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1 Introduction

This study is part of a series of documents. This introduction contains a general preface for all
documents and a specific outline of the subjects in this study.

1.1 General preface

The project ‘Polymer Mixing in a Single Screw Extruder’ is reported in a series of documents
reporting the outcome of a four years research program, executed by the Professorship for
Polymer Engineering of Windesheim University of Applied Sciences and Wavin Technology and
Innovation department of the Orbia’s community of companies. The project was funded by Centre
of Expertise ‘Tech For Future’ in two successive projects, namely ‘Sustainable extrusion processes
in the production of pipes (TFF1703)’ and ‘Mixing in a single Screw extruder’ (TFF1920).

Plastic pipes are commonly used for the transport of fluids. The properties of the pipe depend
(amongst others) on the plastic used in the production. The properties of the plastic in their turn,
can be modified with additives. For example, the color of a pipe can be adjusted by the addition of
a colorant to the polymer compound. The colorants are often mixed with the polymer using
specialized equipment such as twin screw extruders. However, polymer (non-PVC) pipes are
generally manufactured using a single screw extruder with a pre-compounded (pre-mixed)
polymer. A basic single screw extruder has poor mixing characteristics. To improve mixing,
different mixing elements with different mixing characteristics (like a spiral Maddock or a pin
mixer) can be added after the compression zone of the extruder. Using a combination of these
mixing elements, it could be more energy- and cost efficient to both mix and extrude with a single
screw extruder.

The general objective of the program was to gain detailed knowledge of the extrusion process by
modern analysis tools like computational fluid dynamics (CFD). A benefit of this tool could be a
shorter development time of extrusion processes. To prove the strengths of these modern tools,
the optimization and selection of mixing elements in single screw extrusion was chosen as these
provide a challenging case.

Based on this general objective and the specified case, the following research questions were
drafted:

1. What is a proper simulation method for polymer extrusion with respect to mixing?
2. How to quantify mixing quality in an extrusion simulation?
3. How to validate the simulation results and to validate the quantification of mixing?

The basis of the study is a literature search into mixing processes in extrusion, simulation of
velocity, temperature, pressure and stresses in extrusion, quantification of mixing based on flow
fields in extrusion and validation of mixing in extrusion experiments. Each document contains a
part of this literature search, which is relevant for the subject in the respective document.

The first document ‘Simulation Method’: Different simulation techniques, with respect to the
discretization method and meshing method for the rotating screw, are analysed and demonstrated

for different mixing elements. The selection of a suitable simulation method is not limited to
single screw extrusion because in the future double screw extrusion might also be of interest.
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Preferably, a simulation method which is applicable for both single screw as well as double screw
extrusion is selected.

The second document: ‘Mixing quantification’: Several methods to quantify mixing quality were
studied. In order to compare results, a method which is suitable for numerical simulations as well
as for the experimental validation has to be selected.

The third document: ‘Experimental validation’: For the study described in this paper, a single
screw extruder on lab scale, with multiple monitoring points in the barrel for temperature and
pressure, was acquired. The screw of this extruder has a simple basic configuration with three
zones and only one mixing element. Several screws with different mixing elements are available,
to be able to make a clear distinction between the various effects. The screw is easy to exchange
in the extruder barrel, which makes it possible to study different type of mixing elements. The
barrel contains holes that can also be used for injection of a second polymer or a colorant, for
example between the compression zone and the mixing element.

Upon the completion of these research steps it should be possible to select a combination of
mixing elements for an optimal mixing quality using numerical simulations.

1.2 Introduction into Simulation Method

In chapter 2 a literature search on mixing phenomena is reported. All physical phenomena, which
determine mixing, are briefly discussed. These physical processes are: different types of mixing
(dispersive against distributive mixing), different types of additives (colorant dyes, pigments and
masterbatches) and different types of physical appearance (solid versus liquid, miscible versus
immiscible polymers).

In chapter 3 the numerical simulations method is selected. First a comparison between several
simulation techniques for extrusion is reported. Based on this comparison a choice was made for
the numerical simulation method of mixing in single screw extruders. Preferably the choice
accommodates future work like for example double screw extrusion and most of the physical
phenomena from the previous chapter have to be included in the method.

In chapter 4 experiments are reported that measure the physical properties, which are needed for
the simulation and experiments on a single screw extruder to validate the preliminary results of
the simulation. The main physical property is the viscosity, which is temperature and shear rate
dependent. The parameters for a power-law model were determined. The experiments were
carried out on a small scale single screw extruder at Wavin T&l.

In chapter 5 different mixing elements are introduced with respect to suitable grid structure to
obtain grid independent solutions. Only pressure, flow field and shear rates are reported. Finally, a
simulation of a combination of a spiral Maddock and pin mixing element is presented because
these elements have the same geometry as the experiments on the pilot extruder at Wavin T&l.

The last chapter contains the conclusion and recommendations for the next stage of the project.
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2 Literature search: mixing colorants with
polymer in an extrusion process

This literature report consists of several sections. Section 2.1 is a short introduction into polymer
mixing, colorants and simulation techniques. Sections 2.2, 2.3 and 2.4 discuss the physics and
simulations of respectively mixing solids through polymers, mixing miscible polymers and mixing
immiscible polymers. Conclusions and recommendations are presented in section 2.5.

2.1 Introduction

Predicting the mixing behavior of a single screw extruder using flow simulation is the goal of the
Sustainable Extrusion project. This chapter contains the results of the literature search, which
forms the base of this project. The study presents the current level of scientific knowledge of the
relevant subjects but the goal of this literature study is to answer the following questions:

1. What are the relevant physical phenomena involving polymer mixing processes?

2. What is the current state of the art concerning simulations of polymer mixing processes?
Polymer mixing can be done with either fluidic polymers or with solid polymers (granular mixing).
This study focuses primarily on mixing of fluidic polymers. In this study a polymer is always a
molten polymer if not stated otherwise.

2.1.1 Mixing: distributive and dispersive

Mixing is the process of converting a heterogeneous system into a homogeneous system. With
this process entropy increases and energy is dissipated. In general three types of motion are
involved in mixing: molecular diffusion, turbulence and bulk flow [1, 2]. Molecular diffusion is slow
and turbulence is not present in polymer flow due to the high viscosity. Mixing polymers is
therefore a result of bulk flow.

Mixing is often categorized in dispersive mixing and distributive mixing. With distributive mixing
the additive units or discontinuous phase are homogeneously distributed throughout the polymer,
whereas with dispersive mixing the additive units are reduced in size [3]. Increase of interfacial
area is often used as a measure of distributive mixing of fluids. Increase in number of additive
units is often used as a measure of dispersive mixing, see Figure 1.
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Figure 1. Schematic representation distributive and dispersive mixing. Left mixing of solids through a fluid. Right
mixing of fluids.

In general, mixing is achieved with shear flow, elongational flow and chaotic flow. Elongational
flow and chaotic flow are often more energy efficient in achieving a measure of mixing compared
to shear flow.

2.1.2 Colorants

Colorants are additives used to internally color plastics [3]. The most frequently used polymer
colorants can be categorized into pigments, dyes and masterbatches. Mixing behavior differs for
each type of colorant.

Dyes are synthetic solid colorants that are soluble, and therefore easily dispersed, in polymers [3,
4]. These colorants are bright and translucent and often used in lenses.

Pigments are solid colorants that are insoluble in polymers [3-5]. Solubility is often improved by
surface modification of the pigment with coupling agents. Mixing solid colorants through a
polymer melt will be discussed in section 2.2.

Masterbatches are polymers with a high concentration of colorants [3-5]. Compatibilizers are often
used to increase miscibility of a masterbatch with another polymer matrix. Masterbatches consist
of pigments, dyes, compatibilizers and other additives and comes often in the form of pellets with
a diameter of 0.35 mm up to 6 mm. It seems preferable that the polymer of the continuous phase
and the masterbatch carrier polymer are compatible with each other [4]. However, often the
polymer and the masterbatch carrier polymer are dissimilar. Mixing a miscible masterbatch
through a polymer is discussed in section 2.3. Mixing an immiscible masterbatch through a
polymer is discussed in section 2.4.
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2.2 Mixing solids with a polymer

Solid colorants may be soluble dyes or insoluble pigments. The latter is the focus of this chapter.
The physics behind mixing solids with a polymer will be discussed in section 2.2.1. Simulations of
mixing solids with a polymer will be shown in section 2.2.2.

2.2.1 Physics of mixing insoluble pigments with a polymer

Pigment particles are often grouped in the form of aggregates and agglomerates.

Primary particle Aggregate Agglomerate

Figure 2. Schematic representation of a carbon black particle, aggregate and agglomerate. (Figure copied from
reference [6])

Mixing of pigments requires dispersive mixing [7]. Agglomerates breaking up or erode due to
forces acting on them [1, 8]. Breaking up of an agglomerate is somewhat similar to the breakup of
droplets dispersed in a matrix fluid. Both break up due to forces acting on the agglomerate or
droplet. Whereas droplet breakup is size dependent, agglomerate breakup is not dependent on
size [1]. In polymer flow, two basic flow characteristics can be distinguished, shear and
elongation. Elongational flow results in stronger forces acting on the agglomerate compared to a
simple shear flow. Therefore elongational flow is preferable for dispersive mixing [8]. The force
needed for agglomerate breakup depends on the pigment interparticle attraction. The
agglomeration forces result from surface interaction involving electrostatic, Van der Waals and
liquid-bridge forces. Liquid-bridge forces are a composition of capillary and viscous forces. The
adhesive forces may also depend on particle shape, size, surface roughness and plasticity. The
pigment particle’s surface interaction with the polymer matrix has strong influence on the mixing
behavior. Coupling agents are often applied to the surface of the pigment (wetting) in order to
reduce the interfacial energy between the pigment and polymer. A wetting agent may also be
applied to avoid interfacial attraction forces between the pigment particles [4]. This wetting also
prevents reagglomeration of the particles.

S *d T &

e

Figure 3. From left to right a rupture sequence of a carbon black agglomerate (Ro 30 um) in a styrene-co-
butadiene rubber (SBR) in simple shear flow. (Figure copied from figure 7.27, reference [1]).

Mineral pigment surfaces often have weak interaction with polymers and are often wetted before
mixing with a polymer. On the other end of the spectrum are pigments like carbon black that
interact with the polymer matrix and therefore often do not require wetting.
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An alternative to wetting is using polymers with functional end-groups [5, 9]. The functional end
group has a higher surface interaction with the pigment. Therefore the pigment disperses more
easily in the polymer.

At high loadings pigments can also function as fillers, for example carbon black fillers in rubber
tires. Masterbatches often have high levels of pigments, these pigments can therefore be viewed
as fillers in the context of this study.

Fillers often increase the melt viscosity of polymers [5]. Fillers with a strong interaction between
the particles form agglomerates and a filler-filler network at higher particle levels. These networks
and agglomerates may result in an elastic behavior of the compound below a critical shear stress
(Bingham fluid) whereas it behaves as a fluid at higher stresses [10-17]. The filler-filler network
and agglomerates break down due to strain, this is called the Payne effect or alternatively the
Fletcher-Gent effect. Breakup of the filler-filler network and agglomerates may result in a change
of rheological behavior due to shear during extrusion. In other words the rheological behavior
depends on the history (elastic behavior) of the filled polymer. The elastic behavior of a filled
polymer inside a rheometer may differ from the behavior of a filled polymer during extrusion. This
is particularly relevant with dynamic rheological measurements. Shear is low during dynamic
rheological measurements and therefore minor breakup of agglomerates and the filler-filler
network. This is in contrast to the extrusion process with often high shear and therefore more
breakup of agglomerates and the filler-filler network. As a result there might be a discrepancy
between the measured rheological behavior and the rheological behavior inside the extruder.
These measured rheological parameters are however needed for extrusion simulations. A
discrepancy between the two may result in a discrepancy between extrusion simulation and
extrusion experiments.

Usually only a small percentage of masterbatch is used during extrusion. The local pigment
density (in the masterbatch pellet) reduces quickly due to distributive mixing resulting in
breakdown of the filler-filler network. Therefore the impact of pigment on the rheology will be
minimal with a low amount of masterbatch.

In conclusion dispersive mixing of solids is due to high shear stress, therefore a shear stress
analyses should be the focus of any dispersive mixing simulation.

2.2.2 Simulations of mixing solids with a polymer

Several studies of the mixing solids through a polymer are using numerical simulations [18-23].
Quite a few of these focus on corotating twin screw extruders [18, 19, 22] with only a few focused
on single screw extruders [20, 23]. The polymer melt in these simulations are often described with
a shear thinning fluid model [18-20, 22, 23]. Simulation of dispersive mixing of each solid body
(similar to pigment in experiments) requires meshing of each solid body, which would result in
extremely high computational costs. None of the extrusion simulation studies therefore included
mixing of solid bodies in their simulations. In some of the studies a form of mesh refinement was
applied [18, 20, 22, 23].
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As simulation method a Finite Element Method (FEM) is frequently used for mixing simulations
[18, 19, 22, 23]. In most cases Ansys Polyflow is used. One study uses a Finite Volume Method
(FVM) [20]. Some studies did not include verification of the simulations with experiments [19, 20,
23] whereas other studies did verify with experiments [18, 24]. Yamada et al. compared the mixing
behavior of several extruder segments. Both simulations and experiments showed better mixing
quality for specific extruder segments. The study however did not show a quantitative validation of
the simulations with respect to mixing behavior.

The distributive mixing quality in mixing simulations is often determined with RTD (residence time
distribution) [19, 20, 22]. And sometimes the Shannon entropy is used as a measure of distributive
mixing quality [20]. Dispersive mixing is due to agglomerate breakup which is a result of stresses
working on the agglomerate. Therefore, the stresses on a particle are linked to dispersive mixing
quality. The dispersive mixing quality in simulations is often determined with particle tracking [18-
20, 22, 23], where the stresses acting on a particle can be evaluated. With particle tracking the
path of a particle is determined based on a chosen point of entry and the velocities and
trajectories that such a particle would experience. The tracer particle is a traveling point in the
fluid domain, but it is not a part of the fluid domain mesh. Therefore, tracer particles do not
necessarily require a large mesh. Some studies include an analyses of the elongational stretching,
the shear rate and stresses working on the particle during its path through the extruder [18-20, 23].
Such analyses include the averaged, time integrated and maximum values of each determined
quantity.

Slippage of the polymer melt at the wall influences the flow behavior. In a study by Chen and Cao it
was found that wall slip increases distributive mixing performance but reduces the dispersive
mixing [22].

Aggregate breakage, erosion and flocculation is often described with population balance
equations for mixtures of polymers [25-27] or other mixtures [28, 29]. Wang et al. performed CFD
simulations and experiments on aggregate breakup and flocculation in an aqueous solution in a
Couette flow [28]. In their simulations the aggregate size was described by population balance
equations. In their validation experiments the aggregate size was determined optically. It was
found to be in good agreement with the simulation experiments.

In conclusion mixing of solids in a polymer can be simulated. The use of tracer particles is
recommended since the particles can be used for simulating both dispersive and distributive
mixing. Furthermore, the tracer particles do not inherently require a large mesh, therefore
computational costs can be limited.

2.3 Mixing of miscible polymers

Thermodynamically miscible fluids are fluids with no appreciable surface tension between the
fluids [30]. Miscible fluids might be a basic polymer and a masterbatch with a carrier polymer
identical to the basic polymer.

Diffusion is present in miscible fluids, though very slowly due to the high viscosity, therefore
diffusion is negligible during mixing and the interface between the fluids is well defined [30].

Mixing of miscible fluids is mostly a result of stretching the fluids. This is shown for a concentric
cylinder mixer in Figure 4.
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Figure 4. Mixing patterns in a concentric cylinder mixer for three different initial configurations of the two fluids.
Left column: initial condition. Center column: inner cylinder rotated m radians. Right column: inner cylinder rotated
4 nt radians. (Figure copied from figure 2.1, reference [30]).

Increased mixing corresponds to interface stretching [30]. Stretching within the concentric
cylinder is only in tangential direction, therefore mixing is poor in radial directions. No mixing is
achieved in situation c of Figure 4 due to the absence of stretch in radial direction.

The layers of fluid decrease in thickness with increased mixing, as is shown in situation a in Figure
4. The interfacial area between the two fluids increase with increased mixing. The interfacial area
grows linearly with time in a simple shear flow. Exponential interfacial area growth in a confined
area can be provided with chaotic flow. Chaotic flow often involves stretching and folding, see

Figure 5.
T3 = %

stretching \foldmg f stretching \ folding / satretching

-

Figure 5. Efficient distributive mixing through stretching and folding leading to increased interfacial surface.
(Figure copied from figure 3.5, reference [2]).

Chaotic flow results in high stretching and therefore good mixing quality. A flow with both regions
of chaotic and regions of simple shear flow will however result in islands of poor mixing quality
[30]. Therefore a global chaotic flow is preferable for good mixing quality.

Mixing behavior due to flow in a non-homogeneous material is often studied with analytical
analyses or flow simulations [30]. The rheological properties of the two fluids may differ from
each other, which may complicate the flow calculation of these mixing processes. The mixing
quality or measure of mixing is often expressed in stretch ratio.

In conclusion mixing of miscible fluids is mainly due to stretching of the fluids, which results in an
increase in interfacial area between the miscible fluids.
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Mixing simulations with miscible fluids

Several studies focused on mixing of miscible fluids [7, 24, 31-41]. This includes studies with twin
screw extruders and single screw extruders.

The different fluids, mixed in the extruder, may have different rheological properties, such as
viscosity. In CFD simulations the differences in rheological properties can be accounted for with a
“two phase simulation”. With a two phase simulation the fluids can be separated with an interface.
A fine mesh is needed for describing the thin layers of dispersed fluid due to stretching of the
fluids. The computational costs of such simulations are very high due to the necessity of a fine
mesh. None of the miscible fluid extrusion simulations included a two phase flow.

If both miscible fluids have the exact same rheological properties a “single phase simulation” can
be used. For example, several studies of Alemaskin et al. [7, 35-41]. Alemaskin et al. studied
distributive mixing ABS (acrylonitrile butadiene styrene) of two different colors with a single screw
extruder, both in simulations and experiments. In the simulations the distribution of green or
yellow fluid was determined with tracer particles. This approach is very similar to simulation of
mixing solids in a polymer fluid, as is discussed in paragraph 2.2.2. The distribution of color
particles in the simulation was in agreement with the observations in the experiments.

Zong et al. also used “single phase simulations” with several types of twin screw extruders in
which different viscosities were assigned to different volumes of the fluid [24, 31-34]. Therefore,
the rheological properties of multiple fluids can be included in the singe phase simulation. The
computational costs are less since there is no need for a very fine mesh to describe the interface
between the two fluids. This method is used to simulate polycondensation of PPTA (Poly p-
phenylene terephtalamide) [24]. The molecular weight of PPTA increases during polycondensation
and therefore its viscosity increases leading to a range of viscosities during extrusion and
simulation while the material is being mixed with itself. RTD (residence time distribution) was
used to compare the mixing performance of each screw. Polymer extrusion experiments (without
polycondensation) were performed. Agreement was found in the RTD between the simulations
and the experiments. RTD as a measure of mix quality is further discussed in part 2: Simulation
method [42].

In conclusion mixing of miscible fluids can be simulated with a two phase or a single phase
simulation. The advantage of a two phase simulations is the capability to assign different
rheological properties to different fluids. But the two phase method is computational very
expensive. A single phase simulations is less computational expensive and is therefore preferred.
Realistic results may be found with a single phase simulation when rheological similar materials
are used. Alternatively different rheological properties can be assigned to different volumes to
simulate with rheologically unequal fluids but still in a single phase simulation.

2.4 Mixing immiscible polymers

Most polymers are thermodynamically immiscible [43]. Such polymer blends often have a
dispersed phase (the minor component) and a continuous phase (the major component). During
mixing the dispersed phase is stretched which results in distributive mixing. Threads and droplets
of the dispersed phase may breakup at high stress (t), hence dispersive mixing. An example of
both thread breakup and droplet breakup is shown in Figure 6. The breakup of threads and
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droplets does not happen with miscible fluids. This is a key difference in the mixing behavior
between miscible and immiscible fluids.

Stress on threads and droplets results in the deformation and elongation. Spherical droplets
deform into ellipsoids. The surface tension has a profound influence on mixing behavior [1, 43-45].
The surface tension (v) counteracts the deformation. As the thread or droplets extend, the
diameter is reduced until shear forces no longer dominate the surface tension and the thread or
droplet breaks up.

Figure 6. Left: from upper to lower image thread breakup (diameter 55 um) of PA6 in a PS matrix at 230 °C. Right:
from upper to lower image droplet breakup of a Newtonian fluid in simple shear flow. (Left figure copied from
figure 7.24, reference [1]. Right figure copied from figure 3.64, reference [43])

The ratio between the shear stress and the interfacial stress (o/R, R is the local radius) is called
the capillary number (k) [1, 2, 8, 43, 44, 46].

TR
K=—
o
The droplet and threads breaks up if the capillary number exceeds a critical value (kcr). After
droplet breakup the capillary number decreases due to decreased droplet size. The dispersed
threads and droplets do not break up but only deform if the capillary number is below the critical
capillary number.

Breakup of a droplet is somewhat similar to the breakup of agglomerates, see section 2.2 and is
the result of shear or elongational flow. However, droplet breakup is size dependent (see equation
1), while agglomerate breakup is not dependent on size [1].

Droplet coalescence may happen in regions with low shear stress. The average droplet size
characterizes the mixing process as it is the result of a dynamic equilibrium between droplet
breakup and coalescence.
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Immiscible fluid mixing can be divided into:

1. distributive mixing at (k<kri) with mainly stretching of droplets and threads but no droplet
breakup due to the high interfacial stress compared to the shear stress

2. dispersive mixing at (k=kcit) with droplet breakup and increase in number of droplets due
to the high shear stress compared to the interfacial stress

The critical capilary number, k¢i;, depends on the type of flow and on the viscosity ratio
(A=ndispersed/ Nmatrix). In simple shear flow the stress is partially used to rotate the droplet. In
elongational flow the complete stress is used to deform the droplet. Therefore, elongational flow
is more efficient for dispersive mixing. Grace found that droplet breakup is possible at a viscosity
ratio of 10 up to 3.5 in shear flow [46]. The lowest critical capillary number was found in the
viscosity ratio range of 0.1 up to 1.0, see Figure 7.
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Figure 7. Critical capillary number for droplet breakup in shear and extensional flow (Figure copied from figure
7.23 of reference [1]). [8, 44, 46]

Viscoelastic effects of the fluids may result in easier breakup of threads [43]. The breakup of
droplets is however less dependent on viscoelasticity and coalescence is retarded by
viscoelasticity.

Simulations of immiscible polymer mixing

The Boundary integral method (BIM) is applied in several studies to simulate droplet breakup and
coalescence [43, 47]. The droplet surface is divided into several mesh elements and remeshing is
applied to each droplet. This method is applied in simulations with a very low number (single
digits) of droplets. As a result, this method is too cost intensive for larger systems like a whole
extruder.

Simulating individual droplets can be avoided with a two zone model or by implementing
population balance equations (PBE) [43, 48-50]. A two zone calculation consists of a strong and a
weak zone. In a strong zone both threads and droplets are stretched and broken up. In the weak
zone threads may breakup but droplets may coalescence. The computational costs are less with
PBE since not each droplet is meshed.
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PBE are used to describe breakup and coalescence of droplets. Population balance models have
been used in several CFD simulations studies with low viscosity Newtonian fluids (fluids other
than polymers) [49, 50]. The population balance model tracks the droplet number density, the
droplet size, the rate of droplet breakup and droplet coalescence. Therefore, PBE are
recommended to use with simulations of immiscible polymer mixing in an extruder.

2.5 Conclusion and recommendations

This literature study is focused on the physics of polymer mixing with an extruder and CFD
simulations of this process.

The relevant physical phenomena involving polymer mixing were studied. Colorants are often solid
pigments or masterbatches of polymers with pigments. Mixing colorants with polymers can be
divided into three categories: mixing solids with a fluidic polymer, mixing miscible fluidic polymers
and mixing immiscible fluidic polymers. Theoretically, mixing can be achieved due to molecular
diffusion. However, this phenomenon is negligible with polymers due to their high viscosity. The
mixing process is often divided into two components. First, in distributive mixing the dispersed
units become more homogenously scattered through the matrix polymer. Then, secondly, in
dispersive mixing the number of dispersed units increase. Dispersive mixing is present when
droplets or threads breakup in an immiscible mixture or when solid aggregates erode or breakup.

A great number of studies focused on simulations of a polymer mixing process. It was found that
simulating individual droplets or aggregates requires a very dense mesh leading to extremely high
computational costs. Simulating each droplet or aggregate is circumvented by implementing
population balance equations. These are used to describe breakage and coalescence of droplets
or the breakage, erosion and flocculation of agglomerates. Distributive mixing of multiple
polymers is due to stretching of both the dispersed and the continuous phase. A two phase
simulation with both fluids requires a very dense mesh in order to simulate such thin threads and
droplets. Computational costs are extremely high when simulating with such dense meshes. Most
simulation studies therefore do not use a two phase setup. Nor is the influence of dispersive
mixing of solids on the rheological behavior of the fluid included in the simulations. With these
studies only a single fluid is included, a strategy that might be valid in specific situations. For
example Alemaskin et al. simulated mixing of miscible polymers. These polymers have very
similar rheological behavior and can therefore rheologically be viewed as a single fluid.

Because the flow and mixing behavior of polymers are complex, extrusion simulations are
complex as well. With simulations it is often recommended to start as simple as possible, and if
needed to add more complexity. It is specifically recommended to start extrusion experiments and
simulations with miscible polymers with a similar rheological behavior (single phase simulation).
This reduces complexity since droplet breakup and coalescence are excluded and, as a result,
computational time is less than compared to a two phase simulation.
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It was found that no simulation studies included the viscoelastic behavior of polymers and seldom
included wall slip. However, in one particular study it was found that wall slip should not be
discounted as it does influence the mixing behavior of the extrusion simulation. Many studies also
do not include any temperature dependent rheological behavior of the polymer. Rheologically
complex fluids (viscoelasticity, wall slip, temperature dependence) are difficult to characterize and
to implement this behavior in simulations. Therefore, it is recommended to use polymers with
minimal elastic properties, wall slip and temperature dependence at extrusion temperature.

Some studies made a comparison between simulation and experiment. Zong et al studied mixing
and found agreement in the residence time distribution of experiments and simulations. For most
other studies the comparison between simulation and experiments is qualitative and not
quantitative. Some studies also compared simulation and experiments based on parameters that
are not linked to mixing quality. In these particular cases simulations were verified without
verifying the mixing itself. It is recommended to verify mixing simulations with mixing
experiments, methods to quantify mix quality are discussed in part 2: Mixing quantification [42].
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3 Numerical Method: Theory and Selection

The goal of the project is to generate a simulation procedure for polymer extrusion. Several
simulation techniques are available for extrusion simulation, see chapter 2. In literature no solid
arguments are found which simulation technique is the most suitable for investigating mixing in
single screw extrusion. Therefore several methods are described in section 3.1 and in section 3.2
a selection will be made which technique will be used in the project.

3.1 Comparison between several extrusion simulation
techniques

Several simulation methods have been studied in order to determine which method is best for
extrusion simulations. With respect to numerical techniques in extrusion simulation two major
aspects have to be discussed. Firstly an extruder has a rotating part, the screw, and a stationary
part, the barrel and secondly polymers are in principle viscoelastic materials. The models for
these aspects have to be possible in the discretization technique and also have to be
implemented in the available software.

In our research study two different simulation packages were used with different discretization
methods: Ansys Polyflow and Ansys CFX. Polyflow is a finite element method (FEM) and is often
used for non-Newtonian, laminar flow simulations like polymer processes. CFX is a finite volume
method (FVM) and is most often used for Newtonian, turbulent flow simulation. CFX is strong in
simulation of rotating machinery, like pumps, compressors, or turbines. It is not known how this
method performs in polymer extrusion simulation.

Two methods for rotating models (to simulate a rotating screw) are available in both packages:
the Sliding Mesh Interface (SMI) and the Immersed Solid Method (ISM), also called the Immersed
Boundary Method (IBM). An introduction into the discretization techniques (FEM and FVM), and
the rotating models (SMI and ISM) is given in section 3.1.1 Also, the possibility and need for a
viscoelastic model is discussed.

Simulations with the different discretization techniques and rotating models were performed and
compared in order to determine which method is best for extrusion simulations. The preferred
simulation method gives accurate results, has low computational costs and has a short
calculation time. Furthermore, the time needed for creating a mesh and setup is a relevant
parameter. The simulation setups are shown in section 3.2.1, and the results in section 3.2.2.

Introduction into numerical techniques

In this section the discretization of the balance equations is given for the available software within
our group. Different models for rotating machinery are presented. Shortly, the possibility and need
for a viscoelastic model is discussed.

3.1.1 Discretization and available software

In chapter 2 the results of several simulation articles were discussed for mixing in extrusion
processes. In most literature the numerical method was hardly mentioned, validation of the
results is poor and no qualitative or quantitative comparison between the methods is found.
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The performance or accuracy of the finite element method and finite volume method are difficult
to compare. The reason lies in the different approaches of discretization. Also, hardly any
literature can be found on a comparison with respect to accuracy, stability, robustness and ease
of use. An extensive explanation of the differences can be found in [54], where the methods have
been applied to natural ventilation in greenhouses. Here, the essence of these two methods will
be briefly discussed and more importantly, the consequences with respect to the mesh
requirements, computation time and memory requirements.

(a) Mesh element (b}
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’
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Figure 8. A representation of a structured mesh for the two discretization methods. Left (a): finite element method.
Right (b): finite volume method (Figure copied from Figure 2, reference [54]).

The balance equations for mass, momentum and energy are solved by dividing the fluid domain in
a number of elements. In the finite element method, the variables, like velocities, pressure and
temperature, are interpolations of local polynomials or shape functions of the values of the
variables at the corner points. The weighted residuals are obtained by multiplying the equations
with so called weighting functions. This set of equations is integrated over the entire
computational domain. Several choices can be made for the shape functions and weighting
functions [55]. In the finite volume method, the balance equations are integrated in each cell by
volume integrals. After the formulation of these volume integrals and applying the divergence
theorem, the integration reduces to surface integrals. Then, the second order differential equation
reduces to a first order differential equation [56]. The first order derivatives are evaluated using
differential schemes, based on Taylor expansion of the values at the cell centers. Generally
speaking, the FVM is a special case of FEM, when the weighting functions are equal to one [54].

In principle the same numerical grid can be used for the finite element method as for the finite
volume method. But, comparison of the results obtained with the same grid for both methods is
meaningless. Due to a larger number of freedom in an element, the grid for a finite element
method is allowed to be much coarser to obtain comparable accuracy. As a consequence, the
results have to be compared based on memory usage and computation time, assuming
converged results.

An advantage of FVM is that mass is conserved, since the flux entering a given volume is equal to
the flux leaving the adjacent volume. This makes this method less sensitive to numerical
dispersion, which increases with finer meshes. Whether this phenomenon is of relevance in
mixing of polymers in the laminar flow regime is not clear. In some cases the finite element
method is sensitive to numerical dispersion.

Finally, the software package Ansys CFX uses a coupled solver, which makes the iteration
process robust. In Ansys Polyflow evolutions schemes might be needed, which takes time to find
a proper variable to apply in the evolution process or a converged solutions is difficult to obtain.
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3.1.2 Rotating model

The most frequently used numerical techniques for rotating models are the Sliding Mesh Interface
(SMI) [57, 58] and the Immersed Solid Method (ISM) [59, 60]. The SMI model is used in a Rotating
Frame of Reference (RFR), the ISM model will rotate the solid only.

The SMI model makes use of a cylindrical region around a rotating rigid model. The region around
the RFR is stationary, this will result in two regions with sliding interfaces in between them (Figure
9).

waves
rotating turbine
L~ and intemal mesh

5 stationary support, e
| 1 — boundaries
and extemal mesh

Figure 9. Rotating internal mesh in the RFR and stationary external mesh, with a SMI (Figure copied from Figure 1,
reference [57])

The interfaces and therefore their nodes of the regions are sliding. This will result in none
overlapping elements (Figure 10) which can result in disturbance of the physics at the transition of
the rotating and the stationary domain. In reality this disturbance is absent, it should be minimized
as much as possible. There are solutions for this, but these will result in longer calculation times
[57, 58]. However, this method does not need a lot of mesh refinement which reduces calculation
times.

The rotating mesh is modeled onto the geometry of the rotating body, i.e. the screw. A change of
the screw geometry requires a new mesh. This cost a significant amount of working hours and
processing time if many different screws are simulated for a comparison in extruder mix quality.
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Interface

Figure 10. Sliding of the moving mesh on the interface of the stationary mesh will result in none overlapping
elements, with a SMI (Figure copied from Figure 1, reference [58])

The ISM makes use of a solid and fluid region. The solid region rotates in the mesh of the fluid
region. The elements inside the solid region are not used. The actual shape of the solid is created
by the nodes which are closest to the interface of the solid (Figure 11) and can change while
rotating (the mesh of the fluid is not rotating). Therefore, a fine mesh next to the interface of the
solid is needed. A bigger region of mesh refinement is needed if the solid is not shaped like a
circle. These high mesh refinements will result in long calculation times for this method. An
inflation layer on the interface is also needed when the transition of velocity is big at the interface.
Keeping this inflation layer intact on the interface of the solid requires a very complicated
remeshing technique, which will result in even longer calculation times, therefore the use of an
inflation layer should be avoided with ISM whenever possible. An inflation layer is needed with
turbulent flows (big transition of velocity). However, an inflation layer is not needed for a laminar
flow like the flow in an extruder for polymer processing, therefore ISM can be a good numerical
technique for the simulation of mixing inside an extruder. Shear thinning fluids however will result
in a bigger transition of velocity and may or may not need an inflation layer.

The fluid domain and the solid domain are meshed independently of each other. Changing the
screw geometry would only require remeshing the solid domain. Meshing the solid domain is not
as computational expensive as in the case of the fluid domain. The solid domain mesh only needs
to describe the solid surface, large mesh elements are suitable for surfaces with a small curvature
and for the inside of the solid body. Therefore, simulating and meshing many different screw cost
less working hours and computational costs compared to the SMI. Especially since meshing is not
easy to parallelize (using multiple processors), and therefore central processing unit (CPU) time
translates to a lot of real time.
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Figure 11 ISM needs local refinement of the mesh at the interface of the immersed solid (Figure copied from
Figure 1, reference [59])

As mentioned, a remeshing technique may be needed with the use of ISM resulting in long
calculation times. A less time consuming option is the Mesh Superposition Technique (MST). This
method only divides an element into 4 elements when refinement is needed (Figure 12). In
subsequent steps newly refined elements can again be divided into 4 elements if needed. This
way the rest of the mesh does not require remeshing, resulting in a less time consuming method
[61].

| Logal Wesh |
! |
|

Figure 12. MST used for local refinement of the mesh (Figure copied from Figure 1, reference [61])

In conclusion both ISM and SMI can be used to simulate mixing in an extruder. SMI can have
inaccuracies at the sliding interface and ISM can have inaccuracies at the interface of the
immersed solid. These inaccuracies can be reduced with an increase in mesh density near the
sliding mesh interface for SMI or, with the ISM, the region where the solid rotates. This is more
favorable for SMI since a far larger region needs a fine mesh with the ISM. The impact of these
inaccuracies may be determined with a mesh study. Comparing these results with measurements
is necessary for verification. To simulate the mixing process of a twin screw extruder, ISM is the
only technique that can be used since SMI is not suitable for two intersecting rotating mesh
regions. Therefore, the ISM is preferred for possible future work on twin screw extruders.
Furthermore, the costs are less when comparing many different screws with the ISM compared to
the SMI.
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3.1.3 Viscoelasticity

Modelling viscoelasticity in polymer flow is rather complex but in some cases unavoidable. For
example, dye swell is mainly due to viscoelastic effects. Simulation of these effects is limited to
simple geometries and simplified viscoelastic models with reasonable computation time.
Simulations of dye swell in rubber extrusion showed that a structured mesh of hexahedral
elements was needed to achieve convergence [62]. In this study Ansys-Polyflow was used.
However, in the pressure zone of the extruder, the mixing elements behind the pressure zone and
in the head/dye of the extruder, the viscoelastic properties are limited since the polymer is fully
melted and the temperature is higher than the melting temperature. Therefore, the viscosity can be
modelled with a generalized Newtonian viscosity model, which is available both in Ansys-CFX and
Ansys-Polyflow.

3.1.4 Conclusion

The SMI and ISM are available for single screw extrusion. SMI can have inaccuracies at the sliding
interface and ISM can have inaccuracies at the interface of the immersed solid. These
inaccuracies can be reduced by applying an increased mesh density in those areas. This is more
favorable for SMI since a smaller region requires a fine mesh. The impact of these inaccuracies
may be determined with a mesh study. Comparing these results with measurements is necessary
for verification.

To simulate the mixing process of a twin screw extruder in the future, ISM is the only technique
that can be used. Furthermore, the costs are less when comparing many different screws with the
ISM compared to the SMI. In section 3.2 the ISM and SMI methods are compared for single screw
extrusion. When the performances of both methods with respect to accuracy, computational costs
and user friendliness are comparable, the ISM method is preferred in supervising future work.

To simulate mixing in extruders both FVM (Ansys-CFX) and FEM (Ansys-Polyflow) are available.
The performance and accuracy of these methods are difficult to compare due to differences in
discretization. Therefore, these methods must be compared in a specific extrusion case, based on
memory usage and computation time, assuming converged results.

3.2 Selection of simulation technique for extrusion

In this section the numerical methods (SMI and ISM) are compared with Ansys CFX as well as with
Ansys Polyflow.

3.2.1 Simulation setup

4 types of simulations were performed to find the most suitable simulation technique. The
simulations were performed with Polyflow as well as CFX. For both packages the SMI method as
the ISM method were used. The same geometry, boundary conditions and generalized Newtonian
models were used for each simulation. To compare the different numerical methods, a single
screw extruder without mixing element was used. The extruder geometry and boundary
conditions are presented in section 3.2.1.1.

3.2.1.1 Extruder geometry and boundary conditions

The simulation geometry consists of the metering section of an extruder screw, a torpedo and a
die for tube extrusion. The geometry is shown in Figure 13.
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Figure 13. Upper image: Simulation geometry for sliding mesh interface simulations. Lower image: Simulation
geometry for the immersed solid method simulations.

There is some space between the inflow opening and the extruder screw in order to prevent
numerical instabilities. A 0 Pa boundary condition is set at both the inflow opening and the
outflow opening. The screw rotates at 10 rpm.

3.2.1.2 Mesh

Both simulation quality and computational costs depend on mesh size. Ansys Meshing was used
to make several different meshes for each simulation method. In general, the outcome of
simulations with a coarse mesh are often incorrect. A mesh is considered fine enough when the
simulation results do not change with an increase in mesh size. A mesh template was created for
each simulation method. This template was used to make relatively fine meshes and coarse
meshes. Each mesh from the template has the same mesh cell aspect ratio and a fixed increase in
cell size over a distance. This allowed a comparison of simulations with the same setup and mesh
type, but with a different mesh cell density. Most of the mesh cells are stretched out along the
flow direction. The simulation geometry is divided into 80 bodies for CFX SMI, 54 bodies for CFX
ISM, 71 bodies for Polyflow SMI and 35 bodies for Polyflow ISM. This division allows for a
structured hexagonal mesh in a large part of the geometry and better control of the mesh setup.
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Figure 14. Upper: Cross section of the CFX SMI bodies used for meshing. Lower: part of the CFX SMI extruder
mesh with 5 cells across a gap.

The bodies used for the mesh include several bodies placed between the screw flight and the
barrel wall. A minimum number of cells across a gap was used for each mesh, see Table 2. This
results in very small mesh cells in areas such as the gap between the screw flight and the barrel.
Four meshes were made for each simulation technique in CFX and two meshes were made for
each simulation technique in Polyflow see Table 1. The number of elements needed for a
reliable simulation in FEM (like Polyflow) is less than the number of elements needed for a
reliable simulation in FVM (like CFX). Polyflow for instance becomes less stable at a high
number of elements. For these reasons the difference and amount of variation in mesh size in
CFX is bigger than the difference and amount of variation in mesh size in Polyflow. Dividing the
geometry into several bodies for meshing gives more control over the mesh, but it is a very time
consuming process.

Table 1. different mesh sizes in million elements (M)

Cells across a gap CFX number | Polyflow number of
of elements elements
Screw Screw SMI ISM SMI ISM
channel flight
5 4 0.48M | 0.53M
5 2M 3M
8 6 0.78M | 0.69M
10 14M (21 M
15 49M |80M
20 106 M | 169 M

3.2.1.3 Fluid model

The fluid model is based on Marlex TRB-432 (Chevron Phillips Chemical Company), a bimodal
HDPE grade often used for pipe extrusion. The HDPE was rheologically characterized with a
capillary rheometer, as shown in section 4.1. The power law constants are n=0.346 and
m=3.29-10* Pa-s™ with a density of 760 kg/m? at 200 °C.

3.2.1.4 Time step size

The performed simulations are transient. Each consist of series of simulations with time step t
between each simulation. Transient simulations with particle tracking with a Courant number (C)
of C = 1 are usually less sensitive to numerical instabilities. Therefore, a maximum Courant
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number of 0.5 was chosen. The timestep size can be calculated with the C, the mesh cell length (/)
in the flow direction, and the fluid velocity (u):

Cl
U
A smaller mesh cell size results in a smaller time step. This in turn results in longer
calculation times. The timesteps are shown in Table 2.

t

Table 2. time step

Mesh Time step (s)
CFEXSMI2 M T1E-02
CFXSMI 14 M 6E-03
CFX SMI 49 M 4E-03
CFX SMI 106 M 3E-03
CFXISM3 M T1E-02
CFXISM 21 M 6E-03
CFXISM 80 M 4E-03
CFXISM 169 M 3E-03
Polyflow SMI 0.48 M 5E-02
Polyflow SMI1 0.78 M 5E-02
Polyflow ISM 0.53 M 5E-02
Polyflow ISM 0.69 M 5E-02

3.2.2 Results

Simulations were performed with different methods to find the most suitable simulation method
and mesh size. The different simulations were assessed by comparing the simulated pressure,
flow rate, velocity profile and calculation time.

The pressure inside the extruder and the flow rate are parameters that reflect the simulation as a
whole. The pressure gradient in the extruder is similar between the different simulation methods,
see Figure 15.

CFX SMI 106

l_. — e —

1.35e+07

— CFXISM 169
| 3.50e+06 Polyflow ISM 0.69 M
_ = f_ = = “ —
B Polyflow SMI 0.78 M

e — .

Figure 15. Pressure gradient in the CFX SMI 106 M, CFX ISM 169 M, Polyflow SMI 0.78 M and Polyflow ISM 0.69 M
simulations.
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Pressure and flow rate were compared to determine the adequate mesh size. The pressure in the
simulation was determined at a point between the extruder screw and the extrusion die, in a

region with a small pressure gradients.
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Figure 16. Cross section of the simulation geometry. The pressure was determined at the red square.

The pressure and flow rate as function of mesh size are shown in Figure 17.
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Figure 17. Left: pressure as a function of number of mesh cells. Right: flow rate as a function of mesh cell.

Pressure and flow rate for both CFX SMI and CFX ISM show little mesh dependency at a high
number of mesh cells. Therefore, the CFX SMI mesh with 49 M cells and the CFX ISM mesh with
80 M cells are large enough for extrusion simulations. With a high number of mesh cells, the
difference in pressure between all 4 methods reduces to a maximum of 0.7 MPa. The average
pressure drop in the extruder is 11.2 MPa. SMI shows a higher flow rate than ISM with both CFX
and Polyflow. The difference in flow rate between CFX SMI and CFX ISM reduces to 9 % with a
finer mesh. The difference in flow rate between Polyflow SMI and Polyflow ISM does not reduce

with the finer mesh.

For a more in-depth comparison the pressure alongside the barrel wall is shown in Figure 18.
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Figure 18. Pressure as a function of axial distance. Left: SMI. Right ISM. The pressure drop inside the die is not

included in these graphs.

In this simulation all the pressures should be viewed as a pressure relative to the boundary
conditions. In an extrusion experiment the outflow pressure is in the range of ~ 10° Pa, therefore a
pressure of less than 0 Pa is the result of the simulation setup, not a physical phenomenon.

The die only consumes pressure and therefore shows a downward pressure slope. Due to the
pumping action of the screw the pressure gradually increases in the extruder up to the end of the
screw. The pressure also shows a sawtooth like profile along the screw. Two types of regions can
be identified along the screw: a region with a downward pressure slope (0 > dP/dz), this is along
the width of the screw channel. And a region with an upward pressure slope (0 < dP/dz), this is in
the gap between the screw and the die. There is a significant pressure difference over the screw

flight.
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The different meshes, with the same simulation method, show mostly a difference in the
extrusion die (>0.2 m) and less in the screw channel, especially with SMI. This might be due to the
difference of velocity profile in the screw and in the die. In the screw channel is mostly a shear
flow with a linear velocity profile, while a pressure flow is inside the die, with a curved (almost
parabolic) velocity profile. Less elements are needed for describing a linear profile compared to a
curved profile.

Figure 19 shows the axial velocity profile of a CFX SMI, a CFX ISM, Polyflow SMI and a Polyflow
ISM.

4e-03

CFX SMI 106 M -
0e+00
CFX ISM 169 M
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Polyflow SMI 0.78 M

Polyflow ISM 0.69 M

Figure 19. Axial velocity profile inside the extruder.

The velocity profiles of the SMI and ISM simulations are similar. The flow rates of the SMI
simulations are a little higher, therefore the velocity is also a little higher in areas such as the
extrusion die. There is some backflow between the screw flight and the barrel, see Figure 20.
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Figure 20. Axial velocity between screw flight and barrel. The red dotted line shows the middle between the screw
flight and the barrel. Left: SMI. Right ISM.

As can be seen from Figure 20, the CFX SMI simulations show a higher back (negative axial
velocity) flow compared to the CFX ISM, this is partly due to a higher pressure drop. The velocity
profiles of CFX SMI simulations are virtually mesh independent at > 49 M elements. The Polyflow
profiles are less detailed than the CFX profiles, because of the difference in nodes across the gap
of the screw flight. The Polyflow SMI profiles show a very similar velocity profile to the CFX SMI
profile. Both CFX ISM and Polyflow ISM do not reach a mesh independent result. The Polyflow
ISM profiles show the largest difference between the profiles. The ISM simulations show an
asymmetric velocity profile, while a nearly symmetrical profile is expected. This asymmetry might
disappear with further increase of the number of mesh cells. In general the velocity is quite low in
al simulations and the gap between the flight and the barrel wall is small (<0.1 mm). Therefore,
the influence of the flow in the gap is expected to be minor on the overall flow behavior in the
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metering zone. With that in mind all the meshes show a reasonable result, except the coarsest
meshes and the Polyflow ISM meshes. But the velocity profile between the barrel and the flight is
more important with some specific screw geometries, such as a barrier screw and a Maddock
mixer. In those cases, it is recommended to use Polyflow SMI, CFX SMI or CFX ISM and to
determine the mesh dependency of the velocity profile in the barrel-flight.

Calculation time is dependent on mesh size, time step and the number of iterations needed to
achieve convergence. The central processing unit (CPU) time per timestep is determined for each
simulation technique and mesh. A calculation time needed for a second transient simulation is
determined by extrapolating the CPU time. This extrapolation is based on a computer with 16
cores. Time consuming processes such as loading, partitioning, saving, etc. are not included in
this calculation duration analyses.
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Figure 21. Pressure as a function of calculation time per second of transient simulation with a 16 core computer.

For transient CFX SMI 49 M simulation 19 hours calculation are needed per second and for
transient CFX ISM 80 M simulation 28 hours per second. For a transient Polyflow SMI 0.78 M
simulation 20 hours per second and for transient Polyflow ISM 0.69 M simulation.

40 hours per second are needed.
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3.2.3 Conclusion and recommendations

Conclusions:

The difference in pressure drop between CFX SMI, CFX ISM, Polyflow SMI and Polyflow ISM are
relatively small. With a high number of mesh cells, the difference in pressure drop between all 4
methods reduces to a maximum of 6.3 %.

A mesh of 49 M cells for CFX SMI and 80 M cells for CFX ISM were needed to achieve results with
relatively little mesh cells size dependency. Meshing for ISM is a less time consuming than for
SMI since the meshes are less complex. Furthermore, in ISM only the immersed solid (screw)
needs remeshing with a change of screw. As a result, ISM has an advantage in comparing
different screws.

In contrast, using SMI a change of screw geometry requires remeshing of most of the fluid
domain, which is very time consuming.

The flow between screw flight and barrel can be simulated, but this requires large meshes and
high computation costs and thus calculation time. With a standard screw geometry the influence
of the flow on the whole extruder is low due to the small flight-barrel gap and the low local
velocity.

For mixing purposes, 19 hours calculation are needed per second of transient CFX SMI 49 M
simulation, 28 hours per second of transient CFX ISM 80 M simulation, 20 hours per second of
transient Polyflow SMI 0.78 M simulation and 40 hours per second of transient Polyflow ISM 0.69
M simulation.

Recommendation:

It is recommended to use CFX for simulations using a Maddock screw since the flow profiles at
the screw flight are more detailed with this software program.

It is further recommended to use the immersed solid method for extrusion simulations, since
complex bodies and movement can be accurately simulated and computational costs and
working hours are less compared to SMI. Disadvantage are the large meshes needed and with
that high computational costs and the very long calculation time.
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4 Experiments

The goal of the study in this document is to develop a procedure for simulating mix quality as an
alternative to mix experiments. The material parameters were determined with a capillary
rheometer as shown in section 4.1. The extruder and screw geometry are shown in section 4.2.
This section also shows extrusion experiments to determine the extrusion temperature, pressure
and flow rate.

4.1 Capillary measurements of HDPE to obtain a power-law
function

Capillary rheometer measurements with HDPE were performed to determine an appropriate fluid
model for the simulations. The rheological measurements and analyses were performed by the
Professorship. The capillary rheometer and the HDPE were provided by Wavin T&l.

4.1.1 Theory

With a capillary rheometer the pressure (P) is measured, the capillary length (L), radius (R) and
flow rate (Q) are imposed. With these parameters the relation between shear stress and the shear
rate of the fluid can be determined. This section shows a method of using these parameters to
determine the relation between shear stress (1) and the shear rate (y ) of the fluid. The wall shear

stress (tw) inside the capillary can be described by:

AP R
TW = — 3
AL 2
The shear rate at the wall (y.) can be described by the Weissenberg-Rabinowitsch equation [1]:
. Q din(Q)
=— 3+
Y nRs[ din(t,) 4
The relation between the wall shear stress and the flow rate is:
In(t, )=aln(Q)+In(b) 5
The parameters a and b are constants when the temperature is constant. Equation 5 can be
rewritten to:
T, =bQ’ 6
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Combining equations 4 and 5 results in:

That can be rewritten to:

3
_ -mR"a ’ 8
3a+1
Combining equations 6 and 8 result in:
3
- [—naR J . 9
3a+1
This is similar to the power law:
T=my" 10
Parameters m and n can be determined with:
3 a
= b(—naR j .
3a+1
n=a 12

4.1.2 Measurement setup

Measurements were performed with the capillary rheometer of Wavin. All capillaries had a
diameter of 2 mm. To correct for the in- and outflow effects, three different capillary were used: 5
mm, 10 mm and 20 mm. The rheological properties were measured at 200 °C and 220 °C. Most
measurements were performed twice. All capillaries had smooth surfaces, except for a capillary of
20 mm long with an internal thread as its surface, which was used to determine whether a
significant amount of wall slip is present.
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4.1.3 Material

Measurements were performed using Marlex TRB-432 Polyethylene manufactured by Chevron
Phillips Chemical Company [51]. This HDPE is an ethylene-hexene copolymer with good
mechanical properties and a PE4710 rating for pipe applications. This is a bimodal HDPE,
produced in multiple reactors and therefore having a broad molecular weight distribution, see
Figure 22.

Reduced |Processability| Matrix Creep Resistance

Impact PPl
\/

S 1 Melt

Molecular Weight

Figure 22. Schematic representation of molecular weight distribution of unimodal (- - -) and
bimodal (----) PE. Figure copied from figure 2.5 of reference [52].

Low molecular weight material improve processability and high molecular weight material improve
mechanical strength [53].
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4.1.4 Results and observations

This section shows the measured pressure as a function of flow rate, temperature and capillary
length. All results shown are an average of the measurements at one specific temperature, using
one specific capillary and at one specific flow rate. The standard deviations are not shown in the
results and are calculated to be on average 1% and at maximum 6%.

4.1.4.1 Instabilities and wall slip

Wall slip is often an interfacial phenomenon. Therefore, changing the fluid-wall interface will also
change the slip behavior. Measurements were performed with a smooth 20 mm long capillary and
with a 20 mm capillary with an internal thread (female) as a surface, see Figure 23.

1.00E+07

Pressure [Pa]

1.00E+06
1.00E-09 1.00E-08 1.00E-07 1.00E-06

flow rate [m3/s]

—e—smooth —e—threaded

Figure 23. pressure as function of flow rate at 200 °C with a smooth capillary of 20 mm and a threaded capillary of
20 mm.

There is no discernable difference between the two measurements up to a flow rate of 2:107 m%/s.
This suggests a very low slip velocity or no slip at all. At 6:107 m?/s the pressure drop with the
threaded capillary is higher than the smooth capillary. This difference may very well be due to slip.

Most experiments with the smooth capillaries appeared instable at 2-107 m3/s. The pressure
started to oscillate and the produced extrudate was not smooth. At higher flow rates the pressure
is not stable with any of the measurements.
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4.1.4.2 Bagley correction

AP/AL is expected to be constant at a constant flow rate and a constant temperature. The
measurements show a linear relation between P and L, see Figure 24.
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Figure 24. pressure as function of capillary length at various flow rates (in m%s). Left: measurements at 200 °C.
Right: measurements at 220 °C. Note: the legend show the flow rate in m%s.

Pressure drops at the capillary inflow and possibly at the capillary outflow are expected, the
Bagley correction is a method to take the effects of the inflow and outflow pressure drop into
account. A Bagley correction of >0 m could be determined for all flow rates and temperature
except the lowest flow rate (1.1-10° m3/s) at 200 °C. This is most likely due to a measurement
error at low pressures. Therefore, the measurements at 1.1:10° m3/s were not used for fitting the
power law parameters.

4.1.4.3 Temperature dependence and shear thinning behavior

din .
Wall shear stress,ﬂ and the wall shear rate were calculated. Wall shear stress as a function

din(t,)

of wall shear rate is shown in Figure 25.
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Figure 25. wall shear stress as function of wall shear rate at 200 °C and 220 °C. Both measurements and a fitted
power law are shown.

Figure 25 shows a power relation between the wall shear stress and the wall shear rate for the
range of 4 s up to 500 s™'. The outcomes below 2 s™ are not included due to an uncertainty in the
pressure measurements. The power relation between shear stress and flow rate breaks down at a
shear rate of 1000 s™. This is most likely due to wall slip, see paragraph 4.1.4.1. A small reduction
of the wall shear stress can be observed at 220 °C. The same power n was used for both
temperatures, n=0.346. The material function (m) is different, m =3.29-10* Pa-s™ at 200 °C and
2.97-10* Pa-s™ at 220 °C. The fitted power law is shown in Figure 25.

4.1.5 Conclusion

Capillary rheology measurements were performed with HDPE at 200 °C and 220 °C. The HDPE was
found to be shear thinning between a shear rate of 4 s up to 500 s™. The fitted power law
parameters are n=0.346, m=3.29-10% Pa-s™ at 200 °C and 2.97-10* Pa-s™ at 220 °C. This power law,
or similar shear thinning model (such as a Bird-Carreau model), can be used as a material property
in the extrusion simulations. Because power law characteristics at 200 °C and 220 °C are similar,
extrusion simulations in this temperature range can be performed with isothermal conditions.

A comparison between rheological measurements with a smooth and a threaded capillary were in
agreement at a wall shear stress up to 2-10° Pa. With a further increase in flow rate the threaded
capillary showed an increase in pressure, while the smooth capillary did not show an increase in
pressure. This might be due to wall slip with the smooth capillary, but was not studied further. It is
recommended to keep the wall shear stress below 2:10° Pa in the simulations.

37 Professorship for Polymer Engineering



4.2 Experiments with a spiral Maddock and a pin mixing
element

The goal of this project is to predict mixing behavior of a single screw extruder with flow
simulations. At Wavin T&l several extrusion experiments were performed to determine the correct
process parameters. These parameters serve as input for the extrusion simulations as are shown
in part 2: Mixing quantification [42]. The parameters are the flow rate, the temperature and the
screw rotational velocity. This section (4.2) shows the extrusion experiments. The materials are
reported in section 4.2.1. The measurement setup is shown in section 4.2.2. The results are shown
in section 4.2.3. A conclusion and recommendation for this project are presented in section 4.2.4.

4.2.1 Geometry and Materials

The extrusion experiments were performed with a single screw extruder with a die for pipe
extrusion. The 75 mm diameter screw has a feed section, a barrier section, a spiral Maddock mixer
and a pin mixer.

feed section barrier screw spiral pin mixer

measurement
M?ddOCk of melt
mixer temperature
«— > 4 > —r—> and pressure

Figure 26. 75 mm diameter extruder screw with a barrier section, a spiral Maddock mixer and a pin mixer.

Pressure and melt temperature are measured in de barrel between the extruder and the die. The
barrel is divided into several temperature zones and is managed by the extruder computer. The
mass flow rate is set in the extruder computer, the computer manages the screw rotational
velocity and mass flow rate of the feeder.

The extrusion material was HDPE (Marlex TRB-432, Chevron Phillips Chemical Company). The
HDPE was rheologically characterized at 200 °C and 220 °C with a capillary rheometer, see section
3.1.

4.2.2 Experimental setup

Extrusion experiments were performed at incrementally increasing mass flow rates. The
temperature was set to 200 °C in every barrel temperature zone. The extruder computer registered
the melt temperature, the pressure, the flow rate, the percentage of the maximum torque and the
screw rotational velocity.

Specific energy (SE) was calculated with the rated maximum power of the extruder motor
(Prated = 185 kW), the percentage of the maximum torque (Treiative), the rotational velocity of the
screw (w) and the rated maximum rotational velocity (Wrates = 182 rpm).

w
pT. Y
rated " relative w 13

SE — rated
flow rate
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4.2.3 Results

Extrusion experiments were performed during 2.5 hours, after an increase in flow rate at least
390 s were needed for the system to stabilize. The average measured values are shown in Figure
27.
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Figure 27. Flow rate, melt temperature, pressure and specific energy as a function of screw rotational velocity.
Note: the flow rate and temperature graphs have linear axis, both the horizontal and vertical axis of the pressure
and specific energy graphs are on a logarithmic scale.

The pressure is a power function of the flow rate, which is in agreement with the power law
determined with the capillary rheology. A transition from stick to wall slip was not observed since
the measured flow rate is a linear function of the screw velocity and the pressure is a power
function of the flow rate. The melt temperature is near the barrel temperature (200 °C) and differs
somewhat per rotational velocity. The temperature dependency of the viscosity of the HDPE is
minor in the range of 200 °C to 220 °C, therefore the temperature differences have a minor
influence on the measured values.
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4.2.4 Conclusion and recommendations

Extrusion experiments were performed at several flow rates. The screw rotational velocity, flow
rate and temperature settings can be used as input parameters in the extrusion simulations in
part 2: Mixing quantification [42]. Slip was not observed, therefore a no-slip condition in the
simulations is recommended. Furthermore, the measurements show a low temperature
gradient in the extruder. The temperature dependency of the HDPE is minor in the range of 200
°C to 220 °C. The low thermal dependency and the low temperature gradient results in a low
viscosity gradient due to temperature.

Based on the experimental results, it can be concluded that the assumption of isothermal flow
simulation is justified for the used material. Thus it is recommended to neglect temperature
dependency on viscosity in the numerical simulations. Also, the processing parameters found
in the experiments are suitable as settings for the simulations.
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5 Simulations

The single screw extruder used for the experiments (see section 4.2) consists of two mixing
sections: a spiral Maddock and a pin mixer. One mixing section is specifically designed for
dispersive mixing and the other for distributive mixing. This chapter is focused on finding optimal
simulation settings for both the spiral Maddock and the pin mixer. Both these mixing section were
simulated separately to find the optimal settings with respect to grid-structure and grid-
independency, see sections 5.1 and 5.2.

5.1 Spiral Maddock simulations

This section is focused on finding a suitable mesh for the spiral Maddock simulation. Simulations
with different meshes were evaluated by comparing the pressure and velocity inside the spiral
Maddock element. Extra attention is given to the shear rate which is associated with dispersive
mixing quality.

5.1.1 A mesh study for spiral Maddock simulation

Predicting mixing behavior of a single screw extruder with flow simulation is the goal of the
sustainable extrusion project. Extrusion experiments were performed with a single screw extruder,
see section 4.2. The screw consists of several sections including a spiral Maddock. Fluids flowing
through this section are subjected to very high shear stress. Therefore, the Maddock mixer is a
good dispersive mixer. An objective of this project is to model the mixing behavior of the spiral
Maddock. Therefore, a CFD simulation of the spiral Maddock is needed and particle tracking to
determine the mixing behavior.

This section is focused on finding a suitable mesh for the spiral Maddock simulation. The
pressure and velocity inside the spiral Maddock will be compared in simulations with different
meshes.

5.1.1.1 Simulation setup

The simulations were performed with the immersed solid method (ISM) in Ansys CFX. The setup
is reported in this paragraph.

5.1.1.1.1 Used hardware
The simulations were performed sequentially with a cluster of three HP computers (type Z820)
with the following specifications:

Windows 10, 64-bit

2X Intel Xeon CPU E5-2680, 2.7 GHz

256 Gb ram, 1600 MHz

In total 48 cores and near 768 GB RAM was available for each simulation.
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5.1.1.1.2 Extruder setup and geometry simulation setup

To construct a CAD model of the screw, it is necessary to determine its geometry. The barrel
diameter is 0.0375m. The spiral Maddock is comparable to a barrier screw as they both use a
barrier flight. The spiral Maddock consist of three inflow channels and three outflow channels, see
Figure 28.

inflow
channel

outflow
channel
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- flight
inflow outflow
channel channel
outflow inflow
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Figure 28. Schematic cross section of a spiral Maddock.

The inflow and outflow channels are connected via a 0.6 mm gap between the barrel and the
barrier flight. All fluids flowing into the inflow channels, must cross the barrier flight in order to
enter the outflow channel to exit the spiral Maddock. The flow in the gap, between the barrier flight
and the barrel wall, consist of a pressure flow and a simple shear flow, see Figure 29.

inflow channel
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Figure 29. Schematic illustration of flow across the gap between the barrier flight and the barrel. Left: a top view of
the barrier flight. Right: representation of simple shear velocity field in the gap between the barrier flight and the
barrel.

The simple shear flow, in the gap, is due to the rotation of the barrel. The shear stress is very high
in this simple shear flow and promotes dispersive mixing. The velocity profile is represented by
two components, the angular velocity profile and an axial velocity profile. The angular velocity is
mainly due to rotation of the barrel (simple shear flow) and some pressure flow, the axial velocity
is mainly due to pressure flow.

Professorship for Polymer Engineering 42




inflow channel axial velocity
'S

outflow channel

Figure 30. Angular velocity and axial velocity in the gap between the barrier screw and the barrel wall.

The velocity profile, in the gap, should be mesh independent for reliable mixing behavior.

5.1.1.1.3 Boundary conditions

The boundary conditions are similar to the extrusion settings during the extrusion experiments at
the lowest flow rate, see section 4.2. The mass flow rate was set to 0.015 kg/s, see Figure 31.

A 0 Pa condition was set at the outflow opening. During the experiments the screw rotates with
14 rpm and the barrel is stationary. This is in contrast with the simulations where the screw is
stationary and the barrel wall rotates with 14 rpm. No wall-slip was included in the simulation, the
velocity of the fluid at the wall is equal to the velocity of the wall.

Inflow 0.015 kg/s Extrusion direction _ Opening 0 Pa

>

Inflow 0.015 kg/s

I

Figure 31. Side view of the spiral Maddock CAD. The screw is in blue, the fluid in green. Note: flow in the
simulations is from left to right.

Opening 0 Pa

)

The gap between the main flight and the barrel is very narrow (0.06 mm) to prevent fluids to flow
through.

Preliminary spiral Maddock simulations showed an instability which originated in this narrow gap.
This instability is probably due to the relative few mesh cells in the gap. To prevent this instability
the main flight was extended beyond the barrel wall. With this setup the gap between the main
flight and the barrel wall does not exist in the simulations. The influence of this simplification is
expected to be minor since simulations of a metering zone showed that the influence of the flow
between the flight and the barrel is minor, see section 3.2.2.

5.1.1.1.4 Material parameters

Extrusion experiments were performed with HDPE grade Marlex TRB-432 (Chevron Phillips
Chemical Company, see section 4.2). The viscosity as function of shear rate was determined with
a capillary rheometer, see section 4.1. Measurements were performed in a shear rate range from
y=4s"upto y=500s" at 200 °C. A power law was fitted onto the rheological measurements
with n=0.346 and m=3.29-10* Pa-s™.
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A power law gives infinite viscosity at zero shear rate leading to numerical instabilities. Therefor a
Bird-Carreau model was used in the simulations:

n-1
n=n,+(n,—n,)(1+(Av)")* 14

The viscosity at infinite shear rate (n«) is 1 Pa-s, the viscosity at zero shear rate (1) is 3.01184

MPa-s. The relaxation time (A) is 1000 s. The Bird-Carreau and the power law are almost identical
1

n-1
in the shear rate range of A" >y > (%‘j . A and ny are chosen in such a way that the power law

and the Bird-Carreau model show similar behavior at 10 > y >8.10°. This range seems

reasonable since lower and higher shear rate are not expected to have a significant influence on
the simulation.

5.1.1.1.5 Mesh
A fluid domain and an immersed solid were created.

Figure 32. Left: fluid domain. Right: immersed solid domain.

The two domains were meshed separately.

One part of the fluid domain mesh consists of a structured mesh with cubical cells near the barrel
wall see Figure 33. The height of this structured part is as large as the gap between the barrier
flight and the barrel (0.6 mm). This ensures a minimum number of cells between the barrier flight
and the barrel wall.

I | Structured mesh par
AR = with cubical mesh cells
for numerical stability

™ Unstructured mesh part

Figure 33. Cross section of a fluid domain mesh.

The rest of the fluid domain consists of an unstructured mesh. Several meshes were made
in order to find the proper mesh density, see Table 3.
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The number of cells between two walls often has a great impact on the simulation and is lowest
between the barrel and the barrier flight. Therefore, the mesh between the barrier flight and the
barrel is expected to have the most significant impact on the simulation.

Table 3. mesh sizes

Mesh name | Number of cells between Cubical cell size Number of mesh cells of
the barrier flight and the [mm] the complete fluid
barrel domain

4 4 0.150 58 M

6 6 0.100 109 M

8 8 0.075 207 M

10 10 0.060 302 M

12 12 0.050 479 M

Different meshes were made whilst keeping all settings the same, except for the cell size in the
structured part. Of course a reduction in cubical cell size also results in an increase of cells in the
unstructured part since these are connected.

The screw mesh in the immersed solid domain does not have a great impact on the computational
costs. Therefore, a single fine mesh was made for the screw. This unstructured mesh was used in
each simulation.

Figure 34. Side view of the immersed solid domain mesh / screw mesh.

It is preferred to have a well-defined gap between the barrel and the barrier flight. The fluid domain
mesh is very fine in this area, the barrier flight also has a very fine mesh.
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5.1.2 Results

The results with the different meshes are shown in this section.

5.1.2.1 Computational costs
The Ansys CFX reserves an amount of RAM for a simulation, Table 4 shows the RAM per mesh.

Table 4. computational costs

Mesh name | Number of cores used per RAM requirements
simulation

4 48 (3x16) 140 GB

6 48 (3x16) 216 GB

8 48 (3x16) 343 GB

10 48 (3x16) 497 GB

12 24 (3x8) 710GB

Due to RAM limitations the simulation with mesh 12 was performed with 24 (3x8) threads. All
other simulations were performed with 48 (3x16) threads. The memory requirements of
simulations 4 and 6 were < 256 GB, therefore could have been solved on a single Z820. The
memory requirements were > 256 GB for simulations 8, 10 and 12, therefore they could only be
solved with a cluster of several Z820 computers.

5.1.2.2 Pressure inside the spiral Maddock
The pressure inside the extruder is shown in Figure 35.
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Figure 35. Pressure in a cross section of the spiral Maddock. Note: flow is from left to right.

Because in the spiral Maddock pressure is required to force a fluid over the barrier flight, the
pressure at the inflow is higher compared to the one in the outflow channel next to it. The pressure
at the top of the spiral Maddock, as marked by a black dotted line in Figure 35. The pressure, along
the dotted line, is plotted as a function of axial distance (Figure 36) in order to compare the
pressure simulated with different meshes.
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Figure 36. Pressure in the spiral Maddock as a function of axial distance. There is a lot of overlap between the
various simulations leading to overlapping datapoints. Note: the direction of axial flow is from left to right in this

graph.

For every mesh size the simulations show a very similar pressure inside the spiral Maddock. In

Figure 36 4 areas can be distinguished:

e Inflow channel (areas corresponding to the red trendline)
e Outflow channel (areas corresponding to the purple trendline)
e The gap between the barrier flight and the barrel (the only regions with an

increase in pressure (0 < dp/dz)
e Inside the screw (positions without data points)

No pressure is shown in Figure 36 where the line cuts the screw. The fluid flows from the inflow
channel to the outflow channel in a direction opposite to the extrusion direction. Figure 36 shows
a positive dP/dz inside the gap, while it is negative for all other areas in the extruder.

Trendlines of the pressure in the inflow and outflow channels are shown Figure 36. These
trendlines show a linear relation between the pressure and axial distance (dp/dz = constant). The
difference in pressure between the inflow and outflow channel trendlines ranges from 2 MPa up to

3 MPa.

The difference in pressure between the simulations is small with respect to the total pressure
difference of 11 MPa. The maximum difference in pressure in the inflow channels is 0.9 MPa
between the simulations. The maximum difference in both the gap and the outflow channels is 0.5
MPa. All the simulations are in agreement with each other, therefore the coarsest mesh (4) is

suitable for simulating the pressure drop in the spiral Maddock.
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5.1.2.3 Velocity between the barrier flight and the barrel

Dispersive mixing is expected to happen mostly in the gap between the barrier flight and the
barrel. Therefore, mesh independent behavior of the simulation is relevant in this gap. The flow in
the gap consists of a pressure flow and a simple shear flow, see paragraph 4.2.1.1.2. Velocity as
function of radial distance was studied in the gap. Figure 37 shows a line in the gap where the
velocity was determined.

inflow channel axial velocity
—

outflow channel

Figure 37. Top: radial line (red) where the velocity was determined between the barrier flight (grey) and the barrel
(white). Bottom: angular velocity and axial velocity in the gap between the barrier screw and the barrel wall.

Both the axial velocity and the axial shear rate, in the gap, as function of radial distance are shown
in Figure 38.
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Figure 38. Left: axial velocity between the barrier flight and the barrel as function of radial distance (y). The
position of the barrier flight is marked with a blue dotted line, the position of the barrel is marked with a black
striped line. Right: axial shear rate as function of radial distance.

The position of the screw in the CAD is marked with a blue dotted line. The velocity is not zero at
the screw wall, but at the nearest mesh node inside the screw wall. This is due to the use of the
immersed solid method to describe the interface between the immersed solid domain and the
fluid domain. The exact position of the interface depends on the meshes of both the immersed
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solid domain and the fluid domain and can therefore not be imposed to be exactly at the screw
wall. This is in contrast to the zero wall velocity at barrel wall where there is not an immersed
boundary.

The velocity and shear rate near the screw wall shows an improbable behavior, see Figure 38
marked by a red circle. This behavior has probably a numerical origin in the immersed solid
method. The axial velocity is low is this region, therefore an error in the velocity field will have a
minor impact on the results.

The simulation with the coarse meshes show a small amount of velocity at the barrel wall, this is
not in agreement with the zero wall velocity boundary condition. It is not known what the origin is
of this discrepancy but it disappears when using the larger meshes.

The axial velocity profile is similar to a pressure flow, although there is some difference as evident
by the shear rate as function of radial distance. A pure pressure flow shows a linear relation
between the shear rate and the radial distance, whereas a slight curvature is visible in Figure 38.

The axial velocity field between the barrier flight and barrel reduces somewhat with increasing
mesh density. There is almost no difference between mesh 8, 10 and 12. The difference in velocity
between the simulations is negligible, therefore the coarsest mesh (4) is suitable for simulating
the spiral Maddock.

Dispersive mixing, in the spiral Maddock, is mainly due to the high shear stress between the barrier
flight and the barrel wall. Therefore mesh independent modeling of dispersive mix quality requires
mesh independent modeling of shear rate between the barrier flight and the barrel wall. Both
angular velocity and angular shear rate, in the gap, as function of radial distance are shown in
Figure 39.
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Figure 39. Left: angular velocity between the barrier flight and the barrel as function of radial distance (y). The
position of the barrier flight is marked with a blue dotted line, the position of the barrel is marked with a black
striped line. Right: angular shear rate as function of radial distance.

The angular velocity and shear rate profiles show an improbable behavior near the screw wall
(marked with a red circle in the above figure). This is similar to the behavior of the axial velocity
near the screw wall. The simulated velocity is low is this region, therefore an error in the velocity
field will have a minor impact on the results.
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The velocity between the barrier flight and the barrel wall has a simple shear component and a
pressure component, see 5.1.1.1.2. The velocity profile and the shear rate of a pure simple shear
flow was calculated analytically and is shown in the above figure (red dotted line) as well. The
angular velocity profile shows some curvature. A pure simple shear flow would show a linear
relation between velocity and radial distance. The curvature is due to the pressure flow
component. The difference between a pure simple shear flow and the angular flow in the gap is
even more pronounced in the difference in shear rate. Like the axial velocity, the angular velocity
field between the barrier flight and barrel changes somewhat with increasing mesh density. Again,
there is almost no difference between mesh 6, 8, 10 and 12. The difference in velocity between the
simulations is negligible, therefore the coarsest mesh (4) is suitable for simulating the spiral
Maddock.

5.1.3 Conclusion and recommendations

Simulations with 5 different meshes were performed. The computational costs increase rapidly
with increasing mesh size. The pressure inside the extruder shows minor differences between
simulations. Therefore, the coarsest mesh (4) is suitable to simulate the pressure drop inside the
spiral Maddock.

The differences in velocity between the barrier flight and the barrel, between the various
simulations are small. The velocity fields of mesh 8, 10 and 12 show almost no difference. The
simulation with mesh 4 shows some difference in the simulations with finer meshes although the
differences are small.

Due to the low computational costs of mesh 4, this mesh is considered useful for simulating
several different setups and geometries and when post processing all these different simulation
setups. Therefore, the coarsest mesh (4) is recommended for simulating the spiral Maddock.
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5.2 Pin mixer simulations

Extrusion experiments were performed with a single screw extruder. The results are reported in
section 4.2. The screw consists of several sections including a pin mixer, which is known as a
good distributive mixer. In this section, the pin mixer is simulated. This section is focused on
finding a suitable mesh for the simulation of a pin mixer. Simulations with different meshes were
evaluated by comparing the pressure and average viscosity inside the pin mixer.

5.2.1 Simulation setup

In this section the geometry of the pin mixer, the boundary conditions and mesh parameters are
described.

5.2.1.1 Geometry

The screw and barrel geometry were measured and a CAD model was made of the screw of the
pilot extruder from Wavin. The barrel diameter is 0.075 m. The pin mixer consists of three inflow
channels and one outflow channel. The inflow channels of the pin mixer are the outflow channels
of the spiral Maddock, see section 5.1. The outflow channel of the pin mixer is at the end of the
extruder screw. In front of the inflow channels and at the end of the outflow channel is some extra
space (0.03m) for the development of the flow in the simulation. The main flight was to ensure no
gaps exist between the main flight and the barrel wall, as it was determined that even a narrow
gap leads to a simulation instability (see also 5.1.1.1.3)

Inflow = 0.015 kg/s Opening =0 Pa

[ 1]

1]

Figure 40. Side view of the pin mixer.
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5.2.1.2 Boundary conditions and material parameters

The boundary conditions and material parameters are identical with the spiral Maddock simulation
(paragraphs 5.1.1.1.3 and 5.1.1.1.4). In short: a mass flow rate condition was set to 0.015 kg/s.

A 0 Pa condition was set at the outflow opening. The screw rotates with 14 rpm and the barrel is
stationary. A zero wall velocity condition was set on the barrel wall. The Immersed Solid Method
was used for rotating screw. The fluid model is a Bird-Carreau fluid, see equation 14, with n =
0.346,1=1000 s, 5o = 3.01184 MPa-s and 1, = 1 Pa-s.

5.2.1.3 Mesh and mesh study parameters

For this study a fluid domain and an immersed solid are needed and were meshed separately. The
fluid domain mesh consists of a mesh with fine unstructured tetrahedral cells. Structured cells
were difficult to create because of the pins in the pin mixer. As a rule of thumb, a simulation with
the correct mesh density does not change when the mesh cell density is increased.

Figure 41. Cross Section of a mesh with a 0.75 mm element size.

To identify the proper mesh size and density, 4 different meshes varying element sizes were
made. Element size was incrementally decreased from 1.25 mm down to 0.5 mm. Of course, a
reduction in the element size also results in an increase of cells and an increase of the calculation
time. In this study al other element properties (like aspect ratio) were kept constant.

The screw mesh size does not have a great impact on the computational costs. Therefore, a
single fine mesh was made to represent the screw. This unstructured mesh was used in each
simulation.

A mesh is dense enough when relevant parameters do not change (significantly) with an increase
of mesh density. Mesh independent pressure difference over the pin mixer is an indicator of a
good quality mesh. Furthermore, the velocity field is a very relevant parameter for distributive
mixing. The average viscosity was used as a macroscopic parameter coupled with the velocity
field. The viscosity of the fluid is a function of the velocity gradient, because it is a shear thinning
material. Therefore, a mesh independent velocity field should show a mesh independent average
viscosity.
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5.2.2 Results

The pressure drop of the total pin mixer is about 29 bar in this simulation setup, including 10 bar
at the transition from the extra space at the inflow and the beginning of the pin mixer. In reality,
this free space doesn't exist, therefore the total pressure drop of the pin mixer will be about

19 bar. Both the pin mixer and the spiral Maddock consume pressure, but the spiral Maddock
consumes far more with 110 bar compared to only 19 bar for the pin mixer.

Pressure
40

[bar]

Figure 42. Total pressure drop of the pin mixer

The velocity of the fluid near the pin mixer is much higher than the velocity in the rest of the barrel
(Figure 43). The rotation of the pin mixer also creates additional rotational velocity and therefore
the velocity around the pin mixer is higher.

Velocity

0.000
[m s°-1]

Figure 43. Velocity profile of the fluid at the pin mixer.

The velocity created by the rotation of the pin mixer is higher than the velocity created by the
inflow (axial velocity). This is natural as the rotational velocity should be higher than the axial
velocity to create a good quality of mixing.
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In Table 4 the results of the simulations with different mesh sizes is shown.

Table 4. Mesh size, pressure and average viscosity.

Element Number of | Pressure Average dynamic | Calculation time on
size [mm] | meshcells | drop [bar] viscosity [Pa.s] 6 CPU cores [h]
1.25 8.88 M 28.9 85023 1
1 12.36 M 29 96867 2
0.75 22.19M 29 108701 4
0.5 53.57M 29.1 111012 17

An increase in element size beyond 0.75 mm shows that the average dynamic viscosity and
pressure drop no longer change a lot, but the calculation time does change, see Table 4.
Therefore, the element size of 0.75 mm is chosen to study the flow field in the pin mixer.

5.2.3 Conclusion

The simulation of the pin mixer has reliable results with at most an element size of 0.75 mm.
These simulations can be calculated in about 4 hours with 6 CPU cores. Furthermore, the pin
mixer consumes far less pressure (19 bar) compared to the spiral Maddock (110 bar).
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6 Conclusion

Predicting mixing behavior of a single screw extruder with computational fluid dynamics (CFD)
simulations is the goal of the sustainable extrusion project. The following research question was
answered in this document:

What is a proper simulation method for polymer extrusion?

The finite element method (Ansys Polyflow) and finite volume method (Ansys CFX) were studied
to answer the research question. Furthermore, the immersed solid method (ISM) and the sliding
mesh interface (SMI) simulation techniques were studied. The programs and techniques were
compared simulating the same single screw extruder. Large meshes (>107 cells) were needed for
extruder simulation due to the important small details in the geometry like the gap between the
barrier flight in the Maddock and the barrel wall. CFX is more suitable than Polyflow, in achieving
mesh independent results with such large meshes. Similar results were found between CFX ISM
and CFX SMI. ISM is applicable to more complex movement of bodies compared to SMI.

CFX ISM was selected as the preferred simulation technique for mixing behavior in single screw
extrusion due to the above-mentioned advantages.
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7 Recommendations

Sections of a single screw extruder were simulated such that mesh independent flow fields are
obtained. These simulation can be used for determining the mixing quality. It is recommended to
study methods to quantify mix quality with simulated flow fields as an input.

With the simulations only mixing sections of the extruder were included. However, the barrier
screw does contribute to polymer mixing and it is therefore recommended to include the barrier
screw and the melting process in the simulation procedure. Furthermore shear rate are high with
some mixing elements, it is recommended to study the effect of viscous dissipation on the flow
fields.
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