wit h responses measured

exper imentally. As shown in Table 4.2, four independent var iables (screw speed and 3 barrel

temperatures) were var ied within a practical operating window. A statisticaldesign of

exper iments defined 81 runs, invo lving replicat ion (Table 4.3).

______________________________________________________________________________________

Ext rusion experiments

Table 5.12 presents the results obtained wit h the extrusion exper iments. The table lists the

significant terms (5% level) for the mult ivar iate (MANOVA) and univar iate (ANOVA)

analyses. According to the results ofthe mult ivar iate analysis all main effects and the major it y

ofthe two˘wayinteractions are statist ically significant. However, when the effect ofmelt

temperature is considered individually, one can conclude that barreltemperatures T 1 and T 2 ,

and corresponding two-wayinteractions do not appear to be important.

Table 5.12- Factorialanalys is ˘ responses ofthe extrusion exper iments

(* statistically significant, -- statistically non-significant).

EFFECT Multivariate analysis Univariate analysis

Output Temperature Power

Intercept * * * *

N * * * *

T 1 * * -- *

T 2 * * -- *

T 3 * * * *

N*T 1 * * -- *

N*T 2 * * -- *

N*T 3 * * * *

T 1 *T 2 * * -- --

T 1 *T 3 -- * -- --

T 2 *T 3 -- -- -- --

N*T 1 *T 2 -- * -- --

Figures 5.19 and 5.20 show graphically so me ofthe responses observed. Mass output, melt

temperature and power consumpt ion are plotted against screw speed, at various levels o f T 1 ,

T 2 and T 3 . The values ofallthe var iables increase wit h screw speed. The output increases due

to the corresponding increase ofthe drag capacit y, but at the expense ofan increase in power

consumption. The smallincrease in melt temperature is mainly due to viscous dissipat ion in

the melt conveying zone, since the time available for heat conduction fromthe barrel

diminishes.

The output does not change when barreltemperatures T 1 and T 2 vary, for a screw speed of10

rpm, and exhibit s low sensit ivit y to T 3 . The insensit ivit y to T 1 and T 2 was expected, since the

operating point for a given extruder/die systemis ma inlydictated bythe pumping zone and by

126

______________________________________________________________________________________

the die, i.e., the influence ofthese barreltemperatures on the finalmelt temperature should be

small, speciallyfor smallscrew speeds.

N (rpm)

50.0

30.0

10.0

Output (Kg/hr)

9

7

5

3

1

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

9

7

5

3

1

T1 (°C)

150

170

190

N (rpm)

50.0

30.0

10.0

Output (kg/hr)

9

7

5

3

1

T2 (ºC)

160

180

200

N (rpm)

50.00

30.00

10.00

Melt temperature (°C)

220

210

200

190

180

170

160

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

Melt Temperature (ºC)

220

210

200

190

180

170

160

T2 (ºC)

160

180

200

N (rpm)

50.00

30.00

10.00

220

210

200

190

180

170

160

T3 (°C)

170

190

210

Figur e5.19- Output and melt temperature vs . screw speed ˘ extrusion exper iments.

Melt temperature is onlydependent on T 3 , which is certainlydue to the fact that melt

temperature is measured at the end ofzone 3. Again the process seems to be controlled by

heat conduction. These results would be probablydifferent with another polymer exhibit ing

high viscosit ylevels and lower temperature dependence (e.g. HDPE with filler s).

127

______________________________________________________________________________________

Finally, power consumption, for small screw speeds (10 rpm), exhibits the same behaviour as

output, but for higher screw speeds the var iat ion is in the opposite sense, i.e., it diminishes

with increasing barreltemperature.

N (rpm)

50.00

30.00

10.00

Power consumption (W)

3000

2000

1000

0

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

Power Consumption (W)

3000

2000

1000

0

T2 (ºC)

160

180

200

N (rpm)

50.00

30.00

10.00

3000

2000

1000

0

T3 (°C)

170

190

210

Figure5.20- Power consumption and length of screw required for melting vs . screw speed ˘ extrusion experiments.

Analytical model

Table 5.13 lists data equivalent to that ofTable 5.12, but now for the responses ofthe

analyt ical modelling package. Allthe main effects are significant, either when the individual

(ANOVA) or the global( MANOVA) behaviour are considered. The modelis insensit ive to

the effect oftwo-wayinteractions ofbarreltemperatures T 1 and T 2 on the output, but is

sensit ive to their main effects.

The symbo ls between brackets identifythe differences in relat ion to the exper imentaldata. A

univar iate analysis ident ifies manly differences in the behaviour ofoutput and melt

temperature. Different lyo fthe exper imentalresponses, the analyt icalones are not able to

consider the effect ofthe most two-wayinteractions on the output. In practice, T 1 and T 2 do

not seemto affect the melt temperature, since the process is controlled by heat conduction,

______________________________________________________________________________________

whereas the analyt ical modelis not able to take this into considerat ion. The differences for the

mult ivar iate analys is only occur for the effect of3 two-wayinteractions ( N*T 1 , T 1 *T 2 and

T 2 *T 3 )

Table 5.13- Factorialanalys is ˘ responses ofthe analyt ical model

(* statistically significant, -- statistically non-significant).

EFFECT Multivariate analysis Univariate analysis

Output Temperature Power Length

Intercept * * * * *

N * * * * *

T 1 * * (*) * *

T 2 * * (*) * *

T 3 * * * * *

N*T 1 (--) (--) -- (--) *

N*T 2 * (--) (*) * --

N*T 3 * * (--) * *

T 1 *T 2 (--) (--) -- -- --

T 1 *T 3 -- (--) -- -- --

T 2 *T 3 (*) (*) (*) (*) --

Some ofthe results obtained for this case are shown in Figures 5.21 and 5.22, but now the

length ofscrew required for melt ing is also included. The effect ofscrew speed on the length

ofscrew required for melt ing seems to be mainlydeter mined byheat conduction in the

melt ing zone, since when T 1 increases the length required for melt ing diminishes. Concerning

to the other parameters is possible to verifythat globallythe behaviour is similar to that

observed for the exper imentalresults, although some differences are ident ified:

· In practice allbarreltemperatures (especiallyfor high screw speeds) influence output,

whereas the analyt ical modelis not able to take this effect into considerat ion. This

probablyhappens because the modelis not able to considers the influence o fthe melt

temperature on the output, i.e., the effect ofthe increase in melt temperature due to the

increase in barreltemperatures T 1 and T 2 does not affect the output.

· The modelpredictions for the output are significantly sma ller than that ofthe practice (the

differences remain between 0.5 and 0.9 kg/hr).

129

______________________________________________________________________________________

· The analyt ical modelresponses predict the effect ofbarreltemperatures T 1 and T 2 on the

melt temperature, whereas the exper imentalresults do not.

N (rpm)

50.00

30.00

10.00

Melt Temperature (°C)

220

210

200

190

180

170

160

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

Output (kg/hr)

9

7

5

3

1

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

Output (kh/hr)

9

7

5

3

1

T2 (°C)

160

180

200

N (rpm)

50.00

30.00

10.00

9

7

5

3

1

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

220

210

200

190

180

170

160

T2 (°C)

160

180

200

N (rpm)

50.00

30.00

10.00

220

210

200

190

180

170

160

T3 (°C)

170

190

210

Figur e5.21- Output and melt temperature vs . screw speed ˘ analyt ical model.

130

______________________________________________________________________________________

N (rpm)

50.00

30.00

10.00

Power Consumption (W)

3000

2000

1000

0

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

3000

2000

1000

0

T2 (°C)

160

180

200

N (rpm)

50.00

30.00

10.00

3000

2000

1000

0

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

Length Required for Melting (m)

.7

.6

.5

.4

.3

.2

.1

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

.7

.6

.5

.4

.3

.2

.1

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

.7

.6

.5

.4

.3

.2

.1

T2 (°)

160

180

200

Figure 5.22- Power consumption and length of screwrequired for melting vs . screwspeed ˘ analytical model.

Numerical model

Table 5.14 and Figures 5.23 and 5.24 depict the numer ical modelling data. All the main

effects are significant except for T 2 on the output, which does not exist here. The symbo ls

between square brackets indicate differences in relat ion to the analyt ical results, whereas the

symbo ls between circular brackets indicate disagreement with exper imentaldata. In terms o f

the responses obser ved (Figures 5.23 and 5.24) the behaviour is identicalto that ofthe

______________________________________________________________________________________

previous approaches (exper imentaland analyt ical model), the differences will be discussed

next.

Table 5.14- Factorial analysis ˘ responses ofthe numerical model

(* statistically significant, -- statistically non-significant).

EFFECT Multivariate analysis Univariate analysis

Output Temperature Power Length

Intercept * * * * *

N * * * * *

T 1 * * (*) * *

T 2 * [(--)] (*) * *

T 3 * * * * *

N*T 1 [*] [*] [(*)] [*] *

N*T 2 * [--] (*) [(--)] [*]

N*T 3 * [(--)] [*] * *

T 1 *T 2 (--) -- [(*)] [(--)] [*]

T 1 *T 3 -- -- -- -- --

T 2 *T 3 [--] [--] [--] [--] --

The compar ison o fthe numer icalresult s (Table 5.13) with the exper imentalones (Table 5.14)

reveals fewer differences. In this case, the mult ivariate analysis only differs in T 1 * T 2 term.

The univar iate analysis is also improved, except for the effect on melt temperature, where 5

differences exist. The differences obser ved between the exper imentaland the numer ical

modelresponses are the fo llowing:

· The numer ical modeldoes not take into account the effect of T 2 on the output;

· Barreltemperatures T 1 and T 2 have so me influence on melt temperature predicted bythe

numer ical model;

· The power consumpt ion calculated bythe numer ical modelincreases with T 1 .

Finally, the compar ison between the analyt icaland the numer ical models revels so me

differences, pr incipallywhen the univar iate analysis o fthe output, melt temperature and

power consumpt ion are considered. However, the numer icalresults are closer to the

exper imentalones than those ofthe analyt ical modelare.

132

______________________________________________________________________________________

N (rpm)

50.00

30.00

10.00

Output (kg/hr)

9

7

5

3

1

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

9

7

5

3

1

T2 (°C)

160

180

200

N (rpm)

50.00

30.00

10.00

Melt Temperature (°C)

220

210

200

190

180

170

160

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

Output (Kg/hr)

9

7

5

3

1

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

220

210

200

190

180

170

160

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

220

210

200

190

180

170

160

T2 (°C)

160

180

200

Figur e5.23- Output and melt temperature vs . screw speed ˘ numer ical model.

The global behaviour ofthe numer ical model is identicalto that observed for the analyt ical.

The disagreements are:

· The importance of T 2 for output is null in the numer ical model;

· The output predict ion made by the numer ical modelare higher than that ofthe analyt ical

and closer to the exper imentalones;

133

______________________________________________________________________________________

· The length ofscrew required for melt ing, calculated with the numer ical model, is cir ca

0.15 meters lower than those obtained with the analyt ical model. T he reason for that is due

to the increase ofso lid bed temperature provided by fr ict ion dissipat ion in allsur faces of

the screw channel (barreland screw root), whereas in the analyt ical model onlythe

dissipat ion on the barrelsur face is considered.

N (rpm)

50.00

30.00

10.00

Power Consumption (W)

3000

2000

1000

0

T1 (°C)

150

170

190

N (rpm)

50.00

30.00

10.00

3000

2000

1000

0

T2 (°C)

160

180

200

N (rpm)

50.00

30.00

10.00

3000

2000

1000

0

T3 (°C)

170

190

210

N (rpm)

50.00

30.00

10.00

Length Required for Melting (m)

.7

.6

.5

.4

.3

.2

.1

T1 (ºC)

150

170

190

N (rpm)

50.00

30.00

10.00

.7

.6

.5

.4

.3

.2

.1

T2 (ºC)

160

180

200

N rpm)

50.00

30.00

10.00

.7

.6

.5

.4

.3

.2

.1

T3 (ºC)

170

190

210

Fig ure 5.24- Power consumption and length of screwrequired for melting vs . screwspeed ˘ numerical model.

______________________________________________________________________________________

At this point, it will be important to ver ifywhether the differences in the responses ofthe two

mathemat ical models adopted will affect the results ofthe optimisat ion algorithm. Table 5.15

report the results obtained for the case studies presented in Tables 5.2 and 5.3. The cr iterion

length ofscrew required for melt ing willnot be considered (thus render ing OF2 meaningless),

since no exper imentaldata is available.

Table 5.15- Best operating window.

Case studies

Type of

results

Paramete

r OF1 OF3 OF4 OF5

N (rpm) 50 10-30 10 10

T1 (°C) 190 190 150-190 170-190

T2 (°C) 180-200 200 200 200

Ext rusion

experiments

T3 (°C) 170 170 170 170

N (rpm) 50 10 10 10

T1 (°C) 150 150 150 150

T2 (°C) 160 160 160 160

^Analytical~

model

T3 (°C) 170 170 170 170

N (rpm) 50 10 10 10

T1 (°C) 190 150 150 150

T2 (°C) 160 200 200 200

Numerical

Model

T3 (°C) 170 170 170 170

The results are ver ysimilar, especiallyfor screw speed N and barreltemperature T 3 . As far as

barreltemperatures T 1 and T 2 are concerned, the numer icalresult s are slight lyclo ser to the

realones than those produced with the analyt icalapproach.

Figure 5.25 shows the evo lut ion ofthe optimisat ion ofexample OF1 (see Table 5.3) ofthe

above case studywhen the analyt ical model is adopted (Table 5.15) in terms o fthe practical

operating window instead ofthe criter ia. The line in bo ld represents the average of30% ofthe

best elements ofthe populat ion and the thin line represents the average of75% ofthe best

elements ofthe populat ion. As explained in sect ion 4.5, it was considered as relevant not only

to assess the final results ofthe optimisations (as done above in Table 5.15), but also to

mo nitor the evolut ion alo ng the var ious generations. For that purpose, the exper imentaland

predicted solut ions ofthe generations ident ified in Table 4.4 were direct ly co mpared.

This is done in Table 5.16, where output, melt temperature, power consumpt ion and length of

screw required for melt ing, are listed for the exper imental (E), analyt ical ( A) and numer ical

(N) approaches. As expected, numer ical results are closer to the exper imentaldata. As the

search proceeds the output increases fro m5.33 to 7.93 kg/hr, since for this case studythe

135

______________________________________________________________________________________

greater weight is given for the maximisat ion ofthe output. This grow is obtained at expenses

on the increase ofthe power consumpt ion. The simultaneous obser vat ion ofFigure 5.25 and

Table 5.16 allows one to conclude that: the fir st criter ia that stabilise are output and power

consumption (after the 20 th generation), which depend directly ofthe screw speed (the fir st

parameter that stabilises) ; then, stabilises melt temperature (after the 30 th generation), which

depends mainly ofthe barreltemperature T3; finally stabilises the screw length for melt ing

(after the 40 th generat ion) that depends fro mthe barreltemperatures T1 and T2 (where the

melt ing occurs).

Exp6

10

20

30

40

50

0 5 10 15 20 25 30 35 40 45 50

Generations

Screw speed (rpm)

150

160

170

180

190

200

210

Temperature (°C)

N

T 3

T 1

T 2

Exp1

+ Exp8

Exp2 Exp3 Exp4 Exp5 Exp7

Exp7

Figur e5.25- Operating window.

Table 5.16- Compar ison between exper imentaland computationaldata (E- experimental, A-

analyt ical co mputations, N- numer ical co mputations).

Output (kg/hr) Melt temperature( ºC) Power consumption (W) Length (m)

Exp.

Nº E A N E A N E A N E A N

Exp1 5.33 4.45 4.79 184 196 194 1256 1238 1344 0.905 1.563 1.526

Exp2 7.54 7.05 7.52 184 196 194 2307 2245 2398 0.937 1.787 1.577

Exp3 7.46 7.36 7.84 184 193 192 2408 2386 2502 0.856 1.818 1.646

Exp4 7.93 7.51 7.98 191 196 197 2514 2440 2488 0.997 1.825 1.720

Exp5 7.96 7.68 8.15 186 193 194 2622 2541 2539 1.138 1.823 1.784

Exp6 7.91 7.65 8.08 174 186 184 2793 2549 2595 0.953 1.831 1.760

Exp7 7.93 7.66 8.11 175 188 187 2736 2538 2515 0.856 1.831 1.828

Exp8 7.50 6.75 7.22 183 197 195 2207 2102 2269 0.953 1.787 1.565

Table 5.17 shows the global object ive funct ion for the three approaches (using the weights

defined in Table 5.3 for example OF1). The globalobject ive funct ion value increases as the

______________________________________________________________________________________

search proceeds for all approaches (exper iments 1 to 7), and fo llows the corresponding output

values (Table 5.16).

It is possible to conclude that both the analyt ical and the numer icalmet hods conduct the

optimisat ion to the same result that is similar to the exper imental. In this example (OF1)

barreltemperatures T 1 and T 2 have less relative importance than the other two ( N and T 3 ) do.

Table 5.17- Global objective functionfor experimental and computational data.

Global Objective Function

Exp. No. Generation

E A N

Exp1 0 0.2788 0.2272 0.2445

Exp2 5 0.3738 0.3385 0.3649

Exp3 10 0.3697 0.3525 0.3789

Exp4 15 0.3857 0.3579 0.3824

Exp5 20 0.3860 0.3662 0.3902

Exp6 30 0.3903 0.3672 0.3906

Exp7 40 0.3921 0.3692 0.3909

Exp8 0 0.3734 0.3251 0.3515

5.4- Optimisat ion results

5.4.1- Setting the GAs parameters

The object ives ofthis sect ion are:

· define the value for the most important Genetic Algorithmgeneralparameters using an

object ive function;

· ver ify if the new method ofmult iobjective optimisat ion with GAs, developed in this work,

is able to attain the Pareto frontier;

· define the mult io bject ive GA parameters to use in the optimisat ion ofthe extrusion

process.

The definit io n ofthe GA generalparameters willbe made using the extrusion optimisat ion

example depicted in sect ion 5.1 (example OF1 ˘ Table 5.3). Three benchmark problems

[SRI 95] willbe used to verifythe funct ionalit yo fthe Reduced Pareto Set Genetic Algorithm

(RPSGA) method, developed here, when co mpared with the Niched Pareto Genetic Algor ithm

(NPGA) method [HOR 93, HOR 94]. At the same time so me mult io bject ive optimisat ion GA

parameters willbe defined for both methods. Finally, these methods will be used to define the

same parameters, but now using the extrusion optimisat ion problem- OF1.

137

______________________________________________________________________________________

GENERAL PARAMETERS

As discussed before, despite the exist ing theories [GOL 89a, GOL 89b, BÄC 91, GOL 92] on

the definit io n ofthe best optimisat ion parameters, such as populat ion length, select ion and

crossover methods, crossover and mutation rates, practice as shown that the decisio n must be

made based on empir ical infor mat ion. Therefore, using as a starting point the order of

magnitude ofvalues that were used in the literature [GOL 89a], exper iments were carried out

using a Pentium 166MHz personal co mputer. In order to simplifythis study, due to the

greater number ofparameters, each one will be considered independent lyo fthe others,

ignoring the effect ofpossible interactions between them.

a) Population length

Three runs ofthe optimisation algorithm are made using three different populat ion lengths

(100, 200 and 300 individuals). Figure 5.26 shows the global object ive funct ion versus

calculat ion t ime, using the populat ion length as a parameter.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500 3000

Time (s)

Global Objective Function

N = 100

N = 200

N = 300

Figur e5.26- Influenceof thepopulation lengt h ( p c =70%, p m =0.2%).

Ifthe populat ion length is excessivelylow ( N =100), it might not be possible to process

sufficient schemes in order to obtain the optimum[GOL 89b, GOL 92]. In this case, the ideal

length is N =200, since the maximum value ofthe objective funct ion is reached. The use ofa

larger populat ion length ( N =300) does not improve the algor ithmper for mance and increases

the computation time.

b) Crossover rate

138

______________________________________________________________________________________

The importance ofthe crossover rate on GAs is associated with the number ofschemata that

willbe possible to process. Figure 5.27 illustrates this fact byrepresent ing the global

object ive function versus calculation t ime for three different crossover rates. Only crossover

rates above 50% guarantee that the globalobject ive function is at is maximum. A crossover

rateof70% seems to be adequate.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Global Objective Function

Pc = 50%

Pc = 70%

Pc = 90%

Figur e5.27- Influenceof thecrossover rate( N =200, p m =0.2%).

c) Mutation rate

As in nature, mutation rate must be small. Figure 5.28 shows that for values between 0.2%

and 1.0%, the finalresults exhibit small differences.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500 3000

Time (s)

Pm = 0.2%

Pm = 0.6%

Pm = 1.0%

Figur e5.28- Influenceof themutation rate( N =200, p c =70%).

d) Selection operator

139

______________________________________________________________________________________

Figure 5.29 compares the perfor mance ofthe proportional, linear ranking and exponent ial

ranking methods used dur ing fir st stage ofselection (attribut ion ofa value to the object ive

funct ion). The differences observed are due to the relative select ion pressure inherent to the

different ranking methods and to their capacit yfor explor ing new search space areas (balance

between ^ exploitation ~ and ^ exploration ~). In this case, the use ofan exponentialranking

scheme seems more appropriate.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500

Time (s)

Global Objective Function

Proportional

Linear Ranking

Exponential Ranking

Figur e5.29 - Importanceof themet hod used in the1 st step of theselection.

However, ranking also depends on specific parameters. The exponent ialranking method

depends on the c parameter (equation 2.9) that controls the select ion pressure. Theoretically

this parameter can var ies between 0 and 1, but in pract ice only values near 1 (exclusive)

produces good results. Figure 5.30 shows that although different values produce similar

results c = 0.99 allows attaining the maximum value ofthe object ive function.

The parameter SP (equation 2.8) controls the selection pressure for the linear ranking scheme.

Figure 5.31 shows the results obtained wit h 3 values for this parameter, its range ofvar iat ion

is 1 < SP £ 2. The optimisat ion per for mance decreases when the value ofthis parameter is

lower. This is easilyexplained bythe fact that for greater values of SP the select ion pressure

is larger.

e) Crossover operator

It is not possible to define theoretically which is the better crossover technique to apply in

each particular situation. The cho ice ofthe better technique only is possible through the

exper imentalver ificat ion oftheir per for mance. Figure 5.32 shows the results obtained wit h

140

______________________________________________________________________________________

crossover in two points and unifor mcrossover. Moreover, the better performance ofthe

optimisat ion with unifor mcrossover the differences are not significant.

Thus, it is possible to conclude that the best GA parameters to use are N= 200, p c = 70% and

p m between 0.2 and 1%. As select ion operator can be used, by order ofpreference,

exponent ial ranking scheme with c =0.99, linear ranking scheme with SP =2 or proportional

value. Concer ning to the crossover operator, both ofthe two types studied ( two-points or

unifor m) show similar per for mance.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 250 500 750 1000

Time (s)

Global Objective Function

c = 0.9

c = 0.95

c = 0.99

Figur e5.30 - Importanceof the c paramet er ˘ exponent ial ranking.

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500 3000

Time (s)

SP = 2

SP = 1.6

SP = 1.1

Figur e5.31 - Importanceof SP paramet er ˘ linear ranking.

141

______________________________________________________________________________________

0.45

0.475

0.5

0.525

0.55

0.575

0.6

0 500 1000 1500 2000 2500

Time (s)

Global Objective Function

Two points

Uniform

Figur e5.32 - Importanceof thecrossover type.

MULTIOBJECTIVE OPTIMISATION PARAMETERS

In order ver ify the funct ionalit y ofthe mult io bject ive optimisation algor ithmdeveloped here

(RPSGA), three benchmark problems [SRI 95] will be studied here before tackling the

extrusion process. The methods based on tournament select ion (NPGA) and ofreduced Pareto

set (RPSGA) willbe co mpared for each case.

a) Benchmark problems

ProblemF1:

( ) 2

12

2

11

2 - =

=

x f Minimise x f Minimise

(5.1)

Figure 5.33 represents the Pareto frontier for the two funct ions, f 11 and f 12 . The nondo minated

points are located for 0 < x < 20 and for f 11 and f 12 between 0 and 4.

ProblemF2:

( ) 2

22

21

5

4 4

4 3 4

3 1 2

1

- =

> + - =

£ < - =

< < + - =

£ - =

x f Minimise x if x x if x x if x x if x f Minimise

(5.2)

The Pareto frontier is represented in Figure 5.34.

142

______________________________________________________________________________________

0

2

4

6

8

10

0 2 4 6 8 10

f1 1 f1 2

Pareto

frontier

Figur e5.33- Pareto frontier for problemF1.

0

10

20

30

40

50

-1 0 1 2 3 4 5 6

f 21 f 22 Pareto

front ier

Figur e5.34˘ Pareto frontier for problemF2.

ProblemF3:

( ) ( )

( )

0 10 3

0 225

:

1 9

2 1 2

2 1

2

2

2

1

2

2 1 32

2

2

2

1 31

£ + -

£ - +

- - =

+ - + - =

x x x x to Subject x x f Minimise x x f Minimise

(5.3)

The Pareto region for this problemis confined to a line given by: x 1 = -2.5 and 2.5 £ x 2 £

14.79.

The per formance ofa mult io bject ive optimisation algorithm can be assessed by evaluat ing

how unifor mthe distribut ion ofthe population along the ent ire Pareto front ier is and whether

______________________________________________________________________________________

it is maintained throughout successive generat ions. The measurement ofthis distr ibut ion can

be made with the chi- square deviat ion for m[SRI 95]:

å +

=

÷ ÷

ø ö

ç ç

è æ -

= 1

1

2 q

i i i i n n

s i

(5.4)

where q is the number ofdesired optimalpo ints and the ( q +1) th subregio n is the dominated

region, n i is the number ofindividuals present in the i th subregio n ofthe nondo minated region,

i n is the expected number ofindividuals in the i th subregio n ofthe nondo minated region, and

2

i s is the var iance ofindividuals in the i th subregio n ofthe nondo minated region, given by:

q i

N n

n i i i ..., , 2 , 1 , 1 2 = ÷

ø ö ç

è æ - = s

(5.5)

When the populat ion is successfullydistr ibuted along the Pareto border, the value o fthe

perfor mance measure is the lowest possible.

PROBLEM F1

The computations listed in Tables 5.18 (tournament select ion method) and 5.19 (reduced

Pareto set method) were made. Three GA parameters willbe considered: the radius o fa

circumference that is the maximumdistance between chromoso mes ( s share

), the size ofthe

compar ison set ( t dom ) and the indifference limit s above which the per formance ofthe so lutions

is considered as similar ( limits ). The values used here are ofthe other ofmagnitude ofvalues

that were used in the literature. Table 5.20 presents the values assumed for the other relevant

optimisat ion parameters.

Table 5.18- Runs for problemF1 ˘ tournament selection.

Run share t dom (% of N )

1 0.1 30

2 0.1 20

3 0.1 13

4 0.1 10

5 0.001 30

6 0.001 20

7 0.001 13

8 0.001 10

9* 0.001 13

______________________________________________________________________________________

Table 5.19- Runs for problemF1 ˘reduced Pareto set.

Run share limits

10 0.1 0.1

11 ^ 0.01

12 ^ 0.001

13 0.01 0.01

14 0.001^

15 0.001 0.001

16* 0.001 0.01

17* ^ 0.001

Table 5.20- Algorithmparameters.

Number of generations

( NG )

200

Populat ion length ( N ) 100

Chro mosome length ( l ) 14

Crossover rate ( CR ) 0.7

Mutation rate ( MR ) 0.004

x range [-10, 10]

Precisio n 0.001

The per formance measure for the first 4 runs is presented in Figure 5.35. As can be observed,

their value deter iorates during the search. Since it is not easyto dist inguish between the

individualcur ves, a moving average ofthe per formance values will be used in the fo llowing.

This is represented in Figure 5.36, where:

NG i

i

MA i

j j

i , , 2 , 1 1 � = = å

= i

(5.6)

In this equat ion i j is the per formance measure for generation j and NG is the totalnumber of

generat ions.

The improvement obtained in Figure 5.37 with the values of s share and t dom for runs 5 to 8 is

evident. The value ofthe moving average decreases rapidly( i.e., the performance increases)

fro m10 to 5 in the fir st 50 generations, afterwards it is maintained at the same leveldur ing

the 200 generations. A carefulobser vat ion ofthe corresponding Pareto curves would show

that the best distr ibut ion along the Pareto front ier is obtained with run 7, cover ing the ent ire

front ier and attaining values for f 11 close to 0.

145

______________________________________________________________________________________

0

5

10

15

20

25

30

0 50 100 150 200

Generations

Performance measure

Run 1

Run 2

Run 3

Run 4

Figur e5.35- ProblemF1: perfor mancemeasurefor runs 1 to 4.

6

8

10

12

14

16

0 50 100 150 200

Generations

Moving average

Run 1

Run 2

Run 3

Run 4

Figur e5.36- ProblemF1: moving averagefor runs 1 to 4.

4

5

6

7

8

9

10

0 50 100 150 200

Generations

Run 5

Run 6

Run 7

Run 8

Figur e5.37- ProblemF1: moving averagefor runs 5 to 8.

146

______________________________________________________________________________________

At this point, the reasons explaining the considerable oscillation on the per formance measure

reported above are not clear. Consequent ly, an addit io nal run (run 9) without mutation, but

with the other parameters equalto those used in run 7 was made. Since the same type of

oscillat ion was obtained, mutation is not to blame. Instead, crossover between certain

nondo minated individuals that produce dominated offspr ing could cause this behaviour.

Figure 5.38 represents the moving average alo ng the severalgenerat ions for runs 10 to 12,

where the reduced Pareto set method was applied with different limit values (0.1, 0.01 and

0.001, respectively). It is not possible to make a clear dist inct ion between them. However,

their per formance is infer ior to that obtained wit h run 7, where tournament select ion was

applied.

4

5

6

7

8

9

10

0 50 100 150 200

Generations

Moving average

Run 10

Run 11

Run 12

Figure 5.38- Problem F1: moving average for runs 10, 11 and 12.

The influence of s share can be ident ified by carr ying out runs 11, 13 and 14 (Table 5.19). The

shape ofthe curves would be similar to those ofFigure 5.38. Whereas the per formance value

ofrun 11 oscillates around 6, that ofruns 13 and 14 decreases to 4.

Figure 5.39 shows the moving average ofruns 14 to 17, thus illustrates the influence ofthe

limit values and the absence ofmutation (see Table 5.19). Run 16 ( s share

=0.001, limits = 0.01

and wit hout mutation) seems to be the best choice. The direct analys is ofthe Pareto frontiers

would provide the same conclusio ns.

Finally, a direct compar ison between Niched Pareto Genetic Algor ithm(NPGA) and Reduced

Pareto Set Genetic Algorithm(RPSGA) will be made. Figure 5.40 shows the moving average

147

______________________________________________________________________________________

and the Pareto front iers for runs 7 (NPGA) and 16 (RPSGA. The reduced Pareto set method

seems to exhibit the best results.

3

4

5

6

7

8

9

10

0 50 100 150 200

Generations

Moving average

Run 14

Run 15

Run 16

Run 17

Figur e5.39- ProblemF1: moving averagefor runs 14 to 17.

3

4

5

6

7

8

9

10

0 50 100 150 200

Generations

NPGA

RPSGA

Figur e5.40- ProblemF1: moving averagefor NPGA and RPSGA met hods.

PROBLEM F2

In this case, the best results obtained are shown in Figure 5.41 using the parameters given in

Table 5.21. The two methods have similar per for mance. Nevertheless, for values of f 21 near 0

and 2, the reduced Pareto set method appears to get a better distr ibution ofpo ints.

148

______________________________________________________________________________________

Table 5.21- Algorithmparameters for problemF2.

Number of generations 200

Populat ion length 100

Chro mosome length 14

Crossover rate 0.7

Mutation rate 0.004

x range [-2, 10]

Precisio n 0.001

s share

0.01

Limits 0.01

0

5

10

15

20

-1 0 1 2 3 4

f11 f12

A)

0

5

10

15

20

-1 0 1 2 3

f11

B)

Figur e5.41- Pareto frontier for problemF2: A) NPGA ; B) RPSGA.

PROBLEM F3

Since this problemhas two var iables to optimise and its domain o factuation is restricted by

two inequalit ies, it requires the use ofrobust optimisat ion schemes. The Pareto region is

confined to a line given by x 1 = -2.5 and 2.5 £ x 2 £ 14.79. Severalruns were made, where the

values of s share and limits were tested. The parameters used are again given in Table 5.21,

except for the x 1 and x 2 range ofvar iat ion (-20 £ x 1 , x 2 £ 20) and the value of s share

(0.001 for

NPGA). The best results produced bythe two methods are shown in Figure 5.42. While the

points corresponding to the NPGA method are dispersed around x 1 Î [-2.6 ,-2.1] and 4.66 £ x 2

£ 14.58, the values ofthe RPSGA method converge to x 1 = -2.3, and 4.7 £ x 2 £ 14.82. Clear ly,

the optimal Pareto frontier was not reached. Probably, this would only be possible by

transforming this problem into an unconstrained optimisation one, for example using an

exter ior penalt yfunct ion [SRI 95].

149

______________________________________________________________________________________

-20

-15

-10

-5

0

5

10

15

20

-20 -15 -10 -5 0 5 10 15 20

X1

X2

A)

0

5

10

15

20

-2.6 -2.5 -2.4 -2.3 -2.2 -2.1

X1

B)

-20

-15

-10

-5

0

5

10

15

20

-20 -15 -10 -5 0 5 10 15 20

X1

C)

0

5

10

15

20

-2.6 -2.5 -2.4 -2.3 -2.2 -2.1

X1

D)

Figure 5.42- Pareto frontiers (variables domain): A) NPGA; B) ditto enlarged; C) RPSGA ; D) ditto enlarged.

b) Extrusion process

In order to test the same optimisat ion approaches in the optimisat ion ofan extrusion problem,

the example defined in Table 5.1 (case studyOF1 in sect ion 5.1), in order to satisfythe

cr iteria set in Table 5.2 willbe adopted, but now using the mult io bject ive optimisat ion GA,

instead ofan object ive funct ion. For that purpose, the mult io bject ive optimisat ions ( mo ) listed

in Table 5.22 were carried out (using the fo llowing optimisat ion parameters: N =500, CR =0.7,

MR =0.004, NG =50 and l =24).

Table 5.22- Multiobjective optimisationcomputations.

Run Opt. method share

Limits Observations

mo1 Tournament select ion 0.01 -- Repeated 5 times

mo2 ^ 0.001 --

mo3 Reduced Pareto set 0.01 0.1

mo4 ^ ^ 0.01

mo5 ^ ^ 0.001 Repeated 5 times

mo6 ^ 0.1 0.01

mo7 ^ 0.01 ^ Equalto mo4

mo8 ^ 0.001^

The use of^full~ Pareto curves to compare these results is not an easyassignment, due to their

similar it yand the large number ofindividuals on both populat ions (see Figure 5.43, where the

150

______________________________________________________________________________________

Pareto Curve for two criter ia ˘ screw length required for melt ing an output ˘ were depicted, as

an example).

0.3

0.4

0.5

0.6

0.7

1 2 3 4 5 6 7 8

Output (kg/hr)

Length for melting (m)

mo1 - 50th gen.

mo6 - 50th gen.

Figur e5.43- Pareto frontier for runs mo1 and mo6 .

As proposed earlier, these limitat ions can be overtaken ifthe populat ions are simplified by

means ofthe reduced Pareto set algorithm. Figure 5.44 presents the corresponding Pareto

front iers, in the cr iter ia domains, for runs mo1 and mo6, where the output (only cr iter ion to

maximise) is plotted against length ofscrew required for melt ing, melt temperature and power

consumption. I fthe front iers are analysed individually, it is possible to conclude that run mo6

is better. However, the best points in one Pareto front ier, e.g., output versus length for

melt ing, can be the poorest points on another partialfrontier, e.g., output versus melt

temperature.

Consequent ly, an alternative method will be used to compare the results. The best results will

be co mpared upon affecting the weights ofTable 5.3 to finalpopulat ion (generation 50),

using the objective funct ion defined byequat ion 2.22.

Figure 5.45 shows the values ofthe globalobjective funct ion for runs mo1 and mo2 (Table

5.22). Clear ly, the mo1 run is super ior in allthe cases studied.

151

______________________________________________________________________________________

0.4

0.45

0.5

0.55

0.6

0.65

1 2 3 4 5 6 7 8

Output (kg/hr)

Length for melting (m)

mo1

mo6

170

180

190

200

210

220

1 2 3 4 5 6 7 8

Output (kg/hr)

Melt temperature (ºC)

m01

mo6

0

500

1000

1500

2000

2500

3000

1 2 3 4 5 6 7 8

Output(kg/hr)

Power consumption (W)

mo1

mo6

Figur e5.44- Reduced Pareto frontiers in thecrit eria domains.

152

______________________________________________________________________________________

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies

Global objective function

mo1

mo2

Figur e5.45- Global object ivefunction for runs mo1 and mo2 .

Figure 5.46 shows the results obtained when limits are var ied (runs mo3 to mo5 , Table 5.22),

the best run seems to be mo4 when limits is equal to 0.01. The influence of s share is presented

in Figure 5.47 (runs mo6 to mo8 ). The best performance is obtained when s share is equalto

0.1 (run mo6 ).

Another important matter to take into consideration is the reproducibilit y ofthe results. In

order to estimate this, runs mo1 (NPGA) and mo5 (RPSGA) were repeated 5 times each.

Given the results obtained (Figures 5.51 and 5.52), NPGA method seems to be stable than the

RPSGA method. However, ifthe 3 best results provided by each one are compared (Figure

5.50), the differences are not impressive, but runs mo5c and mo5e , corresponding to RPSGA

method are the best.

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies mo3

mo4

mo5

Figur e5.46- Global object ivefunction for runs mo3 to mo5 .

153

______________________________________________________________________________________

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies

Global objective function

mo6

mo7

mo8

Figur e5.47- Global object ivefunction for runs mo6 to mo8 .

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies mo1a

mo1b

mo1c

mo1d

mo1e

Figur e5.48- Global object ivefunction for runs mo1 (a, b, c, d, e) .

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies mo5a

mo5b

mo5c

mo5d

mo5e

Figur e5.49- Global object ivefunction for runs mo5 (a, b, c, d, e) .

154

______________________________________________________________________________________

0.55

0.6

0.65

0.7

0.75

0.8

OF1 OF2 OF3 OF4 OF5

Case studies

Global objective function

mo1a

mo1d

mo1e

mo5c

mo5d

mo5e

Figur e5.50- Comparison bet ween NPGA and RPSGA met hods.

5.4.2- Optimisation of the operating conditions

As settled before, one ofthe main object ives ofthis work is to optimise automat icallythe

operating condit ions for a given extruder/polymer co mbinat ion. This means, for example, to

define the screw speed and barreltemperatures profile that produce the better extruder

perfor mance, i.e., that maximise the output and the degree ofmixing, minimise the screw

length required for melt ing, the melt temperature, the power consumpt ion and the residence

time ofan extrusion process. Not only so me ofthese individualobject ives are contradictory,

but also theycan have different importance to the process. The use ofan object ive funct ion,

as represented by equat ion 2.22, easily per mit s the change ofthe relat ive importance ofthe

severalcr iter ia, and by this wayto determine the corresponding optimalcondit io ns. However,

when it is necessar yto make this change a new run ofthe optimisat ion algor ithmneeds to be

perfor med. This difficult ycan be undertaken using a mult iobjective optimisat ion

methodologyas those presented before, namely the Niched Pareto Genet ic Algor ithm

(NPGA) and the Reduced Pareto Set Genetic Algor ithm(RPSGA) methods. In this case the

result is a Pareto frontier where all the optimal condit ions were represented. The decisio n-

maker only needs to take into considerat ion the trade-offbetween the relevant criter ia in order

to choose the corresponding optimalso lut ion.

______________________________________________________________________________________

To optimise the operating condit ions will be used an example where the object ive is to set the

screw speed and the barreltemperature profile in three zones in order to maximise the output

and to minimise the screw length required for melting, the melt temperature and the power

consumption. For that the values ofTables 5.1 (range ofvar iation ofoperating condit ions),

5.2 (criter ia definit io n) and 5.3 (weights ofthe individualcr iter ia) willbe used. This example

willbe studied for allcases ofTable 5.3 using both the Genet ic Algor ithmwit h objective

funct ion (equation 2.22) and the Reduced Pareto Set Genet ic Algor ithm(RPSGA), and for

each one the analyt icaland the numer ical models. Finally, these results willbe co mpared with

exper imentalresults obtained in a Leistr itz extruder (Table 4.3). Table 5.23 presents the

numer icaland the GA parameters used for the optimisat ion types studied.

Table 5.23- Numerical and GA parameters used inthe optimisations.

Optimisation type

Objective function Reduced Pareto Set

Parameter

Analytical Numerical Analytical Numerical

Number of increments in Z direction 100 100 100 100

Number of grid points in tra nsversal pla ne -- 10 -- 10

Initial thickness of the film close to the barrel -- d f -- d f

Initial thickness of the film close to the screw

root and pa ssive fla nk

-- d f -- d f

Initial melt pool width -- 2 d f -- 2 d f

Screw temperature upon solids conveying -- --

Population length 200 200 500 500

Crossover rate 70 70 70 70

Mutation rate 2 2 2 2

Selection operator exp. ranking +

roulette wheel exp. ranking +

roulette wheel exp. ranking +

roulette wheel exp. ranking +

roulette wheel

Crossover operator two points two points two points two points

Number of generations 50 50 50 50

Chromosome length 24 24 24 24

s share

-- -- 0.1 0.1

limits -- -- 0.01 0.01

NOTE : d f - flight clearance.

Figure 5.51 shows the evo lut ion ofthe global and the individualobject ive functions as the

search proceeds for case studyOF1. The optimisatio n process seems to converge after 20

generat ions. Dur ing the search the growth ofthe globalobject ive function fo llows the

evo lut ion ofthe output individual cr iter ion, given their higher relative importance.

Simultaneously the other criter ia deteriorate during this process. Obviously, the output growth

is achieved at expenses ofpower consumption. Likewise, a higher output implies short

residences times and consequent lyan increase on the screw length required to melt ing the

156

______________________________________________________________________________________

polymer. Further more, the viscous dissipat ion increases with the output, which has a

consequence the increases ofthe melt temperature.

0.4

0.44

0.48

0.52

0.56

0.6

0 10 20 30 40 50

Generat ion

Global Objective Function

0.1

0.3

0.5

0.7

0.9

Individual Objective Function

Global

Output

Length for melting

Melt temperature

Power consumption

Figur e5.51- Genet ic Algorithmopt imisation of global and individual objectivefunct ions

(casestudy OF1, Table5.3).

The convergence ofthe genet ic search is achieved when a reasonable number ofpopulat ion

individuals have the same value. Figure 5.52 shows the evo lut ion ofthe globalobject ive

funct ion consider ing the best individual and the average ofbest 30, 50, 75 and 100% ofthe

populat ion. The best individualo feach generation converges rapidlyand maintains its value.

Likewise, the average of30, 50 and 75 % ofthe populat ion converge to the same value and

maintain it. This does not happens for the average of100% ofthe population, because in all

the generat ions mutation has a (small) probabilit y to occurs, which due to its character ist ics

can produces considerable modifications on some individuals. Thus, the use ofan average of

75% ofthe populat ion as a convergence cr iterion seems to be adequate.

0.46

0.48

0.5

0.52

0.54

0.56

0.58

0 10 20 30 40 50

Generation

Best

30%

50%

75%

100%

Figure 5.52- Evolution of global objective function for theaverage of the best and

the average of best 30, 50, 75and 100% of the population.

The evo lut ion ofthe genetic algor ithmoptimisat ion can also be fo llowed using the parameters

to optimise, screw speed and barreltemperatures in three zones. Figure 5.53 presents the

157

______________________________________________________________________________________

evo lut ion ofthe mean value ofthe best 75 and 30% population individuals ofeach generat ion

(bo ld and thin contour lines, respectively), for ming the practicaloperating window. The init ial

var iat ion range is also represented. The best algor ithmper for mance relat ivelyto Figure 5.25

is due to the use here ofimproved GA parameters.

10

20

30

40

50

0 10 20 30 40 50

Generation

150

160

170

180

190

200

210

Temperature (°C)

N

T 1

T 2

T 3 N (rpm)

Range of variation

Figur e5.53- Practical operating window. Bold contours: mea n valueof thebest 75%

chromosomes; thin contours: mea n values of thebest 30% chromosomes.

Figure 5.54, where the evo lut ion ofthe globaland individualobject ive functions for case

studies OF2 to OF5 (Table 5.3) are represented, demonstrates that the results are sensit ive to

the relat ive importance ofthe process var iables. This point is clear ly confir med by

observat ion ofthe results obtained for case studies OF1 and OF4, where the weights affect ing

the output and the power consumpt ion are interchanged. The behaviour ofthe global object ive

funct ion is similar to that ofthe most important individual cr iter ion. These two criter ia are not

onlyconflict ing in the objective funct ion (usually the aim is to maximise the output and

minimise the power consumpt ion), but also in their interaction (as increasing the output

requires more power).

The use ofa mult io bject ive optimisation methodologyas the one developed in this work,

Reduced Pareto Set Genetic Algorithm (RPSGA), easilyper mits wit h one run to obtain, not

onlythe 5 so lut ions represented byeach one ofthe cases studied, but the ent ire Pareto

front ier. Figure 5.55 shows the Pareto frontier s obtained in the optimisat ion ofthe operating

condit ions using both the RPSGA and the numer ical model(Table 5.23). These curves are

graphed as a funct ion ofmass output assuming these as the most important criter ion;

however, theycan be represented as a funct ion ofany other criteria. The decision-maker can

choose a desirable value for the output (ifthis is the most important criterion, as in the case

158

______________________________________________________________________________________

studyOF1) see the value ofthe other criter ia (Figure 5.55-A) and relate this point with the

corresponding operating condit io ns (Figure 5.55-B). However, since this is a

mult idimensio nalproblem is possible that optimalpo ints for given two criteria could not be

optimalfor any other two criter ia.

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0 10 20 30 40 50

Generation

Global Objective Function

0

0.2

0.4

0.6

0.8

1

Individual Objective Function

OF2

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0 10 20 30 40 50

Generatio n

0

0.2

0.4

0.6

0.8

1

OF3

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0 10 20 30 40 50

Generatio n

0

0.2

0.4

0.6

0.8

1

OF4

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0 10 20 30 40 50

Generatio n

0

0.2

0.4

0.6

0.8

1

OF5

Global Output Length for melting Melt temperature Power consumption

Figur e5.54- Evolution of theglobal and individual object ivefunct ions for casestudies OF2 to OF5.

Table 5.24 shows the results corresponding to the maximisat ion ofequat ion 2.22 and using

the analyt ical model. The data indicates that:

· When the most important criterion is output maximisat ion, screw speed converges to its

maximumvalue ˘ OF1;

· When the weight attributed to the minimisat ion ofthe length ofscrew required for melt ing

is higher, barreltemperature for zone 1 is also higher, since melt ing occurs predominant ly

here ˘ OF2;

· Minimisation o flength ofthe screw required for melt ing, melt temperature or power

consumption is always achieved when the screw speed is at its lowest possible value (10

rpm) ˘ OF2 to OF4;

159

______________________________________________________________________________________

· Melt temperature at the extruder exit is at its minimum, using the lowest barreltemperature

profile ˘ OF3.

0. 3

0. 4

0. 5

0. 6

0. 7

0 2 4 6 8

Output (kg/hr)

Length for melting (m)

10

20

30

40

50

0 2 4 6 8

Output (kg/hr)

N (rpm)

150

170

190

210

0 2 4 6 8

Output (kg/hr)

Melt temperature (°C)

160

170

180

190

200

0 2 4 6 8 10

Output (kg/hr)

T2 (°C)

0

1000

2000

3000

0 2 4 6 8

Output (kg/hr)

Power consumption (W)

170

180

190

200

210

0 2 4 6 8 10

Output (kg/hr)

T3 (°C)

A B

Figure 5.55- Pareto optimal set: A) criteria efficient frontiers ; B) operating conditions efficient frontiers.

Ifthe same problem is so lved using a mult io bject ive optimisation met hodology, the final

result is a Pareto frontier where, in pr inciple, allthe set ofweights are represented. For that

reason, the use ofa specific co mbinat ion ofweights, is onlypossible through an indirect

approach. In this case, the object ive funct ion was applied to the same final generat ion, using

successivelythe var ious weights, and the best individual ofeach set ofweights is chosen.

Table 5.25 presents the corresponding operating values.

______________________________________________________________________________________

Table 5.24- Operating conditions for OF optimisation ˘ analytical model.

OF1 OF2 OF3 OF4 OF5

N (rpm) 50 10 10 10 10

T1 (°C) 150 167 152 152 151

T2 (°C) 160 170 161 170 160

T3 (°C) 170 170 170 170 170

Table 5.25- Operating conditions for RPS ˘ analytical model.

Cases under study

OF1 OF2 OF3 OF4 OF5

N (rpm) 50 10 10 10 10

T1 (°C) 154 174 154 154 154

T2 (°C) 161 166 161 161 161

T3 (°C) 170 170 170 170 170

The values in Tables 5.24 and 5.25 are similar. Differences exist for T 2 in Case OF4 (9°C),

but theyhave little importance as suggested bythe exper imentaldata (Table 5.13).

As discussed previously, the biggest advantage ofa mult iobject ive optimisat ion is the

possibilit y oftesting ^all~ the combinat ions ofweights only with one run. Therefore, the

decisio n- maker, upon obtaining the Pareto frontier fro ma mult io bject ive optimisat ion

scheme, possesses the necessar yinfor mation to made decisio ns about the process.

Ifthe objective funct ion is now optimised using the numer ical model, the data presented in

Table 5.26 is obtained. A co mpar ison with the results obtained with the analyt ical model

(Table 5.24) shows that case studies OF1 and OF4 have different T 1 and T 2 , respectivelyand

that case studyOF3 has a dist inct screw speed. In the case ofmult io bject ive optimisat ion

using the numer ical model(Table 5.27) the differences are more important.

Table 5.26- Operating conditions for OF optimisation ˘ numerical model.

Cases under study

OF1 OF2 OF3 OF4 OF5

N (rpm) 50 13 17 10 12

T1 (°C) 184 165 151 155 155

T2 (°C) 165 177 162 196 172

T3 (°C) 170 170 170 170 170

______________________________________________________________________________________

Table 5.27- Operating conditions for RPS ˘ numerical model.

Cases under study

OF1 OF2 OF3 OF4 OF5

N (rpm) 50 27 10 10 10

T1 (°C) 188 184 177 177 177

T2 (°C) 164 180 193 193 193

T3 (°C) 173 170 170 170 170

In order to compare and discuss the optimisat ion results obtained either byextrusion

exper iments or byco mputations, three approaches were considered namely factorialdesign o f

exper iments, GAs with an object ive funct ion and mult io bject ive optimisat ion wit h GAs. In

the first case, it is possible to define the operating condit io ns through extrusion exper iments,

analyt ical results, or numer ical results. In the remaining approaches, analyt ical or numer ical

modelling were considered.

In this studythe intent is to optimise the operating condit ions (screw speed, and barrel

temperature profile ˘ Table 5.1) in order to maximise the output and to minimise the melt

temperature and the power consumpt ion (Table 5.2). In order to be possible the compar ison

between the approach that uses exper imentalresults and the others, the minimisat ion ofthe

screw length required for melt ing will not be considered. Thus, Table 5.3 is transfor med into

Table 5.28.

Table 5.28- Weights ofthe individual criteria.

Weights

Case

Studies W 1 W 2 W 3 W 4

OF1´ 0.6 0 0.3 0.1

OF2´ -- -- -- --

OF3´ 0.2 0 0.6 0.2

OF4´ 0.1 0 0.3 0.6

OF5´ 0.(3) 0 0.(3) 0.(3)

Tables 5.29 to 5.32 summar ise the results obtained on the optimisation o fthe operating

condit ions for the case studies OF1´(Table 5.29), OF3´(Table 5.30), OF4´(Table 5.31) and

OF5´(Table 5.32).

When more importance is given to output (case studyOF1´ - Table 5.28), screw speed

converges to its maximumpossible value in allthe approaches. The differences between them

occur for T 1 and T 2 . While the values of T 1 obtained with the approaches that use the

numer ical model are closer to the corresponding exper imentalvalues, the values of T 2 for both

models are different. This is due to the fact that, for the analyt ical model, the output does not

______________________________________________________________________________________

seemto varywit h barreltemperatures but melt temperature does (Figure 5.21); consequent ly

the melt temperature criterion assumes some importance. For the numer ical model T 2 does not

affect the output, whereas has so me influence on melt temperature (Figure 5.23)

Table 5.29- Results ofthe various approaches for OF1´.

Optimisation type Model N (rpm) T 1 ( ºC) T 2 ( ºC) T 3 ( ºC)

Factorialdesign Exper imental 50 190 180-200 170

Factorialdesign Analyt ical 50 150 160 170

Factorialdesign Numer ical 50 190 160 170

Object ive function GA Analyt ical 50 150 160 170

Object ive function GA Numer ical 50 182 166 170

Reduced Pareto Set GA Analyt ical 50 154 161 170

Reduced Pareto Set GA Numer ical 50 180 165 173

Table 5.30 presents the results when the main cr iter ion is the minimisat ion ofmelt

temperature at the exit ofthe extruder. As the exper imentaldata suggests, the last barrel

temperature determines melt temperature (Table 5.12) and then the values of T 1 and T 2

converge to their maximumpossible value. Screw speed does not seemto be determinant

since it converges to values between 10 and 30 rpm. This happens due to the small weight

attributed to the output criter ion. Analyt icalcomputational results indicate that this object ive

is achieved wit h the lowest barreltemperature profile and the lowest screw speed. This is

explained bythe fact that, when this mathemat ical modelis used, barreltemperatures T 1 and

T 2 have so me importance (Table 5.13) and the var iat ion ofmelt temperature with the screw

speed is non negligible ( Figure 5.21). For the approaches that use the numer ical model, when

the screw speed is small ( factorialdesign and RPSGA) the value of T 2 is the greatest possible.

This is justified bythe fact that for screw speed equalto 10 rpm melt temperature does not

var ywit h T 2 (Figure 5.23).

The minimisat ion ofthe power consumpt ion (case studyOF4´ ˘ Table 5.31) is acco mplished

with the lowest screw speed. The results ofall approaches are ver ysimilar, the greater

differences occur on T 2 for the analyt ical results. Being the power consumption behaviour, as

a function ofscrew speed and T 2 , similar in all the approaches, the differences observed are

probablydue to the sensit ivit y to melt temperature (Figures 5.19 to 5.24).

When is given equalimportance to the criter ia (case studyOF5´˘ Table 5.32) the results are

similar to those ofthe previous two case studies as wellas the reasons for this behaviour.

______________________________________________________________________________________

Table 5.30- Results ofthe several approaches for OF3´.

Optimisation type Model N (rpm) T 1 ( ºC) T 2 ( ºC) T 3 ( ºC)

Factorialdesign Exper imental 10-30 190 200 170

Factorialdesign Analyt ical 10 150 160 170

Factorialdesign Numer ical 10 150 200 170

Object ive function GA Analyt ical 10 152 161 170

Object ive function GA Numer ical 17 151 162 170

Reduced Pareto Set GA Analyt ical 10 154 161 170

Reduced Pareto Set GA Numer ical 11 157 200 171

Table 5.31- Results ofthe several approaches for OF4´.

Optimisation type Model N (rpm) T 1 ( ºC) T 2 ( ºC) T 3 ( ºC)

Factorialdesign Exper imental 10 150-190 200 170

Factorialdesign Analyt ical 10 150 160 170

Factorialdesign Numer ical 10 150 200 170

Object ive function GA Analyt ical 10 152 170 170

Object ive function GA Numer ical 10 155 196 170

Reduced Pareto Set GA Analyt ical 10 154 161 170

Reduced Pareto Set GA Numer ical 11 157 200 171

Table 5.32- Results ofthe several approaches for OF5´.

Optimisation type Model N (rpm) T 1 ( ºC) T 2 ( ºC) T 3 ( ºC)

Factorialdesign Exper imental 10 170-190 200 170

Factorialdesign Analyt ical 10 150 160 170

Factorialdesign Numer ical 10 150 200 170

Object ive function GA Analyt ical 10 151 160 170

Object ive function GA Numer ical 12 155 172 170

Reduced Pareto Set GA Analyt ical 10 154 161 170

Reduced Pareto Set GA Numer ical 11 157 200 171

5.4.3- Screw design

Screw design, i.e., the optimisat ion ofthe screw geometr yparameters, is a ver ychallenging

task. First ofall, the number ofparameters to optimise can var ywidely. This means that the

use ofGAs requires the manipulat ion ofa chromoso me ofvar iable length, that needs to

^acco mmodate~ the eventualexistence ofmixing sect ions, barr ier compressio n zone, grooves

on the barrel, etc. Another important aspect is the mult i-modalit yo fthe search space, which

constitutes an addit ionalproblem for the algor ithm. Moreover, the practical definit io n ofthe

screw geometr ymust invo lve co mplex situations, such as processing a single po lymer under a

relat ivelywide operating window, a single po lymer but with var ying properties (var ious

______________________________________________________________________________________

grades) or even several po lymer s. This means that not only the optimisat ion ofa number of

object ives are pursued, but the sensit ivit yo fthose object ives to changes in the process

var iables must also be considered.

Such an analys is is co mplete only if the operating condit ions and the mechanical behaviour of

the screws are examined. The design ofa screw with optimal process per formance needs to

take into account the mechanical strength to support the stresses required bythe conveying

process. Variables such as the torsionalstrength ofthe screw root, strength ofthe screw flight

and lateraldeflect ion ofthe screw are fundamentaland need to be carefully thought about.

In this section, a preliminar ystudyon the optimisat ion ofthe screw geometr icalparameters,

using Genet ic Algorithms wit h objective funct ion (Figure 5.2), in order to satisfy t he cr iter ia

ofTable 5.4 will be made (Table 5.5). Taken into account the mult i-modalit y ofthis

optimisat ion problem (as will be seen next), the use ofa mult iobjective algor ithmthat

produces a set ofsolut ions (Pareto frontier) can be usefulin order to obtain var ious similar

answers with one run. Therefore, four runs ofthe optimisation procedure using the Reduced

Pareto Set Genetic Algorithm, for case studies 6 to 9 with mult iple cr iter ia and different

relat ive weights (Table 5.5) willalso be made. Finally, an example where the aimis to design

a convent ionalscrew (Figure 5.2), to use with 3 different mater ials (HDPE, LDPE and PVC),

in order to satisfy the cr iter ia ofTable 5.4 and to obtain the most equilibrated perfor mance

willbe studied. The processing condit io ns were maintained constant, case studies (or runs) 6,

16 and 17 (Table 5.5).

a) GA with objective function

Figure 5.56 shows the results obtained when the aim o fthe optimisat ion consider s onlythe

individualcr iter ia. An ident icalscrew is obtained when the object ives are to maximise the

output ( Q ˘ run 1) and minimise the power consumpt ion ( P ˘ run 4). In this case the channel

depth in the metering zone is the largest possible ( D 3 = 27 mm) and the compressio n ratio is

small ( CR = 1.73), since such a screw offers small resistance to the flux. When the object ives

are to minimise the length ofscrew required for me lt ing ( L ˘ run 3) and to maximise the

degree ofmixing ( W ˘ run 5) the channeldepth converge for a small value ( D 3 = 32.8) and the

compressio n ratio is greater ( CR = 5). Further more, this screw has the largest meter ing zone

length (20.3 D ). Here the object ive is to melt the polymer ear lier in order to have, not only a

small melt ing zone, but also a bigger degree ofmixing. Since the melt ing occurs essent iallyin

165

______________________________________________________________________________________

the melt conveying zone ofthe process. The minimisat ion ofthe melt temperature ( T ˘ run 2)

is achieved wit h a screw with a compressio n ratio equalto 4 and with the greatest possible

value for the internalscrew diameter (equivalent to smallchanneldepth). This revealthat the

increase on the melt temperature is not due to viscous dissipat ion but is controlled by heat

conduction (as concluded before ˘ section 5.4).

D1= 20.4

12.5D 11.0D 2.5D

D3= 27.0

D=36 mm

CR = 1.73

Q, P

CR = 5.0

D1= 20.0

3.0D 2.7D 20.3D

D3= 32.8

D=36 mm

L, W

CR = 4.0

D1= 24.0

2.2D 9.2D 14.6D

D3= 33.0

D=36 mm

T

Figur e5.56- Influenceof theindividual crit eria.

The results for different relative weights are presented in Figure 5.57. As can be seen, when

greater weight is given to the maximisation ofthe output (run 6), the screw is similar to that

obtained when the maximisat ion ofthe output and the minimisat ion ofpower consumpt ion

are considered alo ne (runs 1 and 4). The screws differ in the length ofthe compression zone,

since here so me importance is given to the minimisation ofthe screw length required for

melt ing and the maximisat ion ofthe mixing degree. The screw obtained in this case reflects a

compro mise between higher outputs (run 1) and these two criteria. In the remaining cases the

screw obtained is the same and is ident icalto that obtained when the screw length required for

melt ing and the degree ofmixing are considered alone (run 3 and 5). Again a co mpromise

166

______________________________________________________________________________________

between object ives is obtained, but now the screw reflects the small importance ofthe output

bydecreasing the internalscrew diameter from32.8 to 31.9 mm.

D1= 20.6

11.5D 2.8D 11.7D

D3= 27.0

D=36 mm

CR = 1.71

CR = 3.8

D1= 20.4

3.8D 2.8D 19.4D

D3= 31.9

D=36 mm

Q=0.5 L=0.2 T=0.1 P=0.1 W=0.1

Q=0.2 L=0.2 T=0.2 P=0.2 W=0.2

T=0.3 Q=0.2 L=0.2 W=0.2 P=0.1

P=0.5 L=0.2 T=0.1 Q=0.1 W=0.1

Figur e5.57- Influenceof thediffer ent relativeweights.

At this point it willbe important the studyo fthe reproducibilit yo fthe results and to ver ify if

this optimisat ion problemis mult i- modal. Figure 5.58 shows the results obtained when 3 runs

ofthe same optimisat ion problemare made using the same cr iter ia and operating condit ions

(runs 6, 10 and 11). The algor ithmconverges for two different solutions; this probablymeans

that the problemis mult imodal[GOL 87]. In order to confir m this task the global object ive

funct ion is plotted against two ofthe parameters to optimise ( L 1 and L 2 ) - see Figure 5.59. As

can be seen, there are var ious maxima distributed at randomalo ng the search space.

Figure 5.60 shows the influence ofscrew speed on the design ofa screw. As the screw speed

increases the compressio n ratio decreases and the compressio n zone is transferred fro mthe

beginning to the middle ofthe screw. The screw obtained wit h 10 rpm(run 12) has a channel

depth the smallest possible. In this case it was necessar yto have a small channel depth in

order to increase the polymer compressio n capacity o fthe screw. When the screw speed

increases the melt ing ofthe polymer occurs later on the screw (runs 13 and 6), since the

residence time ofthe polymer inside the extruder decreases. Consequently the co mpressio n

167

______________________________________________________________________________________

zone follows this behaviour because dur ing the melt ing phase it was necessar y to compress

the polymer in order to increase the melt ing capacit y.

D1= 20.6

11.5D 2.8D 11.7D

D3= 27.0

D=36 mm

CR = 1.71

D1= 20.0

9.7D 4.7D 11.6D

D=36 mm

CR = 1.77

2 R uns

1 R un

Figur e5.58- Study of thereproducibilit y.

0

100

200

300

400 100

150

200

250

300

350

400

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

Global Objective fucntion

L2 (mm)

L1 (mm)

Figur e5.59- Global object ivefunction versus L 1 and L 2 .

168

______________________________________________________________________________________

D1= 20.6

11.5D 2.8D 11.7D

D3= 27.0

D=36 mm

CR = 1.71

CR = 1.73

CR = 2.9

D1= 26.8

1.6D 3.6D 20.8D

D3= 32.8

D=36 mm

N = 10 rpm

D1= 20.4

7.0D 3.6D 15.4D

D=36 mm

N = 30 rpm

N = 50 rpm

Figur e5.60- Influenceof theprocessing conditions (screw speed).

The influence ofbarreltemperature profile on the screw design optimisat ion will be studied

with an example where the 3 screws obtained wit h 3 different screw speeds (Figure 5.60, runs

12, 13 and 6) were subjected to 3 different barreltemperature profiles (Table 5.33).

Table 5.33- Barrel temperature profiles.

T1 ( ºC) T2 ( ºC) T3 ( ºC)

Profile 1 150 170 190

Profile 2 160 180 200

Profile 3 170 190 210

Figure 5.61 shows their behaviour in terms o fthe globalobject ive function deter mined using

the 5 criteria and the weights correspondent to run 6 (Table 5.5). The var iat ion ofthe global

object ive function wit h screw speed and barreltemperature profiles is linear. The best screw

for 10 rpmis that obtained with N =10 rpmand Profile 1. The screw obtained wit h N =50rpm

and Profile1 shows the best performance for screw speeds of30 and 50 rpm. This is probably

due to the similitude ofthe two last screws in terms ofthe channel depth.

169

______________________________________________________________________________________

0.25

0.35

0.45

0.55

0.65

0 10 20 30 40 50 60

N (rpm)

Global objective fucntion

Profile 1

Profile 2

Profile 3

A

0.25

0.35

0.45

0.55

0.65

0 10 20 30 40 50 60

N (rpm)

Profile 1

Profile 2

Profile 3

B

0.25

0.35

0.45

0.55

0.65

0 10 20 30 40 50 60

N (rpm)

Profile 1

Profile 2

Profile 3

C

Figur e5.61- Influenceof thebarrel t emperatureprofile: A) screw for N=10rpm;

B) screw for N=30rpm; C) screw for N=50rpm.

Figure 5.62 presents the results obtained in the screw design optimisat ion, but now including

addit ionallythe screw pitch as a parameter to optimise. Two situations are studied: constant

screw pitch alo ng the screw (run 14) and different screw pitch for each geometrical zone (run

15). For both cases the screw obtained has a screw pitch that corresponds to a helix angle of

21°. Generally this value is equal to 17.7°, correspondent to a square screw where the pitch is

equalto the screw externaldiameter.

170

______________________________________________________________________________________

CR = 1.42

D1= 23.2

11.6D 10.8D 3.6D

D3= 27.0

D=36 mm

9.6S 8.9S 3.0S

S = 43.6 mm

D1= 25.0

11.9D 10.8D 9.0D

D=36 mm

9.8S1 4.2S2 7.5S3

S1=S3 = 43.6 mm S2 = 43.4 mm

CR = 1.25

Figur e5.62- Influenceof thepitch.

The influence ofdifferent materials on the screw design is presented in Figure 5.63 (runs 6,

16 and 16). The screws obtained for the two polyo lefines (runs 6 and 16, respectivelyfor

HDPE and LDPE) are ident ical, since theyhave similar properties. However, the localisat ion

ofthe compression zone ofthe screw optimised for LDPE (run 16) is closer ofthe feed zone,

probablydue to its lower ther mal conduct ivit y( Appendix B). The larger compressio n zone of

the screw optimised for PVC (run 17) is probably due to its higher viscosit y( Appendix B).

D1= 20.6

11.5D 2.8D 11.7D

D=36 mm

CR = 1.71

D1= 20.3

9.2D 2.8D 14.0D

D=36 mm

CR = 1.74

HDPE

LDPE

D1= 21.0

12.3D 5.4D 8.2D

D=36 mm

CR = 1.70

PVC

Figur e5.63- Influenceof differ ent materials.

Finally, if so me changes in the viscosit ylevelo fan HDPE (runs 18, 6 and 19) and the

corresponding optimisations are perfor med, three different screws are obtained (Figure 5.64).

171

______________________________________________________________________________________

The optimalscrews for low (run 18) and high (run 19) viscosit ylevels have a smaller

compressio n ratio and a higher length ofthe compressio n zone than that obtained when a

mediumviscosit ylevel(run 6) is considered.

D1= 24.5

12.2D 10.1D 3.7D

D3= 27.1

D=36 mm

CR = 1.29

Low viscosity level

D1= 20.6

11.5D 2.8D 11.7D

D3= 27.0

D=36 mm

CR = 1.71

Medium viscosity level

D1= 23.2

12.4D 9.6D 4.0D

D3= 27.7

D=36 mm

CR = 1.54

High viscosity level

Figur e5.64- Influenceof theviscosity level.

b) Multiobjective optimisation with RPSGA method

Table 5.34 shows the 6 best results obtained on the screw design optimisat ion ofthe cases

corresponding to runs 6 to 9 (Table 5.5). In this case, the optimisation was per formed using

the Reduced Pareto Set Genetic Algor ithm(RPSGA) using the parameters presented in Table

5.23 (analyt ical model). The last generation (50) was ordered in funct ion ofa global object ive

funct ion (equation 2.22) computed using the weights corresponding to runs 6 to 9. Then, the 6

best individuals are chosen. The 6 screws ofeach run are similar to those obtained before

(Figure 5.57) and between themselves. The advantage ofthis method (RPSGA) is that the

decisio n- maker has now mult iple optimal alter nat ives, which in pr inciple take into account the

mult i- modalit yo fthe problem.

______________________________________________________________________________________

Table 5.34- Screws geometry and corresponding criteria values obtained using RPSGA.

L 1 ( x D )

L 2 ( x D )

D 1 (mm)

D 3 (mm)

Q

(kg/hr)

L T (m)

T

( ºC) e W (W)

WATS CR

12.4 6.4 20.0 27.2 11.90 0.8203 165.1 2256 66.37 1.82

12.2 9.6 20.0 27.8 11.83 0.8553 164.6 2134 49.25 1.95

12.4 3.3 21.6 27.2 11.69 0.7845 166.7 2403 88.00 1.64

12.1 5.6 20.4 27.6 11.59 0.7884 166.5 2343 88.51 1.86

12.4 6.9 20.0 28.0 11.56 0.8113 166.1 2283 78.01 2.00

Run 6

12.4 5.0 21.6 28.0 11.47 0.7857 167.6 2419 93.44 1.80

3.5 2.8 22.8 31.8 4.526 0.322 191.8 2481 847.2 3.14

3.8 2.9 20 31.6 4.334 0.319 191.9 2389 834.4 3.64

3.3 3.2 20.4 31.8 4.432 0.326 191.9 2434 844.6 3.71

3.3 3.2 21.2 31.8 4.448 0.328 191.6 2437 841.4 3.52

4.4 2.9 20.6 31.6 4.908 0.346 190.2 2374 765.5 3.50

Run 7

3.2 2.8 20.4 31.2 3.807 0.302 193.8 2291 845.1 3.25

3.5 2.8 22.8 31.8 4.526 0.322 191.8 2481 847.2 3.14

3.3 3.2 21.2 31.8 4.448 0.328 191.6 2437 841.4 3.52

3.3 3.2 20.4 31.8 4.432 0.326 191.9 2434 844.6 3.71

4.3 2.8 21.6 31.8 4.844 0.34 190.7 2522 801.1 3.43

3.8 2.9 20 31.6 4.334 0.319 191.9 2389 834.4 3.64

Run 8

3.8 2.8 20 31.6 6.165 0.357 189.1 2773 683.2 3.64

3.2 2.8 20.4 31.2 3.807 0.302 193.8 2291 845.1 3.25

3.2 2.8 20.4 31.2 3.807 0.302 193.8 2291 845.1 3.25

3.8 2.9 20 31.6 4.334 0.319 191.9 2389 834.4 3.64

2.5 3.5 20.5 31.3 4.201 0.312 193.1 2375 818.6 3.30

3.3 2.9 20 31.2 4.255 0.313 192.9 2367 800.6 3.33

Run 9

4.4 2.9 20.6 31.6 4.908 0.346 190.2 2374 765.5 3.50

c) Optimal screwto use with 3 different polymers

As descr ibed at the beginning ofthis sect ion, the object ive here is to design a screw that can

be used wit h 3 different polymers, with the most overallper for mance. In order to achieve that

the optimisat ion strategyis the fo llowing:

1- Make 3 different optimisations, one for each material (as those made before - Figure

5.63).

2- Make a single optimisat ion, where the ^glo bal~ object ive funct ion is the average ofthe

globalobjective funct ion for each mater ial.

3- Make a single optimisat ion, where the ^glo bal~ object ive funct ion is the sumo fthe

minimumindividualfunct ions (Max-Min) for allmat er ials, affected by the respect ive

weight, calculated as fo llows:

______________________________________________________________________________________

å

=

= q

j k j j i F Min w FO

1

, ) (

(5.7)

where, q is the number ofcr iter ia, w j is the weight attributed to each and F j,k is the

individualobject ive funct ion for criterion j and material k .

4- Chose a screw, based on an analysis ofgains and losses ofoptimisat ions 2 and 3 relat ively

to the individualoptimisat ions 1.

In order to do this, each ofthese 5 optimisat ions was repeated 10 times (to overcome the

mult i- modalit yproblem) . Therefore, 5 different screws are obtained corresponding to the best

ofeach set of10 runs. The best screw obtained for each materialwillbe co mpared with the

screws obtained using the average and the Min-Max glo balobjective funct ions. This

compar ison willbe made in terms of: output (Figure 5.65), power consumpt ion (Figure 5.66),

specific energy- power/output ratio - (Figure 5.67), screw length required for melt ing (Figure

5.68), WATS (Figure 5.69), melt temperature (Figure 5.70) and melt/barreltemperatures ratio

(Figure 5.71).

Given the higher weight attributed to output maximisat ion, the screws have higher output,

power consumpt ion and screw length required for melt ing as wellas lower WATS . The screws

obtained for each polymer have higher output (Figure 5.65) and lower specific energy(Figure

5.65). The screw obtained with the Min-Max object ive function is better than the one obtained

with the average object ive funct ion. Ifthe screw obtained with the Min-Max objective

funct ion is chosen the losses in ter ms ofthe output are circa 3 kg/hr for HDPE, less than 1

kg/hr for LDPE and circa 2 kg/hr for PVC. The losses in terms ofspecific energyare circa

0.03 J/kg for HDPE and less than 0.001 J/kg for LDPE and PVC. Concerning screw length

required for melt ing and WATS cr iter ia the best screw is obtained with the average objective

funct ion, but the perfor mance ofthe screw obtained with the Min-Max object ive function is

almost as good. Finally, for all the polymers studied, the perfor mance in terms o fthe melt

temperature and melt/barreltemperature ratio criteria is ident ical. It is possible to conclude

that the screw obtained wit h the Min-Max object ive funct ion has better performance than the

obtained wit h the average object ive funct ion.

At this point, to choose a screw the decisio n- maker needs to make a balance between two

costs. The costs in terms ofoutput ifthe screw obtained with the Min-Max objective funct ion

is chosen and the costs associated to the manufacture ofthree screws and to the time needed

to change themon the extruder ifthe three screws obtained alone are chosen.

174

______________________________________________________________________________________

0

5

10

15

20

25

HDPE LDPE PVC

Polymer

Output (Kg/hr)

Alone

Average

Max-Min

Figur e5.65- Output versus polymer and optimisation strategy.

0

1000

2000

3000

4000

5000

HDPE LDPE PVC

Polymer

Power consumption (W)

Alone

Average

Max-Min

Figur e5.66- Power consumption versus polymer and optimisation strategy.

0

0.025

0.05

0.075

0.1

HDPE LDPE PVC

Polymer

Power/Output (J/kg)

Alone

Average

Max-Min

Figur e5.67- Specific energy versus polymer and optimisation strategy.

175

______________________________________________________________________________________

0

0.2

0.4

0.6

0.8

1

HDPE LDPE PVC

Polymer

Length for melting (m)

Alone

Average

Max-Min

Figur e5.68- Lengt h for melting versus polymer and optimisation strategy.

0

100

200

300

400

HDPE LDPE PVC

Polymer

WATS

Alone

Average

Max-Min

Figur e5.69- Mixing qualit y versus polymer and opt imisation strategy.

100

140

180

220

260

HDPE LDPE PVC

Polymer

Melt Temperature (°C)

Alone

Average

Max-Min

Figur e5.70- Melt temperatureversus polymer and optimisation strategy.

176

______________________________________________________________________________________

0.5

0.75

1

1.25

1.5

HDPE LDPE PVC

Polymer

Melt/Barrel temp. ratio

Alone

Average

Max-Min

Figure 5.71- Melt/barrel temperature ratio versus polymer and optimisation strategy.

______________________________________________________________________________________

6- CONCLUSIONS

An optimisat ion approach to solve ^automat ically~ single screw extrusion inverse problems

was proposed and implemented in this work. The scheme developed was applied to the setting

ofthe optimaloperating condit ions ofan exist ing extruder and to the design ofnew extrusion

screws.

Genet ic Algorithms are ofeasyapplication, show the capacit yto dealwith co mplex search

spaces, do not require anysort ofaddit ionalinfor mat ion and the results are sensit ive to the

process parameters with physical meaning. Furthermore, GAs can be changed to take into

account the existence o fseveralcr iter ia to be satisfied simultaneously, which is a

character ist ic o fmost realworld optimisation problems. The approach based on the weight ing

ofseveralindividualcr iter ia requires the a priori definit io n ofthe weights, the results having

been shown to be sensit ive to changes in these weights. However, ifthe decisio n-maker needs

to change the relat ive importance ofthe criter ia, the programneeds to be run again.

Conversely, the approach based on the concept of Paretoś optimalit yallows the definit io n of

Pareto frontier s between all the cr iteria only with one run. In this case if the user wants to

define the cr iteria values to be satisfied in order to choose either the operating point or the

screw geometr y, a trade-offbetween the different criteria and parameters to optimise will be

established.

The compar ison between exper imentaland computational results produced bytwo different

models clar ifies the importance ofthe modelling package. It is clear that, when the numer ical

modelling routine is used, the optimisation results are closer to the exper imentalones,

regardless ofthe applicat ion of factorial design or genetic algorithm optimisation methods.

One drawback ofsuch methods is that the computation time grows exponent ially. However,

this quest ion is beco ming progressively less relevant given the exponent ial increase of

computationalpower and the fact that a trial-and-error approach is avo ided.

The Reduced Pareto Set Genetic Algor ithm(RPSGA) mult iobjective optimisat ion method

developed in this work showed a good performance when applied to both benchmark and

extrusion problems. The co mpar ison with the Niched Pareto Genetic Algorithm(NPGA)

shows that there is not a clear winner, the main advantage ofthe RPSGA method lying in t he

reduction ofthe Pareto set, especiallyin problems that require large populat ions.

In this work it was clear lydemo nstrated that a fundamentalstep ofoptimisat ion strategies

using GAs is the definit io n (or setting) ofits parameters (crossover and mutation rates,

______________________________________________________________________________________

populat ion length, etc). The appropriate cho ice ofthese parameters increases the per for mance

ofthe optimisat ion algor ithmin ter ms ofboth the best results and the least time needed bythe

computations. This t ype ofanalysis is always required ifchanges on the optimisat ion

condit ions are to be made (number ofvar iables to optimise, type ofthese var iables, etc). The

parameter values obtained in this work can be used as a starting point for new studies.

The running ofthe numer ical modelling package imple mented in this work depends on some

parameters that were defined a priori . The parameter most susceptible ofinfluencing the

results is the gr id size in the transversal plane - xy , which is related with the used numer ical

algor ithm( finite differences, in this case). As expected, ifthe number ofgr id points increase

( i.e., the grid size decreases) the modelpredict ions improves but at the expense of

computation time. It was determined that the best grid size, when the numer ical modelling

package is to be used by the optimisation algorithm (were it needs to be run severalt imes), is

10 grid points. Wit h this gr id size it is possible to obtain good optimisat ion results with

reasonable computation time. Conversely, ifthe object ive is to studya specific processing

situation, where onlya few runs are needed a gr id size ofat least 15 points is recommended.

The setting ofthe increment length in the down-channeldirect ion does not offer any

difficult y, since in this case the increase in co mputation time is not important. Other

parameters concerned to process var iables ( init ialthickness ofthe films surrounding the so lid

bed, init ialmelt poolwidth, cr iterion to estimate the length ofdelayzone II, screw

temperature along the so lids conveying zone) were also defined. In this case the cho ice ofthe

corresponding values is trivialand does not offer special attention, except in the case o fthe

screw temperature where the best option is to consider the screw to be adiabat ic

The assessment ofthe optimisat ion results ofthe computationaloperating condit ions obtained

bythe three approaches ( factorialdesign, genet ic algor ithms wit h an object ive funct ion and

reduced Pareto set genetic algorithm) and using the two theoretical models o fthe extrusion

process (analyt ical and numer ical) allows one to conclude that the approaches where the

numer ical model is used yield better result. Differences only occur for barreltemperatures T 1

and T 2 .

The results obtained for screw design show that the optimisat ion algor ithmis sensit ive to the

importance ofthe different criter ia, to changes in the operating condit ions and to changes in

the polymer properties. The studyofthe reproducibilit yo fthe optimisat ion algor ithmand the

graphicalrepresentation ofthe globalobjective funct ion as a funct ion oftwo parameters to

______________________________________________________________________________________

optimise shows that this is a mult imodalproblem. Finally, a methodologyto verifythe

possibilit y ofusing just one screw for three different polymers (LDPE, HDPE and PVC) was

studied. In this, in order to choose a screw(s) the decisio n-maker needs to strike a balance

between the cost related with the losses in output (if the decis io n is to use just one screw for

the three polymers) and the costs related to the manufacture ofthree screws and time needed

to change themon the extruder.

______________________________________________________________________________________

7- SUGGESTIONS FOR FURTHER WORK

Severalinteresting and challenging studies can be carr ied out to extend the present work,

some possibilit ies being:

i) To further develop the optimisat ion methodologyfor screw design with GAs by

extending the numer ical analysis used in this work to the modelling ofbarr ier screws and

mixing sect ions.

ii) To extend this methodologyto the modelling ofthe plast icat ing phase ofinject ion

moulding (reciprocating- screw) that can be included in an optimisat ion methodology(as

the one used in this work) for the setting ofthe operating condit ions and for screw and

non-return valve design.

iii) To apply the methodologydeveloped in this work to the optimisat ion ofthe operating

condit ions and for screw design ofco-rotating twin-screw extruders.

iv) Given the computational t ime consumed by the modelling package, improvements in the

discretisat ion with finite differences should be pursued. For example, the Crank- Nicolson

scheme may be replaced by the A.D.I. (Alternat ing-Direct ion I mplicit) scheme,

particular ly in the case oftwo-dimensionalanalys is.

In the optimisat ion methodologywith GAs for screw design, the cho ice between the screw

configuration, i.e., the definit ion ofwhether the screw is convent ional or barrier-t ype and if it

has mixing sect ions or not, willbe made automatically. The simple chromoso me descr ibed in

chapter 2 willbe modified in order to include the geometr icalparameters (ofthe convent ional

and barr ier screws and ofthe mixing sect ions), two flags that indicate if the screw is

convent ional, barr ier-type and/or has mixing sect ions and two flags that willdefine the type of

the barr ier screw and mixing sect ions. Figure 7.1 illustrates this purpose. The GA evaluates

each chro mosome thus defined and the finalresult includes a screw that can be convent ional

or barr ier-type and can include or not mixing sect ions depending on the flag values.

The application ofthis optimisat ion methodologyto twin-screw extrusion willbe

accomplished using the ^LUDOVIC~ co mmercialmodelling package, which was developed

at CEMEF (Centre de Mise en Forme de Matiéres Plast iques), Sophia- Ant ipo lis, France. This

programme is able to compute melt temperature profile, residence time distr ibution, pressure

profile, mixing degree, power consumption and shear rates for a given twin-screw extruder

geometr y, operating condit ions and polymer properties. Therefore, it willbe possible to

______________________________________________________________________________________

optimise the operating condit ions such as screw speed, barreltemperature profile and feed

rate, as well as screw design. In the latter case the parameters to consider are the number,

type, localisat ion and geo metryo fthe var ious screw sect ions.

0 0 1 0 1 1 0 0 1 0 0 1 0 1 1 0 0 1 0 0 1 0 1 1 0 0 1 0 0 1 0 1

Conventional

screw

parameters

Barrier

screw

parameters

Mixing

section

parameters

Flags

1 2 3 4

Flag 1: = 0 - conventional screw

= 1 - barrier screw

Flag 2: = 0 - without mixing sections

= 1 - with mixing sections

Flag 3: = 0 - barrier screw type 1

= 1 - barrier screw type 2

Flag 4: = 0 - mixing section type 1

= 1 - mixing section type 2

Flags 3 and 4 can have more than 1

gene in order to accommodate more

barrier screw and mixing section

types.

Figur e7.1- Chromosomedefinit ion for global screw design.

______________________________________________________________________________________

8- REFERENCES

[AGA 96] J.F. Agassant, P. Avenas, J. Sergent , La Mise en Forme des Matiéres Plastiques ,

Lavo isier, 3 rd edit ion, Paris (1996).

[AME 89] K. Amellal, P.G. Lafleur, B. Arpin, Computer Aided Design of Single-Screw

Extruders , pp. 277-317, in A. A. Collyer, L.A. Utracki( eds), Polymer Rheology

and Processing , Elsevier (1989).

[ATT 80] G. Attalla , P. Podio-Guidugli , On Modelling the Solids Conveying Zone of a

Plasticating Extruder , Polym . Eng. Sci., 20 , pp. 709-715 (1980).

[BÄC 91] T. Bäck, Optimal Mutation Rates In Genetic Search , Proc. Forth Int. Conf. on

Genet ic Algorithms, pp. 2-8 (1991).

[BAK 85] J.E. Baker, Adaptive Selection Methods for Genetic Algorithms , Proc. First Int.

Conf. on Genet ic Algor ithms, pp. 101-111 (1985).

[BAK 87] J.E. Baker, Reducing Bias and Inefficiency in The Selection Algorithms , Proc.

Second Int. Conf. on Genet ic Algorithms, pp. 14-21 (1987).

[BEA 93a] D. Beasley, D.R. Bull, R.R. Martin , An Overviewof Genetic Algorithms: Part 1,

Fundamentals , Universit y Co mput ing, 15 , pp. 58-69 (1993).

[BEA 93b] D. Beasley, D.R. Bull, R.R. Martin , An Overviewof Genetic Algorithms: Part 2,

Research Topics , Universit yCo mputing, 15 , pp. 170-181 (1993).

[BEA 93c] D. Beasley, D.R. Bull, R.R. Martin , A Sequential Niche Technique for

Multimodal Function Optimisation , Evolut ionar yCo mputation, 1 , pp. 101-125

(1993).

[BIG 73] D.M. Bigg , Mixing in a Single ScrewExtruder , Ph . D. Thesis, Universit yo f

Massachusetts (1973).

[BIG 74] D.M. Bigg , S. Middleman, Mixing in a ScrewExtruder. A Model for Residence

Time Distribution and Strain , Ind. Eng. Chem. Fundam ., 13 , pp. 66-71 (1974).

[BIG 77] D.M. Bigg , Principles of Laminar Mixing with Application to the Polymer

Extrusion Process , Sci . Tech. Polymer Process. ˘ Int. Conference, pp. 945-983

(1977).

[BLI 95] T. Blickle, L. Thiele, A Comparison of Selection Schemes Used in Genetic

Algorithms , TIK ˘ Report nº 11, Computer Eng. and Communicat ions Network

Lab (TIK), Zurich, Switzer land (1995).

[BOE 90] D. Boes, A. Krämer, V. Lohrbäccher, A. Scheneiders, 30 Years of the Grooved

Bush Extruder , Kunststoffe Ger m. Plast ., 80 , pp. 659-664 (1990).

[BRO 72] E. Broyer , Z. Tadmor, Solids Conveying in ScrewExtruders ˘ Part I: A

modified Isothermal Model , Polym. Eng. Sci., 12 , pp. 12-24 (1972).

[BRO 86] D.C. Brown, B. Chandrasekaran, Knowledge and Control for a Mechanical

Design Expert System , Computer, 19 , pp. 92-100 (1986).

[BRO 97] J. Broszeit, Finite-Element Simulation of Circulating Steady Flowfor Fluids of

the Memory-Integral Type: Flowin a Single-ScrewExtruder , J. Non-Newt.

Fluid Mech., 70 , pp. 35-58 (1997).

______________________________________________________________________________________

[CAM 95] G. A. Campbell, N. Dontula, Solids Transport in Extruders , Int. Polym. Process .,

10 , pp. 30-35 (1995).

[CHA 95] R.Y. Chang, K.J. Lin, The Hybrid FEM/FD Computer Model for Analysis of the

Metering Section of a Single-ScrewExtruder , Polym. Eng. Sci., 35 , pp. 1748-

1757 (1995).

[CHA 96] C. Chatfield , A.J. Co llins, Introduction to Multivariate Analysis , Chapman &

Hall (1996).

[CHE 97] B. Cheng, Y. Xie, D.I. Bigio, R.M. Briber, Extrusion Flowin Partially Filled

ScrewChannel Subject to Wall Slip , SPE-ANTEC Tech. Papers, (electronic

versio n) (1997)

[CHI 95a] A.J. Chipper field, P.J. Fleming, Parallel Genetic Algorithms , In: Handbook of

Parallel and Distributed Computing , A.Y. Zomaya (Ed), McGraw Hill, New

York, pp. 1034-1059 (1995).

[CHI 95b] R.V. Chiruvella , Y. Jalur ia , A.H. Abib , Numerical Simulation of Fluid Flowand

Heat Transfer in a Single-ScrewExtruder with Different Dies , Polym . Eng. Sci,

35 , pp. 261- 273 (1995).

[CHU 71] C.I. Chung, Plasticating Single-ScrewExtrusion Theory , Polym . Eng. Sci., 11 ,

pp. 93-98 (1971).

[CHU 75] C.I. Chung, Maximum Pressure Developed by Solid Conveying Force in Screw

Extruders , Polym. Eng. Sci., 15 , pp. 29-34 (1975).

[COV 95] J.A. Covas, The Inverse Problem

in Polymer Processing , pp. 385-406, in J.A.

Covas et al. ( eds ), Rheological Fundamentals of

Polymer Processing , Kluwer Academic

Publishers, Dordrecht (1995).

[COV 99] J.A. Covas, A.G. Cunha, P. Oliveira , An Optimisation Approach to Practical

Problems in Plasticating Single ScrewExtrusion , Polym. Eng. Sci., 39 , pp. 443-

456 (1999).

[COX 80] A.P.D. Cox, R.T. Fenner , Melting Performance in the Single ScrewExtrusion of

Thermoplastics , Polym . Eng. Sci, 20 , pp. 561-571 (1980).

[CUN 94] A.G. Cunha , Simulação do Processo de Extrusão , Master Thesis, Univ. do

Minho, Braga (1994).

[DAR 56] W.H. Darnell, E.A.J. Mol, Solids Conveying in Extruders , SPE J., 12 , pp. 20-29

(1956).

[DAV 91] L. Davis, Handbook of Genetic Algorithms , Van Nostrand Reinho ld (1991).

[DEB 89] K. Deb, D.E. Goldberg, An Investigation of Niche and Species Formation in

Genetic Function Optimization , Proc. Third Int. Conf. on Genetic Algor ithms.

Morgan Kauffman, pp. 41-49 (1989).

[ DeJ 90] K. De Jong, W.M. Spears, An Analysis of the Interactions Roles of Population

Size and Crossover in Genetic Algorithms , In H .-P. Schwefel and R. Männer,

editors, ParallelProblemSo lving fromNature, pp. 38-47, Spring- Ver lag (1990).

______________________________________________________________________________________

[DIR 93] R.W. Dirado, A. Garcia- Rejo n, Modelling of Membrane Inflation in Blow

Moulding: Neural Network Prediction of Initial Dimensions from Final Part

Specifications , Adv. Polym. Techno l., 12 , pp. 3-24 (1993).

[DIR 95] R.W. Dirado, M. Lato, A. Garcia- Rejo n, Neural Network Boolean Prediction of

Melt Fracture , Plast. Rubber Composites and Appl, 23 , pp. 127-130 (1995).

[ELB 84] B. Elbir li, J.T. Lindt, S.R. Gottgetreu, S.M. Baba, Mathematical Modelling of

Melting of Polymers in a Single-ScrewExtruder , Polym. Eng. Sci., 24 , pp. 988-

999 (1984).

[FAN 91] S. Fang, L. Chen, F. Zhu, Studies on the Theory of Single ScrewPlasticating

Extrusion. Part II: Non-Plug FlowSolid Conveying , Polym. Eng. Sci., 31 , pp.

1117-1122 (1991).

[FAS 94] F. Fassihi-Tash, N. Sherkat, In-exact Decision Support for the Design of

Plasticating Extruder Screws , Po lymat´94, UK, pp. 434-438 (1994).

[FEN 77] R.T. Fenner, Developments in the Analysis of Steady ScrewExtrusion of

Polymers , Polymer, 18 , pp. 617-635 (1977).

[FEN 79] R.T. Fenner , Principles of Polymer Processing , McMillan , London (1979).

[FOG 66] L.J. Fogel, A.J. Owens, M.J. Walsh, Artificial Intelligence Through Simulated

Evolution , Wile yPublishing, New York (1966).

[FON 93] C.M. Fonseca, P.J. Fleming, Genetic Algorithms for Multiobjective

Optimization: Formulation, Discussion and Generalization , Proc. Fifth Int.

Conf. on Genet ic Algor ithms, Morgan Kauffman, pp. 416-423 (1993).

[GHO 96] M.H.R. Ghoreishy, M. Rafizadeh, Numerical Simulation of Thermoplastic Melt

Flowin Single ScrewExtruder Using Finite Element Method , Plast ics, Rubber

and Co mp. Process. and Appl., 25 , pp. 120-125 (1996).

[GOL 71] E. Goldacker, Untersuchungen zur Inneren Reibung von Pulvern, Insbesondere

in Hinblick auf Die Förderung in Extrudern , Diss. RWTH Aachen, 1971.

[GOL 85] D.E. Goldberg, Alleles, Loci, and the TSP , Proc . First Int. Conf. on Genetic

Algor ithms, pp. 154-159 (1985).

[GOL 87] D.E. Goldberg, J. Richardson, Genetic Algorithms with Sharing for Multimodal

Function Optimization , Proc. Second Int. Conf. on Genet ic Algor ithms, pp. 41-

49 (1987).

[GOL 89a] D.E. Goldberg , Genetic Algorithms in Search, Optimisation and Machine

Learning , Addison- Wesley (1989).

[GOL 89b] D.E. Goldberg, Sizing Populations for Serial and Parallel Genetic Algorithms ,

Proc. Third Int. Conf. on Genetic Algor ithms, pp. 70-79 (1989).

[GOL 92] D.E. Goldberg, K. Deb, J.H. Clark , Genetic Algorithms, Noise, and the Sizing of

Populations , Complex Systems, 6 , pp. 333-362 (1992).

[GOR 91] M. Gorges- Schleuter, Explicit Parallelism of Genetic Algorithms through

Population Structures , In H .-P. Schwefel and R. Männer, editors, Parallel

ProblemSo lving fro mNature, pp. 150-159, Spring- Ver lag (1991).

______________________________________________________________________________________

[GRI 62] R.M. Griffit h, Fully Developed Flowin ScrewExtruders , Ind. Eng. Chem.

Fundam ., 1 , pp. 180-187 (1962).

[GRÜ 84] E. Grünschloss, Calculation of the Mean Coefficient of Barrel Friction in

Grooved Feed Sections , Kunsttoffe Ger m. Plast ., 74 , pp. 405-409 (1984).

[HAN 96] C.D. Han, K.Y. Lee, N.C. Wheeler, Plasticating Single-ScrewExtrusion of

Amorphous Polymers: Development of a Mathematical Model and Comparison

with Experiment , Polym. Eng. Sci., 36 , pp. 1360-1376 (1996).

[HOL 75] J.H. Holland, Adaptation in Natural and Artificial Systems , Universit y of

Michigan Press (1975).

[HOR 93] J. Horn, N. Nafpliot is, Multiobjective Optimisation Using the Niched Pareto

Genetic Algorithm , IlliGAL Report No. 93005, Illinois Genetic Algorithms

Laboratory, Universit y ofI llino is at Urbana-Champaign (1993).

[HOR 94] J. Horn, N. Nafpliot is, D.E. Goldberg, A Niched Pareto Genetic Algorithm for

Multiobjective Optimization , Proc. First IEEE Conf. on Evo lut ionar y

Computation, pp. 82-87 (1994).

[HUA 93] H.X. Huang, Y.C. Peng, Theoretical Modelling of Dispersive Melting

Mechanism of Polymers in an Extruder , Adv. Polym. Techn ., 12 , pp. 343-352

(1993).

[HYU 90] K.S. Hyun, M. A. Spalding, Bulk Density of Solid Polymer Resins as a Function

of temperature and Pressure , Polym . Eng. Sci, 30 , pp. 571- 576 (1990).

[HYU 96] K.S. Hyun, M. A. Spalding, C.E. Hinton, Theoretical and Experimental Analysis

of Solids Conveying in Single-ScrewExtruders , SPE-ANTEC Tech. Papers, pp.

199-207 (1996).

[HYU 97] K.S. Hyun, M. A. Spalding, A NewModel for SolidsConveying in Single-Screw

Plasticating Extruders , SPE-ANTEC Tech. Papers, (electronic versio n) (1997).

[JOO 93] J.W. Joo , T.H. Kwon, Analysis of Residence Time Distribution in the Extrusion

Process Including the Effect of 3-D Circulatory Flow , Polym . Eng. Sci., 33 , pp.

959-970 (1993).

[KAC 72] L. Kacir, Z. Tadmor, Solids Conveying in ScrewExtruders ˘ Part III: The Delay

Zone , Polym. Eng. Sci., 12 , pp. 387-395 (1972).

[KIM 95a] S.J. Kim, T.H. Kwon, A Simple Approach to Determining Three-Dimensional

ScrewCharacteristics in the Metering Zone of Extrusion Processes Using a

Total Shape Factor , Polym. Eng. Sci., 35 , pp. 274-283 (1995).

[KIM 95b] S.J. Kim, T.H. Kwon, Development of Numerical Simulation Methods and

Analysis of Extrusion Processes of Particle-Filled Plastic Materials Subject to

Slip at the Wall , Powder Tech., 85 , pp. 227-239 (1995).

[KOZ 91] J.R. Koza, Evolving a Computer Program to Generate Random Numbers Using

the Genetic Programming Paradigm , Proc. ofthe Fourth Int. Conf. on Genet ic

Algor ithms, Morgan Kauffman, pp. 37-44 (1991).

[LEE 90] K.Y. Lee, C.D. Han, Analysis of the Performance of Plasticating Single-Screw

Extruders with a NewConcept of Solid-Bed Deformation , Polym . Eng. Sci., 30,

pp. 665-676 (1990).

______________________________________________________________________________________

[LEK 96] C. Lekakou , J. Brandao , Extrusion of Polypropylene. Part II: Process Analysis

of the Metering Zone , 36 , pp. 56-64 (1996).

[LIN 85a] J.T. Lindt , B. Elbir li , Effect of the Cross-Channel Flowon the Melting

Performance of a Single-ScrewExtruder , Polym . Eng. Sci, 25 , pp. 412-418

(1985).

[LIN 85b] J.T. Lindt, Mathematical Modelling of Melting of Polymers in a Single-Screw

Extruder ˘ A Critical Review , Polym. Eng. Sci, 25 , pp. 585-588 (1985).

[LOV 73] J.G.A. Lovegrove, J.G. Williams, Solids Conveying in a Single ScrewExtruder ;

The Role of Gravity Forces , J. Mech. Eng. Sci., 15 , pp. 114-122 (1973).

[MAD 59] B.H. Maddock , A Visual Analysis of Flowand Mixing in Extruder , Soc. Plast .

Engs . J., 15 , pp. 383-394 (1959).

[MAH 92] S.W. Mahfoud, Crowding and Pre-selection Revisited , Parallel ProblemSo lving

FromNature, 2 , pp. 27-36 (1992).

[MAH 94] S.W. Mahfoud, Crossover Interactions Among Niches , Proc. First IEEEE Conf.

on Evolut ionar yCo mputation, pp. 188-193 (1994).

[MAH 95] S.W. Mahfoud, A Comparison of Parallel and Sequential Niching Methods ,

Proc. Sixth Int. Conf. on Genet ic Algorithms, pp. 136-143 (1995).

[MEN 92] W. Mendenhall , T. Sincich , Statistics for Engineering and Sciences , 3 rd ed.,

Maxwell MaCmillan Int. Edit ions (1992).

[MIT 97] A.R. Mitchell, D.F. Griffiths , The Finite Difference Method in Partial

Differential Equations , John Wile y& Sons, Chichester (1980).

[MON 91] D.C. Montgomer y, Design and Analysis of Experiments , 3 rd ed., John Wileyand

Sons, New York (1991).

[O´BR 92] K. OB́r ian, Computer Modelling for Extrusion and Other Continuous Polymer

Processes , Car l Hanser Ver lag, Munich (1992).

[PAL 72a] K. Palit, R.T. Fenner, Finite Element Analysis of SlowNon-Newtonian Channel

Flow , AIChE J., 18 , pp. 628-633, (1972).

[PAL 72b] K. Palit, R.T. Fenner, Finite Element Analysis of Two-Dimensional SlowNon-

Newtonian Channel Flows , AIChE J., 18 , pp. 1163-1170, (1972).

[PAS 92] PASS, Polymer Analysis &Simulation Software , Polymer Processing Institute

(1992).

[PIN 70] G. Pinto, Z. Tadmor , Mixing and Residence Time Distribution in Melt Screw

Extruders , Polym . Eng. Sci., 10 , pp. 279-288 (1970).

[POT 85] H. Potente, Methods of Calculating Grooved Extruder Feed Sections ,

Kunststoffe Ger m. Plast ., 75 , pp. 439-441 (1985).

[POT 88] H. Potente, The Forced Feed Extruder Must be Reconsidered , Kunststoffe

Ger m. Plast ., 78 , pp. 355-363 (1988).

[POT 89] H. Potente, M. Koch, NewAspects in the Design of Extruders with a Forced

Feeding Section , Int. Polym . Process ., 4 , pp. 208-218 (1989).

______________________________________________________________________________________

[POT 93] H. Potente, B. Klarho lz, Systematic Optimisation of Single-ScrewPlasticating

Units , PPS IX AnnualMeet ing, pp. 353-354 (1993).

[POT 94] H. Potente, B. Klarho lz, A Computer Aided Engineering Concept forthe Design

and Optimisation of a Single-ScrewPlasticating Units , PPS X Annual Meeting,

pp. 35-36 (1994).

[POT 96] H. Potente, M. Zelleröhr, Quality-Functions for the Optimisation of Single-

ScrewPlasticating Units , PPS XII Annual Meet ing, Sorrento, Italy, pp. 345-346

(1996).

[POT 97] H. Potente, M. Zelleröhr, Optimisation of Single-ScrewExtruders with

Statistical Methods , PPS XIII Annual Meeting, Secausus N.J., USA, pp. (1997).

[POW 89] D.J Powell, S.S. Tong, M.M. Skolnick, EnGENEous Domain Independent,

Machine Learning for Design Optimization , Proc. Third Int. Conf. on Genet ic

Algor ithms. Morgan Kauffman, pp. 151-159 (1989).

[RAU 82a] R. Rautenbach , H. Peiffer , Model Calculation for the Design of the Grooved,

Feed Section of Single-ScrewExtruders , Kunststoffe Ger m. Plast ., 72 , pp. 137-

143 (1982).

[RAU 82b] R. Rautenbach, H. Peiffer, Throughput and Torque Characteristics of Grooved

Feed Sections in Single-ScrewExtruders , Kunststoffe Ger m. Plast ., 72 , pp. 262-

266 (1982).

[RAU 86] C. Rauwendaal, Polymer Extrusion , Hanser Publishers, Munich (1986)

[RAU 98] C. Rauwendaal, T.A. Osswald, G. Tellez, P.J. Gramann, FlowAnalysis in Screw

Extruders-Effect of Kinematic Conditions , Inter. Polym. Process ., 13 , pp. 327-

333 (1998).

[REC 73] I. Rechenberg, Evolutionsstrategie: Optimierung Technischer Systeme nach

Prinzipien der Biologischen Evolution , Frommann-Ho lzboog, Stuttgart (1973).

[ROS 85] M.A. Roseman, J.S. Gero , Reducing the Pareto Optimal Set in Multicriteria

Optimization , Eng. Optim ., 8 , pp. 189-206 (1985).

[RUM 86] D.E. Rumelhart, G.E. Hinton, R.J. Williams, Learning Internal Representations

by Error Propagation , in D.E. Rumenhart and J.L. McClelland ( eds), MIT Press,

pp. 318-362 (1986).

[RUT 89] R.A. Rutenbar, Simulated Annealing Algorithms: An Overview , IEEE Circuits

and Devices Magazine, 1 , pp. 19-26 (1989).

[SMI 94] D.E. Smit h, D.A. Tortorelli, C.L. Tucker III, Sensitivity Analysis and

Optimization of Polymer Sheet Extrusion Dies , IME´94 ˘ ASME Winter Annual

Meet ing, Chicago (1994).

[SPA 92] M.A. Spalding, K.S. Hyun, Coefficients of Dynamic Friction as a Function of

Temperature, Pressure, and Velocity for Several Polyethylene Resins , SPE-

ANTEC Tech. Papers, pp. 2542-2545 (1992).

[SPA 93] M.A. Spalding, D.E. Kirkpatrick , K.S. Hyun, Coefficients of Dynamic Friction

for LowDensity Polyethylene , Polym . Eng. Sci., 33 , pp. 423-430 (1993).

______________________________________________________________________________________

[SPA 95a] M.A. Spalding, K.S. Hyun, Coefficients of Dynamic Friction as a Function of

Temperature, Pressure, and Velocity for Several Polyethylene Resins , Polym .

Eng. Sci., 35 , pp. 557-563 (1995).

[SPA 95b] M.A. Spalding, K.S. Hyun, S.R. Jenkins, D.E. Kirkpatrick, Coefficients of

Dynamic Friction and the Mechanical Melting Mechanism for Vinylidene

Chloride Copolymers , Polym. Eng. Sci., 35 , pp. 1907-1916 (1995).

[SPE 91] W.M. Spears, K.A. De Jong, An Analysis of Multi-Point Crossover , Foundat ions

ofGenetic Algor ithms, pp. 301-315 (1991).

[SPE 93a] W.M. Spears, K.A. De Jong, T. Bäck, D.B. Fogel, H. Garis, An Overviewof

Evolutionary Computation , European Conf. On Machine Learning, pp. 442-459

(1993).

[SPE 93b] W.M. Spears, Crossover or Mutation ? , Foundations o fGenet ic Algor ithms, 2 ,

pp. 221-237 (1993).

[SRI 95] N. Srinivas, K. Deb, Multiobjective Optimization Using Nondominated Sorting

in Genetic Algorithms , Evolut ionar yCo mputation, 2 , pp. 221-248 (1995).

[STE 95] M.J. Stevens, J.A. Covas , Extruder Principles and Operation , 2 nd ed., Chapman

& Hall, London (1995).

[STR 61] L.F. Street, Int. Plast . Eng., 1 , pp. 289 (1961).

[STR 92] S.R. Strand, M.A. Spalding, K.S. Hyun, Modelling of the Solids-Conveying

Section of a Starve-Fed Single-ScrewPlasticating Extruder , SPE-ANTEC Tech.

Papers, pp. 2537-2541 (1992).

[SYS 89] G. Syswerda, Uniform Crossover in Genetic Algorithms , Proc. Third Int. Conf.

on Genet ic Algor ithms, pp. 2-9 (1989).

[SYS 91] G. Syswerda, Schedule Optimization Using Genetic Algorithms , in L. Davis,

editor, HandbookofGenet ic Algor ithms, chapter 21, pp. 332-349, Van Nostrand

Reinho ld (1991).

[TAD 67] Z. Tadmor , I.J. Duvdevani , I. Klein, Melting in Plasticating Extruders - Theory

and Experiments , Polym . Eng. Sci., 7 , pp.198- 217 (1967).

[TAD 70] Z. Tadmor , I. Klein, Engineering Principles of Plasticating Extrusion , Van

Nostrand Reinho ld, New York (1970).

[TAD 72] Z. Tadmor, E. Broyer, Solids Conveying in ScrewExtruders ˘ Part II: Non

Isothermal Model , Polym. Eng. Sci., 12 , pp. 378-386 (1972).

[THO 89] J.R. Thomas, A.G. Cohn, An Expert System for HollowExtrusion Die Design ,

Research Report 150, Dept. ofCo mputer Science, Univ. ofWarwick, UK

(1996).

[THO 95] F.W. Tho mson, Particulate Polymer Handling and Storage Engineering , pp. 71-

112, in M. Narkis, N. Rosenzweig (eds.), Polymer Powder Technology , Wiley,

Chichester, UK (1995)

[TOL 75] H. Tolle , Optimisation Methods , Springer-Ver lag , New York (1975).

[VIR 84] M. Vir iyayuthakorn, B. Kassahun, A Three Dimensional Model for Plasticating

Extrusion ScrewDesign , SPE-ANTEC Tech. Papers, pp. 81-84 (1985).

______________________________________________________________________________________

[WAL 66] D.M. Walker, An Approximate Theory for Pressures and Arching in Hoppers ,

Chem. Eng. Sci., 21 , pp. 975-997 (1966).

[WAL 73] J.K. Walters, A Theoretical Analysis of Stresses in Axially-Symmetric Hoppers

and Bunkers , Chem. Eng. Sci., 28 , pp. 779-789 (1973).

[ WAS 89] P.D. Wassesman , Neural Computing Theory and Practice , Van Nostrand

Reinho ld (1989).

[WOR 94] J. Wortberg, B. Klarho lz, S. Meyer- Katona, Expert-Knowledge-Based Analysis

of Extrusion Process , Kunststoffe Plast Europe, 84 , pp. 26-30 (1994).

[YAM 98] J.A. Yamamuro, D. Penumadu, G.A. Campbell, Modelling Solids Conveying in

Polymers Extruders , Int. Polym. Process ., 13 , pp. 3-8 (1998).

[YU 98] Q. Yu , G. Hu , Development of a Helical Coordinate System and Its Applications

to Analysis of Polymer Flowin ScrewExtruders. Part II: A Helical Channel

Model for Single ScrewExtruders , Polym. Eng. Sci., 38 , pp. 819-830 (1998).

[ZHU 91] F. Zhu, L. Chen, Studies on the Theory of Single ScrewPlasticating Extrusion.

Part I: A newExperimental Method for Extrusion , Polym. Eng. Sci., 31 , pp.

1113-1116 (1991).

[ZIE 83] O.C. Zienkiewicz , K. Morgan, Finite Elements and Approximation , John Wile y

& Sons, New York (1983).