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Chaptidmtroduction and Fundament ¢
ExXtrusi on

This chapter of the thesis gives a backmd into extrusion and explains théfelient

types of extruders that find use the industry. The thesis focuses on experiments
performed using the Twin Screw Extruder; a detailed study on the twin screw extruders,
screw elements used in the extrudad the mixing behavior of the twin screw extruder

has been performed and discussed in Chapter 1.

1.1Extrusion
Extrusion is the process used to create products gpecific shape, by forcing the
material through a shaped orifice [1]. The shaped orificautiiravhich the material is
forced out is referred to as a die [2]. The process of extrusion is performed using various
methods and carried out on different machinerye €xtruder is the most common
machhnery employedn the extrusion industry [2]. The neaial that passes through the
extruder, which is referred to g extrudate [2], acquires the shape of the die opening.
A wide variety of materials ismanufactured through the process of extrusion. These
include polymers, pharmaceuticals, foods etc. Tlis study focuses primarily on
polymer processing.
Extruders used in the polymer industry, come in a variegesigns. The extruders
areclassified by the mode of operation i.e. continuous or discontinuous. Continuous
extruders process materials litkie fea supply is maintained, whicis extrenely
helpful in generating significamiutputs. Discontinuous Extruders have a reciprocating
member while the continuous extruders have a rotating member. The different types of

continuous screw extruders iode Single Screw ExtruderBwin Screw Triple Screw
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Extruders, Drum Extrudefg]. Reciprocating extruders or Ram extrudersasmples

of discontinuous extruders [2]

The primarymotive behind polymer processing is to convert raw polymer into a
finished product, through a chain of chemical reactions and the inclusion of solid
additives.The extruder is the machinery that facilitates the conversion of the raw
polymeric material into the desired product. The extruder can be visualized as a set of
screws m a heated barrel, that are rotated by an electric motor using a gear reducer [3].
The raw polymeric material, in the form of pellets or powder (solid form), is fed into
the extruder gravimetrically through the feed hopper (Fig 1.1). The polymer is heated
to its melting point and is conveyed forward along the screw. The polymer melt is
subjected to pressure and homogenized to obtain a uniform polymer melt flow along
the screw. The barrel that encompasses the screw is heated electrically or using a fluid
hed exchanger system [3], and the temperature settings are monitoredrdradled

with the help othermocouples placed in the metal barrel wall. To achieve the desired
properties, a filler is added to the polymer meibtigh a secondary feed ponthich

is followed by the mixing section and the final product is extruded out of the die. The
final product is allowed to copthe process can be expedited using a chilled roller,
which cools the final product as it is pushed out of the extruder die andvsdlto

run over the surface of the chilled roller. Thediepth discussion about the extruders

can be found in the following sections.

1.2Screw Extruder

There are several types of extruders, of which, the screw extruder is the most commonly

used extruder fopolymer processing. Screw Extruders comprise of the single screw
2



extruders and the multiple screw extruders, which will be discussed in the following
sections.Single Screw Extruder is defined as a continuous volumetric pump without

an ability to faciliate backmixing as well as positive conveying capacgingle screw
extruders possess the capability to generate several thousands of pounds of pressure
during melting and mixing [4]Single screvextrudersoffer several advantages such as
lower cost, sirple design, reliability and relatively better performance/cost ratio [2].
Single Screw Extruders will not be discussed in detail since the focus of this thesis is
on twin screw extrusion. Figure 1.1 provides an overview of the different zones in a
screw exruder i conveying/feeding section, melting/teon section and melt

pumpingsection

& Hopper Barrel Electrical heaters
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Feeding Transition Metering Die’

Figurel.l Different sections of Screw Extrudé

1.2.1 Twin Screw Extruder

Twin Screw Extruders are an advancement in the area of screw extrusion. It comprises

of two screws rotating simultaneously inside a heated barrel. Twin Screw Extruders



give a higher flexibility when it comes to processing complex polymeric materials.
Twin Screw Extruders can be classified based on the following types:

Classification based on diection of screw rotation

Based on the direction of screw rotation, Twin Screw Extruders are classified into
CounterRotating and Cdrotating Twin Screw Extruders. The countetating twin

screw extruders contain two screws that rotate in opposing dimeand convey the

feed forward. The G&®otating Twin Screw Extruders contain two screws that rotate in
the same direction and convey the feed forward.

Classification based on contact of screws

Twin Screw Extrudrs are classified based on the cantetweerscrews i.e. non
intermeshing and intermeshing screws. Intermeshing Twin Screw Extruders are further
classified into Fullyintermeshing and Partially Intermeshing. Fully Intermeshing
Screws hava sdf-wiping ability.

Classification based on Modularity of Design

Twin Screw Extruders are classified based on the modularity of design i.e. if they
contain uniformly machined screws or segmented screws. Segmented Screws comprise
special elements for the goose of mixing, such as kneading blocks, left handed screw
elements which exert pressure in the direction opposite to the direction of feed
conveying. Segmented Screw Extruders possess a combination of forward and reverse
pumping screw elements for therpase of increasing throughput and mixing abilities

[7].

1.2.1.1Intermeshing Co-Rotating Twin Screw Extruders



Intermeshing Cdrotating Twin Screw Extruders are a set of screws that rotate
simultaneously in the same direction €ldtrew edges of one screw liedetween the

screw edges of the second screw, hence, fully intermeshing. The polymer melt flows
from one screw to the other or may continue its motion along the same screw. These
extruders possess high mixing capability due tor thbility to maintain tlke same
interfacial interaction during the movement of the polymer melt. Thewsgihg

ability is also a key attribute of the IntermeshingRatating Twin Screw Extruders.
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Figure 1.2: Intermeshing GRotating Twin Screw Extruder [6]

1.2.1.2Non - Intermeshing Counter-Rotating Twin Screw Extruders

Nonintermeshing countemotating twin screw extruders comprise two screws, that
rotate in opposing directions, ahdve screw edgesdigned toeach othefFigure 1.3)

unlike the intermeshing screw extruders. The/p@r melt from both screws is pushed

into the gap between the screws, which causes the polymer melt to either flow along
the same screw channel or along the other screw channel. These types of extruders
possess high conveying and mixing capabilities. Tig disadvantage is that they do

not possess the ability to selipe, unlike the intermeshing twin screw extruders.
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Figure 1.3Non-Intermeshing CountdRotating Twin Screw Extruder [6]

1.2.1.3Intermeshing CounteRotating Twin Screw Extruders
Intermeshing ConterRotating Twin Screw Extruders comprise two screws that rotate
in opposing directions. The screw edges of one screw are positioned in between the
screw edges of the other screw, hence intermeshed completely. Intermeshing-Counter
Rotating Twin Screw Bxuders have highly positive conveying capacity compared to
the other types of twin screw extruders. The Intermeshing CeRwotating Twin
Screw Extruders need to be operated at a lower speed in order to avoid high pressures
developing in the intermeshinggion. This can be avoided by designing screws with
higher clearance (gap between the screws), which gives the flexibility to improve the

screw speeds but ultimately results in the reduction of the conveying capacity [2].



Figure 1.4:Intermeshing Couet-Rotating Twin Screw Extruder [6]

1.3Screw Elements

This section discusses the different types of screw elements used in the awn scr
extruder. Fothis study, the focus would be on the elements used in the Intermeshing
Co-Rotating Twin Screw Extruder.HE conveying and mixing screw elements will be
explained in detail in the following pages.

The geometry of the screw system influences the conveying and mixing characteristics
of the intermeshing cootating twin screw extruder. The axial mixing in thegthwise
direction of the screw, is facilitated by the presence of an open screw channel that runs
in the axial direction from the inlet to the exit of the extruder [9].

The number of fligts i.e. single, double, triptitighted screw profile (explained ithis
section) and the width ohé screw crest play a majmle in conveying the material
along the screw channel, by imposing a twist restraint on the material. Forced
Conveyance is facilitated in the intermeshing region between the screws of the co
rotating twin screw extruder [9]. Increase in width of the screw crest, causes the

material to alter its direction rapidly, that leads to an increase in the twist restraint.



Extruder Screws are classified based on the screw profile i.e.-fliggted, daible

flighted and tripleflighted extruder screw.

Figure 1.5: Crossections of caotating screw$ Single flight (left), Twaeflight (center),
Threeflight (right) [2]

The different types of screw profiles used in screwuglers can be seen in Figut.5
SingleFlighted Screw Element comprises a single path along which the material
travels, when fed into the extruder. This profile is ideal to maximize feed intake and
convey maximum amount of feed, due to the presence of large channel. These screw
profiles are used in situations where theake ability limits thethroughput and for
materials with poor flow properties [9]. However, sinflighted screw elements
exhibit extremely low shear and are poor agents for mixing. Detllgbted Screw
Elementscomprise two paths along which the material can travel. They have high
conveying capacity (lower than singfleght) but exhibit low shear (higher than single
flight), which makes it a bettanixing agent compared to singfiight. These screw
profiles ae used in situations that require processing of materials with low bulk density
or for shearsensitive materials that require low shearing [9]. The tfiméted screw
element has the poorest conveying capaaitpragst the three screw profilesit is
extremely suitable for materials that require better mixing capability. The-ftighd

screw profile is used in cases where high shgaforces are needet breakup

agglomerates [9]. The screw channels are shallower compared to-fimiitéel and



single-flighted screw elements, which acts as an excellent medium to facilitate heat

transfer due to the presence of thin layers of material on the screw [9].

1.3.1 Conveying Elements
There are two kinds of conveying eleméntgyht handed (forward) conveyingeenent
and left handed (revegkconveying element. The righinded conveying elements are
used to convey polymer, whichfed through the hopper (Fig }.4nd conveys it along
the extruder length to the d{€ig 1.1). The amount of material conveyedviard is
dependent on the pitch of the screw element. Large/Wide pitch forward conveying
element increases the conveying capacity. The degree of fill, which is the ratio of
volume occupied by the polymer to the free channel volume [9], is also dependent on
the pitch of the righhanded screw element. Wider pitch reduces the degree of fill.
Narrow pitch screw elements are used, in order to build up pressure and increase the
degree of fill. In order to improve pumping efficiency in the regions of predsiile

up, element with narrow screw pitch is used [9].

Figure 1.6 Conveying Screw Element [[L2

Left-handed conveying element (Reverse conveying) is used to convey the polymer

melt in the opposite direction i.e. from the die to the hopper. Left handedyogve

9



elements are commonly used in order to build up the pressure and increase the degree
of fill to 100%. Left handed conveying elements are situated behind mixing elements
such as kneawg blocks (discussed in Sec 1.3.as it helps improving mixing [9]
Residence Time (discussed in Sec 1.5) and shear rate is increased whandeét

screw elements are usgd].

1.3.2 Mixing Elements

Mixing Elements are used to enhance the mixing process. Kneading Blocks perform
this function in the CdRotating Twin Screw Kruder. Kneading Blocks compriseset

of staggering screw disks, that impart high shear stresses on the polymer melt [9]. The
Kneading Blocks consist of a set of staggered disks (usually 5), oriented at different
angles, and impart flow in the cresBamel direction. The staggering angle determines
the degree to which the screw channel is open in the axial direction. The higher the
staggering angle, the better the mixing performance. However, the conveying
efficiency is affected when the staggering artghéween the disks in the Kneading
Block is increased. For instance, Kneading Block with screw disks having a staggering
angle of 98 has a better mixing efficiency compared to screw disks having a staggering
angle of 68, Kneading Blocks can be classifigdo three categories i.e. the forward
conveying kneading blocks, reversenveying kneading blocks and neutral kneading
blocks. Neutral kneading blocks have no capacity to convey materials and are
dependent on the forward conveying screw elements to tesimaterial forward.
Forward conveying kneading blocks convey materials forward; however, they allow
back mixing of the material through the gap formed by the staggering angle [9].

Reverse conveying kneading blocks build up pressure, but of lower nanitu
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compared to the reverse conveying screw elements, and increase the degree of fill
upstream. The width of the kneading disks plays an important role in the mixing
process. Narrow width kneading disks provide excellent mixing and conveying
capabilities btiinduce very less amount of shear. Medium width kneading disks impart
higher shear compared to narrow disks, howethay have lesser conveying and
mixing capabilities. Wide Kneading disks impart the highest shear compared to the
other types if kneadindisks, and are suited to dispersive mixing (discussed in Sec
1.4.1.9. The effect of screw types on longitudinal mixing is explained by Peclet

number [9]. The lower the Peclet number, the higher the magnitude of back mixing [9].

Neutral Conveying
kneading elements kneading elements, 45° offset

Figure 1.7: Kneading Blik Representation
Sec 1.1i 1.3 discusses the background of screw extrudess. single screw, twin
screw extruders and provides a detailed study on the Twin Screw Extruders. The screw
geometry typically used in the Twin Screw Extruders were dgai in Sec 1.3 to
provide a brief overview on the conveying and mixing characteristics of the individual
screw elements. The configuration of screw elements is essential to understand the
mixing behavior of the twin screw extruders. Twin screw extrudersvadely known
for their compounding behavior; the orientation of screw elements in the mixing section

determines the mixing behavior of the extruder. Understanding mixing is vital in order
11



to improve the characteristics of the extrudate. The next satifonsses the concept

of mixing and the different types of mixing in the twin screw extruder.

1.4Mixing

Mixing can be explained as the intermingling of two or more segregated components
by mechanical action [9]. In the field of polymer processing, mixiagga vital role

in influencing the material properties, cost and accessibility. Laminar flow is the
mechanism that influences mixing in polymers.

Spencer and Wiley [10] identified that better mixing is achieved through an increase in
the interfacial suace area, which is a function of the magnitude of shear and initial
orientation of the elements.

The ultimate goal behind mixing, is to reduce the concentration gradient to a minimum,
which is achieved when random samples of the mixture extracted fr@miking
system have similar composition [11].

Mixing can be performed by batch or continuous operations. Batch Mixing occurs
within the closed volume of the mixer device. The efficiency of this process is deeply
affected by the less amount of mixing énallocated towards achieving the desired
uniformity in composition of the mixture [11]. The efficiency of batch mixers is
compromised when processing large quantities of material, due to difficulties resulting
from automating the process. Continuous Mixias the name suggesssa continuous
process that produces higher output, when the feed supply is maintained. The ability to
maintain stabilityduring the course of operatiean advantage of continuous mixing
compared to batch mixing. Continuous mgx process consumes longer periods of

mixing time, which can be adjusted by varying the intensity of the process i.e. adjusting
12



the screw speed, feed rate etc. However, this can be considered disadvantageous as
there is an escalation in the mechanicakrg@yelissipation as a result of varying the

process intensity [11]. Twin Screw Extruders fall in the category of continuous mixers.

1.4.1 Types of Mixing

Mixing is classified into two categories, namely distributive and dispersive mixing.

1.4.1.1Distributive Mixing
Distributive Mixing is defined as the rearrangement of components along the entire
cross section on a fine scale, during the process of mixing [12]. Mixing Quality in
Distributive Mixing is measured by the type and number of rearrangement processes.
Low magrtudes of shear are induced orthe polymer melt, resulting in the particles
redistributing uniformly in the polymer melNarrow Kneading Blocks are used for
distributive mixing, as they induce low magnitudes of shear. This is due to the fact that
the narow kneading blocks cause the polymer melt to flow around the paddles rather
than in the gap between the barrel and the paddles. Due to the smaller width of the
kneading paddles, high magnitudes of shear stress are not induced, to shatter the

particles.

1.4.1.2Dispersive Mixing
Dispersive Mixing is defined as the rupture of agglomerates into tiny particles, as a
result of the application of large magnitudes of flow forces [12]. Unlike distributive
mixing, where low magnitudes of shear are sufficient to caudistridution of
particles, dispersive mixing requires large magnitudes of shextemsionabtresses,
to overcome the critical stress limit that holds the particles together. Upon overcoming

the critical stress limit, the agglomerate breaks down intdlenparticles. In the Twin
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Screw extruder, wide kneading blocks are used as dispersive mixers. Qe to
presence of large width of paddles, the polymer melt is squeezed in the gap between
the paddles and the barrel and due to high magnitudes of ghdhared, the
agglomerates rupture. For instance, dispersion of solid fillers into polymer melt, is an

example of dispersive mixing.

1.5Residence Time Distribution

Residence Time is defined as tiogal amount of time speifly a material element in

the extru@r, before exiting from the die. Residence time is not uniform for all the
particles of the polymer melt, i.e. different particles spend different amount of time in
the extrudeas they travel using different patti®esidence Time Distribution provides

a dstribution of the residence time spent biytla¢ particles in the extrudand provides
information on the flow pattern as well as the mixing quality in the extruderRRTZ).

is calculated by injecting a tracer into the extruder and uasm@ptical prbe to
measure the tracepncentrationn the polymer melat a particular location. A small
amount of nofreactive tracer must be used for this purpose so that the flow field is not

disturbed. RTD function can be denoted by the following equation:

Where, e(t) is normalized RTD function and c(t) is the tracer concentration. Residence
Time Distribution is dependenhohe operating conditions, whichn the extruder. An
increase in the screw speed and feed rate r@s@atsarrow RTD curve. A narroRTD

curve is an implication that the material did not have sufficient mixing time in the
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extruder. When the RTD curve lisoader, the particles tend to have a higher mixing
time, which is an implication of the mixing quality.

RTD may not be important in studying the mixing behavior in applications where time
is a less dependent parameter. In order to understand the mm@kiagior, the number

of screw revolutions or the volunué extrudate would beonsidered as a better tool,
compared to time [14]. Each of these could be calculated by using the residence time
and performing a simple transformation to obtain the Residengeoliion

Distribution (RRD) and Residence Volume Distribution (RVD).

1.6Residence Revolution Distribution

The RRD gives an estimate of the number of revolutions taken by the screw to push
the material out of the extruder). The function for RRD can be isetie expression

below:
Qe — (1.3)
Where, N = screw speed (in RPM) and n = number of revolutions
The relation betwen the residence time, t and (n/N) is given by
0 - (1.4)
The transport behavior of the extruder is emphasized using RRD.

1.7Residerce Volume Distribution

The RVD provides a direct estimaitthe tracedistribution within the extruder along
the axial direction [14]. It can be used as a measure to understand the efficiency of the
axial mixing process for particular extrusion condigd14]. The function for RVD

can be expressexs per the following equation:
15



N — (15)

Where, v = volume of extrudate and Q = material throughput (L/min)

The relation between residence time, t and (v/Q) is given by:
o - (1.6)

However, the scope is limited imderstanohg the mixing process using RVD, as there
are several aspects of mixing, apart from axial mixing. drfrmity of distribution,
size scale of phases and concentration gradient of the elements cannot be studied using

RVD.

1.8Residence Stress Distribution

The properties of extruded products can be improved by adding fdléhe base polymer.

To maintan a uniform composition within the polymer matrix, there is a need to understand
the process of mixing. In order to understand more about the intensity of mixing, there is a
need to quantify the amount of material that undergoes a particular amouns®istnen

the twnh screw extruder (TSE). Th&esidence Stress Distribution approach was
implemented taquantify the amount of stress experienced by the polynedrwithin the

TSE. Using the RSpproach, stress beads of variable strength were droppethénto
mixing section of the twin screw extruder and the stress history was recorded based on the
rupture of the beads upon encountering stress greater than the critical stress limit value of
the beadg21]. The percentage of beads that ruptured are derytede term percent
breakup (%BU). Experiments have been conducted over the past few years in an attempt
to understand the stress history experienced by different polymeric materials for different

sizes of extruders.
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1.90bjective

My thesis focuses on usirayl- D computer simulatio softwarewhich models the co
rotating twin screw extruder. The goals of my research have been on identifying the
relationship between the %BU and the physical properties that the polymer melt in the
extruder is subjected to, su@s the temperature, viscosity, shear rate and shear stress
exhibited by the polymer melt. The second goal of my research would be to validate the
experimental results obtained from using the RSD approach. In continuation to that, the
assumpbns made usig the RRDmethodology willalso be validated during the course of

my researchThe internal behavior of the twin screw extruder has been understood based
on the computersimulations for different sets of screw configurations of the mixing
section. The vaations in the observed behavior for different choices of base polymers

have ben understood using thell computersimulations.

17



Chapt-¢ént2rature Review

2.1 Residence Stress Distribution

The properties of base polymers can be improyeading fillers to the kse polymer and
compounding it usinthe twin screw extruder. Mixing plays a vital role in determining the
properties of the extrudate. In order to quantify mixing, Residence Time Disinb
(RTD) was usedThe RTD in the extrudean be found out by using a tracer and an optical
probe. Experiments were conducted in order to use RTD as a tool to quantify mixing.
Distributive mixing (explained in Sec 1.4.).tvas measured by Shearer and Tzoganikis
[15-16] through the use of polymeracers. The polymer tracers were blended with
Polypropylene (PP) at 25 weight% using a batch mixer and blended with a twin screw
extruder at 5 weight%. The experiments were conducted for conveying elements as well as
kneading elementand RTD was used tevalua¢ the amount of mixing based different
operating onditions. It was observed that tm@mount of mixingncreased witltheaverage
residence time in the conveying zone of the extruder. Higher flow rates influenced better
mixing at similar residece times, suggesting that degree of fill plays a vital role in the
mixing process. However, in the case of kneading blocks, it was observed that the effect of
local residence time is independent of distributive mixing. Distributive mixing in the
kneadingblocks was seen as a function of the total number of screw revolutions taken by
the polymer melt in the mixing section (product of local residence time and screw speed).
Distributive mking increased witlthe number of revolutions of polymer melt in the
kneading blocks. Todd [17] and Tadmor et Al [18] used Peclet numbers to quantify the

RTD mixing intensity. e higher the Peclet numbésywer was the mixing intensity. In
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order to increase the mixing intensity, the Peclet number had to be lower, which was
facilitated by increasing the helical angle between the twin screws. Several experiments
were performed by Cheng et al [19] and the others to correlate the mixing intensity with
RTD. The inability of residence distributions to providéormation onthe stess history

within the extruder, as it focused on the history of axial flow in the extruders, called for
different methodologies that could be used to quantify stress.

Curry et Al[20] used hollow glass spheres of varying strengths to determine the stress
distribution within the extruder. Two sets of experiments were performed oriA3Kin

screw extruders for two different geometries. In the first experiment, two different screw
geometries were used to compare the stress distribution within the extondee same
polymer matrix. The first screw design consisted of numerous kneading blocks, which were
predicted to generate high shear stress. The second screw design consisted of a series of
forward conveying and reverse conveying screw elements. The lggmds used for the
experiment were rated to fail at a pressure of 4.5kpsi for a 10% rupalybutene (liquid

form) was used to perform this experiment in ordgorievent the rupture of glass beads
during the melting phase. The glass beads were rfa the extrude separately as
compared tpolybutene. The glass beads were fed at 12.8 v@hancentage concentration

[20].

The experiment was performed for the two different screw geometries by running the
extruder at a series of throughputs and sspeeds. Once the polybuteglass sphere
mixture was extruded, it was analyzed to quantify the percentage of broken glass beads.
This was done using ASTM D792 method, which was used to estimate the density of the

sample and count the number of broken gégderes, after burning the polymer away from
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the extrudat¢20]. The experiment revealed that the second screw design, i.e. the series of
forward and reverse conveying screw elements had resultibe mipture of a greater
percentage of glass spheres pamed to the screw design comprising the numerous
kneading block$20].

The second experiment was performed using the same screw geometries specified in the
above section. However, the experiment was performed for two different grades of
polybutene, namelii-300 and H1500. The viscosities at room temperature i.8C28as

found to be709 Pas for H300 and87 Pas for H1500(at 108t 25°C). The experiment

was conducted on three glass beads of varying strength. The glass beads were dropped into
the extrudeat 10% volume concentration. The extruder was run at a series of screw speeds
i.e. 80, 150 and 350 RPM. However, the feed rate was kept constant at 50 Ib/hr. Based on
the data collected as a result of performing the experiment, it was observed thptute r

of glass beads was higher at an increased screw.speegercentage rupture of beads

was observed to be higher for the screw design #2 i.e. for a series of forward and reverse
conveying screw elements compared to the kneading block screw geohtetrynore
viscous the material, the higher the breakage of the glass beads, as this result was observed
from the experiment.

The experiment conducted by Curry et al. had quite a few limitatiirgly, the process

was timeconsuming and the results werat obtained in real time as the extrudate had to

be treated in order to burn off the polymer so that the glass beads could be counted.
Secondly, each of the broken glass beads had to be countadlipjanhich was prone to

humanerror and posed a challengpwards the accuracy of the results collected. Hence,

20



the experiment conducted was able to collect anfew samples due to the lartjme
consuming steps in the process.

Gao et al. 14] establishethe RRD and RVD mthodology (explained in Sec 1.7 ahé)

to interpret the quality of mixing based on operatingditions and screw geometries.

The Residence Stress Distribution (RSD) approach was developed by Bigic®é}, a@s|

a method to characterize dispersion, through stress quantification itwitheacrew
extruder. The experiment was performed on a 28mm CoperidRotading Twin Screw
Extruder, using HDPE Alathon H6018, as the base polymer. CAMES (Calibrated Micro
Encapsulated Stredseads) are beadtesigned with a critical stress limit, whicthen
exceeded, results in the rupture of the beads.

The experiment was performed for two screw geometries. The fogeemetry
comprising wide kneading blocks in & mixing section, while the latter geometry
comprising narrow kneading blocks in the mixingection. The experiments were
performed for a set of nine operating conditions i.e. for a range of screw speeds and specific
throughput (Q/N). The specific throughput is taken as a ratio of the feed rate (Q) to the
screw speed (N). Reflective Omicprobes were attached befothe die section of the
extruder as they transmit light through the polymer melt and the light reflected off the
surface of the screw elements and the potymalt wasreceived by the fiber optic bundle.
These were converted into vadie signals that were recorded and interpreted using
LabVIEW. Due to the transparent nature of HDPE, >Tjp@llets were added to the base
polymer, by feeding through the vent at a constant rate. The presence;afda@®@s a
white background for the optikcprobe, on the polymer melt. The reference shots provided

the RTD curve along the twin screw extruder, while the CAMES beads provided the RSD
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curve. The ratio of the areas under each of the RSD curve to the RTD curve provided the

Percent BreakJp.
P6TY — (2.1)

Where, A is the area under RSD curve andsAthe area under RTD curve.

This experiment was used to quantify geecentage of material that underwent a particular
amount of stress within the twin screw extruder. The experiment was able to relate the
stress data as a function of the residence distribution. The comparison between the mixing
performances of two differé screw geometries (narrow and wide kneading blocks) was
explained using the Residence Stress Distribution approach.

As a continuation tohe implemented RSD approach, Pappasl [22] performed an
experiment comparing the stress history developed Ing tise wide and narrow kneading
block geometry using two different strength stress beads (92kPa and 119kPa). This
experiment was used to validate that the stress beads did hatrmgndomlybut at a

critical predetermined stress value. Secondly, thieement reaffirmed the observations

from the previous experiment, that the wider kneading blocks exhibited higher percent
breakup values compared to narrow kneading blocks.

The experimental conditions were organized using a Central Composite Desigh (CCD
grid, where the horizontal axis represented the screw speed (in RPM) and the vertical axis
represented the specific throughput (in mL/Rev). This approach helped visually represent
an organized relationship between percent brgak®BU) and the operatingpnditions

(N and Q/N). Bigio et al [23¢xpanded the original CCD grid, by includiagadditional

range of operating conditions to the original CCD grid, to provide a more robust design of
experiment approach. The origifaCD grid can be seen in Fig.12
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Q/N

M (mL/rev)
(Ibs/hr) 15 0.49
10 15 0.41

7 12 17 0.39
8 12 0.33

8 0.26

N
(RPM) 140 190 240 290 340

Figure 2.1 Original CCD grid [23

The CCD grid seen in Fig. 2vtas the base grid used to penfiothe experimenb obtain

the percent brealp results. This grid was expanded by adding a range of operating
conditions to the original CCD grid. Tleewere two sets of modifications done to the
original CCD grid, the first of which focuses on expanding the operating conditions along
the cross in the original CCD grid, while the second comprises a CCD grid that was
translated over the horizontal axi%.istarting with the rightmost condition in the original

CCD qgrid followed by eight operating conditions spaced equally, similar to the original

CCD grid.
ot v QN
(mL/rev) M

m 165 s (Ibs/hr) (mLirev)
Y 15 0.53 23 0.49
' ' ” 22 0.41

15 0.49

L 15 0.41
5-5.75-7 12 17-18-19 [ 0.39 17 19 22 | 0.39

2 12 0.33
0.26 15 17 0.33
0.23 14 S5

0.20 N
(R§M) 100115 140 190 240 290 340 365 390 (RPM) 340 365 390 415 440

Figure 2.2: Expanded Cross Grid (left) and Translated DOE grid (fRBit)
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From Fig. 2.2, the ndificationsto the original CCD grids can be identified. The CCD grid

on the lefthand side is expanded along the cross i.e. additional operating conditions are
added at the condition where Q/N is constant at 0.39 mL/Rev and when the screw speed is
constamh at 240 RPM. This modification lets expand the grid an additional half and full
level. The DOE grid on the rigitandside translates the DOE grid over the horizontal
axis. The rightmost condition from the original grid is considered as the startingqroint
this grid, which adds 8 operating conditions spaced in an equivalent manner, similar to the
original CCD grid.

The goal of this experiment wasdonduct sstudyon the percent brealp results in the
mixing section of the extruder in greater dethil, experimenting with a wider range of
operating conditions. The results provided by this experiment were consistent with the
conclusions obtained from the previous experiments. The inclusion of additional operating
conditions provided a more rigorous ation of he stress bead results that have been
obtained fromheconducted experiments.

Each of these experiments ls&mwn the effects of N and Q/N on %BU, to be significant.
The second order terms such &s (Q/NY and Q (interaction of N and Q/N) weefound

to be norsignificant. The most recent experiment conducted using the RSD Methodology
was the depiction of percent breaj as a thregaraneter residence distributiostudy.
Dryeret al [24]performed an experiment to correlate the percent lwpai the polymer
matrix with 3 operating conditions i.e. screw speed (N), specific throughput (Q/N) and
barrel temperature (). The experiment was conducted using Kollidon-§Aas the base
polymer. 9 operating conditions were chosen to perform this iexg@et which included a

range of screw speed (N) and specific throughput (Q/N). Eaclhesket9 operating
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conditions wasun on the Twin Screw Extruder, at three different barrel temperatures
(170¢C, 190C and 228C). The percent breakp results that werebtained for each of the
experimental runs were statistically analyzed using 38PB.0in order to obtain predictive
equations for percent brealp in terms of screw speed (N), specific throughput (Q/N) and
barrel temperature §J. The results reflectednothe fact that withan increase in barrel
temperature, the percent breagk (%BU) decreases. This experiment was conducted to
establish the fact that barrel temperature was an important variable along with screw speed

(N) and throughput (Q/N) in the deteination of a viable operating domain.

2.2 Computer Simulations

With the growing popularity of cootating twin screw extruders in the industry, there is a
need to understand, control and optimize the extrusion parameters. The experimental
resultsprovided by the RSD Methodologlo not explain the reasons behind the generated
results i.e. the set of internal processes that trigger the obtained output. In order to validate
the findings of the RSD, RRD and RVD experiments, computer simulations were
performed.

Due to darge number of interelated variables and complex flows developed in the Twin
Screw Extruders, it has been an extremely difficult task to model flows. Prior efforts have
been made in an attempt to model flow simulations along the TSE.

Firstattempts at modelg flows along a twin screw extruder, were performed by Booy et

al. [25] and Meijer et al. [26]As a first step towards modelling flow within a-patating

twin screw extruder,an isothermal flow of incompressible Newtonian fluids was
considered, similar to the modegj theory behind single screw extrusion. For this study,

two flow scenarios were considered i.e. flow within a fully filled screw channel and flow
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within a patrtially filled screw channel. The fully filled screw channel Midjuid was
considered similar to a single screw pump and the flow equations were modified
accordingly for the twin screw extruder. The drag flow and backpressure flow equations
were determined by solving Lapl aapefadorsd Poi s
for drag (Fs) and pressure flow gFwere computed. For partially filled screw channels, the
liquid layers do not move for amger duration during the cyclepwever, they are pushed

and smeared against the flight tips. By simplifying the slwdphe flight tips and the cross
sectional area of the liquid region, the average axial velocity was computed. The degree of
fill was calculated and expressed in terms of the flow rate, screw speed and the dimensions
of the screw geometry. The mathemalticnodel proposed by Booy seemed to be in
agreement with the actual behaviorr foghly viscous fluids andower degree of fill
However, this approach paved way for the subsequent models proposee ffow of
Non-Newtonian fluids in the Twin Screw Exider.

Tayeb et al. [27] developed a Twin Screw Extrusion model that predicts the product
transformation (food extrusion in this case) based on thermomechanical history. The
thermomechanical history (temperature, pressure and shear rate) was cal@adetedrb
internal conditions within the extruder, using physical laws. The model segregated the twin
screw extruder into four zones namely the conveying, melt pumping, shearing and die zone.
Temperature trends were calculated only in the conveying sedtithre aiest of the zones

were considered to have isothermal flow. The viscosity model was considered Newtonian;
however, the viscosity values were computed based on the local shear rate and temperature
within the element. In order to calculate the viscdow fcertain assumptions were put in

place:
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1 Flow is steady, fully developed and isothermal.
1 No slip at the barrel wall and the screw.

1 Body forces and inertia were considered negligible.

The flow eqiations were modell based on the assumption that thevgdsestationary

while the barrel moves over the stationary screw, similar to the single screw extruder
model. The flow in the conveyingection was moded based on solving the thermal
balance equations, whitbe solution oktokes equation was used todebflow equations

for the remaining three sections. The flow equations will be discussed further in the theory
section (Chapter 3). The computed thermomechanical results were compared to the actual
results generated from performing the experimentaofwin Screw Extruder, which
consisted of a screw geometry with forward conveying elements anccessa screw
elementocated in front of the die zone. The extruder was run at 200 RPM and a feed rate
of 30 Kg/Hr. The results obtained froimetexperiment seesd to agree witthe computed
results based on the model developed for the twin screw extrudewdsike first attempt

at modeing the tDimensional flow for a NofiNewtonian fluid along the twin screw
extruder.

Denson & Hwang [28] analyzed the doaimannel Newtonian flow for a emtating Twin

Screw Extruder and developed a computational model that relates the axial pressure
gradient as a function of throughput rates for different screw geometries. Twin Screw
Extruders with conveying elements havthgee tips were considered in this situatiamd

the effect of flow in the intermeshing region was neglected. The equation of motion for the
down flow along the channel and the boundary conditions werdinoensionalized using

screw radius and velocitysathe variables. This equation was solved using the finite
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el ement met hod based 0 rhe résalls egenkrated ddepictedc h e me

throughput rates asfunction of parameters suchthe nunber of screw tips, helix angles,
ratio of the distance bateen center of the screw to the screw radius and the ratio of the
clearance to the screw radiusn equation relating the axial pressure gradient to the
throughput rate for a fully filled screw channel was developed ushiy fw
computations. Using theldw Analysis Network (FAN) method, experiments were
conducted by White et al. [30] to perforaD2computations as well. Flow Analysis Method
was developed by Tadmor et al. [3b] solve 2D flow equations for complex screw
geometries in the field of polymerocessing. This method can be applied to a-Non
Newtonian fluid that is incompressible, inelastic and time dependent. The flow field is
divided into a mesh (Eulerian mesh) comprising nodes located at the center of each cell.
Based on the flow analysis fi@med on each node, a set of algebraic equations with
unknown pressure values are generated, which are solved to obtain the flow distribution.
This process is done iteratively for Ndlewtonian fluids as opposed to Newtonian fluids
where the solution igequired to be obtained once.

Recently, 3Dimensional flow models were developed both for Newtonian [32] and Non
Newtonian fluids. The study focused on developingRirBensional flow model for both
conveying elements and kneading elements inm@iading twin screw extruder. Sepran, a
Finite Element Software was used to solve the flow equations. The simulation model is
based on the thredimensional geometry of the screw elements along the twin screw
extruder including the Gection as well as the inteeshing zone in between the screws.
The flow paterns for a Newtonian fluid wesamulated based on theCBmodel of a fully

filled screw channdor conveying element$lowever, each of these models concentrated
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on isothermal flows as nesothermal flowsresulted in complex velocity fields and
streamlines. When considering n@othermal flows, either a full -Bimension
Temperature field or a-Dimension Average Temperature flow model had to be
considered. Chiruvella et al [33] used the former approacle White et al [34] preferred

the latter approach. Chiruvella et al used the finite volume method to study the fluid flow
and heat transfer within the -cotating twin screw extruder. Since the flow in the
translation region hadraady been mathematicaligodded based on prior experiments
conducted by Booy et al, this experiment focused on the intermeshing region, where the
effects of mixing as well as diffusion of momentum and energy had to be considered. The
governing equations (momentum, energy equadiavere solved to obtain the velocity
components in the 3 coordinate directions. Based on the velocity components, the shear
rate was computed, which was used to calculate the temperature and viscosity along each
point. The accuracy of the-3 model devalped was validated by performing the
experiment on a ZS#80 Twin Screw Extruder, with a L/D ratio of 29. The extruder was
run at two sets abperating conditions (Q = 6 KgftHN = 30 RPM and Q = 7.5 Kg/Hr, N

= 41 RPM). The velocity profile was measuredngsa Laser Doppler Anemometer. The
experimental results obtained complied with the computational results obtained from the
3-D model. This section provides a background into the evolution of models, capable of
simulating the flow within the cootating twn screw extruder using-, 2-D and 3D
approach for Newtonian and Nd&fewtonian Fluids.

Global Approach aims at creating a simple flow model of the entire operation performed
by the extruder i.e. from the hopper to the die. It serves a link thalifespnd connects

the local approach model developed for the individual screw elements. The first instance
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of developing a global model for the flow in a-mmating Twin ScrewExtruderwas
performed by White et al [35] as well as Meijer et al [26]. iy@e model was developed

for a corotating intermeshing twin screw extruder, considering theisathermal flow

for a Non-Newtonian fluid [27. The main goal behind using such an approach was to
develop a simplified model that could be used to descréin-screw extrusion process,
which could ideally be useoin personal computers and wstdtions to help understand

the extrusion phenomenon. One such model which was developed based on the global
approach was Ludovic. Different computer simulation metdalve been developed for the
purpose of performing twin screw extrusion simulations are A@oTwin Screw
Extrusion Software developed by J.L. White, TXS developed by Polytech, Ludovic
developed by SCC and Sigma developed by University of Pader®@rnThe software
offers a tDimensional simul@on approach, capable of mouhg the twin screw extruder.
Each of the abovenentioned software, work on an iterative method, perform
thermomechanical calculations (pressure, fill ratio, temperature, viscasitg)the die

until the hopper

Ludovic Simulation Software was the program chosen to perform simulations for operating
conditions similar to those used to perform RSD experiments. It is used as a tool to
understand the internal process parameters such pernre, pressure, viscosity, shear
rate etc. that affect the outpiaiscussed in Chapter 3 in detaihhe experimental results
obtained from RSD can be validated using the results obtained from Ludovic and can help
understand the physics behind theulessobtained. A set of three base polymers i.e. Low
Density Polyethylene (LDPE), High Density Polyethylene (HDPE) and Kollidor6¥A

are simulated using Ludovic for a range of operating conditions and different set of screw
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configurations. The RRD and RVibethodology, with was explained in Section 1.7 and

1.8 had made certain assumptions based on the actual experiments performed. These
assumptions could be ratified using Ludovic, as the quantitative results for the Fill Length,
Number of Revolutions madwgy the screw in a particular element could be calculated and

they can help explain the validity of the assumptions.
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Chapt-efrhedretical QCal oaulSatieons
Computer Simulations

The thesis focuses on some of the resultsrgéee as a result of the Ludovic simulations,
which includes average shear rate, viscosity, temperature, pressure, degree of fill and
residence time. This section provides an insight irecs#t of equations thate important
towards the calculation ofxgusion parameters/ergnes et al. [J7 had modid the
equations for polymer flows in emtating twin screw extruders. Flow equationsdorew
element i.e. conveying elements, kneading block$ate been discussed in the following

sections

3.1 Mocelling Flow in a Conveying Screw Element

While developing a flow model for the conveying screw elements, certain assumptions
were put in place:
1 The screw was considered stationary, while the barrel was considered to move
over the top of the screw chanres, per the groove model [2].
1 Cylindrical coordinates (seen in Fi§)1) are used to represent the screw channel,
which is considered to be permubcular to the screw flight [37Radial velocity
component u is negligible, only longitudinal and transveites velocity

components (v and w) considered.
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Figure 3.1:Configuration of Screw Element

1 Screw channels are unwound and considered as simple rectangles with a
constant width.

1 The polymer flows along the screw channel in an estjiaiped pattern along
consecutive &haped chambers, as well flows in the intermeshinge 20
between the two screws [B7

1 The flowis considered Newtonian and iBermal, which allows the use of
Newtonian equations. However, instead of using constant viscosity term
(NewtonianFlow), in this casga specific viscosity term is used as a function
of the shearate and temperature alongarticular point in the screw channel
[37].

Based on these assumptions, the classical flow equation was developed as a sum of the

drag flow andpressure flow term.

C

VzpzY p —i 01— 2 22 zgzy Y z

33



Where,0 is the Volumetric Flow Rate,qfand F are shape factors,cBnd R are the

external and internal radii of the screwchapnnelN i s t he screw speed,
and @P/ pd is the pressure gradient.

[[i s the average shear rate whi-dodttionamdzc al c ul

direction(See Fig. 3.1 The equation for averaghear rate can be seen in B
r—_ i — - — Tl (3.2

Eq. 3.2can be applied to NeNewtonian Fluids, as per the assuimptstated above i.e.
the specific viscosity term could be used as a function of shear rate and temperature.
Using the average shear rate value, the specific viscosity value could be computed using
any viscous law (Carreatiasuda, Power Law etc.). For taace, using power law, the
viscosity of the meltould be calculated as per Eq. 3.3

- orp (3.3
Where, K and n are power law parameters. ddmaputation for the K values jgerformed

based on the Arrhenius Thermodependent Paaer, which can be seen in Eq. 3.4
U VAGP- — (3.9

Using Eq 3.13.4, the calculations can be performed for both left handed and rigiétian
conveying element® catulate the pressure drop across theh@ped chamber. The

computation of temperateiis discussed in detail in Sec 3.3.1.
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Barrel velocity Barrel velocity
Dcwnstream E Downstream

— 3 —

Figure 3.2: Flow across the screw channel for forward conveying (left) and reverse
conveying (right) screw elements

The pressure dp values are calculated from E81, where, for forward conveying
element, the barrel relative velocity is in the same dwadis the downstream flow (Fig

3.2). In the case of reverse conveying elements, the relative barrel velocity is in a direction
opposite to that of the downstream flow which results in a negative drag flow term. The
pressure gradient term also becomes negative, which implies a pressure drop, in order to
push the material downstream, which causes the pressure flow term to becdive. posi
Eq. 3.1 changes sign convention for the reverse conveying elements. The calculations
performed using the-D Global approach were compared to tHe 2omputations, and the
results seemed to agree, which impliedttttee XD approach could be utilizedh
comparison to complex techniques.

In the case ofheintermeshing zone between the screws, the pressure flow term was only
considered for the-D approach due to the complgxitf kinematics and geometry [B7

The drag flow term was neglected in thisuation, as the barrel velocity over the
intermeshing zone was unknown [R7To model the flow in the intermeshing zone, the
actual geometry of the region had to be clearly specified. In the case eDtheotlel, an
approximation of the mean cross sectiwas performed, based on the characteristic
parameters &m the geometry/screw barrel [3The mean cross section was defined based

on the following equations:
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W' ® | Yi Q& %o (3.5
| = (3.6

Wher e, U is the flight angl e, eshingangle he num
Booy [39 defined] — (3.7

Where, Cis the centerline distance between the screws.
Based on these geometrical changes, the equdtip volumetric flow rate in the

intermeshing zone can be seen in Eq..3.8

z z
~

0 - — oY Y p —IT1= (3.9

Eq. 3.8is similar to Eq. 3.Except that the drag flow term is neglected and the geometric

dimensions are changed based on the local geometry (intermeshing zone).

3.2 Flow in Kneading Blocks

The smplified approach towasd modéing flow in the Kneading Disks was performed
based on thanalysis carried outy Werner [39. Fig 3.3reveals the geometry of a bilobal

kneading di sk, and the flow in the periphe
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Barrel velocity

Figure 3.3: Bilobal Kneading disk

The pressure profile at point A is used to characterize the flow along the kneading disk, as

a result of the barrel velocity and screw geometry. The mateqeished downstream as

a consequenad the axial pressure gradient, generated by the staggering of the disks. Since

the peripheral flow is only considered in this situation, the velocitygm n e n t i n th
direction is considered. The velocity component is a function of rgtwis the radial

position. As a resultnomentum equation (for isothermal Newtonian Flisdeducedo:
-—— 11— -0 (3.9

Applying boundary conditions to Eq. 3.Pe. noslip condition on moving barraind

integrating the equation twice leadsEq. 3.10

— (3.10

Where, E = paddle thicknessiRs t he external radius of the

r adi u)san beRlftained by Equation 3.11
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2] 2 .2(] (3.1

Based on Booypstheatgkasi 3B 212 H(d) can

Of Yp QEI —6 Y i Qe (312

Where, Cis the centerline distance.

Equation 3.10showcases the relationship between pressure gradient in the peripheral

direction dP/ dd an dqgThisreguatipnecanibe usedrtoechlculétd tloew

pressure profile along the kneadingd ks as d varies from O

b

r a

o

the axial pressure gradient (dP/dz) can be calculated along the staggered kneading disks

and can be altered to match the axial flow rate 4Q). [

3.3 Calculations

3.3.1 Average Temperature Calculatns

The polymer melt within the twin screw extruder is subject toisothermal conditions.
This isdifficult to model if a 2Dimensional approach is considered, which prompts the
calculation of average temperature over the channel depth as a solhgaeniperature
changes across the screw elements in the extf8dgrcan be calculated using a thermal
balance of the heat transfer between the screw and barrel and the avemaghkgsipated,
as seen in Eq.3.13

"603Y QY YYY QY YY W (3.13
Wher e, } 1 s the den gistheyspeoific haathbeandgreadreythae r

barrel and screw heat transfer coefficieitisand Ts are the barrel temperature and screw

temperature)Yis the mean temperatuse)Yis the change in the temperature between screw

elements, Sand S are the exchange surfaces for barrel and screw and fiwalky the
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power dissipated. Thaower dissipgedcan be calculated from Eq. 3.t integration over
the volume of the element, V.

w . —-ITfQw (3.19
Wherefland dq ar e cal cul ated from Eq. 3.2 and
The average temperature of the subsequent screw elements can be found $fofartie
the mean temperature of a given scrésment, as can be seen in Eq. 3.15

Y Y 3'Y (3.15)
The heat transfer coefficients mentioned in Bdl3 are essential in calculating the
temperature changes along the screw channel in the extruder. Thahsfar ttoefficient
for the screw channel;dis traditionally considered to be 0, i.e. adiabatic unless the screw
is regulated thermally. In the case of the barrel, the heat transfer coeffigisrtdiculated

usingEg.3.16 based on BiHdddéds anal ysis |

8 8 8

N WMe— — — (3.16

3.3.2 Residence Time Calculations

Residence time, which is the time that the polymer melt spends in the screw element can
be calculated for the fullyilled screw elements as well as partidiljed screw elements.
In the case of partially filled screw elements, there is no pressure flow as the polymer melt
is conveyed by pure drag flow, as a result of the relative motidmedbarrel. The mean
velocity of the polymer melt being conveyed along the channel direction.

® “0'YOE T %o (3.17

Where, N is the screw speed andsRhe external radius (barrelsis the pitch angle.
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Residence Time can be calculated from the mean velocity and the length of the screw

elenment using Eqg3.18.
o — (3.18

Where, {is the residence time and L is the length of the partially filled screweelem
In the case of fully filled elements, the residence time is calculated using the following

equation:
o — (3.19

Wher e, J} is the density of the polymer mel't
and Q is the flow rate.
The free volume, V is calculated basedlms analysis conducted by Booy |38
w O ¢o 0 (3.20
Where, Ajand A are the barrel and screw cressctions, L is the axial length of the screw
element.
O ¢ Y 8Yi Q&r (3.20)
0O aro OYi Qer — Y o Y (3.22
Egs.3.17-3.22represent the equations tlae used taalculate the residence tinffa the

respective screw elements.

3.3.3 Degree of Fill Calculations

Degree of fill represents thatio of the volumedf screw channel filled with the polymer
melt to the entire volume of tteerew element, as is a useful measure in understanding

the mixing performance of the twin screw extruder. It is calculated) &=in 3.23

o S — (3.23
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Where, fis the degree of fill, B is the pitch of the screw element, V is #eviolume
(calculated from EQq.3.20
Eq. 3.23 used to calculate the degree iiif $hows that it is a function of the specific

throughput (Q/N).

3.4 Process otomputing results using Twin ScrewSimulation Software

This section of Chapter 3 pridles an overview of thealculations performed by thein

screw simulation software [37Calculation of resultgs performed on an iterative basis.

The properties of the base polymer and the screw design of the TSE are defined by the
user. The thermomechanical properties i.e. pressure, temperature, residence time are
cdculated based on equans (3.13.24). However, a twirscrew extruder is starve fed, as

a result of which the fill ratio of the screw channel is unknown; hence, the computations
are made in the upstream direction from the die to the feeding section. The final
temperature of #extrudate that exits the die is unknown; an arbitrary exit temperature is
chosen. Based on the dimensions of thee the shear rate andscosity is catulated
accordingly from Eq. 3.2 3.4. h this manner, the properties are calculated for sadw
element from the Eq. 3.1 3.24 in the upstream direction. In the case of a forward
conveying screw element, the pressure is zero (forward conveying screw elements convey
the materials using drag flow as there is no back flow in these elements) andwiagesof
checks for the presence of a restrictive screw element (reverse screw element or kneading
block) in the upstream direction; the pressure is computed as zero until the next restrictive
element is encountered. When the first restrictive element isietezed i.e. only forward
conveying screw elements are found in the upstream direction; the temperadunpiged

at this region. The computer simulation softwassumes that the polymer feed melts
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instantaneously upon reaching the first restrictivenela; the temperature at this point is
compared to the melting temperature of the polymer melt (this is specified by the user or
can be rezieved from the software databask the computed temperature corresponds to
the actual melting temperature of th@lymer melt, then the simulation is completadd

the results are obtained. However, if the computed temperature varies from the actual
melting temperature of the polymer melt, the exit temperature from the die is adieded

the computations for eachi the properties are performed on an iterative basis until the
computed temperature at the first restrictive element corresponds to the melting

temperature of the polymer melt.
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Chapt-&Exp£ri ment al Setup

This section discuss the experimental setupat has been used to perform RSD
experiment the canputer simulations are carried auging the same RSD experimental
setup The equipment, materialsnd procedures used to perform the experiment have been
discussed in the folleing pages. There are two parts to this chaptee frst phase being

the descriptiorof Residence Stress Distrifian (RSD) Methodologyo calculate Percent
Break-Up (%BU) and the second pdating thedescription of simulation software setup

that will be used to validatBRSD resultsThe Percent Breaklp (%BU) has been used as

a metric to evaluate the amount of stress that the polymer melt experiences within the twin
screw extruder. The experimental procedure used to describe the Residence Stress
Distribution (RSD) Methodology will be discussed in brief as the experimental procedures
have been dis@sed in detail based on prior experiments conductec2421A table
summarizing the experimental setup for this thesis can be seen in Table 4.1, which could
help understand the layout of the experiment.

Table 4.1: Summary of the experimental setup

Extruder 18mm 26mm 16mm
Size
Base Mixing Section Config. Mixing Section Config. Barrel Temp.

Polymer 24mm 24mm | 48mm | 48mm | 24mm 24mm | 48mm | 48mm | 170 | 190 | 220

Narrow | Wide | Narrow | Wide | Narrow | Wide | Narrow | Wide | °C |°C | °C

LDPE \Y \% \% \%
HDPE Vv \Y \Y \Y Vv Vv Vv Vv
Kollidon \Y \Y \%
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4.1 Equipment

4.1.1 Twin Screw Extruder

4.1.1.118mm TSE

The RSD Experiments were conducted on a Coperion-ZS#legalab Twin Sew
Extruder (Fullyintermeshing CdRotating TSE), situated at the Dupont Facility at
Wilmington, DE. The base diameter for this TSE was 18mm, with an L/D ratio of 40. The
screws were doubliighted (discussed in Sec 1.3), consisting di barrels The
temperature profile used for the barrels can be seen in Zdble

Table4.2: Temperature profile for 18mm TSE

Barrel 1 2 3 4 5 6 7 8 9 10 | Die Zone

Temp 0 0O | 150| 150 | 150| 150 | 150 | 125 | 125 135 140

(C)

The temperature profile was maintained for each of the screw geoméismsséed in Sec

4.2) used to perform the experiment. The barrels were heated to a temperaturgCof 150
until the mixing sectionwhere the barrels were heated to a temperature GC1a%e
barrel between the mixing section and the die zone was heated@ 185die zone was
heated to 14C. The optical light probe, part of the data acquisition system to receive the
feed input fom the CAMES bead brealp, is inserted int@an opening after the mixing
section of the exter. The Data Acquisition Setwpll be discussed in brief in &tion

4.1.2

4.1.1.2 26mm TSE
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The second set of the RSD experiments were performed on the2@$AC fully
intermeshing caotating Twin Screw Extruder. The experiments were performed at the
Coperion Headquarters at Ramsey, NJ. The base diameter for this TSE was 26mm, with an
L/D ratio of 37. The screws wedsubleflighted consisting of ®arrels, wich were heated
uniformly to a temperature of 280, including the die. The optical light probe was injected

into the opening slot, aftéhe mixing section of the TSE.

4.1.1.316mm TSE

The final set of RSD experiments, relevant to this thesis, werducted on a 16mm
ThermaeExtruder with an L/D ratio of 40. The screws wedraible flighted, consisting of
barrels, that were heated to varying barrel temperatures i.8C1700C and 226C

(discussed in detail in Sec 4.2.3).

4.1.2 Data Acquisition Setup

This section briefly discusses the data acquisition setup used to calibrate the percent break
up values using the RSD Methodology. The data acquisition setup used to perform the RSD
experiment consists of an optical light probe, CPU, connector block gridieni21-22].

The optical probe is inserted into the extruder before the die via a probe slot. The light
probe measures the intensity of the light reflected off the polymer melt. The light source is
transmitted using a fiber optic cable towards a stasdteel sheath that is mounted onto

the extruder barrel. The scattered light, which is received by another fiber optic cable, is
converted into voltage. The obtained voltage is amplified using an amplifier device. The
voltage signals are transmitted toetconnector block that is coected to the CPU.

LabVIEW is theinterface that helps visualize the obtained experimental data.
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4.2 Screw Geometries

The configuration of sews in the extruder igital to the process of mixing. Different
screw elementBave different mixing and conveying capabilities (discussed in Chapter 1)
and the orientation of the screws helps determine the quality of mixing. The degree of fill
(discussed in Chapter 3) is an important indicator of the mixing efficiency of the groces
Degree of fill varies with the orientation of screw elements atbegextruder length.a@
understand the influence of screw geometry in the process of mixing, only the mixing
sections of the following screw geometries would be discussed. The mixitignsec
comprises a series of kneadinigcks (discussed in Chaptendhich influence the mixing
process based on theize and orienteon. Preceding the mixing section is the melting
zone, where the polymer pellets are melted into a molten state. Theegpoalyelt is
conveyed towards the mixing section using conveying elements. Following the mixing
section, the pol ymer me | t i's Opumpedd6 tow
obtained. A brief overview regarding the melting and the melt pumping séetscaiready

been discussed in Chapter 1. The Screw Geometries used to perform the experiment for

the 18, 26 and 16mm extruder will be discussed in this section.

4.2.118mm TSE

The 18mm TSE used for this experiment consists of four screw geometriesnvbgiog

zone and the melting zone remains the same for each of the four screw geometries. The
difference between the screw geometries is in the mixing section.

4.2.1.1 Narrow 24mm Mixing Section

The first screw geometry can be seen in Fig 4.1. Thedetteonsits of 10 barrels as seen

in Fig 4.1. The different screw elements used for thevegeometry have been labélin
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Fig 4.1, from the feeding zongeft) to the die (right), for a better understanding. The
melting region consists of a forward kiuléag block (48 stagger angle, 5 paddles of 2.4

cm length) followed by two lefhanded conveying elements, each 0.8 cm in length with
an axial pitch of 1.6 cm. Theonveying zone consists of rightinded conveying element

of 2.4 cm length with an axial pit of 2.4 cm. The different screw elements used fer th
screw geometry have been ldgkin Fig 4.1, for a better understanding. These zones
remain similar for each of the 4 geometries used to perform the experiment. The mixing
section consists of 3 narrdarward kneading blocks (5 paddles), with an axial length of
0.8 cm staggered at %5 he kneading block is followed by a left handed conveying screw

element of 0.8 cm length having an axial pitch of 1.6 cm.
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Figure 4.1: Narrow 24mm Mixing Section Scr&eometry

4.2.1.2 Wide 24mm Mixing Section
This screw configuration is similar to the previous screw configuration, except for the
mixing section. The mixing section consists of a wider forward kneading block (2.4 cm

length, 5 paddles staggered af)4i& comparison to the Narrow 24mm Mixing section,
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which has 3 narrow kneading disks. The kneading block is followed by a left handed

conveying element
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Figure 4.2:24 mm Wide Mixing Section Screw Configuration

4.2.1.3 Narrow 48 Mixing Section

The third scew configuration used for the 18mm TSE is similar to the first and second
screw configuration in terms of the melting and conveying sections. The mixing section
differs in the sense that the length of the mixing section is doubled. The firseemad
saew geometries consisf kneading blocks to a length of 24mm, while the third screw
configuration consists of narrow kneading blocks (each kneading block 0.8 cm) for a total

length of 48mm as seen in Fig. 4.3.
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Figure 4.3: Narrow 48 Mixing Section Scré&wnfiguration

4.2.1.4 Wide 48 Mixing Section

The fourth screw configuration used for the 18mm TSE, is similar to the Narrow 48 Mixing
Section Screw Geometry, except that the mixing section is replaced with wider kneading
blocks (2.4 cm length each) fottatal length of 4.8 cm. This screw geometry consists of
forward kneading blocks (2.4 cm each, 5 paddles staggeref) aTH6 mixing section is
followed by a left handedoniveying screw elememd build back pressure, ensuring that

the kneading blocks arfully filled.
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Figure 4.4: Wide 48 Mixing Section Screw Configuration

The 4 screw geometries listed above are used for thelB&n Twin Screw Extruder.

The experiments were conducted in order to understand the impact of changing the mixing
section georetry on the RSD results and the computer simulations (Ludovic). The
operating conditions used for the 18mm TSE will be discussed later in the chapter after

explaining the screw geometry used for the 26mm TSE and 16mm TSE.

4.2.2 26mm TSE

The 26mm TSE fothis experiment considers two screw geometries. The first screw
geometry uses a Narrow Mixing Section screw configuration and the second screw

geometry uses a Wide Mixing Section screw configuration.
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4.2.2.1 Narrow 72mm Mixing Section

18kak. sBBBRBS: 3010245¢

G R 2 P

Figure 4.5: Narow Mixing Section 26mm

Figure 4.5 provides the screw configuration of the 26mm TSE with narrow kneading blocks
in the mixing section. The screw configuration seen in Fig 4.5 is input into Ludovic in
order to perform the simulations accordingly. The degon of screw elements is similar

to that of 18mm Extruder 48mm Mixing Section with Narrow Kneading blocks. The
melting region consists of a kneading block of length 3.6cm (5 disks staggered) at 45
followed by two kneading blocks of length 2.4cm e&th disks staggered at 90The
kneading blocks are followed by reverse conveying elements (2 left handed screw elements
of pitch 2.4cm and length 1.2cm each). The melting section is followed by a series of
forward conveying elements of pitch 3.6 cm adadgth 3.6cm each. The mixing section
comprises narrow kneading blocks (kneading blocks to a total length of 7.2 cm, 5 disks
each staggered at%5The kneading blocks are followed by 2 left handed screw elements
(axial pitch 2.4cm and length 1.2 cm each)

4.2.2.2 Wide 72mm Mixing Section

4.53 kgh

— 43° 43° 90%0°45°

Figure 4.6: Wide Mixing Section 26mm
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Fig 4.6 discusses the wide mixing section. The screw configuration is similar to the narrow
mixing section (Sec 4.2.2.2) except that the mixing section comprises wider kneading blo

instead of narrow kneading blocks to a length of 7.2cm.

4.2.316mm TSE

The last equipment considered for this experiment is the 16mm Thermoextrudest used
the Merck facility. A singlescrew geometry was considered for the 16mm TSE. This screw
configuration consists of a series of conveying elements with kneading blocks of varying
staggering angles. The melting section was relatively siitad kneading blocks comprise
paddles with the same thickness i.e. 0.4 cm. The mixing section began with forward
conveying kneading blocks consisting of 5 paddles staggered,&bB&ved by 5 more
paddles staggered at%@Reverse conveying kneading blocks consisting of 10 paddles
staggered at §0vere used at the end of the mixing section. The stagger anglesebetw
the paddles were varied from®30 6@ to 97 to alter the mixing behavi¢24]. The barrel
temperatures were varied for ther@ascrew configuratioto understand the impact of

barrel temperature on the experimental results obtained.

4.3 Materials

The thesis focuses on three base polymers which were used to perform the experiments.

4.3.1 Low Density Polyethylene (LDPE)

Low Density Polyethylene (LDPE), Petrothene NA 206, which was supplied infoeitet
by Equistar Chemical&.DPE has a density &.918 g/cc and melt flow index of 13.5 g/10

min. This grade of polymer is used in blow molding, injection molding, extrusion coating
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etc. ZSk18 TSE was used to process LDPE to obtain the experimental results (RSD and

Ludovic Simulations).

4.3.2 High Dersity Polyethylene (HDPE)

High Density Polyethylene (HDPE), Alathon H6018 supplied in pellet form by Equistar
Chemicals, Houston, TR1]. The HDPE has a density of 0.960 /cc and melt flow index

of 18.0 g/10 min. The melt temperature of HDPE isS’COZSK-18 and ZSK26 MC TSE

were the equipment used to process HDPE to obtain the experimental results required for

the thesis.

4.3.3 Kollidon VA-64

Kollidon VA-64 is the third base polymer considered for the experiment. It is also referred
to as Copovidone. Klitlon VA-64 has a glass transition temperature o 1DIMK-A,

which is an Active Pharmaceutical Index (API) of Merck, was also used along with the
base polymer. MKA has a melting temperature of 280 A 72/23/5 weight percentage of

Kollidon VA-64, MK-A and a surfactant were used for the experimidts

4.3.4 CAMES Beads

To perform the RSD experiments, stress beads were dropped into the polymer melt before
the mixing section. CAMES (Calibrated Micro Encapsulated Beads) are strelssvotda

a critical stress limitwhich, when exceeded causes the beads to rupture and release an

encapsulated dye into the polymer m&he CAMES beads were encapsulated with Red

B Disazo dye. The stress beads were dropped into the extruder, before the mixing section
and un reaching the critical stress limit, the beads ruptured releasing the encapsulated

dye into the polymer matrix. Prior to dropping the CAMES beads into the polymer matrix,
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reference shots were used to serve as a reference point. Reference shots wecklprepa
dissolving polystyrene pellets into xylene and adding Red B Disazo dye to the mixture
[21]. The prepared solution was cooled down anghtch sample equivalent to théato
weight of the CAMES beads wasmoved from the solidified mixture

The CAMES beads arenanufactured by Mach 1 Inc, King of Prussia, PA. The stress
historyin the twin screw extruders iseasured with the help of the CAMES beads, which

are designed to rupture, based on their wall thickness and diameter, upon encountering
critical stress in the mixing section of the extruder. AUTOMATE Blue 8A, manufactured

by Rohm & Haas Co., is the dye used in the CAMES beads. Reference shots, which
comprise the same dye used in the CAMES beads, are used to provide RTD, as it represents
all the pah travelled, a situation similar to when every stress bead is broken (100% break
up of CAMES beads). The critical stress limit for the CAMES beads used for the 18mm

TSE was 158 + 21 kPa and 92 + 14 kPa for the 26mm Coperion TSE.

4.4 Operating Conditions

This section discusses the operating conditions chosen to perform the experiment. The
operating conditions were chosen based on the capabilities of the extruder. A Central
Composite Design (CCD) grid was used to depict the relationship between thengperati
conditions and the resultslue to the notlinear relationship between the operating
conditions. The purpose behind using a CCD grid was to visualize the relationship between
the operating conditions and the results (both RSD experiment and Ludoviatsimu
results). Statistical analysis was easier to be performed on the obtained experimental data
and it was possible to correlate the results as a function of the operating conditions. This

was facilitated using JMP 12.2 Statistical Analysis Software iftportant operating
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conditions considered for the experiments were the rotational screw speed N (RPM), feed
rate Q (g/min) and specific throughput Q/N (mL/rev). The vertical axis for the CCD grid
consisted of a range of specific throughput (Q/N) valudsle the horizontal axis of the

CCD grid consisted of a range of screw speed (N) values. Specific throughput was chosen
because it was a key parameter in determining the charactaristicsRV D and RRDs.
study [14 on RTD analysis showed that Q/N as important variable in the extrusion
process. For each of the 18mm, 26mm and 16mm TESifferent set of operating

conditions were chosen.

4.4.1 18mm TSE

For the 18mm TSE, the same CCD grid wassem for each of the four screw

geometries.

Q/N
(mL/rev)

(Ib/hr) 10 42

7 10.5 .36

4 7 10.5 .30

4.5 7 .24

4.5 .18

N
(RPM) 140 190 240 290 340

Figure 4.7 Operating Conditions for 18mm TSE

Fig 4.7reveals the operating conditions for the experiment performed on the 18mm TSE
for each of the four screw geometries. The screw speed N ranges from 140 RPM to 340

RPM at an interval of 50 RPM, while the sgecihroughput Q/N ranges from 0.18 mL/rev
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to 0.42 mL/Rev at an interval of 0.06 mL/rev. Along the downward diagonals from left to

right, the feed rate is almost constant for each of the three diagonals.

4.4.2 26mm TSE

For the 26mm TSE, two sets of op@ng conditions can beegn in Fig 4.8 and Fig 4.9
The experiment performed on the 26mm extruder was to understand the process of scale
up in extrusion. The two CCD grids correspond to grid points obtained as a result of using

Volumetric Scale Up approaand Percent Drag Flow Scale Up approHgiscussed in

Chapter .
Ib a/N
m (— (mL/rev)
(hr)
35.6 1.18
24.1 36.8 101
14.8 —— 25.3 —— 35.9 | g.84
15.9 24.4 0.67
15.1
0.50

N
140 190 240 290 340
(RPM)

Figure 4.8 Operating Conditions for 26mm TSE (Volumetric Grid)
Fig 4.12 corresponds to the CCD grid used for the 26mm TSE. The screw speed range

remains constant to the 18mm TSE, b $pecific throughput range changes based on
the Volumetric Scaleip methodThe specific throughput values range from 0.5 mL/rev to
1.18 mL/rev at an interval of 0.17 mL/rev. Along the downward diagonals from left to

right, the feed rate is almost congtan in the case of CCD grid for 18mm TSE.
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a/N

b (mL/rev)
m ()

hr 29.2 0.97

19.8 30.2 0.83

12.1 — 20.3 —— 29.5 0.69

0.55

13.1 20
12.4 0.41
N :

(RPM) 140 190 240 290 340

Figure 4.9 Operating Conditions for 26mm TSE (Percent Drag Flow)

Figure 4.13 corresponds to the second set of operating conditions for the 26mm TSE. The
screw speed N values are similar to the 18mm TSE, budpeeific throughput values

(Q/N) vary based on the Percent Drag Flow Scale Up Methodology. The specific
throughput values range from 0.41 mL/rev to 0.97 mL/rev at an interval of 0.14 mL/rev.
Along the downward diagonals from left to right, the feed rateas remain almost similar

along the 3 diagonals. The experimental results obtained from each of the CCD grids used
for 26mm TSE is compared to understand the more efficientgpateethod which could

be used in largsecale extruders in the industries.

4.4.3 16mm TSE

For the 16mm TSE, a singéCD grid with specific operating conditions was used. The
screw speed (N) values range from 50 RPM to 250 RPM at an interval of 50 RPM. The
specific throughput (Q/N) ranges from 0.1 to 0.5 mL/rev at an inten@llailL/rev. The

feed rate (Ib/hr) remains constant along the downward diagonal from left to right for each

of the 3 diagonals. The 9 op#&rg conditions seen in Fig 4.Mere used to extrude
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Kollidon VA-64 at three different barrel temperatuires7PC, 190°C and 226C in order

to understand the influence of barrel temperatures on Percent-Bpeakd Ludovic

results.
m (— (mL/rev)
hr

2.48 0.5

1.32 2.64
0.4
0.50 ——— 1.5 =——— 248 |3
0.66 1.32 0.2
0.5 0.1

N .

(RPM) 50 100 150 200 250
Figure 4.10 Operating Conditions for 16mm TSE

The Percent Brealdp results calculated based on RSD Methodology have been explained
in detail by Pappas et a2®]. The Simulation results obtained from Ludovic for each of
the screw geometry and operating conditions discussed above, havstétestitally

analyzedn order to correlate the obtained results with the operating conditions.

45 Statistical Analysis

The results that were obtained from the RSD experiment and Ludovic Simulations were
statistically analyzed using JMP software. The JMP 12.2 is the statistical software, created
by SAS, that has been used to generate predicegraions for each of the below
mentioned results as a function of the operating conditions. The statistically significant
parameters (p<0.05) on the 95% confidence interval, were used in the predictive equations.
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The software was used to determine the besietindrder to evaluate and predict trends

for the input data. JMP 12.2 was useful in providing a detailed report on the statistical
significance of the variables as well as predict an equation correlating the operating
conditions with the experimental rdts.

4 = Response Percent Break-Up
P Effect Summary

4 Actual by Predicted Plot
725

70
67.5
65

62.5

Percent Break-Up Actual

60

57.5 —
57.5 60 62.5 65 67.5 70 725
Percent Break-Up Predicted P=0.0673 RSq=0.92
RMSE=2.2751

4 Summary of Fit

RSquare
RSquare Adj

Root Mean Square Error

Mean of Response

0923214
0795238
2275066
64.55556

Observations (or Sum Wgts) 9

P Analysis of Variance
> Parameter Estimates
[ Effect Tests

4 Sorted Parameter Estimates
Term Estimate Std Error t Ratio

N 2.8333333 0.656755 4.31
Q/N 26666667 0.656755 4.06
Q/N*Q/N  -0.520833 06359 -0.82
N*Q/N 0.5 1.137533 0.44
N*N -0.145833 06359 -0.23

Figure 4.11 Statistical Analysis usingMP 12.2

4.6 Computer Simulations Setup

The RSD Methodology experimental setup had been discussed earlier in this chapter. The
next phase of the experiment is to use Ludovic to perform simulations forathe s
operating coditions (discussed in Sec 4.4hat had been used to perform RSD
experiments. This section discusses the different steps required to setup the experiment

using Ludovic. Ludovic is a-Dimensional Twin Screw SimulatiofCo-Rotating TSE)
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Software developed by Sciences Computer Consultants (Discussed in Chapter 2). Based
on the screw design and operating conditions defined by the user, Ludovic performs
simulations and generates output. The following section discusses in detail about the

proces of setting up Ludovic and the results that are generated by the software.

4.6.1 Extruder Screw Design

The first phase of the process is to define the screw design that needs to be used to perform
simulations. The base diameter of the extruder is spdc#long with the screw/barrel
leakage (mm). The different screw elements from the feed zone to the die are specified.
The length of the screw element along with the axial pitch is specified (conveying
elements) as well as the staggering angle and nuofloksks (kneading block). The type

of screw elements i.e. forward conveying, reverse conveying, neutral kneading block,
forward kneading block, reverse kneading block etc. can be selected basedexuited

screw design. Fig 4.1@epicts the process sétting up the screw design on Ludovic.

Mam| Extruder | Progucts. | Process | Options | {3 Execute | Globm Resuts. | ATD Resuits. | Resits fix)

Figure 4.12 Screw Design Setup using Ludovic

The extruder barrels are also setup in this stage, where the total numbeelsfdrad the

required length oéach barrel are specified. The number of feed inletdeaspecified as
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different extrusion processes require different feed inlets to add fillers etc. The final step
of the screw design process is to define the die design, i.e. the length and shape of the die

desired for the final extrudate.

4.6.2 Selectiorof Base Polymer

After configuring the screw design for the extruder, the base polymer must be selected in
order to proceed with the subsequent stages of the simulation process. Ludovic offers the
flexibility to select the base polymer by either inputtimgstom values for the thermal
characteristics of the polymer melt or by making the selection from the Ludovic library

which contains the database for a wide variety of polymers.

Main | Extruder | Products | Process | Options | 43, Execute | Giobal Resuts | 7TD Results | Resuits 1x)

Thermal Characteristics | Wiscosity

Sold Phase

Uquid Phase

NN O N RN N R R RN R DN NN R R NRETON oo oo oN

Figure 4.13 Selection of Base Polymer

Fig 4.9 reveals the process of stileg the base polymer to perform the simulation.

4.6.3 Specification of Operating Conditions
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The final stage of the process required to set ugdftevare to perform simulations to
specify the operating conditions. In this case, the required opgcatnditions include the
rotation speed (RPM), feed rate (Kg/Hr) and the baemlperature, as seen in Fig 4.14
The thermal exchange coefficients are also specified in order to perform the simulations.
The results provided based on the simulations vapedding on the thermal exchange
coefficients i.e. at higher values of thermal exchange coefficients, therzime that the

polymer melt would bsubjectedo in the extrudewould be lesser.

Main | Extruder | Products | Process | Options | {3 Execute | GlobaiResults | RTD Resuts | Results f(x) |

Extruder Settings
Thermal Exchange -
Rotation Speed (Rpm) 140
V| Themal Exchanges Coefficients
Screw Temperature (*C) 190
n*  Temp('C) e
Thermal Exchange / Die (W/m2.K) 20.0 Exchange
~ = X T 1 0 0.00
Thermal Exchange / Barrel (W/m2.K 20.!
rmal ange / Barrel (W/m2.K) 0. 5 o 000
Thermal Exchange / Screw (W/m2.K) 0.0 3 150 0.00
4 150 0.00
5 150 0.00
nes Settings Dies Temperature 6 150 0.00
Position Temp (*C) F Rate (Kg/h) Product Recipe A n* | Temp('C) 4 7 150 0.00
Y Y R ) =] D eEmmm]| ¢ s ow
2 140 | 9 125 0.00
3 140 10 135 0.00
- 4 140 ~

1.81 kq/W
v

1.81 kg

i
i v A 1 i ol ] i e Al N A v ol v o 4 RS o v L o4l e (O O (O i o i i v
D00 O 00 O 0O 00 O O OO0 OO0 O 00 OO Tt 00 COOOOO
ety 0 KL G S U N NN NN NN N RN N NN BN L e e e e e
CONG $ NINDP & & NS B & & 3 35 P I NS P P AP OP 0o NODD B OO
INNENINERN] MO NN NN N NN N NN NN AN NN NN GHH N0 ON

Figure 4.14 Specification of Operating Conditions

The step mentioned above are required to setup the operating conditions to perform the
simulations. These simulations are setup based on the operating conditions that were used

to perform the RSD experiments on each of the 18mm, 26mm and 16mm TSE.
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Chapt-&s ud ts Anal ysi s

The RSD Metbdology was used to generé®ercent Breaklp results as a metric to
guantify the stress that a polymer melt experiences when processedwm Screw
Extruder. © validate the findings of the RSD Mettology, :D Computer Siralation
software called Ludovic is used. Based on the experimental setup discusseghiaerd,
this section presenthe results obtained from the RSD experiments and the Ludovic
Simulations. The results presented in thigpthr will be discussed in fogections

1 Based orchangs tothe mixing section screwoafiguration

1 Based on Different Base Polymers

1 Based on Scal&lp

1 Based on Influence of Barrel Temperature
The RSD experiments generate the Percent BrgakK%BU) results which will be
explained in thdorm of CCD grids to provide a better understanding of the relationship
between %BU and the Operating Conditions.
The output generated from Ludovicn&ilations focuses on the thermwechanical
properties of the polymer melt being extruded. The Ludosdalts which we would be
discussingn this section include:

1 Maximum Shear Rate in the Mixing Section

1 Temperature of the Polymer Melt in the Mixing Section

1 Viscosity of the Polymer Melt in the Mixing Section

1 Shear Stress exerted on the polymer melt invitxéng Section

1 Maximum Pressure in the Mixing Section

1 Residence Time in the Mixing Section
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1 Number of Revolutions takdsy polymer melt in the Mixing Section
The results generated using Ludovic will help provide an understanding of the internal
behavior wihin the extruder when run at different operating conditions and different screw
configurations. The trends obtained in the percent bugatesults obtained via the RSD
methodology could be explained based on the Ludovic simulations. The results will be
displayed using the CCD grids and the data obtained will be presented in the form of
equations correlating the operating conditions and the results, based on statistical analysis

using JMP 12.2.

5.1 Experimental data and Ludovic Validation of 18mm TSE using
LDPET for different mixing section screw configurations

This section focuses on the experiments performed on thelBSKvin Screw Extruder,
whose operating conditions and screw geometry had been explained in Ch¢peer 4
4.2.1) Fourdifferent mixingsection screw configurations had been discussed in Chapter

4 and the results corresponding to the screw geometries will be discussed in this section.
Low Density Polyethylene (LDPE) is the base polymer that was used to perform the
experiments on ZSK 8. The results will be presented in the order as shown in the above

section.

5.1.1 Percent BreakUp Results

The %BU results for each of the four screw geometries can be seen using the four CCD
grids, as shown in Figure 53.2 Each coordinate point shows tnerage %BU value at

that point. The average was taken from 2 to 3 data points at each set of operating conditions.
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Q/N Q/N

(mL/rev) (mL/rev)
%BU 65.1 A2 %BU 66.4 42
57.0 62.4 .36 57.0 69.6 36
47.0 56.2 64.0 | .30 47.9 58.1 637 | .30
45.4 55.3 24 47.8 59.9 .24
47.2 18 49.0 18
N N
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.1: NarrowLeft) and Wide (Right4mm Mxing Section

Q/N Q/N
(mL/rev) (mL/rev)
%BU 69.2 42 %BU 77.9 42
61.1 65.0 .36 68.8 80.2 .36
55.8 62.3 69.0 | .30 61.1 65.8 78.0 | .30
55.0 60.2 .24 60.8 68.6 .24
52.0 18 56.7 .18
N N
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.2 Narrow(Left) and Wide (Right#8mm Mixing Section

The percent breakip results for the 18mm TSE for different screw configurations of the

mixing secton can be seen from Fig 5512 A general trend observed across each of the

CCD grids; at a constant screw speed (N), an increase in specific throughpute&iis)

in an increase in the %BU results. Similarly, at a constant specific throughput (Q/N), an

increase in screw speed (N) results in an increase in the %BU results. As the screw

configuration of the mixing section changes, the %BU values change mgphat mixing

section screw configuration is an important parameter in determining the stress experienced

by the polymer melt in the mixing &on. In Fig 5.1, itcan be seen that wherarrow

kneading block arereplaced with wide keading block the %BU increases. Wider
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kneading blocks are better dispersive mixers, and the wider paddles squeeze the polymer
melt to a greater extent inducing higher magnitudesxténsionalstress; causing the
percent breakip to ircrease. Comparing Fig 5.1 to SiRcanbe seen that doubling the
length of the mixing section increases the percent kupalesuls to a greater extentoT
understand the influence of the operating conditions and screw configuration on the %BU
results, the obtained data was input into JMP 12.2rder to obtain the relationship
between %BU and the operating conditions.

Table 5.1: Predictive Equation Coefficients for %BU

Screw Geometry COEFFICIENTS
(18mm)

Intercept XN Xon
Narrow 24  Mixing 55.3 411 4.54
Section
Wide 24 Mixing Section 58.5 5.53 4.48
Narrow 48 = Mixing) g 4 2.95 3.86
Section
Wide 48 Mixing Section 68.0 4.42 5.18

Table 5.1 reveals the intercept value of %BU and the corresponding coefficients for screw
speed (N) and specific throughput (Q/N) for the four different screw gegm@ms The
intercept value is an average of the %BU values obtained across the 9 grid points on the
CCD grid. From Table 1, it can be seen that the average %BU value increases as the narrow
kneading blocks are replaced by the wider kneading blocks. 8ynikhen the length of

mixing section is doubled (from 24mm to 48mm), the intercept values increase to a greater
extent. Interestingly when the narrow screw configurations are considered, the screw speed
seemsd have a lesser influence BU compared t@pecific throughput, while in the

caseof wider screw configuration8BU seems to be more dependent on the screw speed

compared to the specific throughput. Similarly, the coefficients of N and Q/N for the wider
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geometry seems to be larger compared tom#neow screw geometry, which implies that a
change in the operating conditions would have a greater change in the %BU values.

Ludovic Results

5.1.2 Maximum Shear Rate in the Mixing Section

The maximum shear rate that the polymer melt is being subjéuted simulated by
Ludovic. Each of the CCD grid points in Fig 53 represestthe maximum value of
shear rate (§. The shear rate values for each corresponding screw geometry can be seen

in the following figures.

, a/N , N
F | (mL/rev) r | af
(mL/rev)
214 0.42 213.5 0.42
166 252
0.36 165.4 252 0.36
118 —— 203 —— 290 | g3 118 203 290 | g3
0.24
157 240 0.24 157 240
194
N 0.18 N 194 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.3: Narrow (Left) and W¥e (Right) 24mm Mixing Section

[ ( cl_l/m ) roi a/N
mi/rev (mL/rev)
0.42
214 213.5 0.42
166 252
0.36 165.4 252 0.36
118 —f— 203 —~— 290 |3 118 203 290 | o3
0.24
157 240 0.24 157 240
194
N 0.18 N 194 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.4: Narrow (Left) and Wide (Right) 48mm Mixing Section

67



Fig 5.35.4 displays the maximum shear rate attained by the polymer melt in the mixing
section. Across all the 4 CCD grids, a general trend has beenvel: at constant Q/N,
shear rate increases with screw speed (N). Similarly, at constant N, shear rate increases
slightly as specific throughput (Q/N) increases. Interestingly, across each of the 4 screw
geometries from Fig.8-5.4, the maximum shear ewalues are almost identical for each
corresponding CCD grid point, implying that change in screw configuratitire mixing
sectionfor a particular extruder base diameter (18mm in this cdses not impact the
maximum shear rate that a polymer mgbeing subjected to. However, each of the values
represented in the CCD grid represents the maximum shear rate and basedraphthe g
plotted usind-udovic simulation datdFig 5.9, it can be seen that the maximum shear rate

is subjected for a longer Igth of the mixing section in a wide kneading block compared

to a narrow kneading block; this implies that despite having identical maximum shear rate
values the wider kneading block subjects the polymer melt to the higher shear rate for a
longer duration empared to the narrow kneading block. Similarly, upon doubling the
length of the mixing section, the maximum shear rate is being subjected to a longer length
of the kneading block compared to 24mm long mixing section. Statistical analysis of the
Ludovic results on JMP displays the following results:

Table 51: Predictive Coefficient equations for shear rate

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN Xom
Narrow 24 203.22 42.75 5.1
Wide 24 203.1 42.8 4.95
Narrow 48 203.22 42.75 5.1
Wide 48 203.1 42.8 4.95
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Based on JMP analysis, it can be seen that the intercept value for maximum shear rate
across all the 9 CCD grid points for each of the 4 screw geometries remains almost
identical. The coefficient values suggest that \scspeed is the dominating term that
influences the shear rate compatedspecific throughput. Fig 5.8hows a comparison
between Narrow 48 and Narrow 24 mixing section shear rate values that had been plotted
based on the Ludovic SimulationBhe gaph haseen plotted from feeder (right) to die

(left) along the length of the twin screw extruder.

Mixing Section

S Comparison of Shear Rate between Narrow 48 and Narrow 24 Mixing Section

Figure 5.5: Comparison of shear rate between Narrow 24 and Narrow 48
5.1.3 Maximum Temperature in the Mixing Section
The temperature that the polymer melt ijsated to in the mixg section is a critical
parametein determining the polymer melt viscosity, shear stress and the residence time.
Ludovic Software was used to calibrate the highest temperature reached in the mixing

section for each coordinate poor the CCD grid, for every screw geometry.
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Q/N Q/N
Temp PC) (mL/rev) Temp (C) (mL/rev)
239 0.42 244 0.42
240 251 0.36 244 256 0.36
236 —— 258 ——t— 266 |30 250 ——t— 264 L 273 |03
265 277 0.24 271 283 0.24
288 293
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.6: Narrow (Left) and Wide (Right) 24mm Mixing Section

Temp PC a/N Temp PC a/N
P () ) (mL/rev) P E) ) (mL/rev)
252 0.42 270 0.42
253 264 0.36 269 282 0.36
267 — 269 —— 276 | 0,30 272 — 289 — 298 |03
285 287 0.24 293 306 0.24
306 0.18 315 0.18
N N
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.7: Narrow (Left) and Wide (Right) 48mm Mixing Section

Fig 5.6-5.7 show the maximum temperature in the mixing sectiore¥ery corresponding

point on the CCD grid for the 4 v geometries. From the Figuiecan be seen that at a
constant (Q/N), the temperature increases with increase in screw speed. This is due to the
fact that higher shear rate leads to more viscagdition heating. The torque supplied to
rotate the screw becomes heat, which is iedunto the polymer melt causiag increase

in the temperature of the polymer melt. At constant N, when the (Q/N) is increased, the
temperature decreases. An increas®/N at a constant screw speed implihat the mass

flow increasesand the amount of heat conducted through an increased mass flow is less;
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thereby causing a decrease in the temperature of the polymer melt. When the narrow KBs
are replaced by wider KB#)e temperature of the polymer melt is seen to increase; this is
due to the fact that wider kneading blocks generate haghmeulativeshear on the polymer

melt and the heat transfer coefficient is lower compared to narrow kneading blocks. When
the lengthof mixing section is doubled from 24mm to 48mm, the temperature in the mixing
section increases by an average of about 10%. The polymer melt is being subjected to a
higher shear in the 48mm Mixing Section compared to the 24mm Mixing Section as seen

in Maximum Shear Rate results.

In order to get a better understanding of the influence of the operating conditions on the
temperature of the polymer melt in the mixing section, the results obtained from Ludovic

were input into JMP software.

Table 5.3: Predictiv€oefficient Equations for Temperature

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN Xaom
Narrow 24 258.5 6.91 -12.41
Wide 24 263.1 5.83 -12.67
Narrow 48 269.1 2.58 -13.58
Wide 48 287.7 6.5 -11.5

From Table 5.3, the predictive equation coefficiiemtthe different screw geometries can

be seen. As with RSD and %BU, the only two predominant parameters are screw speed
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(N) and specific Througput (Q/N)! The intercept valutor temperature increases as
narrow kneading blocks ithe mixing section areeplacedoy wider kneading blocks; the
temperature of the polymer melt increases as the length of mixing section is doubled. Screw
speed has a positive coefficient value which implies that temperature of the polymer melt
increases with screw speed. Spedfiooughput has a negative coefficient value which
implies that temperature of the polymer melt decreases with increase in Q/N. Based on the
coefficient values for each of the screw configuration, Q/N has a higher impact on the

temperatur®f polymer meltcompared to N.

5.1.4 Viscosity in the Mixing Section

Viscosity of the polymer melt is an important characteristic that determines the stress,
residence timend other extrusion parametetsidovic simulates the viscosity of the
polymer melt over the enérlength of the extruder channel. The focus is on the mixing
section of the TSE; the viscosity of the polymer melt at the maximum shear rate is taken
into account for the results displayed below. The viscosity values provided in the CCD

grids below are imnits of Pas.

5 o , Q/N 6 (1') i
— U W mL/rev -
( ) a/N
mL/rev
266.9 0.42 (mi/rev)
0.42
304.5 216.9 0.36 258.5
295.8 209.1 0.36
366 ——f— 224.7 —4— 172.2| 03
330.7 ——— 216.5 —— 165.2| g 3
0.24
235.8 172.2 230.7 160.5 0.24
167.3
166.5
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.8: Viscosity in the Mixing Section 24mm Narroleft and Widel Right
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Q/N Q/N

- G(I) i (mL/rev) - 0 (I) i (mL/rev)
217.9 0.42 202.5 0.42
245.2 190.6
0.36 230.9 163.1 0.36
277.8 186.4 146.5( 0.3 254 —— 171.8 —— 134.6| g3
0.24
197.3 1423 0.24 177.7 132.5
140.5 132.5
N 0.18 N 0.18
(RPV) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.9: Viscosity in the Mixing Section 48mm Narrolaeft and Widel Right

Fig 5.8 and Fig 5.8ompare the viscosity of the yoher melt in the nxing sectionwhen

the screw configuration of the mixing section is changed. CCD grids comprising the 9 grid
points for each of the scregeometry can be seen in Fig 5.8 and B Qeneral trend
observed across each of the CCD grids; at constant Q/N,idbesity decreases with
increase in screw speed, which can be explained by the behavior of temperature and shear
rate values that were explained in the previous sechpnncrease in screw speed leads

to an increase in shear rate and temperature obllgmpr melt, which leads to a decrease

in the viscosity values. Eg. 9 and Eg. 10 from Chapter 3, explain the relationship between
shear rate, viscosity and temperatbased on the power law mod€he theory behind
computersimulationsfor polymer flowshas been explained in Chapter 3. At constant N,

the viscosity increases with specific throughput (QMbBcauseéemperature decreases

when mass flow increases at a constant screw speed. Despite the slight increase in shear
rate, the reduction of temperatdeads to an overall reduction in the viscosity values. As

the feed increases at a constant screw speed, there is higher restriction towards the flow of
molten polymer due to higher viscosity. As the narrow kneading blocks are replaced by
wider kneading ldcks, the viscosity of the polymer melt at the corresponding CCD grid

points decreases. Similarly, when the length of the mixing section is doubled, the viscosity
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of the polymer melt decreases as the polymer melt is subjected to more shear and higher
tempeature. The influence of the operating conditions on the viscosity of the polymer melt
has been analyzed using JMP, the results of which can be seen below in Table 4.

Table 5.4: Predictive Equation Coefficient for Viscosity

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN XaoN
Narrow 24 223.3 -44.9 26.1
Wide 24 217.1 -40.7 24.8
Narrow 48 188.9 -31 20.9
Wide 48 171.5 -29.31 18.65

Table 5.4 shows that screw speed is a dominant factor in influencing the viscosity of the
polymer melt compared to the gjfec throughput. Within the 24mm mixing section, as

the narrow kneading blocks are replaced by wide kneading blocks, the intercept value of
viscosity decreases; the coefficient of N and Q/N decrease as well. The influence of the
operating conditions on stosity of the polymer melt decreases as the length of the mixing
section is doubled. The coefficient of screw speed (N) is higher compared to specific
throughput, which implies that screw speed has a greater influence on the viscosity values
compared tolhte specific throughput. The narrow screw geometry seems to be having a
higher N coefficient relative tdhe wide screw geometrysimilarly, there is a small
magnitude othange in the coefficient values for specific throughput when switching from
the narrov to the wide screw geometry. In the case of the longer mixing section, the
magnitude of changes in the viscosity on switching from narrow to wide would be lesser

as the difference in the coefficient values forrbdtand Q/N seems to be small.
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5.1.5 SheaStress in the Mixing Section
Shear Stress values are vital in understanding the percentuprdmghavior exhibited by
the different screw configurations of TSE. Based on the shear rate and the viscosity values
provided by Ludovic, shear stress valuasébeen calculated using Eq. 30
T (5.9
The shear stress values have been calculated in kPa and can be seen in the CCD grids

corresponding to each screw geometry for the 18mm TSE.

TN v Q/N .- . Q/N
T QU ¢ (mL/rev) T QU ¢ (mL/rev)
57.1 0.42 55.2 0.42
50.5 54.7 0.36 48.9 52.7 0.36
43.2 ——4—— 456 ——— 499 0.3 39 ——t—— 43,9 =—a— 479 0.3
0.24
37 41.4 0.24 36.2 38.5
32.4 32.3
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340
Figure 5.10: Shear Stress in the Mixing Secti@dmm Narrow Left and 24mm Wide
Right
T Q0 ¢ a/ T Q0 ¢ a/n
(mL/rev) (mL/rev)
46.6 0.42 43.5 0.42
40.7 a8 0.36 38.3 41.3 0.36
328 —— 378 —— 425 (g3 30 —— 349 —1— 39 |3
0.24
31 34.1 0.24 27.9 319
27.3
0.18 " 257 0.18
(RPv) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.11: Shear Stress in the Mixing Section 48mm Narileeft and Wide' Right

Fig 5.10 and 5.1%eveals the data on the shear stress values calculated using Ludovic

results for the 4 different screw configurations of the mixing section. A general trend
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observed across each of the 4 CCD grids is that shear stress increases with increase in screw
speel (N) at a constant specific throughput (Q/N). Similarly, the shear stress increases with
specific throughput (Q/N) as the screw speed (N) is kept constant. However, the shear
stress values across each of the 9 CCD grid points decreases as the narrimg ki

are replaced by the wide kneading blocks. Similarly, the shear stress values are seen to be
on the decreasing trend as the length of the mixing section is doubled. This observation is
not consisent with the %BU trends (Sec 5.},..although fora particular screw geometry

the trends in shear stress values seem to align with the %BU trends. This calls for the fact
that shear stress is not the only contributor towards the percentupedkhe CAMES

beads in the RSD experiments as the magnittideear stress is lesser to cause significant

rupture of the beads.

The shear stress values obtained based on the performed calculations were statistically
analyzed using JMP 12.2 in order to understand the influence of the operating conditions
on the shar stress values.

Table 5.5: Predictive Coefficients for Shear Stress

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN Xon
Narrow 24 45.84 1.83 6.35
Wide 24 44.2 1.99 6.05
Narrow 48 38.6 2.48 5.18
Wide 48 35 2.08 4.61

Table 5.5 reveals the interdelues as well as the coefficients of the operating conditions
(N, Q/N) to understand the influence of operating conditions on shear stress. The intercept
values of shear stress decrease as the narrow kneading blocks in the mixing section are

replaced bywide kneading blocks as well as when the length of the mixing section is
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doubled. Based on the coefficient values determined from the data, specific throughput
(Q/N) has a higher influence on shear stress compared to screw speed (N). As the narrow
kneadirmg block is replaced by the wider kneading block, the coefficient of N increases
while the coefficient of Q/N decreases. Similarly, when the length of the mixing section is
doubled, the coefficient on N increases further whike ¢oefficient of Q/N reduceas
magnitudeimplying that the change in Q/N will have a lesser impact on the shear stress

values compared to the change in N values.

5.1.6 Maximum Pressure generated in the Mixing Section

The pessure generated in the mixing section is computed by izidaged on the model
equations (Eg. 7) relating drag flow and pressure flow. The pressure flow is generated due
to the back flow of a reverse conveying screw element as the polymer is conveyed forward
by the forward conveying screw elements purely basedtag. Pressure can be used as a
metric to understand the degree of fill [9]; at regions of higher pressure, the degree of fill
is higher because when a screw channel is fully filled, the material can be pushed forward
when the pressure gradient is higheor each of the 4 screw configurations, the maximum

pressure recorded in the mixing section can be seen in the CCD grids displayed below.
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Q/N Q/N

Pmax (pSL) (mL/rev) Pmax (pS!) (mL/rev)

416.5 0.42 400.9 0.42
369.7 397.7 0.36 351.4 381.2 0.36
324 —+— 330.7 —— 359.3| g3 277.2 =——t—— 314 —t— 340.4| 0.3
0.24

268.6 294.4 0.24 252.9 274.7

231.6 219.7
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.12: Maximum Pressure in the Mixing Section 24mm Nasiosft and Wide-
Right

, a/N a/N
Bnax (psi) (mL/rev) Poox (psSi) (mL/rev)

648.6 0.42 626.6 0.42
596.1 599 0.36 554 599 0.36
468 —f— 548.2 —f— 607.7| g.3 4322 —— 4931 —}+— 554 | g3
0.24

440.9 490.2 0.24 400.3 451.1

388.7 355.3
N 0.18 N 0.18
(RPM) 140 150 240 290 340 (RPM) 140 190 240 290 340

Figure 5.13: MaximuniPressure in the Mixing Section 48mm Narrolaeft and Wide
Right

Fig 5.12 and Fig 5.1&veal the maximum pressure generated in the mixing section for the

four screw configurations. A general trend observed across all the 4 CCD grids; at constant
Q/N, the pressure in the mixing section increases with screw speed. Similarly, at constant
N, the pressure in the mixing section increases with Q/N. This trend could be explained

using the classical drag flow equation:

0 V0 — (5.2

Where, N is the screw speed (RPM),i s t he pressure gradient,

polymer melt.
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Eq. 5.2is the abbreviated form ofétactual drag flow equation, where only the dimensions
that change with operating conditions are taken into account and the rest of the terms
belonging to the equation are considered as a constaan Kk, Eq.5.2is the equation

for a forward conveyingsew element and since the focus is on the mixing section, the

equation has been written for a reverse conveyiEmgent as per Eq. 5.3

0 oo — (5.3
In case of the reverse conveying element, the flow is in the upstream direction and the sign
conventions are changed from Eqg. 5.2. As per Eq.\Bt#n spedic throughput (Q/N) is
increased at constant N, which implies Q increases when N is kept constant, the viscosity
also increases as seen from previous section. Since a reverse element is fully féled, L
always a constant for all the operating condgidn order to accommodate the increase in
viscosity, the pressure term increases which explains the results mathematically. At
constant Q/N, when N increases, implies that Q and N increase at a constant ratio. In this
case the viscosity of the polymer rtiedecreases as discussed in the previous section. In
order to accommodate this change, the pressure term increases slightly. To understand the
influence of the operating conditions on pressure generated in the mixing section, the

results were statisticgllanalyzed using JMP.

Table 5.6: Prediction of Coefficients of Pressure in the Mixing Section

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN Xa/N
Narrow 24 331.4 10.3 47.8
Wide 24 316.9 14.8 47.2
Narrow 48 542.3 27.6 65.3
Wide 48 500.6 28.3 70.2
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Table 5.6 reveals the intercept and coefficient values for the operating conditions post
statistical analysis. As seén the CCD grids from Fig 5.12 and 5,1Be intercept values

of the pressure generated in the mixing section decrease as the narrdincibézcks in

the mixing section are replaced by wide kneading blocks. However, lasigjtle ofmixing

section is doubled, intercept values of pressure increase to a greater extent, implying that
the longer the duration that the polymer melt experieinctbe extruder, the more pressure

it is being subjected to. Secondly, specific throughput is the more significant operating
condition that influences the pressure in the mixing section to a greater extent compared to
the screw speed. As the narrow knegditocks are replaced by the wide kneading blocks,

the coefficient of N increases for both the 24mm as well as 48mm long mixing section.
However, the coefficient of Q/N decreases slightly for the 24mm mixing section but
increases for the 48mm mixing secti@s the narrow kneading blocks are replaced by the

wide kneading blocks.

5.1.7 Residence Time in Mixing Section

Residence Time is the amount of time that a polymer spends in the extruder, before exiting
the die. It is an extremely important parameteatiderstand the mixing behavior of the
twin screw extruder. Using Ludovic, Residence time was computed for each of the 4 screw
geomdries for the 18mm TSE. Fig 5.14 and Fig 5w the residence time values
computed for each of the 9 CCD grid pointsdach screw configuration. The Residence
time values in the mixing section were computed in order to understand the behavior of the

mixing section of the TSE as the screw configuration is changed.
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Q/N Q/N

Residence Time (s) (mL/rev) Residence Time (s) (mL/rev)
5 0.42 4 0.42
6 4 0.36 7 4 0.36
11 6 4 0.3 1] —t—— 6 —t— 4 0.3

0.24

9 6 0.24 10 6

10 10
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.14: Residence Time in the Mixing Section 24manr®lv- Left and Wide{
Right

) ) Q/N N
Residence Time (s) (mL/rev) . . o/
Residence Time (s) (mL/rev)
6 0.42 7 0.42
2 6 0.36 s 6 0.36
15 9 6 0.3 6 —— 9 —1— 6 0.3
0.24
13 9 0.24 14 9
14 14
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.15: Maximum Pressure in the Mixing Section 48mm Nasiosft and Widei
Right

Fig 5.14 and 5.18isplay the residence time values obtained in the mixing section of the
TSE. A general trend observed across allsttrew configurations; at constant Q/N, when

the screw speed increases the residence time decreases. Similarly, at constant N, when the
specific throughout is increased, the residence time decreases as well. This implies that the
residence time decreasesemheither the feed rate increases or when the screw is rotated

at a higher RPM, as material is conveyed quickly through the length of the extruder
channel. Along the lower diagonals from left to right, it can be seen that residence time is

a constant. Fronr€hapter 4, in the section that discusses the operating conditions chosen

for the experiments, it was stated that the mass flow rate (Q) was kept almost constant
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along the lower diagonals from left to right. This could imply that when Q is kept a
constant,the residence time in the mixing section remains constant. To have a better
understanding of the influence of operating conditions on the residence time, the data was
statistically analyzed using JMP.

Table 5.7: Prediction of Coefficients of Residence dimthe Mixing Section

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN XoN
Narrow 24 5.5 -1.6 -1.25
Wide 24 6.1 -1.75 -1.42
Narrow 48 8.7 -2.1 -1.92
Wide 48 8.7 -2.3 -1.85

Based on Table 5.7, it can be seen that intercept values for resisheada the mixing
section, increases as the narrow kneading block in the mixing section is replaced by wide
kneading block. Similarly, as the 24mm mixing section is replaced by a 48mm long mixing
section, the residence time in the mixing section incrdasegreater extent. The negative
value of the coefficients of operating conditions imply that when the magnitude of
operating conditions increase, the residence time in the mixing section decreases. The
influence of the operating conditions on residemoe tincreases as the narrow kneading
blocks in the mixing section is replaced with wide kneading blocks as well as when the

length of the mixing section is doubled.

5.1.8 Maximum Number of Revolutions in the Mixing Section

The final result that wilbe dscussed in this section is regarding the number of revolutions

that the polymer melt takes as it moves from the mixing section towards the die. The
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number of revolutions in the mixing section is calculated based on the Ludovic results
simulated for residece time n the mixing section as per Eq. 5.4

YQu o 0 (5.9
Where, Rewmix is the number of revolutions in the mixing sectia is the residence time

in the mixing section and N is the screw speed (RPM)

a/N a/N
ReVmix (mL/rev) ReVnix (mL/rev)

19 0.42 17 0.42

20 20 0.36 21 20 0.36

25 —— 24 —— 24 |o30 26 —— 24 —}— 24 |o3

28 29 0.24 32 31 0.24

N 38 0.18 N 38 0.18
(RPM) 140 190 240 290 340 (rRrm) 140 190 240 290 40 3

Figure 5.16: Numhbeof Revolutions in 24mm Mixing Section Narreweft and Wide-
Right

Q/N
ReVmix (mL/rev) ReVmix Q/N
(mL/rev)
0.42
24 26 0.42
28 27

0.36 29 29 0.36

36 36 32 |o.30 g 3 s |os
42 43 0.24 46 44 0.24
" >4 0.18 ) >7 0.18

(RPM) 140 190 240 290 340 (Rem) 140 190 240 290 340

Figure 5.17 Number of Revolutions in 48mm Mixing Section Narreheft and Widel
Right

Fig 5.16 and Fig 5.1Feveal the data on the number of revolutions in the mixing section
across the 4 screw geometries used for the 18mm TSE. A general trend observed across all

the 4 CCD grids; at constant Q/N as screw speed increases the number of revolutions in
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the mixing section almost remains constant. Similarly, at constant N, whenettiécsp
throughput increases, the number of revolutions in the mixing section decreases. This
implies that number of revolutions in the mixing section are dependent on the specific
throughput which confirms thessumption made for RRD (Sec Jlwhich implies that at

a constant specific throughput, the polymer melt follows the same path along the extruder
channel. When the narrow kneading blocks in the mixing section are replaced by the wide
kneading blocks, the number of revolutions in the mixing sectiorease slightly.
Similarly, when the length of the mixing section is doubled, the number of revolutions
taken by the polymer melt to travel along the mixing section also increases. In order to
understand the influence of the operating conditions on the ewuaflyevolutions in the
mixing section, the data was statistically analyzed using JMP.

Table 5.8: Prediction of coefficients for the number of revolutions in the mixing section

Screw Geometry COEFFICIENTS
(18mm)
Intercept XN Xon
Narrow 24 23.11 - 0.08(NS) -4.58
Wide 24 24.8 - 0.5 (NS) -5.33
Narrow 48 34.9 -0.67 (NS) -7.5
Wide 48 36.1 - 0.33 (NS) -7.8

Based on Table 5.8, it can be seen that the intercept values for the number of revolutions
in the mixing section increase as the screw coméiion of the mixing section changes.
When the narrow kneading blocks in the mixing section is replaced by wider kneading
block, the intercept value of Ry increases. Similarly, Raew increases as the length of

the mixing section is doubled. The coei#nt of screw speed is naignificant which

implies that changes in screw speed at constant Q/N are unlikely to impact the number of

revolutions. Specific throughput is the dominant operating condition that influences the
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number of revolutions in the wing section. The higher the specific throughput, the lesser

is the number of revolutions in the mixing section. The influence of specific throughput
increases as wide kneading block geometry is used in the mixing section as well as when
the length of thenixing section is doubled.

Section 5.1 discusses the résudollected based on the condud®8D experiments and

the simulations performed using Ludovic for 4 corresponding screw geometries of the
18mm Twin Screw Extruder. The experiment was performedgusiow Density

Polyethylene (LDPE).

5.2 LDPE vs HDPE for 18mm TSE Screw Configurations

The experiments were conducted on the 18mm Twin Screw Extruder for the 4 screw
configurations for both Low Density Polyethylene (LDPE) and High Density Polyethylene
(HDPE). This section compares the resudseyated when using differelodise polymers

and helps get an insight into the RSD and Ludovic Sitraris The results will be
discussed in the same order as they had been presented in Section 5.1.

Table 5.9: ThermaCharacteristics of HDPE and LDPE

Thermal Characteristics HDPE LDPE

Heat Capacity (J/K8C) 2620 2200
Density (kg/n) 920 740

Heat Capacity (J/K8C) 3000 3000

Density (kg/n) 2500 1300
Thermal Conductivity (W/m.K) 0.5 0.3
Melting Temperature®C) 130 117

The table compares thikermal characteristics of HDPE and LDPE which will be useful
in interpreting the results provided based on the RSD experiment as well as the Ludovic

Simulations.
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5.2.1 Percent BreakUp

The results in this section will beqvided similar to Section 5.1. The results obtained from

the experiments will be compared for each base polymer for every corresponding screw
configuration. JMP has been used to statistically analyze the experimental data and the
predictive equations wilbe displayed under each CCD grid. A surface plas been
created using Matlab R2016Ao0des used for generating the plots can be found in
Appendix A. The same set of operating conditions had been used to collect data on both
HDPE and LDPE, so that the %9Besults can be correlated with the Ludovic simulations
and can help us understatit behavior exhibited. Fig 5.4825 provide the CCD grid
comprising the %BU values and the surface plots generated using MATLAB based on the

predictive equations generdtasing JMP 12.2, for ead the 4 screw configurations.
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Screw Configuratiofi 24mm Mixing Section (Narrow)

Q/N
(mL/rev) Q/N
(mL/rev)
%BU 651 42 %BU
22% 0.42
57.0 62.4 36
34%
43% 0.36
47.0 56.2 64.0 .30 32% 37% 44% | 0.30
454 55.3 24 33% 41% 0.24
47.2 18 . 35% 0.18
N
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290340

Figure 5.18: %BU comparison for 24mm Narrow Mixing Section LDPE (left) vs HDPE
(right)

Po Y VL TP P T8 v (5.5
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Figure 5.19: Surface Plot Comparison between %BU gdime24mm Narrow Mixing
Section
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Screw Configuratiofi 24mm Mixing Section (Wide)

Q/N

Q/N
mL/rev
(mt/rev) %BU (mL/rev)
%BU 66.4 42 . 0.42
a8% 0.36
57.0 69.6 36 40% 49% :
0.30
47.9 58.1 68.7 | .30 37% ——— 43 —}— 50% 0.24
0.18
47.8 59.9 24 39% 44%
39%
49.0 18 " o
N (RPM) 140 190 240 290 340

(RPM) 140 190 240 290 340
Figure 5.20: %BU comparison for 24mm Wide Mixing Section LDPE (left) vs HDPE
(right)

Po Y VP VB D T8 Y (5.7)
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02
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Figure 5.21: Surface Plot Comparison between %BU values for 24mm Wide Mixing
Section
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ScrewConfigurationi 48mm Mixing Section (Narrow)

Q/N a/N
(mL/rev) (mL/rev)
%8U 69.2 42 %BU 68% 0.42
66% 0
61.1 65.0 .36 b 70% 036
55.8 62.3 69.0 | .30 58% ———— 66% —— 72% | 0.30
55.0 60.2 .24 60% 62% 0.24
59%
°20 18 N ) 0.18
N
(rRev) 140 190 240 290

(RPM) 140 190 240 290 340

Figure 5.22: %BU comparison for 48mm Narrow Mixing Section LDPE (left) vs HDPE
(right)

Po Y oM cdW oY@ (5.9)
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340

03 < 240

- 20
025 o
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Figure 5.23: Surface Plot Comparison between %BU values for 48mm Narrow Mixing
Section
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Screw Configuratiofi 48mm Mixing Sectior{Wide)

Q/N
(mL/rev)
Q/N
0 (mL/rev)
%BU 77.9 42 %BU
0.42
68.8 80.2 .36 79%
75% 81% 0.36
61.1 65.8 78.0 | .30 66% —— 76% —— 82% | 0.3
0.24
60.8 68.6 24 66% 76%
56.7 18 . 67% 0.18
N
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290

Figure 5.24: %BU comparison for 48mm Narrow Mixing Section LDPE (left) vs HDPE
(right)

Po 7Y oY 18 LY (5.11)
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Figure 5.25: Surface Plot Comparison between %BU values for 48mm Narrow Mixing
Section
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Fig 5.185.25 provide data on the %BU results obtained upon performing exp&sme
using both LDPE and HDPE. Based on the comparison, the %BU is higher for LDPE
compared to HDPE for the 24mm long mixing sectiobsth narrow and wide. However,

%BU for HDPE is slightly higher than LDPE, when the mixing section lengths are doubled.
The intercept values obtained for %BU is higher for LDPE in every screw geometry
configuration except for the 48mm long Narrow Mixing Section. HDPE being a densely
packed base polymer requires higher amodtirstre@ss to breaklip. For a specific screw
geomety, the shear stress that the polymer melt could be subjected to was seen in Section
5.1.5. When the same amount of stress is being subjected to both HDPE and LDPE, HDPE
being a densetpacked polymer would breakp at a lower rate compared to LDPE which

was seen for the mixing section of length 24mm. However, in the case of 48mm long
mixing section, the stress values are higher (due to shear stress and extensional stress). The
magnitudes of stress are higher which causes higher % BU for LDPE and HD P&miror 4
mixing section, the magnitudes of difference in %BU values between HDPE and LDPE is
lesser.

Ludovic Results

5.2.2 Maximum Shear Rate in the Mixing Section

The results to be compared in this section include the maximum shear rate that the polymer
melt experiences in the mixing section of a TSE. The results have been displayed in the

CCD grids and have been createdasace plots using MATLAB.
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Screw Configuratiofi 24mm Mixing Section (Narrow)

o a/N P Q/N
(mL/rev) (mL/rev)
0.42
214 197 0.42
166 252
0.36 154 235 0.36
118 ——— 203 —— 290 |3 112 —— 192 —|— 272 |3
157 240 0.24 150 229 0.24
194 187
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.26: Shear Rate for 24mm Narrow Mixingt®ecLDPE (left) vs HDPE (right)

I Ty TEW LPp-— (5.13

I PWCT T B (5.19

Mixing Section Shear Rate Response

[MNarrow 24 LDPE
[ENarrow 24 HDPE

250 —

200 —{

Shear Rate (s™1)

Specific Throughput (mL/rev)

Figure 5.27: Surface Plot Comparison between shear rate for 24mm Narrow Mixing
Section
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Screw Configuratiofi 24mm Mixing Section (Wide)

i (mc:/{::levl 1 a/n
r | F ( (mL/rev)
0.42
213.5 197 0.42
165.4 252
0.36 154 235 0.36
118 203 290 | o3 112 —— 192 —1— 272 |3
0.24 0.24
157 240 150 229
194 187
N 0.18 N 0.18
(RPM] 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.28: Shear Rate for 24mm Wide Mixing Section LDPE (left) vs HDPE (right)
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Figure 5.29: Surface Plot Comparison between shear raterfon 2&ide Mixing Section
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Screw Configuratiofi 48mm Mixing Section (Narrow)

. a/N , a/N
[ (mL/rev) [l (mL/rev)
214 0.42 197 0.42
166 252 0.36 154 235 0.36
118 ——f— 203 —f— 290 |3 112 —t— 192 —t— 272 | g3
157 240 0.24 150 229 0.24
194 187
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.30 Shear Rate for 48mm Narrow Mixing Section LDPE (left) vs HDPE (right)

r CmE& T W Ld- (5.17
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340
320
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260
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220

140 Screw Speed (RPM)
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Figure 5.31 Surface Plot Comparison between shear rate for 48mm Narrow Mixing
Section
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Screw Configirationi 48mm Mixing Section (Wide)

, Q/N P a/N
Il (mL/rev) (mL/rev)
213.5 0.42 197 0.42
4 235
165.4 252 0.36 15 0.36
118 203 290 | o3 112 ——f—— 192 ——t— 272 |3
0.24
157 240 150 229 0.24
194 187
0.18 0.18

N N
(rRPvi) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.32 Shear Rate for 48mm Wide Mixing Section LDPE (left) vs HDPE (right)

I CTP T RO TR U (5.19
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M wide 48 LDPE
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8
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100
320

Specific Throughput (mL/rev)

Figure 5.33 Surface Plot Comparison between shear rate for 48mm Wide Mixing Section

Fig 5.265.33shows the data on the maximum shear rateparison between LDPE and

HDPE for four screw configurations of the mixing section. For each of the four screw
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configurations, the shear rate generated by LDPE is higher compared to HDPE. The
intercept value for shear rate i.e. mean value of shear natssaall the 9 grid points is

higher for LDPE compared to HDPE. The coefficient of N is higher for LDPE compared

to HDPE implying that change in screw speed has a greater change in the shear rate values
for LDPE compared to HDPE. HDPE being a hadgnsity polymer due to smaller
branching is extremely rigid compared to LDPE. Due to the morphology of HDPE, the
untangling of polymer chains is difficult. This is the reason for the slight change in the

shearate values for HDPE and LDPE

5.2.3 Maximum Temperaure in the Mixing Section

The maximum temperature attained by the polymer melt in the mixing section when
processing HDPE and LDPE has been simulated using Ludovic. The results have been

displayed in the CCD grids and have been created as surface pigtMAsTLAB.
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Screw Configurationi 24mm Mixing Section (Narrow)

Qa/N

(mL/rev) e
mL/rev (mL/rev)
Temp £C) Temp C)
239 0.42 257 0.42
240
251 0.36 258 264 0.36
236 =——tf—— 258 =——t— 266 |30 262 —— 270 274 | 930
265 277 0.24 274 281 0.24
\ 288 0.18 N 290 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.34: Max. Temperature for 24mm Narrow Mixing Section LDPE (left) vs HDPE
(right)

Y quay oY p@x (5.2
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o 2
3 2 8
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/
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< w0
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Figure 5.35 Surface Plot Comparison between Max. temperature for 24mm Narrow
Mixing Section
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Screw Configuration i 24mm Mixing Section (Wide)

Q/N

(mL/rev) a/N
Temp (C) Temp £C) (mL/rev)
244 042 260 0.42
244 256
0.36 262 269 0.36
250 == 264 —— 273 |03 266 ——t— 274 —t— 277 |03
271 283 0.24 279 285 0.24
293 0.18 294 0.18
N N
RPM) 140 190 240 290 (RPM) 140 190 240 290 340

Figure 5.36 Max. Temperature for 24mm Wide Mixing Section LDPE (left) vs HDPE
(right)

Y Copp v A p@X (5.23

Y CXP & B - (5.24)

Mixing Section Temperature Response Surfaces

M Wide 24 LDPE
MWide 24 HDPE

220

200

g2 - Screw Speed (RPM)

140

Specific Throughput (mL/rev)
Figure 5.37 Surface Plot Comparison between Max. temperature for 24mm Wide Mixing
Section
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Screw Configurationi 48mm Mixing Section (Narrow)

Q/N Q/N
Temp €C) (mL/rev) Temp C) (mL/rev)
252 0.42 266 0.42
253

264 0.36 266 275 0.36
267 —Ff— 269 —~— 276 | 030 273 —— 280 —— 283 | .30
285 287 0.24 285 292 0.24

306
N 0.18 N o 0.18

(RPM) 140 190 240 290 (RPV) 140 150 240 250 340

Figure 5.38 Max. Temperature for 48mm Narrow Mixing Section LDPE (left) vs HDPE
(right)

Y C oo cRW pa@p- (5.25)
Y G X& o0 yfp- (5.26)
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[IMNarrow 48 LDPE
[EINarrow 48 HDPE

320 —

340

220

200

Screw Speed (RPM)

140

Specific Throughput (mL/rev)
Figure 5.39 Surface Plot Comparison between Max. temperature for 48mm Wide Mixing
Section
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Screw Configurationi 48mm Mixing Section (Wide)

Q/N

Temp (C (mL/rev) Q/N
P () ) Temp ()C) (mL/rev)
0.42
270
269 282 276 042
0.36 274 285 0.36
272 —1— 289 —1— 298 jo3 278 —+— 287 —1— 291 |03
293 306 024 292 299 0.24
313 0.18 309 0.18
N N
(RPM) 140 190 240 290 (RPM) 140 190 240 290 340

Figure 5.0: Max. Temperature for 48mm Wide Mixing Section LDPE (left) vs HDPE
(right)

Y CUH B0 p@-— (5.27)
Y CUood W p8 ¢ (5.28)

Mixing Section Temperature Response Surfaces

[ Wide 48 LDPE
[wide 48 HDPE

340

e Screw Speed (RPM)

Specific Throughput (mL/rev)
Figure 5.41 Surface Plot Comparison between Max. temperature for 48mm Wide Mixing
Section

Fig 5.345.41provide the comparison between the maximum temperature attained by the

polymer melt forhe same screw configuration for two base polyméSPE and HDPE.
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Across the four screw configurations, the temperature of HDPE is higher compared to
LDPE. The coefficient of N is higher for LDPE compared to HDPE for almost all the screw
configurations irplying that change in screw speed affects the temperature of LDPE in the
mixing section to a greater extent compared to HDPE. Similarly, the coefficient of Q/N is
higher for LDPE compared to HDPE for all the screw configurations. The intercept values
of Tmax IS higher for HDPE compared to LDPE. For narrow screw configurations, the
difference in temperature values between HDPE and LDPE, for the corresponding CCD
grid points is higher. For wider screw configurations, the difference in temperature values
between HDPE and LDPE is lower and at certain CCD grid points LDPE has higher
temperature value compared to HDPE. Despite a few anomalies, the general trend is that
HDPE generates higher temperature compared to LDPE for similar screw configurations.
Despite haing a lower shear rate compared to LDPE, HDPE exhibits higher temperature

due to higher thermal conductivity compared to LDPE (Table 5.9).

5.2.4 Viscosity in the Mixing Section

The viscosity of the polymer melts for four different screw configuratiorteefmnixing

section are being compared in this section. The viscosity values @a simulated by
Ludovic based on the inputs specified by the user regarding the screw geometry and the
operating conditions. The viscosity values provided in the CCD gradsreated as surface

plots using MATLAB based on the predictive equations generated for each base polymer

(LDPE, HDPE) for every screw configuration.
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Screw Configuratiofi 24mm Mixing Section (Narrow)

5 a/N
— 0 i (mL/rev) — 0O i a/N
(mL/rev)
266.9 0.42
304.5 216.9 2716 o4z
’ ' 0.36 . K
313.9 209.4 0.36
366 —— 2247 —T— 1722103 408.9 —f—— 228.9 —— 179.4| g3
0.24
235.8 172.2 265.8 174 0.24
167.3
y 0.18 ) 188.3 018
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.42 Viscosity for 24mm Narrow Mixig Section LDPE (left) vs HDPE (right)
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Figure 5.43 Surface Plot Comparison between Viscosity fang4Narrow Mixing

Section
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Screw Configuratiofi 24mm Mixing Section (Wide)

Q/N a/N
¥ oow (mL/rev) T ow
— 0 i — 05 i (mL/rev)
258.5 0.42 255.1 0.42
295.8 209.1 0.36 294.9 195.4 0.36
330.7 —— 216.5 —— 165.2| g 3 371.6 =—t—— 217.5 =——tf— 170.6| o3
0.24
230.7 160.5 0.24 248.2 169.2
166.5 .
N 0.18 N 1751 0.18

Figure 5.44 Viscosity for 24mm Wide Mixing Section LDPE (left) vs HDPE (right)

- CPH TEHW -
(5.31)

- cCpa T@EO p @ - (5.32
Mixing Section Viscosity Response Surfaces

B Wide 24 LDPE
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300 —
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Figure 5.45: Surface Plot Comparison between Viscosity for 24mm Wide Mixing Section
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Screw Confgurationi 48mm Mixing Section (Narrow)

Q/N ~ Q/N

_ 6 & i (mL/rev) — 0D Wi (mL/rev)
217.9 0.42 222.7 0.42
245.2 190.6 0.36 294.5 194 0.36
277.8 —— 186.4 —— 146.5| g 3 302.5 ——f—— 194.5 —— 131.2{ 53
197.3 142.3 0.24 226.3 147.8 0.24

140.5 159.1
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.46 Viscosity for 48mm Narrow Mixing Section LDPE (left) vs HDPE (right)
- push o ¢ Bo- (5.3)
— CTig T&0 p@ — (5.39

Mixing Section Viscosity Response Surfaces
Narrow 48 LDPE
[@INarrow 48 HDPE

500 —,
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400 —{

_s)
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g B &
/ /

e Screw Speed (RPM)

Specific Throughput (mL/rev)

Figure 5.47 Surface Plot Comparison between Viscosity for 48mm Narrow Mixing
Section
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Screw Configuratiofi 48mm Mixing Sectia (Wide)

~ Q/N 5

v _ o Qa/N
- LD W I (mL/rev) L @I (mL/rev)
202.5 0.42 210.6 0.42
230.9 163.1 0.36 265.4 174.1 0.36
254 —1— 171.8 —1— 134.6/ g3 276.1 —— 178 —— 125.4| g3
0.24 0.24
177.7 132.5 203.4 118.5
132.5 142.7
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 130 240 290 340

Figure 548: Viscosity for 48mm Wide Mixing Section LDPE (left) vs HDPE (right)
- PX®B & p - (535
- pYg o@b ¢@- (5.39
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Figure 5.49 Surface Plot Comparison between Viscosity for 48mm Wide Mixing Section

Figure 5.425.49reveal the data on viscosity of the polymer melt when subjectad to

maximum shear rate within the Twin Screw Extruder. In the previous section, shear rate
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was observed to be slightly lower for HDPE compared to LDPE, while the temperature of
HDPE melt in the mixing section was found to be higher at most of the CCDainits p

for the screw configurations. As per polymer rheolp] viscosity varies inversely with
temperature. The relationship between viscosity, stagarand temperature from Eq. 3.3

and 3.4suggest that viscosity is dependent on both the shear athevédimperatureln

this situation, K is dependent on the consistency indgxAg€tivation energy E and
temperature of the polymer melt T. Despite a lower shear rate, the viscosity of HDPE is
higher at most CCD grid points due to the fact that the aictivahergy of HDPE is higher
compared to LDPE43]. The consistency index of HDPE is also higher compared to LDPE
[44] which leads to the overall increase of the K term. Despite a higher temperature and
lower shear rate, the viscosity is higher for HDPEast points due to the charactedsti

of HDPE. Considering Fig 5.42.49 a common trend observed across the MATLAB plots

is that the difference in the viscosity values of HDPE and LDPE decreases at high screw
speeds (N) and specific throughputs (Q/N)ePplots also merge towards this region due

to the very small difference in the viscosity values between HDPE and LDPE. The
influence of the operating conditions on viscosity decreases as the mixing section length is
doubled and when the narrow kneadingdhl is replaced with a wide kneading block as

the shear rate is higher as explained in se&ibr2

5.2.5 Shear Stress in the Mixing Section

This section provides the comparison between experimental results obtained from
calculation of shear stress uak (explained in Sée1.5 for HDPE and LDPE across all

the 9 CCD grid points for all the four screw configurations for the mixing section.
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Screw Configuratiofi 24mm Mixing Section (Narrow)

[ Q/N o . Q/N
T Qoo mrey T QO G (mL/rev)
57.1 0.42 53.5 0.42
50.5 54.7 0.36 483 49.2 0.36
432 —— 456 —— 49.9 | g3 43.9 45.8 488 | o3
0.24
37 41.4 0.24 39.9 39.8
32.4 35.2
N 0.18 N 0.18
(RPM) 140 120 240 290 340 (RPM) 140 190 240 290 340

Figure 5.50 Shear Stress for 24mm Narrow Mixing SectiddPE (left) vs HDPE (right)
t T@ pPd e u- (5.37)

t T®& 1L 18 o (5.3)

Mixing Section Shear Stress Response Surfaces
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s

08 e e T
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Figure 5.51 Surface Plot Comparison between Shear Stress for 24mm Narrow Mixing
Section
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Screw Configuratiofi 24mm Mixing Section (Wide)

a/N
on /N on ¢ (mL/rev)
T QU ¢ (mL/rev) T Qu o
55.2 0.42 49 042
45.4 45.9
48.9 52.7 0.36 0.36
39 —1— 439 —1— 479 | o3 41.6 417 46.4 | 0.3
0.24 0.24
36.2 38.5 37.2 38.7
323 32.7
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.52: Shear Stress for 24mm Wide Mixing Section LDPE (left) vs HDPE (right)
t T® pRd @8tuv- (5.39)
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Figure 5.53: Surface Plot Comparison between Shear $trea4mm Wide Mixing
Section
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Screw Configuratiofi 48mm Mixing Section (Narrow)

Q/N Q/N
[ (mL/rev) [
T QU ¢ + Q0 ¢ (mL/rev)
46.6 0.42 43.9 0.42
40.7 48
0.36 45.3 45.6 0.36
32.8 =——— 378 —— 425 |3 33.8 =——f—— 37.3 —— 391 | g3
31 34.1 0.24 32.6 33.8 0.24
27.3 29.7
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.54: Shear Stress for 48mm Narrow Mixing Section LDPE (left) vs HDPE (right)

T o® ¢d®O uvg — (5.41)
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Figure 5.55: Surface Plot Comparison between Shear Stress for 48mm Narrow Mixing
Section
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ScrewConfigurationi 48mm Mixing Section (Wide)

Q/N T~ T u Q/N
TN T
T QU ¢ (mL/rev) T Qu o (mL/rev)
43.5 0.42 40.4 0.42
38.3 41.3 0.36 40.1 40.9 0.36
30 —— 349 39 |o3 31 —— 342 —1— 354 [g3
0.24 0.24
27.9 31.9 27.1 30.2
25.7 27.4
N 0.18 N 0.18
(RPM) 140 190 240 290 340 (RPM) 140 190 240 290 340

Figure 5.56 Shear Stress for 48mm Wide Mixing Section LDPE (left) vs HDPE (right)
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Figure 5.57 Surface Plot Comparison between Shear Stress for 48mm Wide Mixing
Section

Fig 5.505.57 provides the expamental results obtained for shear stress developed in the

mixing section of the TSE for HDPE and LDPE at four different screw configurations. The
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shear stress values for HDPE is higher compared to LDPE at lower screw speed (N) and
lower specific throughpufQ/N) but when the screw speed and specific throughput
increases the shear stress for HDPE is higher compared to LDPE. The influence of screw
speed and specific throughput is higher for LDPE compared to HDPE due to the larger
magnitudes of the coefficienf N and Q/N. As the narrow kneading blocks in the mixing
section are replaced by the wider kneading blocks, the coefficient of N increases while the
coefficient of Q/N decreases for both LDPE and HDPE. The results provided based on the
comparison betweedDPE and LDPE for shear stress are not consistent with the Percent
BreakUp results. The percent break for LDPE is higher when the mixing section is
24mm long, however, when the length of the mixing section is doubled the percent break
up of HDPE is sghtly higher than HDPE. There are two types of stiesisear stress and
extensionasétress. Since the shear stress values are not consistent with all the %BU trends,

there is a need to evaluate th@ensionastress component to infer about the %BU den

5.2.6 Maximum Pressure in the Mixing Section

This section compares the pressure (in psi) developed in the mixing section for HDPE and
LDPE. The comparisons have been made for each screw configuration in the form of CCD
grids and based on the predietiequations developed post statistical analysis using JMP,

the MATLAB surface plots have been created to provide a better understanding of the

trends in the results generated.
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Screw Configuratiofi 24mm Mixing Section (Narrow)
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Figure 5.58: MaximuniPressure in the Mixing Section 24mm LDPEeft and HDPHE
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Figure 5.59: Surface Plot Comparison between Pregssudmm Narrow Mixing

Section
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