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A STUDY OF REACTIVE FLOW OF POLYPROPYLENE
IN SINGLE- AND TWIN-SCREW EXTRUDERS
ABSTRACT

This work brings together extruder flow simulations, peroxide-initiated reactive
degradation of polypropylene (PP), and mixing efficiency analysis of flows. A steady-state,
reactive extrusion process model incorporating the controlled degradation reaction is presented,
in both a differential model formulation and a reduced dimension macroscopic formulation for
self-wiping co-rotating twin-screw (CSCO) extruder systems. The differential formulation is
solved using the finite element method for a single-screw extruder system, and both formulations
are solved for CSCO extruder systems. Simulation results for both reactive and non-reactive PP
flows are obtained, to study the effects of the reaction and other processing parameters on the
model predictions of the extruders’ behaviour, as well as on the mixing ability of the flows within
their channels, as characterized by the area and flow mixing efficiencies. For the single-screw
extruder system, it is demonstrated that the mixing abilities of the channel flows are very similar
to those of two-dimensional flows, on the basis of average flow efficiencies along the channels.
Both pressure-to-drag flow ratio and the channel aspect ratio are found to have a significant
influence on these values. For the twin-screw extruder system, it is demonstrated that the mixing
abilities of the flows in fully-filled forward conveying screw element channels are again similar
to those of two-dimensional flows. The average flow efficiencies in the intermeshing region are
less than those in the translation region, due to extensional flows caused by the channel shift. The
pressure-to-drag flow ratio is found to have a significant influence on the flow efficiencies in the

translation region of the channels, and the magnitude of the channel shift in the intermeshing
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region is found to influence the values there. Also for the twin-screw system, the macroscopic
composite process model for CSCO extrusion is solved, yielding profiles of average values of the
process degrees of freedom along the extruder axis. Predicted PP extrudate molecular weights for
reactive extrusion simulation runs at 6 levels of peroxide addition at one screw speed and mass
throughput level are found to compare closely with measured molecular weights for the same
conditions. A response surface of average residence times against screw speed and mass
throughput is found using the results of a residence time distribution experiment on a laboratory
scale CSCO extruder. The regression model is found to show significant lack of fit, particularly
at high average residence times. By performing simulations for the same conditions as the
experiments, it is demonstrated that the macroscopic twin-screw extrusion process model can
accurately predict polymer average residence times in a co-rotating twin-screw extruder. Finally,

several recommendations for future work are made.
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NOMENCLATURE
Centreline separation of screws, m
Infrared radiation absorbance
Twin-screw extruder open area for flow in lateral cross-section, m?
Specific area stretch, dimensionless
Single-screw extruder channel width, m
Twin-screw extruder average channel width, m
Twin-screw extruder maximum channel width, m
Length of flight for leakage flow calculation, m
Brinkman number, dimensionless
Polymer melt specific heat capacity, J kg"' °C"
Molar concentration, kmol m™
Ordinary derivative
Rate-of-deformation tensor, s
Polymer pellet hydraulic diameter, m
Single-screw extruder screw root diameter, m
Screw outer diameter, m
Single-screw extruder flight thickness, m
Twin-screw extruder flight width, m
Residence time distribution function, s
Channel degree-of-fill, dimensionless

Peroxide free radical initiation efficiency, dimensionless
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F Geometry correction factor, dimensionless - eqn. (3.8)
F F distribution critical value - eqn. (4.12)

Fg Solid volume fraction, dimensionless

Gz  Graetz number, dimensionless

h Twin-screw extruder channel depth based on self-wiping profile, m

Bl

Twin-screw extruder average channel depth based on self-wiping profile, m
h,,.. Twin-screw extruder maximum channel depth, m
H Single-screw extruder channel depth, m

AH. Polymer heat of fusion, J kg

i Number of screw flights
I Free radical initiator molecule - eqn. (3.26)
I Peroxide concentration in polymer melt, kmol m™ - eqn. (3.27)

I Infrared light intensity - eqn. (4.5)

k Number of parallel flow channels

k- Absorbance ratio calibration constant, dimensionless
ky Peroxide thermal decomposition rate constant, s™

K Power-law consistency index, Pa s"

Ko,  Temperature independent part of power-law consistency index, Pa s"
L Axial length, m

m Mass flow rate, kg s

m, Molecular weight of polymer repeating unit, kg kmol™*

M v Number-average molecular weight, kg kmol™
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M w  Weight-average molecular weight, kg kmol™

M ,  Z-average molecular weight, kg kmol

n Power-law index, dimensionless - eqn. (3.31)

n Unit normal orientation vector to interfacial area element, or component thereof - eqn. (5.4)
n Eigenvector of rate-of-deformation tensor (principal direction)

n, Frequency of screw rotation, min™

N, Number of solid polymer particles in a unit volume of lattice, m™
P, p  Polymer melt pressure, Pa - eqn. (3.8)

P Polymer molecule - eqn. (3.26)

P,. Melt pressure at diehead, Pa

P

Specific mechanical power input to fluid, W m™

Input
Q Volumetric flow rate, m® s™' - eqn. (3.3)

0] Coordinate transformation matrix, dimensionless - eqn. (5.5)
Qo Q1> Ons O

Moments of polymer molecular weight distribution, kmol m™
Q/Q, Pressure-to-drag flow ratio, dimensionless
o Throttle ratio, dimensionless
re Polymer solid pellet hydraulic radius, m
R Peroxide molecule fragment - eqn. (3.26)
R Specific reaction rate, kmol m™ s™' - eqn. (5.2)
R, r Radius, m-eqn. (3.37)

R’ Square of the multiple correlation coefficient, dimensionless
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Radial flight gap width, m

Sample variance of average residence times from centre point replicate runs, s’

Screw pitch, m - Fig. 2.2

Student-t distribution critical value - eqn. (4.4)
Residence (Lagrangian) time, s

Average residence time, s

Melt temperature, °C

Barrel surface temperature, °C

Polymer melt temperature in bulk of fluid, °C
Polymer fusion temperature, °C

Average speed of flow in downchannel direction, m s™
Speed, m s

Volumetric flow rate, m* s™

Tangential speed of barrel in groove model system, m s™
Weight fraction

Distance in cross-channel direction, m - Fig. 3.2
Dimensionless independent variable - eqn. (4.1)
Generic coordinate, m

Solid bed width, m - Fig. 2.4

Treatment level matrix - eqn. (4.2)

Distance in channel depth (radial) direction, m

Distance in downchannel (helical axis) direction, m
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Greek Symbols

o Specific rate of stretching of interfacial area element, s™

B Exponential temperature dependence factor of viscosity, °C™' - eqn. (3.31)
B Regression model parameter, s - eqn. (4.1)

B First eigenvalue ratio, dimensionless - eqn. (5.9)

Y Second eigenvalue ratio, dimensionless

Y Shear strain rate, s™

¥ Rate of strain tensor, s™

A Change in quantity

0 Sample thickness, m

€ Extinction coefficient, m? kmol" - eqn. (4.5)

€ Random error in average residence time, s - eqn. (4.1)
¢ Dimensionless downchanne! length

n Shear viscosity, Pa s

. Area efficiency, dimensionless

Nr Flow efficiency, dimensionless

0 Angle, rad - eqn. (3.1)

) Dimensionless temperature - eqn. (3.23)

A Polymer melt thermal conductivity, W m™ °C"!' - eqn. (3.19)
A Eigenvalue of rate-of-deformation tensor, s - eqn. (5.5)

3 Dimensionless channel depth

T, Dimensionless flow rate

(xix)



Dimensionless pressure gradient

p Polymer melt density, kg m™

Psue  Polymer bulk solid density, kg m™

Ps Polymer solid density, kg m™

Variance of experimental residence time distribution, s’

T Shear stress, Pa

&bs Screw helix angle, rad

¢ Screw tip angle, rad

¢.,$, Coefficients of approximation equation for screw characteristic curve, dimensionless
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CHAPTER 1
INTRODUCTION AND OBJECTIVES
1.1 Reactive Extrusion

Screw extrusion is an important unit operation in polymer processing. Indeed nearly all
polymers pass through an extruder at least once in their journey from the polymerization reactor
to the finished product. In simplest terms, screw extruders are polymer pumps with the additional
capacity to melt the material which they are fed. Screw extruders are comprised of one or more
Archimedean screws rotating in a heated barrel, to which are fed either solid or molten polymer
and which deliver a molten homogenized polymer to a die at a desired pressure for the purpose of
shaping into a final product. The greatest strength of screw extruders results from the intense
shearing environment created within the flow channels of the screws, which makes it possible for
extruders to continuously process highly viscous materials such as polymer melts without the need
for solvents, resulting in significant reductions in raw material and equipment costs.

Due to the inherent process economy gained by combining production and processing steps
in one, extruders are increasingly finding use as continuous polymer reactors. In this process
known as reactive extrusion (REX), the synthesis or modification of a polymeric material occurs
simultaneously with melting, mixing, and pumping within the extruder. Extruders offer other
important advantages over conventional stirred tank and batch reactors types as well, such as better
control over the material residence time distribution (RTD) through variation of operating
conditions and screw configurations. Residence time is also generally lower in a screw extruder
than in a batch reactor for the same reaction, and so long exposure of material to high temperatures

that can cause thermal degradation is greatly avoided (Tzoganakis, 1989). The flow patterns
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created within the screw channels also give extruders good mixing characteristics resulting in
better temperature control and mass transfer capacity in viscous materials than conventional reactor
types (Todd, 1992). Because of their design, screw extruders also allow stage-feeding of reactive
agents for polymer modification processes, which permits several reaction steps to be completed
in one piece of equipment. Figure 1.1 shows a schematic representation of an extruder in a reactive
extrusion application (Tzoganakis, 1989).

Anindustrially important application of REX is the peroxide-initiated reactive degradation
of polypropylene (PP). Polypropylene is a thermoplastic of great commercial importance, due to
its numerous desirable properties which make it suitable for a wide variety of consumer and
industrial products. The strengths of PP include excellent chemical resistance, and the lowest
density and highest melting point of the volume thermoplastics, which have contributed to its
broad application in injection molding and in films, fibres, and filaments (Cheng, 1995). The
conventional polymerization process for the synthesis of PP employs a Ziegler-Natta catalyst
system, which results in a polymer with a high molecular weight and a broad molecular weight
distribution (MWD) due to the broad distribution of active sites on the catalyst. Molten PP resins
with these characteristics are usually difficult to process due to their high elasticity and viscosity.
To improve the processing characteristics of the material, a post-reactor process known as
controlled degradation is performed in an extruder. A peroxide free radical initiator is added to the
polymer melt stream, and in the high temperature conditions of the extruder the peroxide
molecules thermally decompose into free radicals which initiate a random scission of the polymer
chains. Longer polymer chains have a higher probability of being attacked by the peroxide radicals,

and so a general decrease of the molecular weight of the polymer and a narrowing of the MWD
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result (Krell et al., 1994). By controlling the amount of peroxide initiator injected into the system,
PP grades with tailor-made molecular and rheological properties can be produced. Such resins are

referred to as controlled rheology polypropylenes (CRPPs).

1.2 Process Modeling and Simulation

Process modeling of conventional (non-reactive) extrusion over the last 30 years has led
to a tremendous increase in the understanding of the operation of both single- and twin-screw
extruders. The models incorporate descriptions of the extruder geometry, along with formulations
of the conservation equations for mass, momentum, and energy, with corresponding boundary
conditions. The influence of the material being processed is incorporated through its physical
properties as well as the constitutive equations describing its rheological behaviour. The earliest
modeling efforts used simplified geometries and assumed simple materials in isothermal flow;
gradually over time these simplifications have been replaced with more realistic assumptions, and
thus the operation of true systems has been more closely represented. However, the added
complexities mean that for processes of engineering interest closed-form analytical solutions to
extruder process models are not available.

In reactive extrusion systems, the presence of chemical reactions is an additional
complication. The contributions of the reactions to the process model are in the form of the
conservation equations of the reacting species, as well as the reaction rate expressions. The kinetics
of the effect of the reactions on the polymer molecular structure must also be specified, along with
the dependence of the parameters of the fluid constitutive equation on molecular structure. In REX

systems then, the viscosity of the polymer melt combines the simultaneous effects of the
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deformation and temperature fields and the chemical reactions. Mathematically, the consequence
of this is coupling between the momentum, energy, and species conservation equations. A
schematic representation of the reactive extrusion process model showing the different process
factors along with interactions is shown in Figure 1.2.

As indicated above, for complicated conventional and reactive extrusion problems, the
model equations can only be solved numerically. Such simulations yield steady-state profiles of
the system degrees of freedom (velocity components, temperature, pressure, and species
concentrations) at calculation nodes throughout the system geometry. With the proliferation of
cheap and increasingly powerful digital computers over the recent past, and the increased
availability and sophistication of simulation software for these machines, simulations are an
increasingly important tool in extrusion process design and analysis. The greatest benefit of the
use of simulation studies in process design is the capability to optimize designs quickly and
cheaply by investigating design options on a computer rather than in a laboratory.

Another benefit of simulations is that the solution of the complete set of field variables in
a system allows other variables of interest giving more insight into the system operation to be
computed. Among such variables are the area and flow efficiencies, which characterize the
instantaneous mixing conditions at each point in a flow. The area efficiency measures how an
infinitesimal element of a material interface at a point is oriented relative to the direction of the
maximum rate of stretch, and the flow efficiency indicates the efficiency with which the flow field
converts the input mechanical power into the best deformation conditions for mixing. Together the

values of these two quantities separate out the different factors that contribute to effective mixing

(Zerafati and Bigio, 1994).
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1.3 Objectives

The objective of this dissertation is to present and solve steady-state reactive extrusion
process models of single-screw extrusion and twin-screw extrusion in self-wiping co-rotating twin-
screw extruders, for the peroxide-initiated reactive degradation of PP. These models are extensions
of existing non-reactive process models, with the model additions being based on published kinetic
models of the controlled degradation reaction, and the temperature and molecular weight
dependence of the rheology of PP. For a single-screw extruder system the model will be expressed
and solved as a differential formulation, and for twin-screw extruder systems the model will
expressed as both a differential formulation and a reduced dimension macroscopic formulation.
The macroscopic model has the advantage that it allows a complete twin-screw extruder to be
simulated, with incorporation of the complete set of thermophysical phenomena that occur within
(along with the chemical reaction), but has the disadvantage that it only returns average values of
the degrees of freedom (DOFs) along the extruder axis direction. The differential models have the
disadvantage that due to the considerable computational demands they impose, only a short length
of an extruder can be simulated at a time, but the benefit is that the complete profiles of the process
DOFs are computed within the considered domains.

A numerical solution algorithm for the twin-screw extruder macroscopic model is written
in the C programming language, and simulations are carried out for both reactive and non-reactive
flows of a PP resin in the same extruder, but with different screw configurations. The objective of
this is to examine the effect of changing specified operating conditions and peroxide addition
levels on the predictions of the extruder behaviour. Predicted extrudate molecular weights are also

compared to published experimental values for one set of operating conditions and several
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peroxide levels. Experimental average residence times are then acquired for a non-reactive process
using a laboratory scale co-rotating twin-screw extruder, and are compared to predicted times for
the same system using the simulation program.

For the single- and twin-screw differential models, numerical solutions are carried out
using the finite element method with the commercial computational fluid dynamics package
FIDAP. REX processes are simulated in conveying screw elements for both extruder systems, with
channel geometry, operating conditions and peroxide level and addition pattern varied. The
simulation results are analyzed to examine the effect of the degradation reaction on the flows at
the microscopic scale, with particular emphasis on the effect on mixing conditions as indicated by

the area and flow efficiencies.

1.4 Outline of Dissertation

Chapter 2: The geometry and operation of single-screw extruders are discussed, with
description of the thermodynamic and hydrodynamic phenomena that take place
within them. Twin-screw extruders are then introduced, with identification of the
different classes. The geometry and operation of one class, self-wiping co-rotating
twin-screw extruders, are described in more detail.

Chapter 3: A macroscopic steady-state process model for conventional and reactive extrusion
in self-wiping co-rotating twin-screw extruders is presented, followed by a
description of the numerical solution algorithm for the problem. Simulation results
are presented and discussed. Predicted extrudate molecular weights for peroxide-

initiated controlled degradation of polypropylene are compared to published results



Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

for one system.

Anexperimental investigation into the effect of operating conditions on the average
residence time in a non-reactive PP flow in a self-wiping co-rotating twin-screw
extruder is described. Response surface analysis techniques are utilized to
determine a regression model between the average residence time and the operating
conditions. A regression model based on simulated average residence times for the
same system is also developed, and the two are compared.

A differential process model for controlled degradation of PP in a single-screw
extruder is presented, and the details of the finite element method numerical
solution are given. Simulation results for a channel section are presented, including
results of the mixing efficiency analyses of the flows.

The reactive extrusion process mode! presented in Chapter 5 is solved numerically
using the finite element method for a channel in a forward conveying screw
element of a self-wiping co-rotating twin-screw extruder. Simulation results are
again presented, including results of the mixing efficiency analyses of the flows.
The primary results of the dissertation are summarized, and recommendations for

future work presented.



CHAPTER 2
SINGLE- AND TWIN-SCREW EXTRUSION
2.1 Introduction
Screw extruders in industrial use can be grouped into two major classes: single- and twin-
screw extruders. The distinction, of course, is made on the basis of whether the extruder has one
or two screws. In this chapter the geometry and operation of both classes of screw extruder are

described.

2.2 Single-Screw Extruders

Single-screw extruders (SSEs) have been the major continuous processing machines of the
thermoplastics industry since their development in the latter years of the 19" century (White,
1990). Figure 2.1 shows a schematic of a typical single-screw extruder (Middleman, 1977). The
polymer to be processed enters the extruder through the feed hopper (generally as pellets or
powder), and is carried toward the die in the channels of the screw. Figure 2.2 shows a diagram
of the geometry of the extruder screw (Middleman, 1977). The important geometric parameters
are the helix angle ¢, the channel width b, the channel depth A, the flight thickness e, the screw
pitch ¢, the radial flight clearance s,, and the screw root diameter D,. The Figure exaggerates the
flight clearance relative to the channel depth.

Figure 2.3 shows a cutaway view of a single-screw extruder showing the functional zones
and the state of the polymer in each (Agassant et al., 1991). In the feed zone of the extruder the
solid polymer particles are compressed together in the screw channel to form a solid bed of

material. At the start of the next extruder section, the plastication (melting) or compression zone,

10
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the barrel heaters cause a thin film of molten polymer to form in the gap between the solid bed and
the barrel wall. The melt film is subjected to intense shearing in the thin gap, and due to the
extremely high viscosities of molten polymers high rates of viscous dissipation result. The
generated heat melts the solid bed within a short distance of the start of melting. Figure 2.4
illustrates how the solid bed width changes along the length of a screw channel in the plastication
zone (Agassant et al., 1991). In the last zone of the extruder, the metering zone, the polymer melt
flow is stabilized in the shallow screw channels, and finally the material passes out through the die
on the end of the machine.

Figure 2.5 shows typical temperature profiles along the length of a SSE for three different
screw speeds (Agassant et al., 1991). The profiles show steady rise in the material temperature
along the length of the extruder, due to the continuous action of viscous dissipation. In SSEs, the
screw speed and throughput are not independent, and so the curves for higher screw speed also
correspond to higher throughput. The profiles show that temperatures are higher for higher screw
speeds since viscous dissipation is more intense; this occurs even in spite of the dilution effect of
the increased throughput. Figure 2.6 shows pressure profiles along the length of a SSE for three
different screw speeds (Agassant et al., 1991). It shows that the melt pressure peaks at an
intermediate position in the extruder (within either the compression or metering zones), and drops
over the remaining extruder length to the die. As with temperatures, higher screw speeds yield
higher pressures. This is a consequence of the larger pressure drop required to drive the higher
throughput through the extruder die.

In the operation of single-screw extruders, the operating conditions of the greatest

importance are the throughput and the screw speed. As mentioned above, they are coupled to one
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another in an indirect manner through the influence of the die. A high resistance die will result in
a lower throughput at a given screw speed than a low resistance die. The other important
consideration is the pressurization capacity of the extruder itself. The relationship between the
throughput and pressure drop in a die is known as the die characteristic equation, and similarly the
relationship between throughput and diehead pressure for an extruder (at a given screw speed) is
known as the screw characteristic equation. Since the die and extruder are coupled at the diehead,
at this point the pressures in each are equal. Hence, if the screw characteristic and die characteristic
curves are plotted on the same diagram of throughput against relative pressure, the point at which
they cross will be the operating point of the extruder, with coordinates of the throughput and
diehead pressure. Figure 2.7 shows such a plot, with die characteristic curves for both a low and
a high resistance die (Agassant et al., 1991).

In SSEs, the polymer melt is conveyed along the screw channels parallel to the screw
flights. Since the screw flights are inclined to the direction of the tangential velocity of the screw,
the drag force exerted by the barrel on the polymer melt has both down-channel and cross-channel
components. The down-channel velocity profile is a drag flow profile with a superposed pressure
profile. Figure 2.8 shows four such profiles, for different pressure conditions (Rauwendaal, 1986).
In the fourth profile, corresponding to closed discharge (i.e. zero throughput), the drag flow and
pressure backflow balance each other. The cross-channel profile also has drag and pressure flow
components; due to the presence of the screw flights what results is a recirculating flow. Figure
2.9 shows a diagram of the closed streamlines (Wang and White, 1989). The particle motion that
results from the combination of these two velocity profiles is a helical flow within the screw

channel. This is known as “helix within a helix” flow. Figure 2.10 shows a diagram of this
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(Agassant et al., 1991). It should be noted that the information presented in Figures 2.8 to 2.10 are
shown from a frame of reference embedded in the screw, from which the screw appears stationary

and the barrel turning.

2.3 Twin-Screw Extruders

Twin-screw extruders (TSEs) are extruders with two screws of the same diameter, which
turn side-by-side within the extruder barrel at the same speed. vIn recent years, twin-screw extruders
have come into increasingly wider use in applications such as mixing, blending, compounding of
thermoplastic polymers, devolatilization, and reactive extrusion. TSEs offer greater control over
RTD and mixing than single-screw extruders and have superior heat and mass transfer capabilities
(Tzoganakis, 1989). There are three major classes of twin-screw extruders, with the classification
based on the relative direction of turning of the screws and whether or not the screws intermesh
with one another. Figure 2.11 shows a section of screws for each of the three major TSE classes,
illustrating the relative position and orientations of the screws (Rauwendaal, 1986). Beginning at
the top, the screws in Figure 2.11 are from a co-rotating fully-intermeshing TSE, a counter-rotating
intermeshing TSE, and a counter-rotating non-intermeshing TSE. All boast good mixing
characteristics, large melting capacity, good devolatilization capacity, and good control over
residence times. With twin-screw extruders modular design is also possible, whereby the screws
are custom built using different screw elements configured along a screw shaft in such a way as
to meet the requirements of the application at hand. An unlimited number of different

configurations are possible for such screws.
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2.3.1 Closely-Intermeshing Self-Wiping Co-Rotating Twin-Screw Extruders

Of particular interest is the fully-intermeshing co-rotating twin-screw extruder, or CSCO
(for Closely-intermeshing Self-wiping CO-rotating) extruder. Because of the special design of its
screws, the CSCO extruder has the unique attribute that with every complete screw turn the entire
surface of each screw is wiped by the other, thus eliminating the possibility of dead spots in which
material could collect and degrade. This feature leads to narrower RTDs in CSCO extruders than
in SSEs, making them particularly attractive for use with thermal and shear sensitive materials
(Sakai etal., 1987). Combined with the control over average residence times permitted by modular
screw design, the self-wiping feature of CSCO extruder screws also makes the machines very
attractive for reactive extrusion applications, since a narrow RTD leads to greater product
homogeneity (Uhland and Wiedmann, 1994). Figure 2.12 illustrates the self-wiping cross-section
screw profile for single-, double-, and triple-flighted screws (also known as monolobal, bilobal,
and trilobal screws) (Dreiblatt and Eise, 1991). The difference between the three screw profiles is
that as the number of flights increases, the average channel depth decreases, resulting in lower
conveying capacity and higher average shear rates.

CSCO extruders use a variety of different screw element types, the principal ones being
conveying elements and kneading blocks. Conveying elements are the normal screw elements as
shown in Figure 2.11 (a), and can be either forward or reverse conveying, depending on their
orientation. Forward conveying elements generally cause an increase in melt pressure; reverse
conveying elements do the opposite. The conveying characteristics of forward conveying elements
are similar to those of single-screw extruder screws, since both have open channels in the direction

of flow and transport material by mechanisms of drag and pressure flow. One important distinction
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of the flow mechanism in CSCO conveying screw elements comes from the flow field disturbance
at the centre of the intermeshing region of the screw elements, in which the fluid undergoes a zig-
zag motion in passing from one screw o the next. This effect is displayed in Figure 2.13 (with the
channel geometry unwrapped and projected onto a plane), and is due to the presence of the flight
of one screw in the channel of the other in the intermeshing region (see Figure 2.11 (a)). The effect
can be neglected in screws for which the screw flight width is small compared to the channel
width. Another major difference in the conveying behaviour of CSCO extruders is that in their
operation throughput and screw speed are independent. The consequence of this is that starved
feeding is possible, in which regions of the screws are only partially-filled with material, and
subsequently are at atmospheric pressure. Figure 2.14 illustrates where the polymer accurnulates
inaconveying screw element channel under these conditions (Rauwendaal, 1986). The free surface
in the channel is assumed to be parallel to the helical axis of the channel.

Kneading blocks are special mixing elements comprised of several discs staggered at an
angle to one another. Forward staggering results in the kneading blocks having positive
pressurization capacity, reverse staggering results in the opposite. Neutral staggering (given by a
90° angle-of-stagger) is also possible. The motion of the kneading discs causes intense shearing
and has a chopping effect on the material stream. Most of the dispersive mixing (melt
homogenization and solids breakup) and melting that occurs within the extruder takes place in
kneading blocks. Figure 2.15 shows a set of kneading discs which are forward staggered at a 45°
angle (Yang and Manas-Zloczower, 1992). Note that the element cross-sections still show the self-
wiping profile. The arrows indicate where the material emerges from the element. Radial gaps are

creaced between consecutive screw tips by the staggering of the discs, through which material
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will leak under pressure, and thereby increase back-mixing. In normal screw configurations a
reverse conveying screw element is placed downstream of a kneading block element, to act as a
flow restriction and maintain fully-filled conditions within the kneading block.

A characteristic feature of material transport in CSCO extruders is the circumferential
‘figure-eight’ motion of the material as it passes back and forth between the screws while being
conveyed along the extruder axis direction. This motion is illustrated in Figure 2.16, and occurs
because the tight intermeshing between the screws results in essentially complete transfer of
material from one screw to the other across the intermeshing region (White, 1990). For multi-
flighted (i.e. bilobal or trilobal) screws, this motion leads to the creation of a number of essentially
independent co-axial down-channel flows in the extruder. Figure 2.17 highlights the material of
one such flow in an extruder with bilobal screws (Rauwendaal, 1986). The number of independent
flows is 3 for extruders with bilobal screws and 5 for systems with trilobal screws; Figure 2.12 (b)
and (c) show the chambers through which the flows would travel, separated from each other by
the screw flights and barrel walls.

Profiles of the conditions inside a typical CSCO extruder in plasticating extrusion operation
are presented in Figures 2.18 and 2.19, along with the corresponding screw configuration (Potente
et al., 1994). The screw is made up of conveying elements, with a kneading block region in the
middle followed by a reverse conveying screw element. Figure 2.18 shows the pressure and filling
level profiles along the extruder length for three screw speeds (at the same throughput) as two
families of three curves each. The upper family of curves is for the filling level; the solid curves
are for the lowest screw speed. The Figure shows that the melt pressure only becomes greater than

zero in the regions where the filling level is unity, and also that higher screw speeds lead to lower
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overall filling. Figure 2.19 shows melt temperature profiles for the same systems. The curves show
that most of the temperature growth occurs in the kneading block region, where shearing is most

intense. The curves also show that the melt temperature is not as strongly affected by screw speed

as it is in single-screw extruders.
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CHAPTER3
MACROSCOPIC MODELING AND STEADY-STATE SIMULATION OF
CONVENTIONAL AND REACTIVE EXTRUSION IN CSCO EXTRUDERS

3.1 Introduction

CSCO extruders are very complicated machines, in both design and function. They are
versatile in application, as the number of parameters in their design and operation is large. Even
for systems with fixed screw cross-section geometry, the number of different configurations the
extruder can assume is almost unlimited, due to the modular design of CSCO extruder screws. The
configuration of the extruder barrel can also be varied, by the addition of barrel sections with ports
for injection of additives or removal of volatiles. In operation, both screw speed and throughput
can be independently varied, along with the extruder barrel temperature distribution, and the
material being processed can be changed. The number of thermophysical phenomena taking place
within the extruder screw channels is also large, including solids conveying, melting, melt
conveying and pressurization, heat transfer, and also possibly chemical reaction. The complexity
of these interrelated phenomena make it difficult to know in advance what the effect of changing
one or several system and process parameters will be on the extruder performance. Even empirical
characterization is insufficient to quantify these effects, as only a finite number of different
possibilities can be examined. As such, the need exists for composite models covering all the
phenomena occuring within CSCO extruders, along with numerical algorithms for their solution.

Composite models of polymer flow within CSCO extruders assemble the complete process
models for flow within screw elements for the entire machine. The elemental process models

describe the thermophysical phenomena taking place within the screw channels, and include the
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element geometries, the physical and rheological properties of the material being processed, and
the kinetics of any chemical reactions taking place within the melt phase. Limitations on
computing power and memory capacity require that for a complete modular CSCO extruder to be
simulated, such composite models must be macroscopic (or reduced dimension) in that they only
compute average values of the process degrees of freedom along the extruder axis direction. To
date, proposed models have all been for steady-state extrusion, thus leaving out the additional
complication of time variability. The numerical simulation algorithms to solve composite CSCO
extrusion models perform the calculations to solve the model equations following the sequence
of elemental geometries specified by the screw configuration, employing iterative techniques to
simultaneously solve the coupled flow phenomena. The algorithms permit the computation of the
effects on the performance of an extruder of changing the screw configuration, changing operating
conditions, and changing the material being processed, as well as potentially the addition of a
chemical reaction to the flow.

The development of composite models for CSCO extrusion is difficult, due to the need to
model the numerous phenomena taking place within the extruder elements. This must be done for
both conveying screw elements and kneading block elements, which exhibit quite different flow
patterns. The problem is further complicated by the complex self-wiping screw element geometry,
by the coupling of the different flow phenomena within the screw channels, and by the complex
fluid rheology. As such, it is only within the most recent decade that such models have begun to
appear in the literature. In this chapter, the published literature on the different approaches taken
to steady-state macroscopic modeling of non-reactive polymer flows within CSCO extruder screw

elements and complete modular machines is reviewed. The few papers on reactive extrusion of PP
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with peroxide-initiated degradation are also mentioned. One of the extruder conposite models is
selected as the basis for a simulation algorithm, and this model is outlined, with descriptions of
the equations for the different process phenomena presented. A model extension for the peroxide-
initiated controlled degradation of PP is also given. The numerical solution algorithm derived from
the extended composite model is described, along with the C program written to execute the
algorithm. Simulation results for both a non-reactive and a reactive system using the same PP resin
and extruder, but different screw configurations, are presented. For the non-reactive system, a
sensitivity analysis of predicted average residence times against several model parameters is
presented, and for the reactive system, predictions of extrudate molecular weights for several levels
of peroxide addition are compared to published experimental values. Discussion of the process

model then follows, with emphasis on its weaknesses and their impact on the model predictions.

3.2 Literature Review

3.2.1 Self-Wiping Screw Profile

Publication of the mathematical description of the shape of the self-wiping screw profile
for CSCO extruder screws by Booy (1978) represented the passage of the first major hurdle to the
modeling of CSCO extrusion, that of the complicated screw geometry. Figure 3.1 shows the self-
wiping screw geometry along with the principal geometric parameters, for bilobal screws at a
centreline separation distance a = 0.85D,. With both screws rotating in the same direction at the
same angular velocity, in every complete turn each screw fully wipes the surface of the other. In
Figure 3.1 the inner circles are the screw roots, the bold outer lines are the barrel walls, and the

connecting curves between the two are the edges of the screw flights cut by the viewing plane
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perpendicular to the screw axis. The shaded regions represent the area available for flow. The
variation in the channel depth between the screw root and the tip of the screw flight is given by the

following expression:

1p <a<p,
2

1 a
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Figure 3.2 shows the cross-section perpendicular to the screw flights of a channel with the self-
wiping profile. The Figure shows the the principal geometric quantities that describe the channel

cross-section, which are the channel width b,,,, the maximum channel depth 4,,,, the flight width

€,.x> and the radial flight clearance s,.

3.2.2 Macroscopic Modeling of Melt Conveying in Conveying Screw Elements

The self-wiping screw profile was first used in the modeling of polymer melt flow in
conveying screw elements, for which the first significant paper was that of Denson and Hwang
(1980). In this study, screw characteristic curves of flow rate against down-channel pressure
gradient were determined from first principles for Newtonian isothermal flow in channels of
different pitches, by solving the equation of motion for down-channel flow using the finite element
method. Leakage flows through the flight clearances between adjacent channels were included in
the model, but the channel shift in the intermeshing region was neglected. In modeling the

conveying capacity of the screw element, two model simplifications taken from single-screw
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Figure 3.2: Self-Wiping Screw Channel Cross-Section
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extrusion modeling were employed. The first was a kinematic reversal assumption by which the
polymer flow is modeled from a frame of reference embedded in the screw, from which
perspective the screw appears stationary and the barrel turning in the opposite direction at the
screw angular velocity. The second assumption was that the screw channels and the barrel surface
can be “unwrapped”, that is laid out flat and projected onto adjacent planes. The resulting model
(known as the groove or flat plate model) is a flat plate sliding over a series of parallel channels
aligned at an angle to the plate velocity, within which the polymer moves. These two assumptions
are only applicable to systems in which the screw and barrel curvatures can be neglected, i.e. for
screws with small ratios of channel depth to screw diameter. Figure 3.3 shows a schematic
representation of the groove model geometry (White, 1990).

Szydlowski and White (1987) expanded the work of Denson and Hwang (1980) by
considering the effect of the cross-channel pressure gradient and the channel shift in the
intermeshing region on the flow in a conveying screw element. The equations of motion for down-
channel and cross-channel flow were solved simultaneously by a control volume technique known
as the flow analysis network (FAN) method (Tadmor et al., 1974). Screw characteristic curves
were computed for both forward and reverse conveying elements, including for the geometries
considered by Denson and Hwang (1980). Comparisons with the results of Denson and Hwang
(1980) showed excellent agreement. To further investigate the effect of the intermeshing region
channel shift, simulations were carried out for forward conveying elements with increasingly larger
flight widths. Results showed that the wider the flight relative to the channel, the greater the
dissipation of the developed pressure in the element, since the flight in the channel acts as a flow

restriction. However, significant pressure losses in the intermeshing region were not found until
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Figure 3.3: Groove Model Geometry
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the flight width exceeded half the maximum channel width.

Wang and White (1989) extended previous models to non-Newtonian flow, by considering
isothermal power-law fluid flow in conveying screw elements. Screw characteristic curves were
computed both by a modified FAN method (with fluid viscosity a function of the down-channel
and cross-channel velocity gradients) and by a conventional finite element method (with fluid
viscosity a function of all velocity gradients) for comparison. The results showed a difference of
no more than 10% between the two methods (the modified FAN method had the advantage of
requiring much less computer time). The screw curves indicated a sharp decrease in pumping
capability as the power-law coefficient decreased. It was concluded that shearing in directions
parallel to channel cross-sections can be neglected in calculating the pumping characteristics of
conveying screw elements for non-Newtonian fluids in CSCO extruder channels.

Wang et al. (1989) considered isothermal power-law fluid flow in reverse conveying screw
elements, and presented screw characteristic curves for the elements. Results were analogous to
those for forward conveying elements, in that as the power-law coefficient decreased the pressure
dissipation capacity of the elements decreased sharply. The effects of the intermeshing region
channel shift and the size of the radial flight clearance on the pumping capacity of forward
conveying elements for isothermal power-law fluids was also examined. Results indicated that
decreasing the flight clearance increases pumping capacity, due to a drop in leakage over the screw
flight tips, and that as found in Szydlowski and White (1987), the effect of the tip width on
conveying capacity is small up to a value of half the maximum channel width.

Potente et al. (1990) took a different approach from previous authors to modeling the

conveying capacity of CSCO conveying screw elements. Here the authors directly extended
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existing relations between dimensionless flow rate and pressure gradient for isothermal flow of
power-law fluids in SSE screws, to CSCO forward conveying screw elements, taking advantage
of the similarity of conveying characteristics between the two systems. The relations are simple
algebraic expressions which approximate numerically determined screw characteristic curves in
dimensionless form for SSE screws. They take the following form:

T, = ¢,-¢,7, 3.2)
Here & and =, are the dimensionless flow rate and pressure gradient respectively. The coefficients
¢, and ¢, are functions of the screw element geometry and the fluid power-law parameters. The
form of the equation expresses the opposing actions of drag and pressure flows, with drag flow
(represented by the first term on the right-hand side) working to move material downstream and
pressure backflow (represented by the second term) opposing this. The approximation equations
were derived for two-dimensional (2D) channel flow (i.e. including the cross-channel component);
the rounded self-wiping channel profile was represented as a rectangular profile with depth equal
to the true average channel depth; and in calculating the total pressure change in an element the
presence of a screw flight in the intermeshing region was modeled as a reduction in the channel
width there. The authors performed experimental studies to compare measured melt pressures in
a CSCO extruder with predicted values, and found the agreement between the two to be quite
good.
In Potente et al. (1994), the authors extended their model further, by accounting for the
effect of leakage flows over the screw flights on the pressure development in the flow of power-
law fluids in conveying screw element channels. This was done by representing the net throughput

at any axial position in the extruder as the sum of flows parallel and perpendicular to the screw
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flights. The flow in the flight clearance region between the tops of the screw flights and the barrel
surface was modeled as one-dimensional (1D) flow (i.e. with no transverse circulation
component). The authors also presented an approximation equation for the conveying performance
of reverse conveying elements, in the same form as equation (3.2).

Huneault and Dumoulin (1994) took another markedly different approach to modeling melt
conveying in CSCO conveying screw element channels, one which used more realistic boundary
conditions for computation of the flow field in the channels. Their basic argument was that the
conventional groove model assumption for modeling melt flow in CSCO screw element channels
fails to capture the true effect of the intermeshing region channel shift on pressure development.
In reality, the melt flow in the extruder results from a combination of positive displacement of the
channel volume, drag flow in the upstream direction due to screw rotation, and pressure flow due
to pressure differences. For an observer standing in the intermeshing region and advancing with
it as the screws rotate, the flow is clearly going backward. Thus, the flow restriction in the
intermeshing region restrains the backwards drag and pressure flows, and hence leads to an
increase in pumping capacity, not a decrease as predicted by the groove model with the screws
stationary and the barrel moving. The throughput across a lateral cross-section (perpendicular to
the extruder axis) is equal to the positive displacement rate due to the translation of the channel

free volume minus the upstream flow rate in the moving frame of reference:

"y
QNel = %IA Free _kQBack (3 '3)

The authors presented the results of fully three-dimensional finite element simulations of flow of

Newtonian and power-law fluids in curved screw channels with rectangular profiles, including
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flow through an intermeshing region between two channels with flow reorientation and a channel
shift of either zero or half the channel width. The flow reorientation was not found to have a
significant effect on pressure growth, but the screw element with the shifted channel geometry was
found to have significantly higher pressurization capacity than the element without the channel
shift, around 25% higher for both Newtonian and non-Newtonian fluids. Unfortunately, the authors
did not go so far as to present approximation equations for their screw characteristic curves
covering different screw helix angles and material power-law indices, so the promising results of
this paper cannot be applied in a macroscopic composite model of CSCO extrusion.

Michaeli et al. (1995) presented a model for reactive melt extrusion in a CSCO extruder
with screws comprised only of forward conveying screw elements. The reactions examined involve
bulk polymerization from monomer, and the flow was modeled as non-isothermal and non-
Newtonian, with the viscosity a function of molecular weight, temperature, and shear rate. The
conveying model was an extension of that for SSEs, with the channel shift in the intermeshing
region neglected and leakage flows over the screw flights included but assumed to not affect
velocity profiles within the channels. An energy balance was performed on the melt stream,
accounting for viscous dissipation in the bulk, heat exchange with the barrel wall, and released
heat of reaction. An ideal pipe reactor model was used for modeling residence time in the extruder,

for calculation of the conversion profile.

3.2.3 Macroscopic Modeling of Melt Conveying in Kneading Block Elements
Due to the greater complexity of the flow mechanisms in kneading block elements, until

the late 1980's their modeling treatment was almost entirely neglected. Szydlowski et al. (1987)
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first addressed the problem, examining isothermal creeping flow of a Newtonian fluid in a
kneading block element. The pressure and flow distributions in the different gaps between the
individual discs were computed for various angles-of-stagger by a modified FAN approach.
Results indicated that the staggering of the kneading discs creates a helical channel resembling that
of a poorly designed screw section, with a comparatively large pitch and gaps in the channel flights
(i.e. the radial gaps between discs due to stagger) through which leakage flows occur.

White and Szydlowski (1987) summarized the pumping performance of kneading block
elements by means of equivalent screw characteristic curves. These showed that pressure
development is much weaker in kneading disc assemblies than in conventional conveying screw
elements. Also, as the number of discs in a kneading block is increased, the pumping capacity of
the element is increased.

Wang et al. (1989) extended the previous results to isothermal power-law fluid flow in
kneading block elements. They found that as the material power-law index was reduced, pressure
fields were much reduced in intensity, and in the same way as for conveying screw elements, the
pumping capacity of kneading block elements decreased. The effect of the angle-of-stagger was
also examined, with the result obtained that pumping capacity decreases with increasing angle-of-
stagger, which is commensurate with the accompanying increase in the size of gaps for leakage
flows.

Potente et al. (1994) modeled the conveying capacity of kneading blocks by taking
advantage of the conclusion of Szydlowski et al. (1987) that kneading blocks can be represented
as equivalent screw elements. Leakage flows through the radial gaps between adjacent kneading

discs were accounted for in their model by assuming a larger radial flight clearance in the
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equivalent screw element. The screw pitch was calculated from the angle-of-stagger, the number
of discs and the disc thickness in the kneading block, and the increase in the radial flight clearance
was found by summing the areas available for the leakage flows between the discs and averaging
the total over the equivalent flight length.

Michaeli and Grefenstein (1996) modeled the conveying capacity of kneading block
elements by representing the element as having both a main and a back conveying channel

(representing the leakage flows), each with different pitches and cross-section areas.

3.2.4 Modeling of Solids Conveying and Melting

The modeling of solids transport and melting in CSCO extruders has only recently begun
to receive full treatment in the literature. The first solids melting model to appear in the literature
was that of Potente et al. (1994). The authors extended the analogy between the operation of SSEs
and CSCO extruders one step further, and assumed that the characteristic contiguous solids
melting mechanism that is observed in SSEs (as shown in Figure 2.4) also exists in tightly
intermeshing co-rotating twin-screw extruders. The well known Tadmor melting model for
tracking the change in the solid bed width along the helix was modified to account for the rounded
self-wiping channel profile. The authors made no allowance for the flow rearrangement and
enhanced shearing that take place in the kneading block sections of an extruder.

Bawiskar and White (1995) dispelled the assumed melting mechanism of the above
authors, in their examination of the melting of polyethylene pellets in a modular CSCO extruder
with a central kneading block section. The experiments were performed by running the extruder

to steady-state, stopping the screws, allowing the machine to cool, and then removing the screws
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and stripping the solidified polymer off the screws for inspection. The primary result was that the
melting occurring in the kneading block regions of the extruder differs considerably from melting
in single-screw extruder screw channels. When forward staggering was used on the kneading discs,
a central pellet bed was observed which moved along the screw helices and rapidly shrank. The
surrounding melt exhibited much shorter residence times in the extruder than the pellet bed,
leading the authors to hypothesize that the tips of kneading discs block the progression of portions
of the solid bed, resulting in higher residence times in the kneading block region and faster
melting. For neutral and reverse staggering of the kneading discs, melting was observed to take
place even sooner than for forward staggering, due to increased filling levels, and no pellet bed was
observed to form.

Potente and Melisch (1996) described similar experiments examining melting of
polyethylene and polypropylene pellets ina CSCO extruder. They too reported observing unmelted
compacted solid particles dispersed within a melt matrix in the kneading block section of their
machine. Following from this observation, they presented a mathematical model of the melting of
pellet form polymers, which assumes the solid particles to be spheres uniformly distributed in the
polymer melt. Melting is considered to begin at the position where the solid particles, in their
tightest packing, are completely surrounded by melt, and then viscous dissipation within the melt
drives the melting process to completion. The model allows the polymer pellet radii to be
computed against down-channel position. Calculated solid volume fractions were compared to
experimentally determined values for two systems, and the model was found to adequately
reproduce the true system behaviour.

Bawiskar and White (1995) also examined conveying mechanisms of solid polymer pellets,
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in flow visualization experiments of a starved-fed CSCO extruder in a custom-made transparent
barrel. In regions of conveying screw elements, the conveying mechanism was seen to be primarily
forced conveyance, with the pellets being transported in the upper intermeshing region of the
screws for low feed rates or high screw speeds. At higher feed rates or lower screw speeds, the
material began to overflow the upper intermeshing region in the direction of screw rotation into
the lower screw channels. The conveying regime ended when the pellets fused together after being
softened by heat conducted from the barrel surface. The fused masses moved helically through the
screw channels while being pushed ahead by forced conveyance, until a kneading block element
was reached and the screws became fully-filled.

Potente et al. (1996) presented the first mathematical model for solids conveying in a
CSCO extruder. The authors described three different solids transport regimes in conveying screw
elements at increasing throughputs, each characterized by its own material distribution pattern in
the screw channels. The transport mechanism was forced conveyance, and even at conditions of
maximum throughput the screw channels remain only partially-filled. The detailed model
presented by the authors permits calculation of the maximum conveying capacity of the feed zone
of an extruder, the torque requirements of the different transport regimes, and even the solid
pressure distributions that arise within the compressed zones of material accumulation.
Experimental measurements of maximum conveyable material throughputs were reported for an
extruder using several different materials, screw speeds, and screw pitches, and predicted values

were found to correlate well with these parameters.
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3.2.5 Composite Macroscopic Models of Modular CSCO Extruders

The ultimate objective of the modeling of the individual process phenomena that take place
in a CSCO extruder is to be able to combine the individual models into a composite model
completely describing the macroscopic processing performance of the extruder. To date only
steady-state process models have been proposed; no transient models of flow phenomena in co-
rotating twin-screw extruders have been published.

The first CSCO extruder composite model was given by White and Szydlowski (1987), for
the isothermal conveyance of a Newtonian melt in a modular twin-screw extruder comprised of
forward and reverse conveying screw elements and kneading block elements. Working backwards
from the die, with the throughput held constant between consecutive elements, the pressure change
across each element was calculated by the element characteristic equation, represented by the
authors as an algebraic relationship between throughput, screw speed, and pressure change. Gauge
pressure values of zero indicated starvation (i.e. partial-filling) in the corresponding elements.

Wang et al. (1989) proposed a composite model of isothermal melt extrusion of a viscous
power-law fluid, with the calculation algorithm the same as above, only with the pumping
capacities of the extruder elements computed numerically using the modified FAN approach to
solving the momentum balance equation. Results for a filling level experiment on a complete
modular twin-screw extruder were given, and the predicted locations of the onset of complete
filling from a simulation of the system were found to fall close to the positions actually observed.
White et al. (1990) provided further results of filling level experiments for comparing with
simulation results from the above model. The actual filling profiles were compared to predictions

for three different screw configurations and two different materials (at single values of screw speed
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and throughput) and agreement was found to be quite good.

Chen and White (1994) described a composite process model for non-isothermal power-
law flow in a CSCO extruder with multiple feeds and vents. The throughput at any position in the
extruder was the sum of feed rates through all upstream feed ports less the sum of removal rates
through all upstream vents. The fluid viscosity was taken as temperature dependent, and a stream
enthalpy balance was used as the energy balance equation, with terms for heat conduction from
the barrel and viscous dissipation included. The temperature profile was coupled to the pressure
and filling level profiles through the temperature dependent fluid viscosity, and so an iterative
solution procedure was employed. Simulation results for a range of model parameter values were
observed to qualitatively correspond to expectations.

The most complete published composite process model for CSCO extrusion to date is that
of Potente et al. (1994), which covers plasticating non-isothermal extrusion of a material with
power-law melt rheology in a modular extruder. The model allows computation of pressure, filling
level, temperature, and melting profiles within the extruder. The solids melting model is a
modified Tadmor contiguous solids model, which since publication has been shown to be
incorrect. The melt conveyance model is based on Potente et al. (1990), and accounts for the
effects of leakage flows over the screw channel flights and the channel shift in the intermeshing
region. The filling level profile is calculated by assuming that in partially-filled screw sections the
fraction of free volume occupied by the melt is equal to the fraction the throughput is of the drag
flow capacity of the element. The temperature profile is calculated by an energy balance on the
melt stream, which accounts for viscous dissipation in the bulk and conduction between the melt

and the barrel wall, but does not consider the contribution of leakage flows. The temperature
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dependence of the viscosity again necessitated an iterative solution algorithm, in which the
pressure, filling level and melting profiles were all computed using the temperature profile from
the previous iteration, following which the temperature profile was recalculated. Comparison
between calculated and experimental values of pressure and temperature in an extruder showed

reasonable agreement.

3.2.6 Modeling of Reactive Extrusion of Polypropylene With Peroxide-Initiated

Degradation

Publications in which extruder process models are extended to include chemical reaction
are rare in the literature. A fully-predictive mathematical model for controiled degradation of PP
in a plasticating sin