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Abstract

Blends of poly butylene terephthalate (PBT) and/gaxbonate (PC) form a very important
class of commercial blends in numerous applicatrensiiring materials with good chemical
resistance, impact resistance even at low tempestand aesthetic and flow characteristics.
PC and PBT are usually blended in a twin screwuebetr (TSE). Product melt volume flow
rate (MVR) is a property used to monitor productlgy while blending the PC/PBT in a
twin screw extruder. It is usually measured offelim a quality control laboratory using
extrusion plastometer on samples collected didgretering the compounding operation.
Typically a target value representing the desir@de of the quality characteristics for an in-
control process, along with upper and lower cortmoits are specified. As long as the MVR
measurement is within the control limits, the samplapproved and the whole compounded
blend is assumed to meet the specification. Otlserwihe blend is rejected. Because of
infrequent discrete sampling, corrective actioreswsually applied with delay, thus resulting

in wasted material.

It is important that the produced PC/PBT blendgislhave consistent properties. Variability
and fault usually arise from three sources: humaore feed material variability, and
machine operation (i.e. steady state variation)oAgithese, the latter two are the major ones
affecting product quality. The resulting variationresin properties contributes to increased
waste products, larger production cost and didsatisustomers. Motivated by this, the
objective of this project was to study the compongaperation of PC/PBT blend in a twin
screw extruder and to develop a feasible methogolhgt can be applied on-line for
monitoring properties of blends on industrial compading operations employing available
extruder input and output variables such as scpmed, material flow rate, die pressure and

torque.

To achieve this objective, a physics-based modelaféwin screw extruder along with a
MVR model were developed, examined and adaptedhisr study, and verified through

designed experiments. This dynamic model for a T&iures the important dynamics, and
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relates measurable process variables (screw spgdge, feed rates, pressure etc.) to ones
that are not being measured (material holdups amapositions at the partially and filled
section along a TSE barrel). This model also presigroduct quality sensors or inferential
estimation techniques for prediction of viscositydaaccordingly MVR. The usefulness of
the model for inferential MVR sensing and faultgtiasis was demonstrated on experiments
performed on a 58 mm co-rotating twin-screw extrufte an industrial compounding
operation at a SABIC Innovative Plastics plant inrg polycarbonate — poly butylene

terephthalate blends.

The results showed that the model has the capatfitidentifying faults (i.e., process
deviation from the nominal conditions) in polymemgpounding operations with the twin
screw extruder. For instance, the die pressureébéetia change as a function of changes in
raw materials and feed composition of PC and PBTthe presence of deviations from
nominal conditions, the die pressure parametersupdated. These die pressure model
parameters were identified and updated using thersesze parameter estimation method.
The recursive identification of the die pressureapeeters was able to capture very well the
effects of changes in raw material and/or compmsion the die pressure. In addition, the
developed MVR model showed a good ability in mommi product MVR on-line and
inferentially from output process variables suchdi@spressure which enables quick quality

control to maintain products within specificatiomits and to minimize waste production.
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NOMENCLATURE
A, B extruder geometry-dependent parameters for madsip®l|
D diameter of the screw, mm
DP  die pressure, psi
H channel depth, mm
Fy, shape factor which accounts for the aspect ddtibe channel
I number of screw lobes or flights
K die and extruder-dependent parameter
k screw design/geometry dependent parameters
I, length of the partially filled of screw, mm
L length of the mixing section and melting sactimm
M, mass holdup in partially filled section of screw, k
M, mass holdup in completely filled section of scré&w,
N screw speed, rpm
Q4 feed-rate of PC, kg/hr
Q, feed-rate of PBT, kg/hr
Q total feed-rate at inlet, kg/hr
R1, R2 recycle ratios in partially and completely fillsdctions of screw
T total torque( % motor load)
X; weight fraction PC at inlet 1 /Q
X4 weight fraction PC in partially filled section afrew
X weight fraction PC in completely filled section
v, filled volume in the conveying section due to pteesack flow

w channel width, mm

a; parameters in torque relation
Bi parameters in die pressure relation
0 helix angle of the conveying element

Uo nominal viscosity at the nominal operating point

U1, 4o, 43 gradient of viscosity with respect to compositi@near rate and temperature
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Chapter 1

Introduction

Blends of poly (butylene terephthalate) (PBT) antyparbonate (PC) form a very important
class of commercial blends in numerous applicatrensiiring materials with good chemical
resistance, great impact resistance even at loywdgatures, heat resistance, and outstanding
aesthetic and flow characteristics. In these bletkds amorphous PC provides impact
resistance and toughness, while, PBT because dfeitsi-crystalline structure, provides
chemical resistance and thermal stability. By clapdghe percentage of PBT and PC in
these blends, their properties can be tailor-mdéa. example, with increasing PC
percentage, the viscosity of the blend will inceeagynificantly. Because of the chemical
structure of PC and PBT, the occurrence of trapgéisation reactions is possible, resulting
in the formation of the PC—PBT co-polyester. Someéiteves may be added to the blend to
control or prevent transesterification reactionssMeen PC and PBT. Some other special

additives may also be added to blends to enharmgegies and processing.

PC and PBT are usually blended in a twin screwueber (T SE) to achieve certain properties
such as melt flow behavior, color and mechaniaangjth. Figure 1.1 presents a schematic
diagram of a PC/PBT compounding line in a TSE. Amdnstrated in this figure, PC and
PBT are fed into the TSE from storage hoppers.roteging action of the screws contributes
to producing a homogeneous melt blend which is mdrhrough a shaping die. The melted
material emerges from the die in continuous mudtgtiands that are cooled in a water bath
which is located after the TSE. Subsequently, tiidex] and solidified polymer resin strands

are chopped into pellets in a pelletizer and pack®tishipped to customers.

It is important that produced resin pellets havascstent properties. Product melt volume
flow rate (MVR) is a property used to monitor pratiguality. It is usually measured off line
in a quality control laboratory on samples that evewllected discretely during the
compounding operation. Because of the discrete Wagnpcorrective action is usually

applied with delay which results in wasted produdtariability and fault in key quality
1



characteristics, such as MVR, usually arise froneehsources: machine operation, human
errors and feed material variability. Among thessgible sources of faults, the major ones
that affect product quality are associated withiateans in raw material and feeder rate
variations. The resulting variation in resin prd@s contributes to increased waste products,
production cost and dissatisfied customers. Ma¢ddiy this, the objective of this project is
to study the compounding operation of PC/PBT blemds twin screw extruder and to
develop a feasible methodology that can be apphedine for monitoring properties of
blends on industrial compounding operations emplgyavailable extruder input and output

variables such as screw speed, material flow daepressure and torque.

PC PBT

Il
w

Polymer strands Pelletizer

\
ﬂ - T~

Extruder

*\/Pellets

Water Bath

Figure 1.1: Polymer compounding line

Polymer blending has been studied extensively Hrete are numerous publications
addressing various aspects of these systems. Iptechad of this thesis, an overview is
provided focusing on polymer blends of PBT and RG@ eompounding of PC/PBT blends in
twin-screw extruders (TSE) is reviewed with empfasn processing, modeling and

diagnostics aspects.



The nature of the flow characteristics in twin scextruder physics is too complex, and it is
hard to find a model for twin screw extruder thas hhe capability of implementation in
typical compounding lines. A simple process modhalt tcaptures the main aspects of the
compounding operation in a TSE accurately is aisagimt achievement. The next step in the
approach for this project was to develop a simplepyedictive model. In chapter 3, several
general aspects of twin screw extruders are disdus®ng with the flow model employed in
this work for blending of PBT with PC. Section 3obks at TSEs in general and section 3.2
describes the physics-based lumped model basetewiops literature work. In this physics-
based lumped flow model for TSEs, in response @mghs in input variables such as feeds

rate and screw speed, the model predicts outpigites such as die pressure and torque.

An overview of experimental methods including desid experiments, experimental set up,
material selection along with the physical promsrtihat would be measured to characterize
the blend are presented in chapter 4.

Algorithms and experimental results to identify thew model parameters along with
validation experiments are described in chaptefr this thesis. These models for torque and
die pressure in twin screw extruders have unknoanarpeters that depend on the specific
extruder geometry and the product application aeddnto be identified from measured
input/output data. Section 5.2 describes the Ueesn Marquardt algorithm (LMA) and
results for estimation of torque model paramet8ection 5.3 describes the die pressure
model parameters identification using recursiveapeter estimation methods (RPE).

A major objective of process control for compoungdof PC/PBT in a TSE is to quickly
detect the occurrence of faults such as changenmpaosition of raw materials. This quick
identification of fault and a corrective action snccessive stages will reduce significantly
nonconforming products. In addition, the ability meonitor product MVR on-line from
output process variables enables quick quality robnto maintain products within
specification limits. Sections 6.1 through 6.4 bBpter 6 describe the development of a

3



simple model for inferential estimation of MVR frodiie pressure model parameters and also
check its validity using industrial experimentalnsu Section 6.5 describes the fault
identification method for the extruder using theeleped modeling and adaptation methods.

Finally, concluding remarks are made in chaptelonh@with some recommendations for
future work.



Chapter 2

Literature Overview

Polymer blending has been studied extensively dmetet are numerous publications
addressing various aspects of these systems slehpter, an overview is provided focusing
on polymer blends of thermoplastic polyesters, rfampely butylene terephthalate (PBT),
and polycarbonate (PC). In the first section, thechanical, physical and morphological
properties of PC/PBT blends are reviewed. In thet section, compounding of PC/PBT
blends in twin-screw extruders (TSE) is reviewedhvwemphasis on processing, modeling

and diagnostics aspects.

2.1 PC/PBT Blends

Commercial polymer blends normally consist of byngystems with partial solubility, thus
containing two or more phases [1]. Occasionallynpgonents may be added to serve as
compatibilizers or as impact modifiers. Processiagditions such as feed rate, screw speed
and temperature play an important role among tbiffa that influence the degree of mixing
of the components and also the morphological stracof parts moulded from such blends
[2]. The morphology also depends strongly on thexmasition. Halder et al. [3] studied the
morphology of blends PC/PBT which were crystalliZexin the melt. They applied density
measurements and small angle light scattering tgaba and found that the rate of
crystallization of these blends decreased witheilasing amount of PC. Control of possible
transesterification reactions is critical because ¢rystallinity of the PBT decreases with
increasing transesterification extent. As a consege of decreased crystallinity, the
mechanical performance as well as chemical resistand thermal stability of the blends are
reduced. On the other hand, if the extent of thestesterification reactions is too limited, the
interphase adhesion will be poor, leading to leniéiss. Therefore, the introduction of impact
modifiers, compatibilizers, and glass fibres irtte tomposition is preferable to the use of

the transesterification reaction for the improvehwnmpact resistance [4].



Various additives have been introduced into thendlcomposition to improve impact
resistance at low extents of transesterificatiomoAg the additives usethethyl acrylate-
butadiene-styrene (MBS) impact modifiers have destrated a significant impact-
modifying effect at low temperatures. Tseng and [®lesynthesized and characterized
functional group containing MBS impact modifiers 8C/PBT alloys. They realized that
introduction of a functional group would improvesthdhesion between the MBS rubber and
the PC/PBT alloy and, thus, would have a benefiefidct on the impact strength of these
blends. Their results showed that a much smalleuamof the functional group containing
MBS in the PC/PBT alloy could lead to higher impattength. On the other hand, the
PMMA-shell of this impact modifier gives good adlmeswith the polycarbonate. The poly
butadiene because of its rubbery properties itimeponent that causes the higher impact
strength. The poly styrene has an aesthetic fum¢p Bai et al. [6] have reported the use of
ethylene—butylacrylate—glycidyl methacrylate (EBGMAs a toughening modifier for
PC/PBT blends. Their results showed that the adaf EBGMA leads to great increases in
impact strength, in elongation at break and in tv®aftening temperature. However, the
tensile strength and the flexural properties shoaesduction. Wu et al. [7] studied the static
and impact fracture toughness of a PC/PBT/impadtifieo blend at different temperatures.
They found that, for PC/PBT/MBS blends, the incesimsimpact toughness with temperature
is a consequence of the relaxation processes ofibibery zones of the parent polymers.

The role of interphase interactions on the impaength of PC/PBT and PC/PET blends has
also been studied by Pesetskii et al. [8]. Theomepnclusion was that phase separation
phenomena can cause variations in properties &f thet amorphous and crystalline phases.
They demonstrated that the adhesion strength dsxsan the temperature range from the
glass transition temperature (Tg) of PBT to thatP@f. They also observed that over the
temperature range where interphase interactionstemeg and the two components are in the
glassy state, the impact resistance of the blend®ak. Over the temperature range between

the Tg of the PBT and the Tg of the PC the impasistance of the blends increases. They



attributed this behavior to the dissipation of #reergy of crack propagation in the PBT
amorphous phase.

Devaux et al. [9] suggested three possible mechenisr the PC/PBT transesterification.
The exchange reaction can result either from aohalysis between an —OH terminated
polycondensate (PC or PBT) and another macroma@esyplecies (PBT or PC) or from an
acidolysis reaction involving carboxyl terminate®TR The transesterification can also
proceed via a direct reaction between a PBT urdtafC group. They suggested the main
process is that of direct transesterification. Asomsequence of this, copolymers act as
compatibilizers in these blends. Tattum et al. [k@nded a series of 50:50 PC/PBT via
reactive melt blending in a torque rheometer. leirttstudy, a controlled degree of
transesterification between the two homopolymers iméiated by the incorporation of an
alkyl titanium catalyst during melt blending anahdily quenched by the addition of a
transesterification inhibitor. They showed thattfzes degree of transesterification increased,
the composition of the blends became increasingiyptex, comprising mixtures of the
homopolymers and various AB-type copolymers of Rd &BT, resulting in significant
changes in their thermal behavior. They suggestata corresponding transformation in the
morphology of the blends was observed due to thedton of increasing concentrations of

copolyesters.

Hopfe et al. [11] studied the transesterificatim crystallization behavior of melt blends of
PC and PBT. They used Fourier transform infrareztgpscopy (FTIR) as well as nuclear
magnetic resonance (NMR) spectroscopy and diffedestanning calorimetry (DSC). They
showed that at approximately 50/50 weight fractadrPC/PBT blends, partial miscibility
exists both in the melt and after melt blendinghwihase separation occurring during PBT
crystallization. Marchese et al. [12] showed thaamility was strictly correlated with the
crystallizability of the system. The partial mistitly of the amorphous phases (amorphous
PBT and amorphous PC) in this polymer blend has lad¢teibuted to various factors such as

the morphology of the crystalline phase, transéstation reactions resulting in PC/PBT
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copolyesters and the closeness of the solubiitpipeters of PC and PBT. Wahrmund et al.
[13] studied melt blends of polycarbonate with PBf differential thermal analysis (DTA)
and dynamic mechanical behavior to determine thite of miscibility. Both techniques
showed multiple glass transition temperatures whighindicative of incomplete miscibility
in the amorphous phase. They suggested that tleranaorphous phases containing both
components, i.e., partial miscibility of the PC/PBYystem. Birley and Chen [14] also
concluded that PBT and PC show significant mixingthe melt but the partially mixed
components phase-separate during dissolution aParélt miscibility of the PC/PBT system
is also suggested by Hobbs et al. [15] and sinokservations have also been reported by
Dellimoy et al. [16].

The transesterification process can be kept urmlera and suppressed by added stabilizers.
Additives used as stabilizers to prevent transiistaion include phosphates and phosphorus

containing acids [4].

2.2 Compounding of PC/PBT in Twin Screw Extruders

Twin screw extruders (TSE) are widely used in paymompounding operations. The flow
of molten polymers in TSE has been studied by waricesearchers. A particularly useful
model for this work is that of Meijer et al. [17This a very simplified, fundamental model
for a co-rotating TSE which can be used to exanthme role of screw geometry and
processing conditions on specific energy consumptmd temperature rise along the
machine. The model predictions were confirmed Isyalization experiments for Newtonian
fluids.

Due to complexity of compounding operations in edérs and because of the non-linearities
frequently encountered, other approaches have begloyed for model flows in TSEs.
Neural networks [18] and genetic algorithms [19)dndeen used to develop inferential

models for polymer viscosity in industrial plastiog extruders. McKay et al. [19]



demonstrated that both approaches work well. How@enetic algorithms produced models
that performed better.

Traditionally the two methods of measuring polymiscosity for process control have either
been in the lab using a capillary rheometer ohatprocess extruder using a rheometer. The
laboratory as always produced accurate resultsetenythe data collection period is often
too long to be used for process control. In anreffo develop more comprehensive controls
for composition and melt flow rate, the use of nfleitv rheometer has been popular and is
used widely as described by Dealy and Broadheald T2 most common type of process
rheometer is the on-line type, in which a sampteash is withdrawn from a process line,
usually by means of a gear pump, and fed to themleger. This is to be contrasted with an
in-line rheometer, which is mounted directly in @gess line. The cost, maintenance and
generation of a waste stream of these sensors ajer mdrawbacks. In addition, these
polymer materials are often processed at elevatetpdratures and not only must the
rheometer be capable of functioning at these teatpess, but the effect of temperature on
the rheological property measured must be takenantount [21]. The on-line sensors still

require a QA lab for calibration and maintenance.

Gao and Bigio [22] presented and experimentallydesd a physically motivated model for

predicting the mean residence time in twin scretwugbers. Accurate estimation of the mean
residence time and the propagation delay throughlaaticating extruder is critical for

implementing feedback control schemes employings@asnmounted along the extruder.
They carried out experiments on a 30 mm Krupp Wearal Pfleiderer co-rotating twin

screw extruder equipped with reflectance opticabps over the melting section, the mixing
section and at the die. They showed that the mesidance times predicted by their model
are in good agreement with the experimentally mes@kuean residence times. Both the
model and the experimental results of their worldicate that the mean residence volume
has a linear relationship with the flow rate / scspeed (Q/N) ratio where Q stands for feed
rate and N stands for screw speed. Accordingeo study results, when the percent drag
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flow is not large, their model can be used to pretfie mean residence time with estimation
error of no more than 10%. When the percent dlagy is large or higher estimation

accuracy is required, their model shoblel modified. Kumar et al. [23,24] developed a
framework for improved operation of extruders inwade range of applications by

incorporating intelligent means for (i) on-line prect quality estimation (inferential sensing),
(i) diagnostics for common process material fakjrand (iii) closed-loop control of product
quality based on the on-line estimation. In thearky they have developed a novel model-
based approach for the estimation, diagnosticscanttols in a unified framework. Models

that formed the basis of their work were first ubgdsao and Bigio [22]. These models were
originally aimed at studying residence time disttibns for extruders and they have been

adapted and extended as described in chapteh8dhesis.
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Chapter 3

Polymer Compounding in Twin-Screw Extruders: Flow Modeling

In this chapter, several general aspects of twiave@xtruders (TSEs) are discussed along
with the flow model employed in this work for blend of poly butylene terephthalate (PBT)
with polycarbonate (PC). Before trying to determimkich variables are significant, it is
important to understand the process, the variabledved, and the properties being affected.
Section 3.1 looks at TSEs in general and secti@nd8scribes the physics- based lumped

model used in this work.

3.1 Twin Screw Extruders (TSES)

Extruders are widely used, not only in polymer jragtion, but throughout the petrochemical
and food industries for mixing, blending, reactimgoking, devolatilizing and numerous
other tasks. The purpose of the extruder is to feetle with a homogeneous material at
constant temperature and pressure. This defintliighlights three primary tasks that the
extruder must accomplish while delivering matertal a shaping die. First, it must
homogenize, or satisfactorily mix, the materialc@el, the material entering the die must
have minimal temperature variation with respecbath time and position within the melt

stream. Third, there must be minimal melt pressaretion with time [25].

Extruders are categorized in two types of singld amin screw extruder based on their
number of screws. The single screw extrusion pocesighly dependent on the frictional
and viscous properties of the material and the eping mechanism is based on frictional
forces in the solids conveying zone and viscouse®iin the melt conveying zone. In TSEs,
the frictional and viscous properties of the maleplay a lesser role on the conveying
behavior. TSEs can be designed to have positivereyang characteristics in which the
material is more or less trapped in compartmentsida by the two screws and the barrel.

The better the seal between flight and channehefopposite screw, the more positive will
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be the conveying characteristics. The diversity agndSEs is large. We will only describe
some important characteristics of the various TSEsummarized classification of twin

screw extruders is shown in Table 3.1 [25].

Co-rotating Extruders

Intermeshing
= Extruders

Counter-rotating Extruders

S

Twin Screw
Extruders

— Co-rotating Extruders

Nonintermeshing
~{ Extruders

] Counter-rotating Extruders

Table 3.1: Classification of Twin Screw Extruders
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The main distinction is made between intermeshimg) @on-intermeshing TSEs. The non-
intermeshing TSEs where the flights of one screwndbprotrude into the channel of the
other screw do not have the benefits of positiveveging characteristics. In intermeshing
extruders, the degree of intermeshing can ranga &bmost fully intermeshing to almost
non-intermeshing with a corresponding range in thegree of positive conveying
characteristics. Any amount of back leakage intstngam channel sections will adversely

affect the positive conveying behavior.

The second distinguishing characteristic is theeadion of rotation. There are only two
possibilities: either co-or counter- rotating. Incaunter-rotating twin screw extruder the
material is sheared and pressurized in a mechasiisitar to calendering i.e. the material is
effectively squeezed between counter-rotating f284. In a co-rotating system the material
is transferred from one screw to the other in arkgof-eight pattern. The co-rotating
extruders may be preferred for heat sensitive na¢éebecause the material is conveyed
through the extruder quickly with little possibyliof entrapment.

The intermeshing co-rotating extruders can be &rrgubdivided in low and high speed
machines. The low speed extruders have a closéingfiflight and channel profile.
Therefore, they have a high degree of positive egimg characteristics. These machines are
used primarily in profile extrusion applicationshd high speed co-rotating extruders
generally have self wiping characteristics. Becafsthe openness of the channels, material
is easily transferred from one screw to anotheresEhmachines are primarily used in
compounding operations [25]. A typical comparisdrhigh and low speed co-rotating twin

screw extruders is shown in Table 3.2.

Consider a typical polymer compounding extrudeupgein Figurel.l, which consists of the
main drive, the extruder barrel with two co-rotgtiscrews, feeders for raw materials, water
bath, and pelletizer unit. As demonstrated in tigsre, raw materials are fed into the TSE

from storage hoppers. The rotating action of theewvss contributes to producing a
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homogeneous melt blend which is pumped throughapisf die. The melted material
emerges from die in continuous multiple strandg #ra cooled in a water bath which is
located after TSE. Subsequently, the cooled andiedl polymer resin strands are chopped

into pellets in a pelletizer and packed and shigpezlistomers.
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Table 3.2: Comparison of low and high speed co-rotating twin-screw extruders [25]

Type Low speed Co-rotating High speed Co-rotating
Mixing efficiency Medium High

Shearing action Medium High

Energy efficiency Medium High

Heat generation Medium High

Max. revolving speed (rpm) 25-35 250-300

Length of Screw L/D 7-8 30-40
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3.2 Physics-Based Lumped Flow Model for Twin Screw Extruders

This work focuses on the use of a co-rotating Tisgalymer compounding applications.
Co-rotating twin-screw extruders are unigue andate machines that are used widely
in the plastics and food processing industries. fatire of the flow characteristics in
twin screw extruder physics is too complex, and hard to find a model for twin screw
extruders that have the capability of implementatio typical compounding lines. A
simple process model that captures the main aspétite compounding operation in a
TSE accurately is a significant achievement. Tletion outlines the development of a
dynamic model that captures the important dynamacsl relates measurable process
variables (screw speed, torque, feed rates, peessiar) to ones that are not being
measured. This model also provides product qualktgsors or inferential estimation

techniques for prediction of viscosity.

Kumar et al. [23, 24] derived models that were fednbased on the work of Gao and
Bigio [22]. They start with a dynamic model thatsdebes the dominant characteristics
associated with the mixing of the raw materialseykleveloped a lumped two-section
dynamic mixing model that captures the effect ef itputs to the process (raw material
feed-rates and screw speed) on the measured pacpsss ( total screw torque and die
pressure, the pressure developed prior to the ldte ps the molten product is stranded
into the water bath). Figure 3.1 shows a schenfatithis extrusion model. This model

considers two flow zones along the extruder in Wwitize first zone is partially- filled

while the second zone is fully- filled.
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Feedrates Q1 Q2

‘ Die Pressure (DP)

/

Qo, Xo
%
Viscosity
/ ML, X1 / M2, X2
Partially filled section 1 Fully filled section 2
Figure 3.1: Schematic representation of extrusion model
Rl*QlO RZ*QZO
A
Q20
lato 5 >
M1 ,X1 X1 M2 ,X2 X2
Partially filled Completely filled
section section

Figure 3.2: Schematic representation of mixing in partially and completely filled sections
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In this model, two materials are being fed to therwgler at feed rates d; and Q,
respectively while the screws rotate with speed=Bed rate and screw speed are process
input variables while die pressure (DP) and tor@lieon the screw are being monitored.
They considered the extruder with two distinct e during regular operation - a
completely filled section (mixing, kneading) angautially filled section (conveying). Under
steady state operating conditions with total fesgd (throughpu€) = Q; + Q, , and screw
speed N, the total material holdiyg andM, in the partially and completely filled sections,
respectively, are given by:

M =B--; My=A (3.2)
where the ratiocQ/N is referred to as the specific throughput and tammetersA, B are
related to the maximum capacities of the complefélgd and partially filled sections,
respectively, depending on the specific screw dg#gepmetry. Based on the Gao et al. [22]
work the specific throughpu®/N is an estimate of the degree of fill in the palyidilled
sections, which then affects residence time distidn. For different operating conditions
with the same specific throughput and material o8#y, the degree of fill at a specific
position of the screw tends to be the same. Tisslreeeds to be interpreted against the fact
that the rheology changes with screw speed. Bigal.427] found a correlation between the
inverse of the percent drag flow and the numbescoéw revolutions a tracer takes between
entering and exiting an extruder. This correlatan be expressed in the following equation,

which separates the effect of screw speed andrégewn the mean residence t{mg):
A B
tm = 3 +5 (3.2
where Aand Bare constant for specific screw configurationssTdguation was presented as

a quantitative observation. Gao et al. [22] pre=gispecific relations for the constants A and

B as:

2%Afxle
(2i—1)*m«DxcosO*W«H*F g

A=ArsLlp+V, , B= (3.3)

wherel, is the length of the partially filled conveying $eaq, L,, is the length of the mixing
section and melting sectiol, is the filled volume in the conveying section dogtessure
back flow, iis the number of screw lobes or flights , D is di@meter of the screw, I3 the
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channel depth, W is the channel width . The hatigla of the conveying element is labeled
6 andF,is a shape factor which accounts for the aspert ddtthe channel. Among the
various model parameters, the valueipfs probably the most difficult to obtaiW, is the
fully filled volume of the conveying screw element$ie forward conveying elements near
the tip of the screw are expected to be fully dilldue to the resistance thle die. In some
cases the screw elements prior to mixing zonelacefally filled. AlthoughV,, is affected by
the percent draflow, it is simply treated as constant and assuinedde composed of the
free volume of the screw elements at the die erttieextruder. Botly, andl,,, should be
dependent on the material viscosity, but this is emsily addressed in the simple model
presented here.

While the holdupM, in the completely filled section is constant, theldup M, in the
partially filled section varies with the operatimgnditions, specifically the rati@Q/N. In
particular, the transient variation in the hold4p due to changes in total feed-radeand

screw speedll is described by the total material balance:

dM;

& = Q@0 (3.4)
In the above equation, the total inlet feed-ratthi® section (from the feeders)@swhile the
total outlet mass flow rate, denoted@y, varies with the operating conditions, in partaul
the fill fraction @ (i.e. the fraction of the total void volume fillegith the material holdup)
and the screw speelN with the proportionality constank depending on the screw
design/geometry. When this section is only pastifilled the total outlet mass flow rate at

steady state [23] is given by

M;N
B

Qo = kON = (3.5)

Combining equations 3.4 and 3.5 gives the dynammssmbalance relation for the
holdup M:
dM, M;N

at B

(3.6)

At steady state, the inlet and outlet mass flowsare equal, i.8 = Q,,, and the dynamic

material balance in equation 3.6 reduces to thedgtestate versionM; = B * Q/N. In
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contrast with the partially filled section, theabholdupM, in the filled section is constant
(since the void volume is filled to maximum capgciEurthermore, the outlet flow rate from
this filled section is always the same as the ifitet rate, which in turn is the same as the

outlet flow rate from the partially filled sectiore. Q4.

We denote the weight fraction of material 1 in taterial holdup in the partially and
completely filled sections by, andx,, respectively. At steady state, these compositiwas

the same and are determined solely by the feed @atendQ,, i.e.

Q
Xi= X=Xy = (thQz (3.7

The compositionsx; and x, in the partially and completely filled sectionsadge due to
mixing of the two raw materials in the respectieet®ns. We use a combination of plug
flow with recycle to describe the overall effecttbé mixing in the partially and completely
filled sections. Consider the schematic represiemtén Figure 3.2, where raw material is fed
to the partially filled section at a total flow eat

Q=Q:+Q;
and composition

Xi = Q1/(Q1 + Q2)

exits from this section to the completely filedcsen at a total flow rateQ,, and
compositionc;, Mass balance at point 1 results in:

Q*x; + Ry *Qqp *X4
X4 =
. Q+ Ry *Qy0

where x4;is the inlet composition anB; denotes the ratio of recycle to outlet flow rate.

From pure plug flow concepts (i.e. first in firaith we have
X1 () = x4i(t — tg1)

1

with a time delayy; = M
Q1o

Expressing the above relations in the Laplace domad solving for x;;(s) yields the
overall input-output relation between the inlet gasition x;(s) and the outlet compaosition

x4 (s) as shown below [23]:
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e~ td1S M
TS x;(s) where  ty; = Q_110 (3.8)

The recycle ratidk, is the parameter that captures the actual degreebafg in a given

_ Q
x,(s) = Q+R1*Q10(1—e

screw design [23]. In particular, the cd&e0, i.e. no recycle, corresponds to no mixing and
on the other hand, the case with infinite recycle, R,=0 , corresponds to perfect
instantaneous mixing. Similarly, the mixing in tbempletely filled section can be captured

through a combination of plug flow and recycle biaon the following input-output relation:

Qe—tdzs
1+R,*(1—e~td25)

x1(s) where  ty, = 24—2 (3.9)
10

whereR, denotes the ratio of recycle to outlet flow ratdilied section of extruder.

x3(s) =

3.2.1 Torque and Die Pressure Relation

The above equations (3.6, 3.1 and 3.8, 3.9) desd¢hb dynamics for the material holdup
M;, M, and the compositions, x,. However, these internal state variables are reatsured
on-line and need to be related to the output veagathat are measured, namely torqle (
and die pressure (DPBased on Kumar et al. [23] work simple overalbt®nship for the
total shaft torque can be expressed in the follgweneral form:
T=ay,+aM(a;, +N)x; +asM,Nx, (3.10)
The above expression for torque has three key tettmsoffset and the two contributions
from the partially and completely filled sectiomespectively. At steady state, using the
corresponding steady state relations as
M1=B*% , X;j= X;=Xx,,M, =B
Equation 3.10 for the torque reduces to the folimanelation:
T=a,+ alazB%xi + a3ANx; + a1 BQx; = ¢y + cl%xi + ¢, Nx; + c3Qx; (3.11)
In this work, we tested the validity of the abowvelationship, using the multiple
measurements of torque at various steady statatpgiconditions, as discussed in Chapter
5 of this thesis.
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The die pressure drop relates to the volumetriw flate, viscosity of melt and geometry of
die. Equation 3.12 outlines this relation wherdldenote the length and diameter of the die
hole, p is the melt density of the material a@gl is the flow rate of the product through the
die plate andi denotes the viscosity of the product at the pitenptemperature and shear

rate at the die.

128 L
nD%*p

DP = | 25| Qou = KQou (3.12)

The viscosity of the product depends on the contipositemperatureTp) in the melt zone
and the shear rate on the molten product as itsfldwough the die plate holes. While the
melt temperaturdo is measured using a thermocouple in the melt pasil hefore the die
plate, the shear rate is considered to be propaitio the total material flow ratg,. Based
on Kumar et al. [23], we will use the following éar approximation for the product

viscosity:
1= g+ (x0=%0 )~ pt(Qo— Qo) — us(To — Tp) (3.13)

where () denotes respective nominal steady state valui® aominal operating point. In
the above linear approximation for viscositydenotes the nominal viscosity at the nominal
operating point, while:, , u,, uz denote the gradient of viscosity with respect tmposition,
shear rate and temperature, respectively at thesatipg point. Substituting melt viscosity

from equation 3.13 in equation 3.12 yields thediaihg relationship for die pressure:

DP = KQq [to + 1 (x0=%0 ) — p(Qo — Qo) — 13(To — Tp) ]

Or written in a compact form

DP = 1 Qo + B2 Qo Axg — B3Q0AQ0 — B4 QoAT (3.14)
In which

Br=Kuy & Br=Ku (3.15)
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This simple equation (3.15) between, ,u.and B,,B, involves only the calibration
parameter K. The flow model that has been explainethis chapter was amended and
adapted for this work to inferentially estimate tmelt viscosity (or accordingly the melt
volume flow rate (MVR)) from the die pressure paedens and to identify the source of
variability in the compounding of PC/PBT with thein screw extruder. Details of the
amendments and adaptations to the flow model audtseare explained in chapter 5 and 6
of this thesis.
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Chapter 4

Experiments

The experiments described in this chapter wereatlied out on a WP ZSK 58 mm co-
rotating extruder at the compounding facility of BH& Innovative Plastics in Cobourg,
Ontario. The materials used were from the commieXaaoy® family of PC/PBT blends. In

all, three sets of experiments were completed.

In the first set of experiments, the primary objext were to: (i) obtain a basic
understanding of the compounding process and igetie main factors/variables affecting
the properties of PC/PBT blends and (ii) obtainiratial assessment of the levels of these
factors that result in optimal process responderms of product MVR and impact strength.
To address this, a central composite design wad wi#l a response surface methodology

(RSM) as explained in section 4.1.

In the next set of experiments, the main objectirs to evaluate the flow model derived
earlier in chapter 3 of this thesis, to estimate plarameters in the torque and die pressure
correlations and to examine the capability of thedel for fault identification by employing
blend composition changes. To address this obgectie used a 2-level factorial design in
which the factors studied were screw speed, andrRPBT flow rates. The factorial design

and experimental set up for these experimentsxgaiaed in section 4.2.

Finally, a third set of verification experimentss@arried out to test the validity of the model
and its parameters. In addition, the ability of thedel to diagnose variations in incoming
raw material was tested. In this experiments tHg wariable was the composition of the PC
feed stream. This stream was composed of two P@rialst of high and low viscosity

respectively. The ratio of these two materials wased in blind experiments which were
analyzed with the developed model. These expersnerplained in section 4.3. Testing

procedures for product properties are describegation 4.4.
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4.1 First Set of Experiments- Central Composite Design

Response surface methodology (RSM) is a collechbnmathematical and statistical
techniques that are useful for the modeling andyaisaof problems in which a response of
interest is influenced by several variables andothjective is to optimize this response [28].
For example, to find the levels of screw speed §NJl feed rate (Q) that effect the melt
volume flow rate (MVR) of the PC/PBT blends. Ingltiase MVR would be a function of the
levels of screw speed and feed rate that is:

MVR =f(N,Q)+¢
whereg represents the noise or error observed in respdidR. If we denote the expected
response byMVR) = f(N,Q) = n , then the surface representedrbig called a response
surface. In most RSM problems, the form of thetr@hship between the response and the
independent variables is unknown. Thus, the fiesp $s to find a suitable approximation for
the true functional relationship. Usually, a polgmal model will be a reasonable
approximation of the true functional relationshgr & relatively small region. The design
discussed in this section pertains to the estimaifaesponse surfaces, following the general
model equation [28]:

K k
y=P80+ § Bix; + § Bixi® + § . § Bijxixj + €
" " i<j
=1 =1

This general fitting model includes the observeties of the dependent variable y, main
effects for factors x;), their interactions and their quadratic componefisting and
analyzing response surface is greatly facilitatgdttee proper choice of an experimental
design. Central composite design (CCD) is the rpogular class of design used for fitting
these models. Generally, CCD consists @ffactorial and 2k axial or star runs, which are
augmented with center runs [28]. A typical codeddO@atrix with 3 factors, 6 star runs, and
6 center point is presented in table 4.1. Theraknbmposite design can be used to fit the

data to the general model described above. Onadsyation for choosing standard central
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composite designs is to find a design that is @dnal, i.e., the sum of the products of

column elements of the design matrix within each iequal to zero.

Table 4.1: Variables of CCD design (coded)

Run order X1 Xy X3
15 -1 -1 -1

9 1 -1 -1

4 -1 1 -1

6 1 1 -1

14 -1 -1 1

13 1 -1 1

5 -1 1 1

18 1 1 1

8 -1.68179 0 0

16 1.68179 0 0

7 0 -1.68179 0

17 0 1.68179 0

2 0 0 -1.68179
10 0 0 1.68179
12 0 0 0

1 0 0 0

19 0 0 0

20 0 0 0

3 0 0 0

11 0 0 0
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In this study, CCD consists of 2 factorial in which factors are chosen as thel tisted
rate (kg/hr), the screw speed (rpm) and the diepézature €C). The axial distance was

chosen as 1.68179, and the design is augmentedwihter points. These factors are coded

as:

x; = (feedrate —400)/50 , total feed rate levels (350, 450)
X, = (screw speed —410)/40 , screw speed levels (370, 450)

x3; = (die temperature — 282)/5 die temperature levels (277, 287)

The dependent variables monitored include the mimad, specific energy consumption,

melt temperature, MVR and impact strength. The dadentral composite design matrix has
been presented in table 4.1. Table 4.2 presentiseofincoded design where Q is feed rate
(Kg/hr), and N is screw speed (rpm).

As indicated earlier, these experiments were chroigt at the SABIC Innovative Plastics,
Cobourg plant, using a WP 58mm twin-screw extrudeith two feeders and a data
acquisition system. The extruder was capable phing at a maximum screw speed of
620rpm. The extruder was powered by a 250HP duxech provided a measurement of
total screw load (estimated from motor current sollage) and screw speed. The extruder
had 9 thermocouples along the barrel length, 3nmbeouples along the die and heating
elements to control the temperatures in the cooredipg barrel zones. The signals for the
machine variables were recorded using a data atgoisystem. In this study, load, feed
rates, screw speed, and melt temperature and \Wathr temperature was recorder at a
sampling rate of 0.033 Hz. The material used wddead of PC/PBT from the Xenoy®
family. Polymer samples were collected during eaahs. A total of 100 samples were
collected at time intervals of 5, 10, 15, and 2(wutes for each run. The results of this

experiment have been explained in appendix A aftiesis.
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Table 4.2: Variables of CCD design (uncoded)

Run Q(kg/hr) N (rpm) Temperature (°c)
1 400 410 292
2 450 450 290
3 400 343 285
4 400 477 293
5 400 410 290
6 450 400 291
7 350 450 291
8 350 370 286
9 400 410 289
10 350 370 300
11 484 420 295
12 400 410 290
13 400 410 289
14 450 400 290
15 450 450 294
16 350 450 293
17 400 410 291
18 316 410 291
19 400 410 305
20 400 410 296

4.2 Second Set of Experiments- Factorial Design

As explained in chapter 3 of this thesis, in tlmviimodel for twin screw extruder, internal

variables (i.e., material holdups and the compmssf are related to the output variables (i.e.,
torque and die pressure). Details of this relabetween internal and output variables have
been outlined in equations 3.10 and 3.14. Thesatmms have machine, screw, materials
and processing conditions related parameters #et to be determined. To address this and
also to examine the validity of the flow model TB8Es, a factorial design was used. In this

section the factorial design and experimentaligetare explained.

28



4.2.1 2% Factorial Design

A 23 factorial design provides the smallest number o fonwhich 3 factors can be studied
in a complete factorial design because there dsetawo levels for each factom this study,
the three factors were screw speed, PC flow rated@r 1) and PBT flow rate (feeder 2),
each at two levels. These levels were approximdi® % from the nominal conditions
which were used as the center point. The designangmented with 5 replicate runs at the
center point. This design was run on two conseeudi@ys as shown in tables 4.3 and 4.4.
Due to machine experiment limitation, some of tleenbinations of the levels were not
feasible and were adjusted to practical levels dpatlon. These amended combinations are

specified with red color numbers in Table 4.3 ard 4

In these experiments the load, die pressure, fatd;rand screw speed were recorded at a
sampling rate of 2 Hz. The die used on the firstllad 17 holes each with 4 mm diameter
and the die used on the second day had 17 hole=abbtwith 3 mm diameter. The material
used was again a Xenoy ® blend. Polymer samples eadlected during each run. A total of
143 samples were collected on the first day a¢rvals of0.5,1 ,15 ,2 ,25 ,3 ,358 ,

, 9 , 14 and 19 minutes for each run. On the sbaay, a total of 156 samples were
collected at intervalsof 05,1 ,15 ,25 ,3 ,35 ,4 ,6 ,8 , 10 and 15 mindbes

each run.
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Table 4.3: DOE for day 1 experimental runs (die hole diameter =4 mm)

Run Order Screw Speed Feed Rate Feeder PC Feeder PBT
N (rpm) Q (Kg/hr) X1 X2
1 410 425 0.61 0.39
2 451 434 0.66 0.34
3 451 383 0.61 0.39
4 410 425 0.61 0.39
5 369 383 0.61 0.39
6 410 425 0.61 0.39
7 369 434 0.66 0.34
8 451 468 0.61 0.39
9 410 425 0.61 0.39
10 451 416 0.56 0.44
11 400 (410) 468 0.61 0.39
12 400 (369) 416 0.56 0.44
13 410 425 0.61 0.39

Table 4.4: DOE for day 2 experimental runs (die hole diameter =3 mm)

Run Order Screw speed Feed Rate Feeder PC Feeder PBT
N(rpm) Q (Kg/hr) X1 X2
1 410 425 0.61 0.39
2 451 434 ( 456) 0.63 0.34
3 451 383 0.61 0.39
4 410 425 0.61 0.39
5 369 383 0.61 0.39
6 410 425 0.61 0.39
7 369 (390) 434 0.66 0.34
8 451 468 0.61 0.39
9 410 425 0.61 0.39
10 451 416 0.56 0.44
11 400 (451) 468 0.61 0.39
12 400 (369) 416 0.56 0.44
13 410 425 0.61 0.39
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4.3 Third Set of Experiments

The flow model that has been described in chapteassunknown parameters which were
estimated using data from the second set of expatsnin order to verify the validity of the
estimated model parameters, a third set of expatsneere performed. In addition, another
purpose of these experiments was to examine thebdayp of the developed model in fault

identification introduced by raw material variation

In these experiments, screw speed, total feedcaratehe total feed rate of PC (feeder 1) and
PBT feed rate (feeder 2) were kept constant for8aluns. The only variable that was
manipulated was the composition of PC material. |§ah.5 shows details of these
experimental runs. These experiments were run rahdaithout any notice. In this table, Q
is the total feed rate, N is the screw speed , Qfthe total feed rate of polycarbonate in
feeder 1, Q(PBT ) is the total feed rate of PBTeder 2 , X(PC1) is the weight fraction of
polycarbonate type 1 in feeder 1 , and X(PC2hésweight fraction of poly carbonate type
2 in feeder 1.

The experimental set up for these experiments w@ndar to one that was described in the
second set of experiments. The die used had 1&shedch with 3 mm diameter. The
material used was the same Xenoy® resin. A total2opolymer samples were collected at
intervals of 1, 5, 10, and 15 minutes for each run.
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Table 4.5: Third set of experiments (die hole diameter =3 mm)

Run# |Q N Q(PC) | Q(PBT) | XPC XPBT X(pc1) X(pc2)
(Kg/hr) | (rpm) | Kg/hr Kg/hr in in in in
feederl | feeder2 | feeder 1 feeder2 | feeder1 feederl
1 425 410 259.25 165.75 0.61 0.39 0.428 0.389
2 425 410 259.25 165.75 0.61 0.39 0.428 0.389
3 425 410 259.25 165.75 0.61 0.39 0.478 0.339
4 425 410 259.25 165.75 0.61 0.39 0.378 0.439
5 425 410 259.25 165.75 0.61 0.39 0.428 0.389
6 425 410 259.25 165.75 0.61 0.39 0.328 0.389
7 425 410 259.25 165.75 0.61 0.39 0.528 0.489
8 425 410 259.25 165.75 0.61 0.39 0.428 0.289

32




4.4 Sample Testing Procedures

Plastic compound manufacturers use several testetsure the quality of compounds and
to specify the most suitable end use of a particgtade of the polymer. Two of the most

important physical properties are melt flow rateg ampact strength which are measured in
this study. A description of each physical propamnd the method of testing are presented in
this section which also can be found in ASTM stadsla

4.4.1 Melt Volume-Flow Rate (MVR)

The Melt Flow Index (MFI) was specified as a staddaeological quality control test in the
ISO, BS, and ASTM. Selecting the appropriate caost including temperature and load is
necessary when using the test method for polynerspite the fact that melt flow index is
an empirically defined parameter with certain latibns, it is still one of the most popular
parameters in the plastics industry for distingunighvarious grades of polymers. Polymer
process ability, the physical, mechanical and tlaérpmoperties could be related with the
MFI. For instance, increasing melt flow rate cotdgult from decrease in viscosity and can
cause decrease in hardness [29]. Melt flow rat® $$ngle point viscosity measurement at

relatively low shear rate and temperature.

Melt flow index (MFI) is basically defined as theeight of the polymer (g) extruded in 10
min through a capillary of specific diameter anadgth by the specific pressure applied under
the specific temperature conditions. ASTM D1238][3pecifies the details of the test
conditions. In this work, the SABIC Innovative Rlas standard was used for conducting
melt flow index tests on PC/PBT blends. That ispglas were preheated for 2 hr @ *20
Plastometer temperature was set at 250 °C. Load wss 4.9 kg with the die diameter of
0.0827 inches. The time interval for the test waesen as 390 seconds. The amount of
polymer collected after a specific interval is weid and normalized to the number of grams
that would have been extruded in 10 minutes. Eumlbre, test results have been reported

by melt volume flow rate (MVR) which is MFI dividdaly polymer melt density. That is:
MVR (cm3/10 min) = MFI (g/10 min) p(ﬂ%)
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4.4.2 Impact Strength

Impact strength test can be used as a qualityaoetieck for the estimation of toughness of
specimens. In this test, a pendulum hammer issetefom a predefined height striking a
specimen which is clamped in a vice. The differemcéhe drop height and return height
relates to the energy to break the test specimea.tdst results depend on temperature, test
bars dimensions and notching of the specimen. @tieegorevalent methods is 1zod impact
method. Sometimes, Izod specimens are notched.ufihetched Izod test uses the same
loading geometry with the exception that there asnmotch cut into the specimen. The
standard specimen for ASTM D256 [31] is 64 x 12.3.2 mm (2% x % x 1/8 inch) and the
result is expressed in J/m or ft-Ib/in which isotédted by dividing impact energy in J

(or ft-Ib) by the thickness of the specimen.
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Chapter 5

Model Parameter Identification

In chapter 3, a simple overall relationship for th&l torque as a function of mass holdups
(My, M;) compositions X;,x,) and the screw speed (N) in partially and compjefited
sections of a twin screw extruder was presentedjuation (3.10) :

T =ay+ ayM;(ay, + N)x; + asM,Nx, (3.10)

In this expressiom; M, (a, + N)x, and a;M,Nx, are contributions from the partially and
completely filled sections of the screw. The vajichf the above relationship for torque was
tested using multiple measurements of torque abws steady state operating conditions

and will be explained in section 5.1 of this chapte

In chapter 3, equation 3.14 was developed whichwshthe linearized equation for die
pressure as a function of flow rate of the moltempound through the die plate, the

composition of the feed, and the temperature imtaé zone.

DP = 1 Qo + B2 Qo Axy — B3QoAQy — B4 QAT (3.14)

These models for torque and die pressure in twievwsextruders have parameters that
depend on the specific extruder geometry and théymt properties and need to be identified
from measured input/output data. These parametersbe categorized into two sets. The
first set consisting of the parameters A and B &iqus 3.1 and 3.6§lepend on the specific
screw and die geometry and will be invariant oriee éxtruder screw and die geometry is
fixed. The second set consisting of the parameatgrand §; depend on the particular
process conditions and change from one producegi@@nother and these parameters need
to be identified depending on the operating coadgi The torque model parameters were
estimated using the Levenberg Marquardt Algoritiiivlfd). Details of the torque model
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parameter estimation method and results are givesection 5.2. The die pressure model
parameters were estimated and adapted using reeUdesst-squares parameter estimation

methods (LSPE) as shown in section 5.3.

5.1 Torque Model at Steady State

The latter two terms in equation 3.10 for torquepede on the respective holdups and
compositions and the screw speed. At steady sisiteg the corresponding steady state
relations for the holdups (i.eM; = B * Q/N and x; = x; = x, ), the equation for torque

reduces to:
T =ay+ alazB%xi + a3ANx; + a1BQx; = co + ¢ %xi + ¢, Nx; + c30x; (3.11)

The validity of the steady state relation for tarquas tested during a two-day long trial in
which  input-output data were collected for feetksa (Q1,Q2), screw speed (N) ,
composition of polycarbonate (PC) and torque aiouar steady state conditions. The
experimental methods for these experiments have égalained in section 4.2 of this thesis.
Table 5.1 presents experiment results at steatly ®laday 1 and day 2 of the second set of
experiments. In this table X1 is weight fractiohRC in the feed and X2 is the weight
fraction of PBT. Since torque measurements wereanatlable, we used motor load data
instead of torque. The method of least squares wsesl to estimate the regression
coefficients in the torque model. We first fittequation 3.11 using all 26 runs for two days.
Table 5.2 presents Minitab output for 26 load d&tam this table, the difference between
the load observation and the fitted value (i.eidres) corresponding to observation 14 (run
2.1) is -5.246 and the standardized residual cporading to this run is -3.18. This large
residual may indicate a possible outlier or unusakeervation. Since run 2.1 denotes an
observation with a large standardized residual reftted equation 3.11 after deleting this
unusual observation to determine its effect on tbgressors. Table 5.3 represents the
computer output for 25 load data. The upper parthef table contains the numerical
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estimates of the regression coefficients. R-sq ethefficient of multiple determinations —

which is defined as:

SSR
SST

R? =

is a measure of the amount of variability in loaglained. In this equatior$,S; denotes the
sum of squares regression &} denotes the total sum squares. The coefficientudfiple
determination for the regression model fit to thad data iR?=94.9%. That is, about 94.9%
of the variability in load has been explained whiea three variables, Q/N*X1, N*X1 and
Q*X1 are used. However, a large value R#=94.9% does not necessarily imply that the
regression model is a good one. Residuals analy$iee best way to examine the fit of the
model. The residual analysis did not show anygister patterns. We also examined the

adjustedr? statistic which is defined as [28]:

n—1

R?(ad)) =1-(n%p)*(1- R?)

Here n denotes total number of observations andnptés number of parameters in fitting
regression models. In general, the adjugédstatistic will not always increase as variables
are added to the model. The adjuskédor the load model in table 5.3 is computed ad 4.
which is very close to the ordinaky.

The lower portion of table 5.3 provides the testdmnificance of regression. Since the P-
value is considerably less thaf.05 %, we conclude that the load model is significant.
However, this does not necessarily imply that #lationship found is an appropriate model
for predicting load as a function of input variahleNe also carried out testing on the
individual regression coefficient to determine mloddequacy. For example, the model
might be more effective with the inclusion of aduh@al variables, or perhaps with the
deletion of one or more of the regressors presenttiie model. Testing hypotheses on the
individual regression coefficient has been showethé upper portion of Table 5.3. The test
statistic for this hypothesis is defined by [28]:
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the regression coef ficient — 0
~ standard error of the coef ficient

0

The upper portion of Table 5.3 gives the least sepi@stimate of each parameter, the
standard error (SE Coef), the t statistic, andcthreesponding P-value. From this analysis,
we would conclude that variables Q/N*X1, N*X1 andXQ contribute significantly to the

load model.
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Table 5.1: Experiment results from the second set of experimental runs

Run N Q1 Q2 X1 X2 Q/N*X1 | N*X1 Q*X1 % Load
1.1° 410.27 259.32 165.76 0.6102 0.39 0.6321 250.336 | 259.324 | 88.12
1.2 450.65 286.5 147.55 0.6601 0.34 0.6357 297.492 | 286.499 | 84.05
13 451.31 233.63 149.36 0.61 0.39 0.5177 275.291 | 233.625 | 75.92
1.4 410.27 259.32 165.76 0.6102 0.39 0.6321 250.336 | 259.324 | 87.61
15 368.88 233.65 149.41 0.61 0.3901 0.6334 225.032 | 233.649 | 88.33
1.6 410.27 259.32 165.76 0.6102 0.39 0.6321 250.336 | 259.324 | 86.89
1.7 369.08 286.59 147.59 0.6603 0.3401 0.7765 243.718 | 286.589 | 95.19
1.8 450.78 285.43 182.59 0.6099 0.3902 0.6332 274924 | 285429 | 89.24
1.9 410.27 259.32 165.76 0.6102 0.39 0.6321 250.336 | 259.324 | 86.83
1.10 451.31 23291 183.05 0.5604 0.4404 0.5161 252.9 232913 | 81.92
1.11 410.26 285.44 182.54 0.6099 0.39 0.6958 250.22 285.438 | 96.48
1.12 369.01 232.95 183.05 0.56 0.44 0.6313 206.633 | 232.949 | 94.28
1.13 410.27 259.32 165.76 0.6102 0.39 0.6321 250.336 | 259.324 | 89.06
2.1" 410.201 | 259.269 | 165.753 | 0.61 0.39 0.6321 250.241 | 259.269 | 83.71
2.2 451.255 | 286.472 | 169.292 | 0.6282 0.3713 0.6348 283.491 | 286.472 | 86.50
2.3 449.611 | 235.36 150.377 | 0.6145 0.3926 0.5235 276.294 | 235.36 77.25
2.4 410.201 | 259.269 | 165.753 | 0.61 0.39 0.6321 250.241 | 259.269 | 88.93
2.5 368.752 | 233.641 | 149.351 | 0.61 0.39 0.6336 224949 | 233.641 | 88.89
2.6 410.201 | 259.269 | 165.753 | 0.61 0.39 0.6321 250.241 | 259.269 | 89.95
2.7 390.423 | 286.48 147.597 | 0.6601 0.3401 0.7338 257.715 | 286.48 95.02
2.8 451.213 | 285.565 | 182.66 0.6102 0.3903 0.6329 275.322 | 285.565 | 90.63
2.9 410.201 | 259.269 | 165.753 | 0.61 0.39 0.6321 250.241 | 259.269 | 89.76
2.10 450.434 | 232.941 | 183.085 | 0.56 0.4401 0.5171 252.223 | 232.941 | 83.27
2.11 450.546 | 285.509 | 182.526 | 0.6101 0.39 0.6337 274.861 | 285.509 | 91.59
2.12 368.762 | 233.011 | 183.014 | 0.5601 0.4399 0.6319 206.552 | 233.011 | 96.12
2.13 410.201 | 259.269 | 165.753 | 0.61 0.39 0.6321 250.241 | 259.269 | 90.47

1.1* Means Run number 1 from day 1 of the second sexpérimental runs at the SABIC Innovative Plastics
plant
2.1* Means Run number 1 from day 2 of the second sekxpérimental runs at the SABIC Innovative Plastics
plant
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Table 5.2* Regression Analysis: Load versus Q/N*X1, N*X1, Q*X1

The regression equation using data fromday 1 and day 2 of the second set of
experinental runs is
Load = 98.3 - 25.6 Q@ N*X1 - 0.308 N*X1L + 0.324 QX1

Pr edi ct or Coef SE Coef T P
Const ant 98. 333 7.789 12. 62 0. 000
Q N X1 -25.56 16. 49 -1.55 0.135
N+ X1 - 0. 30836 0. 04127 -7.47 0. 000
QX1 0. 32378 0. 05491 5. 90 0. 000
S = 1.681 R-Sq = 90.8% R-Sq(adj) = 89.5%

Anal ysi s of Variance

Sour ce DF SS M5 F P
Regr essi on 3 610. 73 203. 58 72.06 0. 000
Resi dual Error 22 62. 15 2.82

Tot al 25 672. 88

Sour ce DF Seq SS

Q N X1 1 434. 37

N* X1 1 78.13

QX1 1 98. 23

Unusual Observations
bs Q N X1 Load Fit SE Fit Resi dual St Resi dual
14 0.632 83. 710 88. 958 0.334 -5.246 -3. 18R

*In all statistical tables presented in this thesis Coef, SE, SS, M5, T, P, and Obs are
correspondi ng as:

Coef : the least squires estimte of each paraneter
SE : St andard Error

SS : Sum of Squar es

%3] : Mean Square

T : the t statistic

P : P-val ue correspondi ng P-val ue

bs : observation
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Table 5. 3 Regression Analysis: Load versus Q/N*X1, N*X1, Q*X1

The regression equation using data fromday 1 and day 2 of the second set of
experimental runs deleting unusual observation (2.1) is
Load = 98.8 - 25.7 @ N*X1 - 0.311 N*X1 + 0.325 QX1

Pr edi ct or Coef SE Coef T P
Const ant 98. 833 5.853 16. 89 0. 000
Q N X1 -25.71 12.39 -2.07 0. 049
N+ X1 - 0. 31055 0. 03101 -10. 02 0. 000
QX1 0. 32515 0. 04125 7. 88 0. 000
S = 1.263 R-Sq = 94. 9% R-Sq(adj) = 94.1%

Anal ysi s of Variance

Sour ce DF SS M5 F P
Regr essi on 3 617. 41 205. 80 129. 10 0. 000
Resi dual Error 21 33.48 1.59

Tot al 24 650. 89

Sour ce DF Seq SS

Q N X1 1 437.98

N* X1 1 80. 37

QX1 1 99. 06
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In particular, the model parameters in equatiorl 3vkre fitted using the data from day 1
experiments, and subsequently the results weredtdst predicting day 2 load data. Table
5.4 represents output of the regression analysi®&al from day 1 experimental runs at the
SABIC Innovative Plastics with the coefficient ofuttiple determination oR?=97%. The

regression equation obtained from day 1 data wad tespredict the load for the second day.
The results showed that the model validates velyagainst the measured load data with an
overall R? value of 91.8 %. Figure 5.1 shows the comparidath® measured and predicted

load for steady state points obtained on two sépaiays.

Table 5.4 Regression Analysis: Load versus Q/N*X1, N*X1, Q*X1

The regression equation using data fromday 1 of the second experinental runs is
Load = 96.3 - 24.8 @ N*X1 - 0.301 N*X1 + 0.320 QX1

Pr edi ct or Coef SE Coef T P
Const ant 96. 285 6. 681 14. 41 0. 000
Q N X1 -24.75 14.89 -1. 66 0.131
N* X1 - 0. 30056 0. 03601 -8.35 0. 000
X1 0. 32024 0. 05066 6. 32 0. 000
S = 1.103 R-Sq = 97. 0% R-Sq(adj) = 96.0%

Anal ysi s of Variance

Sour ce DF SS M5 F P
Regr essi on 3 356. 14 118. 71 97. 64 0. 000
Resi dual Error 9 10. 94 1.22

Tot al 12 367. 08

Sour ce DF Seq SS

Q N X1 1 258. 69

N+ X1 1 48. 87

QX1 1 48. 57
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Predicted Load

Figure 5.1: Comparison of predicted load versus measured load
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5.2 Torque Model Parameters Estimation using Levenberg Marquardt Algorithm

The torque model in equation 3.10 has several umknparameters, which need to be
identified for specific applications based on inrputput measurements from experiments.
However, the identification of these parametersgisatly simplified by grouping the

parameters into machine-dependent and processtioondependent sets. The former set of
parameters need to be identified only once fowvargextruder geometry, while the latter set

of parameters will, in general, vary dependinglmngrocess conditions.

Input-output measurements from experiments werd tsealculate the weight fraction of
polycarbonate (PC) in a partially filled sectionszirew ;) and in a fully filled section of
screw f,). As presented in figure 5.2, it seems that thgitefraction of PC in the partially
and the fully filled section of the screw immedigteecomes the same as the weight fraction

of PC at the inletx;) in any experiment.

Figure 5.2: Weight fraction of PC in feed composition, partially and fully filled section of
the extruder, day 1 of the second set of experimental runs
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Assuming x; = x; = x, and substitutingM, =A in equation 3.10, yields

T=a,+a; x M; x(a, + N)x; + azANx; (5.2)

As noted previously, the mass hold i, § in the partially filled section of the screw is
am, M;N

dt B

(3.6)

Rearranging the equation and taking the Laplacestoam of both sides of the equation

yields

S My (s) - M, 0) + M, (s)=Qs (52)
Solving forM, (s) yields

M;(s)=M,;(0)*s+Q)/(s*(sxB+ N))*B (5.3)
Taking the inverse Laplace transform to find theegal solution yields

Nt
((Ml(o)*N—BQ)e‘?wQ)
M, (t) = " (5.4)

Finally, substituting\; (t) in equation 5.1, the torque model leads to EqlB.this equation

M, (0) is the initial value oM, .

Nt
al*((Ml(o)*N—BQ)e‘FwQ)
T = (247 +

" * (a, + N)x; + azANx; (5.5
The Levenberg Marquardt Algorithm (LMA) was used é&stimation of A, B and;in the
torque modelThe Levenberg Marquardt Algorithm provides a solutio the problem of
minimizing a nonlinear function, over a space ofgpa@eters of the function. The LMA in
many cases finds a solution even if it starts ¥eryff the minimum. The LMA algorithm is
an iterative procedure in which initial guessestfa parameters have to be provided by the
user. In each iteration step, the parameter vest@placed by a new estimate and a damping
factor is adjusted at each iteration. If a retréb\step length or the reduction of sum of
squares to the latest parameter vector falls shgstedefined limits, the iteration is aborted

and the last parameter vector is considered tbdadlution [32].
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In this study, a Matlab M-file was written to estita parameters A, B ang in the torque
equation using the Levenberg Marquardt algorithiis ™M-file is attached in appendix C of
this thesis. An initial guess of all the parametsrsbtained through off-line least squares fit
using the measured input-output data. Various ftam day 1 and day 2 of the second set of
experimental runs were used to estimate torquengeas. Estimated parameters A, B and
a; in the torque model from multiple runs with vamsowperating conditions process
(different screw speed and feed rates) have beemmatized in Table of 5.5. We also
verified the accuracy of the estimated parametsnsguactual recorded input/output data
from the third set of experiments. Table 5.6 she@ssmated torque parameters using data
from the third set of experiments. It confirms tlprametersy; especially parameters
a,and a; depend on the particular process conditions, ey tthange depending on the
operating conditions process and need to be updadedy LMA. The parameters, B
depend on the specific screw and die geometry esmdthaariant once the extruder screw and
die geometry are fixed. Figure 5.3 shows the cormparof measured torque with the torque
predicted using the observed estimated parametes frepresentative run (run 2 ) from the

third set of experimental runs.
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Table 5.5: Summary of estimated parameters A, B and a; from multiple runs

(2nd set of experiments)

A B ag aq a; as Run #
12.9892 24.1669 90.0105 -0.00187 46.6106 0.002653 1.9
13.0134 24.1427 89.9866 0.003091 46.5863 -0.00744 1.1
13.0043 23.9957 89.9957 0.001505 46.5957 -0.00351 1.13
13.0021 23.8417 89.9979 0.000907 46.598 -0.00265 1.4
12.9957 24.0043 90.0043 -0.00029 46.6043 0.000211 2.4
12.9908 24.0596 90.0092 -0.00111 46.6092 0.002387 2.6
12.995 24.005 90.005 -0.0003 46.605 0.000562 2.9
Table 5.6: Verification of estimated parameters A, B and «; from multiple runs

(3" set of experiments)

A B ag aq a, as Run #
13.0101 24.146 89.9899 0.00178 46.5897 -0.00569 Run 1
12.9963 24.0037 90.0037 -0.00086 46.6037 0.000305 Run 2
13.0103 24.1458 89.9897 0.002199 46.5894 -0.00558 Run 3
13.0035 23.9965 89.9965 0.00077 46.5965 -0.00272 Run 6
12.9989 23.3761 90.0011 7.32E-05 46.6012 -0.00064 Run 8
13.0005 24.1557 89.9994 0.000331 46.5994 -0.00136 Run 9
12.9854 24.1707 90.0143 -0.00262 46.6143 0.004972 Run 10

47




Figure 5.3:
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5.3 Die Pressure Parameters Identification

The die pressure relation in equation 3.14 involveknown parameter; that need to be
identified from measured input-output data. Theammeters will in general vary, due to
variations in process conditions, raw materialsngosition, etc., and need to be identified

on-line.
DP = B1 Qo + B2 Qo Axg — B3Q0AQ0 — B4 QoAT (3.14)

One of the important features of this equatiorn# it relates changes in process inputs such
as feed rate, and materials composition to chaimgpeocess output such as die pressure. In
addition, the parameteys have a physical significance owing to their relaship to the
melt viscosity of the compound or equivalently thelt volume flow rate. This relation @f

with melt flow rate will be explained in chapteo6this thesis. Another important feature of
this equation is that it is linear with respecttie parameterg;. This linearity with respect to
parameters allows use of on-line recursive adaptatechniques. In this study for
identification of the parameters, we provided eatwiin to the system via variation in the
inputs (feed-rates and screw speed) and recorded cthrresponding die pressure
measurement with sampling frequency of 2 Hz asaxptl in section 4.2 of this thesis. In
this section, the method of recursive adaptation iftentification of the die pressure

parameters will be explained.

5.3.1 Recursive Parameter Estimation (RPE)

The method for computing online model parametecalied recursive parameter estimation

The general recursive identification algorithm igeqp by the following equation:
Bt = p(t-1) +K ()*[DP () - DP(®)] (5.6)

A(1) is the parameter estimate at tim®M(t) is the observed die pressure at tinaedDP(t)
is the prediction of DR) based on observations up to titae. The gainK (t), determines

how much the current prediction error [ - DP(t)] affects the update of the parameter
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estimate. The estimation algorithms minimize thedjiotion-error term [DRt) - DP(t)]. The
gain has the following general form:

K(®)=a ©*v (1) (5.7)

The specific form ofy(t) in the linearized die pressure model having ofttech the last two

termsis :
y(®)=[Q ®) @ MOAx®)]" (5.8)

In linear regression equations, the predicted dugpgiven by the following equation:

DP@®=y"(1)* B(t-1) (5.9)
The following set of equations summarizes Kadéman filter adaptation algorithm [33]:
B®)= A(t-1) +K (©*[DP (t) - DP())]
DP(H)=y"(®* A(t-1)
K () =a ()" (O

— P(t-1)
4 (t) Ry +PT (D) *P(t—1)*y(t)

_ P(t—l)*\y(t)*lj)T(t)*P(t—l)
P (1) =P (t1) R,- " B (5.10)

The Kalman filter algorithm is entirely specifiedy ihe sequence of data QR the
gradient)” (t) , Ry, Ry, and the initial conditiong3(t=0) (initial guess of the parameters) and
P(t=0) (covariance matrix that indicates paramesgersrs). In our approach, we adopted the
recursive least-squares formulation and to simplfe scaledR;, R,, and P(t=0) of the

original problem by the same value such fRaits equal to 1 an®; is equal to 0.
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In this work, the parameters to be recursively fifienl are denoted by3; = [;  B-]7. In
addition, y(t)=[Q (t) Q (t)Ax(t)]" denotes the coefficients of these parametersendth
pressure relation arfé(t) is the parameter covariance matrix. The covarianatix P (t) is
initialized with a pre-selected positive defini@variance matrix. For identification of the die
pressure model by the Kalman filter algorithm, aritlab file was written and is attached in

appendix C of this thesis.

5.3.2 Die Pressure Parameters Identification Results

Since real time estimation facilities were not &lae in our experiments, we applied
recursive parameter estimation to the data that wecorded using the data acquisition
system. In particular, the measured process injpeasl-rates and screw speed) are fed to the
model and its prediction for the die pressure isgared with the measurements to generate
the residual error. The recursive parameter capalr multiple runs with variations in raw
material and composition from nominal conditionsswasted off-line. The results of the
model predictions compared with the measurememtsdme representative runs are shown

in this section.
Figure 5.4 demonstrates the excitation in processliions. In this experiment, the total feed

rate and the polycarbonate feed rate have beeeaksm by 51 while screw speed has been

kept constant.
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Figure 5.4: Excitation in process conditions, Run 2-3, day 1 of the 2" set of experiments
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Figure 5.5 shows the die pressure changes in resgonthe changes in process conditions.
In this Figure, as polycarbonate feed rate decseis® melt viscosity decreases thereby
decreasing die pressure. Furthermore, as the femdl rate decreases, the outlet flow rate

decreases thereby decreasing die pressure.
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Figure 5.5 Die pressure measurements, Run 2-3, day 1 of the 2™ set of experiments
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Figure 5.6 shows good agreement between the desyne predictions of the extruder model
and the measurements obtained in these consecuthge During this experiment, the
parametersp; were adapted following the above recursive legsages method. As shown
in figure 5.5, the die pressure during this twosrisidecreased with decreasing feed rate of
PC. This is expected, since the lower PC compositauses a lower product viscosity and
hence lower die pressure. As shown in figure H:16,garameterg; adapted to match the
model predictions to the measurements and cagtareftect of the change in composition of
feed. The residual plot in the lower section ofifigg 5.6 does not show any irregular patterns.
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Figure 5.6: Comparison of measured and predicted die pressure,

Run 2-3, day 1 of the 2™ set of experiments
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Figure 5.7 shows the agreement between the disyreepredictions of the extruder model
and measurements obtained in experiment runs 6 7amoh day 1 of the " set of
experiments. During this experiment, the inpuS,(PBT feed-rates and screw speed) were
varied and the parametefs were adapted following the recursive least squanethod. The
die pressure during these two runs (Figure 5.#eesres with increasing feed rate of PC and
decreasing screw speed. This is expected, sinckigher PC composition implies a higher

product viscosity and hence higher die pressure.
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Figure 5.7: Comparison of measured and predicted die pressure, Run 6-7,

day 1 of the 2™ set of experiments
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As shown in the representative runs from day lhefd“ set of experimental runs, process
dependent parameters in die pressure relationgehdepending on changes in raw materials
and feed composition. In the presence of deviatibnsn nominal conditions, these

parameters will need to be adapted. The recurdieetification of the parameters seems to

capture very well the effects of changes in rawemak and/or composition on die pressure.
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Chapter 6

Melt Flow Rate Measurements and Fault Identification Results

In plastic compounding operations, product meltuwed flow rate (MVR) is one of the
guality characteristic that usually is measuredia# in a quality control lab on an extrusion
plastometer. For such a measurement, typicallygetavalue representing the desired value
of the quality characteristics for an in-controbgess, along with upper and lower control
limits, are specified. As long as the MVR measuneime within the control limits, the
sample is approved and the product is assumed &b tme specification. However, a point
outside of the control limits is interpreted asdevice that the product does not meet QA
requirements and would be rejected. Because oédn&nt discrete sampling, corrective
action is usually applied with delay thus resultingvasted material. The ability to monitor
product MVR on-line from output process variablaatdes quick quality control to maintain
products within specification limits and minimizeaste production. In section 6.1 through
6.4 of this chapter, a simple model was developethferential estimation of MVR from die
pressure model parameters and its validity wask&teasing experiments conducted on day
1 and day 2 of the"2set of experiments. In section 6.5, the usefulméshe die pressure

model for fault identification is demonstrated.

6.1 MVR Model

The parameterg; in the linear die pressure model [23] for twinesgrextruder have physical
meaning.

DP = B1 Qo + B2 Qo Axy — B3Q0AQ0 — BaQoAT (3.14)
Disregarding the shear rate and temperature effeicise these are fixed for the lab

measurements, leads to:

DP = 1 Qo + B2 Qo Axg (6.1)
In the above equatio; and 8, can be related to melt viscosity as:
Bi=kuy & Br=ku (3.15)
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In the above linear approximation for viscosjty, denotes the nominal viscosity at the
nominal operating point, while;; denotes the gradient of viscosity with respect to
composition. Viscosity has a reciprocal relatiopshiith melt flow rate (MVR), i.e., the
viscosity of the melt decreases with increasingtrielv rate and accordingly viscosity
increases with decreasing melt flow rate. Substiguteciprocal of melt flow rate instead of

viscosity leads to:

MVR = MVR, + MVR,(x, — Xg) where MVR, = ﬁi and MVR, = ﬁﬁ
2

1

(6.2)

In the above linear approximation for MVR/V R, denotes the nominal melt flow rate at the
nominal operating point, whil®VR, denote the gradient of melt flow rate with respgect
composition. In particular, as the raw materialde®d compositions change, melt flow rate

will change.

6.2 MVR Measurement Results

During day 1 and day 2 of th&2 set of experimental runs, polymer samples welleated

as a function of time. MVR for each sample was suead on an extrusion plastometer at
SABIC Innovative Plastics by the method describedhapter 4. Each MVR measurement
took approximately 20 minutes. The MVR measuremestlts are shown in tables 6.1 and
6.2. Runs 2, 11, and 12 show missing samples itediday” —".
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Table 6.1: MVR measurement results on QA lab for day 1 of the 2™ set of experiments

MVR measurements
Run | N Q X1 X2 Sampling time (min) intervals
(rom) | (Kg/hr) | (Wt% | (Wt%
PC PBT,
) ) 05 |1 15 |2 25 |3 35 |4 9 14 19

1 410 425 0.61 0.39 15.4 | 142 | 158 | 14.8 | 18.7 | 17.2 | 17.4 | 168 | 16.8 | 17.2 17.2
2 451 434 0.66 0.34 16.9 | 16.7 | 13.8 | 15.4 | 156 | 149 | 15.6 | 15.6 | 15 -~ 12.4
3 451 383 0.61 0.39 182 | 195 | 17.9 | 189 | 186 | 188 | 19.4 | 19.1 | 20 20.9 20.7
4 410 425 0.61 0.39 17.2 | 16.4 | 163 | 16.1 | 15.8 | 16.2 | 16.6 | 16.3 | 15.8 | 15.7 16.3
5 369 383 0.61 0.39 165 | 16.7 | 17 159 | 16.4 | 16.1 | 16.1 | 16.1 | 163 | 17.5 16.3
6 410 425 0.61 0.39 16.8 | 16.4 | 162 | 16.8 | 154 | 16 15.6 | 15.4 | 182 | 185 17.2
7 369 434 0.66 0.34 159 | 15.9 | 165 | 16 15 14.7 | 15 145 | 13.3 | 134 13.2
8 451 468 0.61 0.39 17.8 | 181 | 168 | 163 | 17.1 | 17 16.5 | 16.4 | 16.8 | 15.7 17.6
9 410 425 0.61 0.39 145 | 15.4 | 152 | 15.8 | 158 | 16.2 | 13.9 | 163 | 17.4 | 16.8 17.1
10 451 416 0.56 0.44 206 | 21.3 | 216 | 207 | 21 20.6 | 21.8 | 224 | 21 20.3 21.4
11 410 468 0.61 0.39 153 | 15.7 | 166 | 163 | 19.8 | 16.4 | 156 | 152 | 15.2 | - -~
12 369 416 0.56 0.44 16.9 | 16 166 | 16.4 | 169 | 169 | 17.3 | 17.2 | 17.4 | - -~
13 410 425 0.61 0.39 16.8 | 17.2 | 168 | 17.1 | 176 | 17.8 | 183 | 174 | 17.4 | 18 17.7
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Table 6.2: MVR measurement results on QA lab for day 2 of the 2™ set of experiments

MVR measurements
X1

Run | N Q (Wi | x2 Sampling time (min) intervals

(rom | (Kg/hr) | pc) Wt%

) PBT) | 0.5 | 1 1.5 | 2 25 |3 35 |4 6 8 10 | 15
1 410 425 0.61 039 | 162 17.7| 187] 182 18y 2055 194 180 168 18.%.3] 186
2 451 456 0.63 034 | 17.4]| 156| 184 17.0 199 201 190 190 2p4 19.®.7% 195
3 451 383 0.61 039 | 21.7] 23.0| 234 263 26.p 255 245 250 248 d4.F4) 238
4 410 425 0.61 039 | 185| 19.1| 190 181 186 188 188 19.1 102 19.®.1% 19.2
5 369 383 0.61 039 | 179 195| 189 19.0 187 188 191 20.0 1B.2 19.®5] 17.9
6 410 425 0.61 039 | 16.7| 18.2| 19.0 188 193 198 186 189 10.3 19.D.4] 198
7 390 434 0.66 034 | 179 16.9| 165 18 175 1755 175 162 169 17641} 17.3
8 451 468 0.61 039 | 205]| 205| 204/ 20.6 209 201 203 205 20p.9 204.0% 20.1
9 410 425 0.61 039 | 19.2| 19.3| 196 18.4 19.4 203 193 205 20p.2 20.2.2% 203
10 451 416 0.56 044 | 258| 2501 253 25.0 25.p 249 259 250 259 d4.6.72 26.4
11 451 468 0.61 039 | 195| 205| 206 21.0 209 2009 200 230 19.8 20.0.52 20.4
12 369 416 0.56 044 [ 205]| 20.2] 203 19.8 204 201 2145 20.8 107 19.®51 205
13 410 425 0.61 039 | 18.3| 19.6] 200 200 =200 203 209 206 211 d1.@22 208
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Some MVR measurements are randomly repeated toutentipe variability of measurements. This
variability will give an indication of the randonmrer in the measurements (e.g., due to variahitity
the measurement instrument), because the replicaltedrvations are measured under identical

conditions. Results of measurements variabilityansirown in tables 6.3 and 6.4.

Table 6.3: MVR measurements variability for day 1 experiments

Run 1" MVR measurement 2" MVR measurement
1.1.11% 17.05 17.35
1.5.11 15.96 16.69
1.10.11 20.27 22.56
1.13.11 17.7 17.76

1.1.11* means sample number 11 that was colleatedgirun number lof day 1

Table6.4: MVR measurementsvariability for day 2 experiments

Run 1* MVR measurement 2" MVR measurement
2.1.11* 15.38 14.26
2.2.11 20.7 19.78
2.3.11 254 24.52
2411 20.12 20.25
2.5.11 19.58 20.03
2.6.11 19.44 19.38
2.7.11 16.48 16.64
2.8.11 21.04 20.89
2.9.11 21.22 20.56
2.0.11 25.76 25.91
2.11.11 20.5 20.78
2.12.11 19.55 19.32
2.13.11 20.21 19.96

2.1.11* means sample number 11 that was colleaiedglirun number one of day 2
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It is typical in multisampling studies to pool thesample variance to arrive at a single
estimate of the standard deviation associated regponses derived from all r samples. If r

numerical samples of respective sige, n, ,...,n, produce sample varianceg? , S,” ...,

S,? ,the pooled sample variance,? , is [34]:

g 2= (=D 4= DSy 4+ (np—D)esy”
p (1 =1+ (=14 +(n,—1)

The pooled sample standard deviatifyyjs the square root ciifp2 . In MVR measurement

data, each ot, , n, ,...,n, is 2. Using the above equation:

g 2= (2=1)%812+(2=1)*Sp 2+ +(2—-1)*S;% _ 0.045+0.26645+2.62205+0.0018
p @2-1)+2-1)+-+(2-1) 4

=0.733

And thus $,=v0.733 =0.856

We repeated the same calculation for MVR measun&snfeom day 2 experiments and a
standard deviation of 0.38221 was obtained. It khbe noted thas, here represents the
contribution to the overall measurement error vamacoming from the MVR measuring
device. These pooled standard deviations for bals @f the experiments are small and can

be ignored.

6.3 Estimation of Parameter K in MVR Model

As shown in chapter 3 of this thesis, equation 3ré&tes pressure drop [23] to the
volumetric flow rate, viscosity of melt and geonystif die as:
DP = KQou (3.12)
In the above die pressure mod@), is the flow rate of the product through the dietgla
Substituting the reciprocal of melt flow volumeeaatstead of viscosity leads to:
DP = KQ,/MVR (6.3)
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At steady state, K (machine/die/product grade deeen calibration parameter) can be
calculated by equation 6.4:

K =DP*MVR /Q (6.4)
The last column of Table 6.5 shows the value ofikamed from the runs conducted on day
2 of the 2° set of experiments. The validity of the estirdatalue of K was checked by
using the average value of K to predict MVR valt@sthe experiments conducted in tHé 3
set of experiments. Table 6.7 represents outpthisfcalculation. The results showed that
the MVR model validates very well against the meaduUMVR data. Figure 6.1 shows the
comparison of the measured and predicted MVR us#f3.327.
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Table 6.5: Estimation of K from steady state variables

Run# | Q(KG/hr) | N X1 Die Diameter | MVR |DP | K = DP ~ MVR /Q
(rpm) | %wt PC | (mm)

2.1 425 410 0.61 | 3 19 | 703 31.44
2.2 434 451 0.63 |3 20.24 | 676 31.54
2.3 383 451 0.61 | 3 2496 | 519 33.87
2.4 425 410 0.61 | 3 20.19 | 683 3248
2.5 383 369 0.61 | 3 19.81 | 677 35.06
2.6 425 410 0.61 | 3 19.41 | 689 31.48
2.7 434 390 0.66 | 3 16.56 | 741 28.28
2.8 468 451 0.61 | 3 2097 | 674 30.23
2.9 425 410 0.61 | 3 20.89 | 666 32.75
2.1 416 451 0.56 | 3 25.84 | 559 34.72
2.11 468 451 0.61 | 3 20.64 | 680 30.00
2.12 416 369 0.56 | 3 19.44 | 732 34.21
2.13 425 410 0.61 | 3 20.09 | 665 31.45

Table 6.6: Basic Statistics for parameter K

Vari abl e N Mean St Dev
K 13 32.121 1. 996
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Table 6.7: Estimation of MVR using K= 33.327 from 3" set of experiments

Run Q N X1 MR (reasured) DP MWR=K* Q DP
1 425 410 0.61 19.88 761 18. 61
2 425 410 0.61 20.36 776 18. 25
3 425 410 0.61 19.22 807 17.55
4 425 410 0.61 19.69 776 18. 25
5 425 410 0.61 20.87 772 18. 34
6 425 410 0.61 19.21 772 18. 34
7 425 410 0.61 18.71 780 18. 15
8 425 410 0.61 19.25 776 18. 25
9 425 410 0.61 18.01 799 17.72

Figure 6.1: Comparison of measured and predicted MVR using data from 3™ set of experiments
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6.4 Inferential Estimation of MVR

As shown in equation 6.2, MVR can be inferentiadigtimated using the die pressure
parameterg; andpg; . In this section, we will show the comparison lod tmelt volume flow
rate estimates with the lab MVR measurements ofpsesrcollected at multiple conditions

with different compositions during each run.

Figure 6.2 shows the MVR estimation results usiggation 6.2 for day 1 of the"®set of
experiments. During these experiments one of thiealhas perturbed was the polycarbonate
(PC) composition which was increased and decref&eed the nominal compositions as
explained in chapter 4. The overall estimation ltesseem promising. Two samples show
poor fit. Run number 2 corresponds to very high d@tent and thus low MVR. Run 10
corresponds to very low PC content and thus highRMVhese samples correspond to the
maximum deviation from the nominal composition #nel linear approximation for MVR as
a function of composition used in the die pressuomslel becomes inaccurate under these
extreme deviations, thus leading to larger erradiAg higher order nonlinear terms in the
dependence of MVR on composition of PC may decrdiaiseerror under these extreme
composition limits but it makes the model compkchfor identification of parameters using

the recursive method.

Figure 6.3 shows the MVR estimation results usimga¢ion 6.2 for runs two and three from
day 1 of the #' set of experiments with nominal raw materialgl Aigher composition of

PC. The estimation results shown by star are cosdpavith the corresponding lab
measurements of samples collected during intemagésch run. The lower graph in Figure

6.3 also shows the predicted and measured dieupess the same runs.
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Figure 6.2: Comparison of predicted &measured MVR, day 1 of the 2" set of experiments
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Figure 6.3 Comparison of predicted and measured MVR and Die Pressure, Run 2-3 (Day 1)
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Figure 6.4 shows the MVR estimation results founsr12 and 13 of day 2 of th&’2et of
experiments with nominal raw materials and high€r dmposition. The lower graph in
Figure 6.4 also shows the residuals predicted amaisored MVR for same runs. Figure 6.5
also shows the MVR estimation results for runs @-day 2 of the ¥ set of experiments
with nominal raw materials and higher PC compositidgain the lower graph in Figure 6.5

shows the residual predicted and measured MVRhiosaime runs.

As shown in these representative runs, the parasgie in die pressure model have a
physical significance owing to their relationshgpthe melt flow rate. These parameters in
die pressure can be estimated using recursive agapttechniques and can be used for
monitoring the quality (MVR) of PC/PBT blends.
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Figure 6.4: Comparison of Predicted &Measured MVR, Run 12-13,

day 2 of the 2™ set of experiments
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Figure 6.5: Comparison of MVR, Run 6-7, day 2 of 2" set of experiments
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6.5 Fault Identification using the Die Pressure Parameters

The manufacturing process must be capable of apgratith little variability around the
target or nominal value. In any production procassertain amount of inherent variability
will always exist. Other kinds of variability ané@uit in MVR usually arise from three
sources: machine malfunctions, operator errorsmaterial fluctuations. Among these
possible sources of faults, the major ones thacafproduct quality are associated with
variations in raw material and feeder variationotivated by this, we will focus on the
detection of raw material and feeder variation,ngsiavailable simulated off-line
measurements from days 1 and 2 of th&s2t of experimental runs. In this section, the
problem of fault identification because of variatim raw materials will be addressed for the
compounding of PC/PBT on a twin screw extruder (J $i8ing the developed modeling and

adaptation methods which are described in the pusvsections of this thesis.

6.5.1 Fault Identification Results

A major objective of process control for compourgdof PC/PBT on a TSE is to quickly
detect the occurrence of faults. After identifioatiof this fault, corrective action can be
undertaken to eliminate the fault. This quick idicdtion of a fault and a corrective action
in successive stages will reduce significantly moricrming products. Fault identification
methods for the extruder using the developed moedealnd adaptation methods described in
the previous sections will only detect faults. Addaional step of subsequent corrective

action will be necessary to eliminate the cause.

As explained in chapter 4 of this thesis, multipbperiments with different raw materials
were conducted over two days to test the performafiche fault diagnostics. In particular,
the PC or PBT feed-rates and screw speed weredvarteen, the off-line simulations of
recursive parameter identification were performadaotual recorded input/output data from

the experiments.
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Here, some representative runs are shown. Morefrans 2nd and % set of experiments
have been presented in appendix B of this thesiall these figures from representative runs,
we consider the scenario of starting with nominaration, and then a fault (PC changed
from nominal to lower or higher polycarbonate comifion) is introduced and the die
pressure increase or decrease significantly aseqoesit of change in input variable such as
feed-rates and screw speed. As shown in all oktleasitations, the fault is detected and the

model parameters are updated using the recursaattbn method.

Fault detection can be achieved by monitoring #sdual error between the measured die
pressure and the model prediction (or accordingly rbonitoring the die pressure
parameters). Figure 6.6 shows the sequence ofdaalirrence, detection and identification
in the representative runs 7 and 8 of day 1 exmim Details of these two runs are
summarized in Table 6.8. As shown in figure 6.6,amasider the scenario of starting with
nominal operation, and then a fault (as shown byvwain Figure 6.6) occurs — a change in

composition of PC from nominal (X=0.66) to lower{X61) composition.

Under nominal conditions, the measured value ferpdessure matches well with the model
prediction using the nominal parameters. Howevéer dhe fault, i.e. the transition from
nominal (X= 0.66) raw materials to a lower PC (X1, the product viscosity drops.
Accordingly the die pressure drops significanthhisl leads to a mismatch between the
measured die pressure and the model predictioauh, fi.e., variation in the feed-rates and
screw speed was detected by this residual erroveleet the measured die pressure and the
nominal model prediction. The detection of a fanitiates the fault identification. In this
identification phase, the model parameters areteddasing the simulated off-line recursive
adaptation method. Finally, the new adapted paenseite. betalpy) and beta2f, ) (or
equivalently MVR, andMVR, ), are compared with the nominal values and iflerhie
specific fault. The lower two plots in Figure 6l6osv the plots of the two parameters beta 1
and beta Z2The parameters betahd beta2, or equivalentd VR, andMVR, converge to a

value lower than that for nominal conditions.
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By monitoring these parameters, a fault can betifikth. An appropriate corrective action
such as returning raw material feeders speedsrtonab conditions can be taken to bring the

process back on-spec, and prevent production aeveasnpounds of PC/PBT.
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Figure 6.6: Fault Identification using die pressure parameters, Run 7-8, day 1
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Table 6.8: Summary of excitation, Run 7-8 from day 1 of the 2" set of experiments

Run number N (rpm) Q (kg/hr) Xpc (wt %) Xppr (Wt %)
7 369 434 0.66 0.34
8 451 468 0.61 0.39
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We also used data from day 2 experiments to valitatlt detection by monitoring the die
pressure parameters. Again an excitation (as shgvarrow in Figure 6.7) to the system was
made by variation in the inputs (feed rates an@vwscspeed) and the corresponding die
pressure measurements were recorded. Details s #vecitations are summarized in table
6.9 and also in the lower parts of Figure 6.7. Tehdt detection is achieved by monitoring
the die pressure parameters and the residual eetereen measured die pressure and the
model prediction. The upper plot of Figure 6.7 shoecorded die pressure and predicted die
pressure by the recursive parameter estimationadethd the sequence of fault occurrence,
detection and identification in a representative 10 and 11 of day 2 experiments. Again,
under nominal conditions, the measured value ferpidessure matches well with the model
prediction using nominal parameters. However, aftex fault, i.e. the transition from
nominal (X= 0.56) raw materials to a higher PC (640, the die pressure drops. This leads
to a mismatch (as shown by arrow in Figure 6.7)vbeh the measured die pressure and the
model prediction. A fault, i.e., variation in theeld-rates and screw speed detected by this
residual error between the measured die pressuaréhannominal model prediction and the
model parameters are updated using the simulafdthefrecursive adaptation. The second
plot in Figure 6.7 shows the betal and beta2 pamsi€he parameters betaahd beta 2
converge to a value higher than that for nominaldaions. Finally, comparing the new
adapted parameters, i.e. bet#l)@nd beta2 £, ) with the nominal values identifies the

specific fault.

Another representative run from day 2 experimestshiown in Figure 6.8 in which the
inputs (feed rates and screw speed) were varied @mdesponding die pressure
measurements were recorded. Details of these #®o#an inputs are summarized in table
6.10 and also in lower parts of Figure 6.8. As smamvthis Figure, the fault is detected by
monitoring the die pressure parameters and the hpatameters are updated using the

recursive adaptation.
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Figure 6.7: Fault Identification using Die pressure parameters, Run 10-11, day 2
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Table 6.9: Summary of excitation, Run 10-11 from day 2 of the 2" set of experiments

Run # (Apr12) Q (kg/hr) N (rpm) X,PC Average DP
10 416 451 0.56 560
11 468 451 0.61 680
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Figure 6.8: Fault Identification using Die pressure parameters, Run 6-7, day 2
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Table 6.10: Excitation to input variables (Q, N), Run 6, 7, day 2

Run # (Apr12) Q (kg/hr) N (rpm) X,PC Average DP
6 425 410 0.61 680
7 434 390 0.66 740
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Chapter 7

Conclusions and Recommendations

The purpose of this study was to examine the comgiog operation of PC/PBT blend on
twin screw extruder and to develop a methodology tlan be applied on-line for monitoring
properties of blend on the industrial compoundipgration and decrease waste products and
have consistent quality product. To achieve thégectives, the model developed by Kumar
et al. [23, 24] was examined and adapted for oupgae and verified through designed
experiments. The results showed that the modet&aability of identifying fault in polymer
compounding operation on the twin screw extruderefplained and described in chapter 6,
this model has ability to monitor product MVR ondifrom output process variables such as
die pressure which enables quick quality controm@intain products within specification
limits and minimize waste production. This not ordjfows great reduction in waste
materials and energy but also could maintain custasatisfied through consistent quality of
polymer compounds.

Parameters for the torque and the die pressuteeitwin screw extruders flow model have
unknown parameters that depend on the specificuéatr geometry and the product
application. As demonstrated in Chapter 5, MatlaHil& programs were developed and
adapted to identify theses unknown parameters froeasured Input/output data using
Levenberg Marquardt Algorithm (LMA) and Recursivear@meter Estimation (RSE)
algorithm. All the algorithms developed in this waran be verified and implemented in
compounding operations for process control purpdsault identification and MVR
estimation capability of this model were demonstlabn experiments performed on a 58
mm co-rotating twin-screw extruder for an indust@@mpounding operation. Chapter 6
summarized the approach for inferential adaptiverod of MVR using the flow model. The
linearized model for MVR predicts MVR using outpprtocess data such as die pressure
parameters with applying adaptive identificationparameters. This on-line estimation of

MVR in comparison to discrete lab measurementsahsignificant advantage for continues
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quality control and improvement of product. It walso shown only using die pressure
parameters it is possible to identify fault ancenehtially estimate MVR.

Although, the methodology developed was for complaum of PC/PBT, it can be extended
for any compounds on twin screw extruder only bydentification of product dependent

parameters in the model.

7.1 Recommendations for Future Work

In this project, all the results are based on sateul offline data, which were analyzed using
Matlab. It seems more work is needed to be donengdement this methodology for real

time polymer compounding operation. Demonstratqur@h during this study can be used
only for fault identification (i.e., capturing thdend composition changes and variations in
incoming raw material). A subsequent appropriateemtive action such as returning raw
material feeders speeds to nominal condition shbeldaken to bring the process back on-
spec, and prevent production of waste compoundsdol'so, some work has to be done to
develop and implement a closed-loop system thagmates all fault identification and

corrective action i.e., to monitor viscosity or MMRRth die pressure model parameters, to
identify faults, and initiate corrective action bugs re-fixing the raw material feeder speeds
to bring the quality of polymer compounds back pres It seems possible to develop a
commercialization plan to apply the research restdt typical polymer compounding

operation lines which in turn can save lots of ggematerials and services.
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Appendix A

Central Composite Design Results

In the first set of experiment conducted at the &ABinovative Plastics plant, the primary
objective was to understand the compounding proocEBC/PBT on a twin screw extruder.
To address this, we used central composite degignoverview of this response surface
methodology (RSM), experimental set up and mateisald were explained in chapter 4 of
this thesis. The independent variables were thaedigerature, the feed rate, and the screw
Speed (rpm). The dependent variables examined daclthe load, specific energy
consumption (SEC), melt temperature, melt flow eatd impact strength. In this Appendix,
the correlations of the dependent variables wiéhitldependent variables are evaluated with
the Minitab statistical analysis packagée correlations among several of the dependent

variables are also evaluated and explained.

A.1 Experiments Results

Practically die temperature could not been maiethias per set points , so it was taken as
response , Table A.1 presents summary of desighremponse where Q is feed rate (Kg/hr) ,
N is screw speed(rpm) , SEC is specific energy woypdion , MVR is average of melt flow
rate ¢m3/10min) from 5 replicates at each run and T is die teatpee. All experiment
runs could not be made under homogeneous conditmals time. Since each start up
potentially may has effect on response, blockingho@d was applied for reducing the
background noise in the experiment. The blocksolar experimental runs have shown in
table A.2. In this table block 1, was run on mogjihlock 2 run afternoons and accordingly

block 3 runs at evening of same day.
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Table A.1: Variables and responses of the CCD design

Run Q N T %Load SEC MVR Impact
1 400 410 292 82 | 0.213205 30.49 14.98
2 450 450 290 85 | 0.215284 29.91 14.63
3 400 343 285 93 | 0.202221 26.57 14.72
4 400 477 293 77 | 0.231244 36.37 13.24
5 400 410 290 84 | 0.218651 31.04 14.81
6 450 400 291 95 | 0.214979 26.9 14.61
7 350 450 291 71 | 0.232154 39.87 12.95
8 350 370 286 81 | 0.216795 30.73 13.64
9 400 410 289 84 | 0.217297 31.38 13.46
10 350 370 300 80 | 0.215531 31.18 13.78
11 484 420 295 97 | 0.211648 27.62 15.40
12 400 410 290 84 | 0.218001 29.18 15.73
13 400 410 289 83 | 0.216907 31.19 15.42
14 450 400 290 94 | 0.212746 28.03 15.53
15 450 450 294 87 | 0.22014 30.11 12.85
16 350 450 293 71| 0.23034 40.14 12.38
17 400 410 291 84 | 0.216887 32.01 14.66
18 316 410 291 68 | 0.212876 40.63 12.92
19 400 410 305 82 | 0.214167 32.76 14.11
20 400 410 296 82 | 0.212977 29.05 14.67
Table A.2: The block design
Block 1 Block 2 Block 3
Runs: Runs: Runs:
4,5,6,7,8,9 10,11,12,13,14,15,16,17,18 1,2,3,19,20
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A.2 Power Consumption

The first characteristic determined was the fedd, racrew speed and load relationship.
Figure A.1 shows the relationship between loadcwspeed and throughput for the all 20
runs. All lines are almost straight. Load on a atating extruder is determined from torque.
In figure A.1, moving sequentially along the pafisteepest decent, that is, in the direction
of increase in throughput and decrease in screedspead increases steadily.

The nature of this curve depends on machine gegnwierating conditions, and material
properties. Table A.3 shows response surface regigresf load versus throughput and screw
speed. The Model for load gives good fit with reiidy of 98.8%. Analysis of variance
(lower portion of Table A.3) for load indicates tHaed rate and screw speed significantly
affect the load. Lack of fit test was used to ch#dek adequacy of the straight line model.
Since, P- value for lack of fit not small, theren indication of a lack of fit.
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Figure A.1: Control Plot of motor load versus feed rate (kg/hr) and screw speed (rpm)
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Table A.3 Response Surface Regression: Load versus Q, N
The anal ysis was done using uncoded units.
Esti nat ed Regression Coefficients for Load
Term Coef SE Coef T P
Const ant 68. 7234 3. 04794 22.547 0.000
Bl ock 1 1. 0462 0. 29477 3.549 0.003
Bl ock 2 0. 0334 0. 26157 0.128 0.900
Q 0.1751 0. 00486 36.011 0.000
N -0. 1344 0. 00661 -20.327 0.000
S = 0.8705 R-Sq = 99. 0% R-Sq(adj) = 98.8
Anal ysis of Variance for Load
Sour ce DF Seq SS Adj SS Adj MS F
Bl ocks 2 26. 68 11. 47 5.734 7.57
Regr essi on 2 1127. 29 1127. 29 563. 647 743.85
Li near 2 1127. 29 1127. 29 563. 647 743.85
Resi dual Error 15 11. 37 11. 37 0. 758
Lack-of - Fi t 13 11. 31 11.31 0.870 32.21
Pure Error 2 0. 05 0. 05 0. 027
Tot al 19 1165. 34
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SEC is an important process parameter in any typeniging. The specific energy
consumption (SEC) which represents the amount efgynrequired per unit mass of material
can be derived by dividing load by the throughpuhit of SEC is Kw.h/kg. SEC is a
measure of the total deformation that the matéiekposed during the extrusion process and
the stress that is required to bring about thismhedtion [25]. Contour plot and surface plot
of SEC versus feed rate and screw speed are shgue #.2 and figure A.3. The Model for
SEC gives good fit with reliability of 87.1. Analgsof variance (Table 4.5) indicates that

feed rate and screw speed significantly affeciSEE.

In design region, all contour lines have straighéd with SEC increasing sharply at low
throughputs. As shown in plots, the lowest valuSEBC can be obtained at high throughputs
and low screw speed. The mechanical energy isftnaned in the extruder into heat by
frictional and viscous heat generation. Thus, tighdr the SEC the higher will be the

temperature rise of the material.
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Figure A.2: Control Plot of SEC versus feed rate (kg/hr) and screw speed (rpm)
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Figure A.3: Surface Plot of SEC versus feed rate (kg/hr) and screw speed (rpm)
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Table A.5 Response Surface Regression: SEC versus Q, N

The anal ysis was done using uncoded units.
Esti nat ed Regression Coefficients for SEC

Term Coef SE Coef T P
Const ant 0.170296 0. 010041 16.960 0.000
Bl ock 1 0. 003305 0. 000971 3.403 0.004
Bl ock 2 0. 000045 0. 000862 0.052 0.959
Q - 0. 000059 0. 000016 -3.667 0.002
N 0. 000170 0. 000022 7.799 0.000

S = 0.002868 R-Sg = 87.1% R-Sg(adj) = 83.6%

Anal ysis of Variance for SEC

Sour ce DF Seq SS Adj SS Adj MS F P
Bl ocks 2 0.000288 0. 000113 0.000056 6.84 0.008
Regr essi on 2 0.000542 0. 000542 0.000271 32.93 0.000
Li near 2 0.000542 0. 000542 0.000271 32.93 0.000
Resi dual Error 15 0.000123 0. 000123 0. 000008
Lack-of -Fi t 13 0.000123 0. 000123 0.000009 29.20 0.034
Pure Error 2 0.000001 0. 000001 0. 000000
Tot al 19  0.000953

Figure A.4 shows the Xbar chart for MVR versus Rumber .The upper and lower control
limits for Xbar chart were set as per the SABICdwative Plastics quality control spec. This
chart monitors both the mean value of the MVR asdvariability. Examining Xbar chart

indicates that run numbers 7, 16 and 18 are owdraje. These run are in low level of feed
rate and high level of screw speed. At low throughfhere must be a significant increase in
resident time .Furthermore, SEC increasing shaplgw throughputs and high screw speed
so material are stayed longer in extruder and expmsnore energy which in turns results in

decrease of viscosity and increase of MVR.

Figure A.5 shows comparisons of Load with recipta¢aMelt flow rate for 20 experimental

runs. As shown, in this figure, MVR are closely retated with reciprocal of Load. Least
square method was used to find relation between MMR Load as shown in Table A.6.
From examining this model, one can see that witttemsing Load, MVR decreases. As

explained above the load are also affected by geicg conditions such as feed rate and

89



screw speed. That is, with increase in throughpdt@ecrease in screw speed thus increase
in Q/N, load increases steadily. An increase ird ladnich is resulted from more shear and

stress causes a decrease in viscosity of blendacmodding an increase in MVR.

Table A.6 Regression Analysis: MVR versus Load

The regression equation is MR = 73.1 - 0.497 Load

Pr edi ct or Coef SE Coef T P
Const ant 73.103 4. 300 17. 00 0. 000
Load - 0. 49654 0. 05143 -9.66 0. 000
S = 1.756 R-Sq = 83.8% R-Sq(adj) = 82.9%

Figure A.4: Control Chart for MVR
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Figure A.5: Comparison of 1/MVR with motor load
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A.3 Optimization of Multiple Responses

In our experimental runs MVR and impact were measas responses. First , an appropriate
response surface for melt volume rate were builihastion of process variables Q , and N.
then it was repeated for impact strength . Forathaysis of these responses simultaneously
and finding the set of operating conditions thageethese responses in desired ranges, these
response surface were overlaid. Details of theselteewill be shown and discussed in this
section.

As regression analysis shows (Table A. 7) the fiel rate depends on the feed rate and
screw speed and it can be concluded that Q andligmificantly affect MVR. A multiple

regression model that might describes this relason
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MVR = 28.8 - 0.0812 *Q + 0.0856* Ne+

By assuming the expected value of error as zeexg@hression model can be shown as

E (MVR) =28.8-0.0812 Q + 0.0856 N

Parameters df; = —0.0812 andb, = 0.0856 measures the expected change in melt flow
rate per unit change in N when Q is held constadtse versa. Figure A.6 shows a contour
plot of the regression model —that is, lines ofstant E(Y) as a function of Q and N .The

contour lines in this plot seems straight lines.

Same procedures were repeated for impact streAgthregression analysis shows (Table
A.8) the impact strength depends on the feed ratd screw speed. Accordingly the
regression model for impact strength can be sh@wvn a

E (Impact) = 14.6 + 0.0150 Q - 0.0153 N

Parameters ob; = —0.015 andb, = 0.0153 measures the expected change in impact
strength per unit change in N when Q is held contisdad vise versa. Figure A.7 shows a

contour plot of the regression model with the cantmes of straight.
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Table A.7 Regression Analysis: MVR versus Q, N

Pr edi ct or Coef SE Coef T
Const ant 28. 810 4,994 5.77
Q -0. 081185 0.007826 -10. 37
N 0. 08564 0. 01060 8. 08
S = 1.429 R Sq = 89.9% R- Sq( adj )

p

0. 000
0. 000
0. 000

= 88.7%

Figure A.6: Control Plot of MVR versus feed rate (kg/hr) and screw speed (rpm)
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Table A.8 Regression Analysis: impact versus Q, N

The regression equation is

Pr edi ct or Coef SE Coef T P
Const ant 14. 551 2.563 5.68 0. 000
Q 0. 014963 0.004017 3.73 0.002
N - 0. 015260 0. 005440 -2.81 0.012
S = 0.7334 R Sq = 52.8% R-Sq(adj) = 47.2%

Figure A.7: Control Plot of Impact versus feed rate (kg/hr) and screw speed (rpm)

- = — 134
/ e . 144
D N p—— 15.4
450 — // //” —— 164
o -
z / ,/'// 7
400 — / e 7
/ /// ,"/
’// -
/// -
//. -
350 — e -~
- e
[ [ [ [
320 370 420 470
Q

94



One of the general methods for optimization of ipldtresponses is using overlaid contour
plots [28] for each response when there are ofdyvgorocess variables. In this technique, by
setting processing variables boundaries, it isipesso examine feasible area that will result
in product with desired quality characteristicgglfe A.8 shows an overlay plot for the three
responses with contours for melt flow rate, impstgength and load. These boundaries
represent typical important conditions that mustnbet by the compounding process for
production of typical product quality constrains MVR (25.5, 37.5) and impact strength
(12, 30) for special grades of compound. As shomrfigure A.8, there are a number of
combinations of process variables i.e. Q and N wikhitresults in satisfactory process. We

can visually examine the feasible area which has lseown by white area.

Another useful approach to optimization of multiplesponses is to use the technique
popularized by Derringer and Suich [35] using dasiity functions. The general approach is
to first convert each respongg into an individual desirability functiod; that changes over
the range d (0 1). If the responges at its goal or target, thef) = 1 and if the response is
outside an acceptable regidn= 0. Then the design variables are choosen to maxitheze
overall desirability. The overall desirability iset product of individual desirability function

and can be calculated by

D =(d;.d; ... ... dm)l/m Where there are m responses

We might formulate the problem as we get to tacdetMVR =28 and impact=15.5, Where
process constrains are Q (316, 484) and N (343, 4¥iinitab software solves this version
of problem using a direct search procedure as showrable A.9. Desirability function for

melt flow is 0.98 and for impact strength is 0.86®I the overall desirability is:

D = 3/0.98%0.853 = 0.92

This solution is in feasible region of the desigmace and near to the boundary of the
constraints. These plots can be used to set progessndition (N, Q) for achieving
characteristic quality properties (MVR, Impact styéh). In typical compounding process,
this technique can be used to reduce significairtlg needed to reach optimal setting of

process variables.
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Figure A.8: Overlaid Plot
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Table A.9 Response Optimization
Paranet ers
Goal Lower Tar get Upper Wi ght

MWR Tar get 25.5 28.0 37.5 1
i mpact Tar get 12.0 15.5 40.0 1
Starting Point
Q = 400
N = 400
d obal Sol ution
Q = 420.709
N = 391.572
Pr edi ct ed Responses
MWR = 28.1262, desirability = 0.98672
i mpact = 14.9879, desirability = 0.85367

Conposite Desirability = 0.91779
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Appendix B

Experimental Figures

B.1 Day 1 of the 2" set of Experimental Runs

Q1 (kg/hr)

N(rpm)

Q (kgrhr)

Figure B1: Changes in input variables of day 1 Experiments
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Figure B.2: Output Variables of day 1 Experiments
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Figure B.3: Comparison of predicted and measured Die Pressure, Run 1-2, day 1
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Die Pressure

Figure B.4: Comparison of predicted and measured Die Pressure, Run 6-7, day 1
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Figure B.5: Comparison of predicted and measured Die Pressure, Run 7-8, day 1
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Figure B.6: Comparison of predicted and measured Die Pressure, Run 9-10, day 1
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Figure B.7: Comparison of predicted and measured Die Pressure,

Run 10-11, day1l
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Figure B.8: Comparison of predicted and measured Die Pressure, Run 11-12, day 1
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B.2 Day 2 of the 2" Set of Experimental Runs

Q(PC)

N(rpm)

Q (kg/hr)

FigureB.9: Changesin input variables of day 2 experiments

300 T T T T T T
250 -
Feeder 1 (kg/hr) ’

200 L L L
500 0 20 40 60 80 100 120 140 160 180 200 220
450 - Vo -
400 -
350 [ L [ L L [ L [ [ L

0 20 40 60 80 100 120 140 160 180 200 220
500
450 -

— L —

400 - -
350 [ [ [ [ [ [ [ [ [ [

0 20 40 60 80 100 120 140 160 180 200 220

Time (min)

105



QIN

% Load

DP(psi)

Figure B.10: Output variables of day 2 Experiments
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Figure B.11: Comparison of predicted and measured Die Pressure, Run 6-7, Day 2
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Figure B.12: Comparison of predicted and measured Die Pressure, Run 7-8, day 2
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Figure B13: Comparison of predicted and measured Die Pressure, Run 9-10, day 2
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Figure B14: Comparison of predicted and measured Die Pressure, Run 10-11, day 2
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Figure B.15: Comparison of predicted and measured Die Pressure, Run 11-12, day 2
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B.3 3rd Set of Experimental Runs
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Figure B.16: Comparison of predicted and measured Die Pressure, Run 1-2
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FigureB.17: Comparison of predicted and measur ed Die Pressure, Run 3-4,

3% Set of Experiments
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Figur e B18: Comparison of predicted and measur ed Die Pressure, Run 6-7,
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Betal

Figure B19: Comparison of predicted and measured Die Pressure, Run 7-8 ,
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Figur e B20: Comparison of predicted and measured Die Pressure, Run 8-9,
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Appendix C
Matlab M-Files

C.1 Recursive Parameter Estimation (RPE)

othis program was written to estimate the die pmesparameters using
% Kalman filter algorithm

%first, Q, Qdx, and DP vectors should be importethe Matlab workspace
%then this M-file should be run

Matlab M-file
P{1}=[50;05]; % initial value of caviance matrix
teta{1}=[0.9 ; 1.6]; % initial value @eta
yhat(1)= 560; % yhat(1)= G{1pta{initial}
j = input(‘what is 1');
for i=1;
G{i} = [Q(i,1) ; Qdx(i,1)]; % G is design véar
end
for i=2;

g{i} = P{i-1}-((P{-11G{ipG{iy*P{i-1) /(1 + (G{i}*P{i-1}*G{i}));
en

for i=2;

a{i}=P{i-1}/ (A1+(G{i}*P{i-1}*G{i}));
end
for i=2;

K{i}=q{i}*G{i}; %K is gain
end
for i=2;

% teta{i-1}
yhat(i)=G{i}"*teta{i-1};
teta{i}=teta{i-1}+K{i}*(DP(i)-yhat(i));



%running this M-file will produce yhat, K, Teta, 8, and q matrices in the Matlab
%workspace

%after that type  Beta=cell2mat(teta(:,[1: ifyhich will give die pressure parameters
%matrices

C.2 Torque Model Parameter Estimation using Levenberg Marquardt Algorithm
% first, t (time) and T (load) vectors should bgorted to workspace of Matlab

pO=[13 24 90 0.000278 46.6 -0.00111]
% initial values of parameters P [A B a0 al a2 a3]

N=410; Q=425; Xi=0.61; M0=20; % process variagblalues

Matlab M-file

function e = cost(p, t,T)

%p: Load parameters

%t:time

%T:Load

%N:screw speed

%Q:total feed rate

%Xi:wt fraction of polycarbonate
%MO: initial value of mass holdup

A=p(1);

B=p(2);

a0=p(3);

al=p(4);

a2=p(5);

a3=p(6);

N=410;Q=425;Xi=0.61;M0=20;

yhat= a0+al*((MO*N-B*Q)*exp(-N*/B)+B*Q)/N*(a2+N)*Xi+a3*A*N*Xi:
e = yhat-T,

optim_options = optimset('Display','iter’,'Leventpglarquardt’,'on’, TolFun’, 1e-
4,'MaxFunEvals',600);

% this command gives options for calculating loathmeters using LMA
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[p,resnorm,RESIDUAL,EXITFLAG,OUTPUT,LAMBDA, Jacobidrlsgnonlin(@cost, pO,
[.[],optim_options, t,T);

% this command calculate parameters by iteration

------------------ Plotting results ------------— e
plot(t, T,™")
hold on
plot(t,p(3)+p(4)*((MO*N-p(2)*Q)*exp(-
N*t/p(2))+p(2)*Q)/N*(p(5)+N)*Xi+p(6)*p(1)*N*Xi,'r" )
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