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Abstract

Polymer melt filtration is a crucial part of thermoplastic extrusion systems, including film
casting, as the process removes contaminants from polymer melts which ensures product
quality and process robustness. Millions of tonnes of plastic waste are generated every year.
Ambitious goals have been proposed by leading organisations to reduce such waste through
recycling. Melt filtration is crucial in processing with recycled material as it ensures that

contaminants from recycled plastic have been removed and the final product is suitably clean.

There is little academic research tailored to melt filtration. Before computationally modelling
melt filtration, it is crucial to determine the nature of the physical mechanisms driving particle
transport, particle deposition and flow across a porous medium for potentially viscoelastic,
non-Newtonian polymer melt flows in filter systems. An experiment is undertaken and clarifies
that the most common polymer used in film production by Mylar obeys Darcy’s law through

an in-line screen filter.

Computational fluid dynamics modelling is used to investigate flow across the simple filter
system; an experimental setup is used to test the validity of the porous media model in
representing filters in polymer melt systems. Computational models of geometrically complex
filter systems are created. These models are used to investigate and visualize initial flow

patterns in each system.

Filter blocking models are fitted to experimental or production run data to investigate the
blocking mechanisms taking place for each filter element. A novel filter blocking model is
developed by modifying the blocking models to allow for permeability coupling with velocity.
The model is implemented into the computational models of the filter systems created. The
blocking model is shown to fit well to pressure drop evolution data from production runs with
the filter systems. Results from the model offer insight into flow pattern alteration as filters

block. Proposed design improvements to filter systems are suggested based on this model.
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Chapter 1

Introduction

This chapter presents the motivation and purpose behind this research, background on melt

filtration at Mylar Specialty Films and discusses the aims and objectives of this research.

1.1 Motivation and purpose

Mylar Specialty Films (Mylar), formerly DuPont Tejin Films, is a world-leading global manu-
facturer of polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) film. The
film produced by Mylar has a range of applications in sectors including healthcare, electron-
ics, packaging and electrical insulation. In the United Kingdom, Mylar have a European

manufacturing site in Dumfries and a Global Innovation Centre in Teesside.

Mylar produce film through a process known as sequentially stretched film casting. The
process is shown in Figure Polymer chip is fed through a hopper into an extruder, where
melting takes place due to frictional and conductive heating [1]. For PET film, around 40%
of the material is made from recycled polymer [2]. A steady flow of polymer is required after

leaving the extruder as variations in throughput lead to thickness fluctuations in the machine
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Figure 1.1: The sequentially stretched film casting process. Image adapted from .

direction (MD). A gear pump is therefore employed downstream of the extruder. Typical
throughputs range from 100 to 3500 kg/hr. The melt then enters a filter pack, which removes
any contaminants. A die then generates a uniformly thick melt curtain, which falls onto a

casting drum, where it is rapidly cooled to a temperature below its glass transition.

The cast film then travels over a series of heated rollers, which rotate at different speeds. This
stretches the film, aligning polymer chains in the MD . This improves the film’s tensile
properties in the MD . The film is again cooled below its glass transition temperature
and aqueous based coatings can be applied to either side to add functionality to the final
film. The film is then gripped by clips which run along each side of a stenter oven. The
oven heats the film, where it is then stretched in the transverse direction (TD); some of the
chains are oriented in the transverse direction by this process . This improves the film’s
tensile properties in the TD . The orientation is locked in by crystallising the film at high
temperatures in the stenter oven post-draw. The film is then cooled and travels on winders

where it is slit and wound onto rolls.

Filtration is a key step in film casting as it excludes unwanted solid particles from the polymer
melt. Unwanted solid particles include catalyst residues, contaminants and filler or additive

agglomerates . Furthermore, filter packs remove unmelted or degraded material . Such
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particles and material can damage and deform the final product or cause costly process inter-
ruptions. For example, during stretching, unwanted particles will not draw. The film must
then stretch more to compensate. This can cause the film to exceed its breaking stress, caus-
ing a split and an interruption to the process. A key benefit of using a filter is that it can
maximize the amount of recycled content in the polymer while maintaining the integrity of
the film as recycled material is likely to have high contaminant levels [4]. Filter packs also

serve to homogenise the melt with regards to temperature and composition [6].

The thermoplastic industry is expected to be valued at more than 500 billion dollars by 2033
[7]. PET is the most commonly used thermoplastic polymer resin, with a global demand of 42
million metric tons expected by 2030 [8]. PET accounts for 7% of the total plastic market |7].
PET processing is used for manufacturing in industries such as packaging, textiles, electrical
and electronics, the automotive industry and many more [9]. As PET is a thermoplastic, it

is easily processed by extrusion and is generally used to produce film and sheets [9).

Around 25.8 million tons of plastic waste was generated in the EU in 2019, and the European
Strategy for Plastics in a Circular Economy proposed the goal that 75% of packaging waste
would be recycled by 2030 [6]. Recycled polymer contains high levels of contaminants, which,
if not removed, can downgrade the quality of the final product in processing [6]. As industry
tries to maximise the amount of recycled polymer used in processing to achieve ambitious
recycling goals, melt filtration is crucial as it ensures the final product is suitably clean and

free of contaminants [5].

There has been a growing demand for the use of computational methods, such as computa-
tional fluid dynamics (CFD), to aid in the innovation and understanding of filtration methods
in industry [10]. As such, Mylar have shown interest in formulating a computational model
of the flow of unfiltered polymer melt through candle and disc filter packs, with the goal of
understanding the flow behaviour within the packs. This understanding could lead to the
improvement of the current filter pack designs by homogenizing flow distributions around the

filters, decreasing mean melt residence time and residence time distribution, eliminating dead
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spots and ultimately improving filter lifetime.

1.2 Melt filtration background

Mylar employ two main types of filter packs: candle packs and disc packs. Figure shows
a cross-sectional drawing of a candle filter pack. Figure [[.2p shows a cross-sectional drawing
of a multiple disc filter pack. In both cases, polymer melt enters the pack through the bottom
inlet pipe at a constant flow rate. To escape the pack, the melt must travel through candle or
disc shaped structures which house the filter medium. This ensures that only filtered polymer

melt may move onto the next stage of production.
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Figure 1.2: Sketch of (a) a candle filter pack and (b) a disc filter pack with arrows indicating
the direction of melt flow.
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The structure of a candle filter and a disc filter can be seen in Figure and Figure [1.3b
respectively. For a candle filter, melt must travel past the guard cage and through the pleated
structure, which houses the filter medium. The filter medium is supported upstream and
downstream by support mesh and a Dutch twill support layer. The melt must then travel
through a heavy duty central core. This core, along with the layers surrounding the filter
medium, are designed to support the filter medium and withstand high pressure gradients [11].
For a disc filter, two annular discs of filter medium are stacked either side of one or more
supporting structures [11]. A layer of support mesh then surrounds the filter medium. Discs
stack on a central mandrel. The melt must travel through the discs, out through the melt
exit and into the mandrel. Mylar employ a range of candle filter pack designs, including a

single and a seven candle pack.
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Figure 1.3: Structure of (a) a candle filter and (b) a disc filter. Image of disc filter structure
from [12].

Mylar also utilize a pilot scale film line at the Global Innovation Centre. This line is known as

the Semi-Tech, and is used for a variety of functions, including research and innovation. The
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pilot scale line does not employ candle or disc filter packs. Instead, screen filters are used. A
screen filter is a circular structure where filter medium is sandwiched between support mesh.
The machine which holds a screen filter is designed so that each screen filter can be efficiently
replaced mid run. The screen filter is inserted into a circular pipe so that the flow passes
through its flat surface and the filter is supported by a filter holder. Figure shows a sketch
of the machine that houses screen filters, a cross section of the filter system surrounding the
screen filter and a screen filter. The structure of a screen filter is relatively simple compared
to the structure of a candle or disc filter element. The geometry of the filter system in which
the screen filter is housed is also relatively simple. The structure of screen filters and the

geometry of the filter system supporting them is discussed in detail in Chapter [4
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Figure 1.4: The device used by Mylar in the pilot scale line which houses the screen filter. (a)
The view from the extruder. (b) A cross-section of the device. (c¢) A screen filter. Drawings

from .

As more polymer melt is filtered, the filter medium collects more contaminants. These block
pores, which decreases the porosity and permeability of the filter medium. This increases
resistance to the flow, which leads to an increase in pressure drop through the filter pack
over time. Figure shows pressure evolution upstream of a screen filter in the pilot scale
line. After an initial start-up jump, the pressure increases steadily. The rate of increase of
pressure grows as time advances. A high pressure plateau implies that the process has been
stopped due to a high pressure trip. Such a profile is typical of pressure drop over time for all
filter designs in the sequentially stretched film casting process. This increase in pressure will

eventually exceed pressure limits for the line and require a lengthy process interruption for
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the filter to be changed. If the run is not stopped, this can lead to the final product failing
quality checks as high pressures can force unwanted particles through the filter medium. At
present, Mylar do not know what mechanisms of flow and filtration in the filter pack lead to

observed pressure drop evolution curves.
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Figure 1.5: An example of pressure evolution due to filter blocking. Pressure recorded up-
stream of a screen filter on the pilot scale line.

1.3 Aims and objectives

The key aim of this research is to better understand how the blocking of filter elements in filter
packs over time affects performance. To this end, novel CFD models of the flow of a polymer
melt through, and the degradation of, single and seven candle filter packs are developed in
ANSYS Fluent [14]. These models are used to understand how flow patterns alter as the
filter medium blocks and to provide suggestions on how to enhance the current filter pack

performance, efficiency and longevity. Objectives include:

e Establish a macroscopic CFD model of flow evolution through two candle filter packs

which couples properties such as flow rates and filter medium permeability.

e Validate the model through comparison with pressure drop data from Mylar’s sequen-
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tially stretched film casting line.

e Analyse results from the model to inform understanding on the pressure drop evolution

and flow behaviour of a polymer melt through candle filter packs.

e Establish how flow patterns alter as the filter medium blocks.

These are the overarching aims and objectives of the project. The following subsections give

a breakdown of intermediate aims and objectives.

1.3.1 Clean candle filter pack modelling

Prior to the inclusion of filtration, it is necessary to develop viable models for flow through
clean candle filter packs. To achieve this, virtual geometries are built from computer-aided de-
sign (CAD) engineering drawings of the packs provided by Mylar. The aims of this modelling
are to have viable, validated macroscale models ready for the implementation of filtration
modelling and to understand and compare flow distribution through different clean candle

filter packs. The objectives of these models are:
e Establish and examine computational models of candle filter packs, identifying any
symmetries in the flow distribution which could lead to simplifications in modelling.
e Create simplified macroscopic CFD models of flow through each clean filter pack.

e Calibrate models through comparison to pressure drop data from Mylar’s sequentially

stretched film casting line.

1.3.2 Screen filter modelling

Due to the complexity of the design of the candle filter packs, the screen filter is the initial
subject of computational modelling. The aims of this model are therefore to develop the

skills and tools necessary to model filtration through candle filter packs, and to understand
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the mechanisms that lead to observed pressure drop evolution profiles, such as the pressure
evolution profile observed in Figure [[.5] The objectives of this modelling are:
e Establish a macroscopic computational model of flow through a screen filter.

e Execute several experiments on the pilot scale line designed to investigate the physical

behaviour of melts in a filter medium and the mechanisms that drive filtration.

e Validate the computational model through comparison with experimental data from the

pilot scale line.

e Use the tools and insight derived from the screen filter model to assist in modelling

candle filter packs.
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Literature Review

This chapter contains a discussion on the fundamental principles behind the mechanisms that
drive polymer melt filtration. This includes polymer melt rheology, flow across a porous
medium, and filtration principles. It also contains a review of previous published work on
computationally modelling the flow of fluids across a porous medium and filtration. The

literature surrounding polymer melt filtration is discussed.

2.1 Polymer melt rheology

Polymers are large molecules made up of many repeating elementary units, known as monomers
[15]. The majority of polymers produced are thermoplastics. Thermoplastics are melted in
processing, which allows moulding and can influence the mechanical properties of the final
product [16]. Polymers have the widest range of flow and deformation behaviors compared to
any other material [17]. They are viscoelastic materials and are classified as non-Newtonian

fluids [11[15]/16l[18][19).

Polymer melts are incompressible fluids; their dynamics can thus be described by a coupling

10
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of a simplified continuity equation and the Cauchy momentum equation. That is
V-u=0,

ou (2.1)
p<at+u-Vu> =—-VP+F+V-T,

where p, u, P, F and 7 are the fluid’s density, the fluid’s velocity vector, the pressure, body
forces acting on the fluid and the stress tensor respectively. Fluids have the property that
under deformation, rate of strain is proportional to shear stress. Viscosity describes a fluids
resistance to shearing. Figure [2.I]shows a simple way of visualising viscosity. Consider a fluid
trapped between two parallel plates of area A, with a gap h between them, where some force
on the upper plate causes it to move at a velocity U relative to the lower plate. Viscosity is
given by the ratio of the shear stress and the shear rate [16]. Shear stress is defined as the

force per unit area and shear rate by the velocity divided by the gap, that is

F/A T
== 2.2
S (2.2)
where % is the shear rate. Rearranging gives
T = . (2.3)

Equation [2.3] is Newton’s law of viscosity. Viscosity is a material function that is a general
property of a fluid [1]. A fluid is Newtonian if the viscosity is independent of shear rate.
Conversely, a fluid is non-Newtonian if its viscosity is dependent on shear rate. The majority
of polymer melts are shear-thinning non-Newtonian fluids. That is, as the shear rate applied
to a polymer melt increases, its viscosity decreases. This is because as the shear rate imposed
on a polymer melt increases, individual polymer chains disentangle and align, allowing easier
movement relative to one another [16]. Typical melt viscosity varies from 150-300 Pa s for

PET melt used for film applications [18].

The viscosity of a polymer melt can be described by several models. The most common model
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Figure 2.1: A drawing of a fluid trapped between two parallel plates, where the top plate
moves at a velocity U relative to the bottom plate.

is the power-law model [1,[18}|19], given by
p= K", (2.4)

where n is the fluid’s power-law exponent and K7 is the consistency index. For n = 1, the
power-law model reduces to the Newtonian description. For n > 1, the fluid exhibits shear-
thickening behaviour. For 0 < n < 1, the fluid exhibits shear thinning behaviour, putting the

value of n for polymer melts in this bracket.

The power-law model only holds for polymer melts over a certain range of shear rates. The
viscosity of most polymer melts converges to some constant value in the limits of very small
and very large shear rates. These constant values are known as the zero shear viscosity and
the infinity shear viscosity [18]. The power-law model predicts viscosity to approach infinity
at low shear rates. A widely used model which accounts for this is the Carreau-Yasuda

model [20], which is given by

n—1

W= oo + (NO - ,Uoo) [1 + ()‘7)2] 2 ) (2-5)

where 1 is the zero shear viscosity, oo is the infinity shear viscosity and A is a time constant.
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Another common model is the Cross model |21], which is given by

Ho — Moo (26)

M:MOO"i_W-

Both models have been successfully correlated with experimental data, with the Cross model

giving a better fit for commercial applications using polymers. [22].

Despite being classified as non-Newtonian fluids, polymer melts have constant viscosity and
behave as Newtonian fluids in their zero shear viscosity range. The Newtonian assumption
allows for simpler modelling as shear thinning can be omitted. This Newtonian assumption
transforms the coupling of the continuity equation and the Cauchy momentum equation

into the incompressible Navier-Stokes equations:

V-u=0,

0
p <(;;+U-Vu> = —VP + uViu.

2.1.1 Viscoelasticity in polymer melt flows

An inelastic fluid has no memory; the stress in the fluid depends only on the instantaneous
strain rate. Entangled polymers should have memory; the response to deformation depends on
the reorganisation of entangled chains. If a stress is applied to some polymer molecules in the
entangled network, over a short timescale, other molecules will not have time to respond and
disentangle, and the melt will act like an elastic solid [1]. If the applied stress is maintained,
the network will have sufficient time to respond, and the polymer chains will disentangle and

move like a viscous fluid [1]. Polymer melts are therefore classified as viscoelastic materials.

Viscoelastic materials can be classified by oscillatory rheology. Oscillatory rheology involves
placing a fluid between two plates. One of the plates is oscillated sinusoidally relative to the
other, at a frequency w. That is, a shear strain v = vpsin(wt) is applied to a plate, giving

a shear rate 4 = Apcos(wt). The fluid’s linear shear stress response is then recorded as a
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superposition of the forms of the shear strain and shear rate:
T = G'(w)sin(wt) + G (w)cos(wt), (2.8)

where G’ is the storage modulus and G” is the loss modulus. For viscous fluids, shear stress
is proportional to shear rate. Therefore the linear stress response would be in phase
with shear rate, implying G’ = 0. Similarly, for an elastic solid, shear stress is proportional
to shear strain [1]. Therefore the linear stress response would be in phase with shear
strain, implying G” = 0. The storage modulus and the loss modulus therefore measure the
magnitude of an elastic and viscous response to deformation respectively. For a viscoelastic

material, both G’ and G” would be non-zero.

For PET used at shear rates associated with the film casting process by Mylar, it is found
that the loss modulus dominates the storage modulus [18]. This can be seen from a rheometer
test on a 0.61 IV PET melt, a typical polymer used in processing. Figure shows that for
a 0.61 IV PET melt over a range of shear rates, the loss modulus is shown to be at least an
order of magnitude larger than the storage modulus, suggesting it is the dominant factor in

the melt’s linear shear stress response.

Note that the term IV denotes the intrinsic viscosity of a polymer, with units of dL/g. IV is
described as a measure of the ability of a polymer in solution to increase the viscosity of that
solution and is measured either directly using solution IV techniques or is inferred from the
melt viscosity measured via a capillary or parallel plate melt rheometer. IV is a function of

molecular weight; an increase in molecular weight causes an increase in IV.
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Figure 2.2: Storage modulus and loss modulus against frequency for a 0.61 IV PET melt at
280°C. From a rheometer test using a TA DHR-1 parallel plate rheometer with an oscillation
sweep method. Data provided by Mylar.

2.1.2 Temperature and other effects

The viscosity of polymer melts does not just depend on shear rate. In fact, melt viscosity
depends on factors such as temperature, pressure, the use of a filler or an additive and the
molecular weight [18]. The transition from zero shear viscosity to shear thinning is gradual for
polymer melts with a large molecular weight distribution. In industrial processes, polymers
are likely to contain a large molecular weight distribution [1]. Fillers are often added to the
melts. Fillers are used to modify surface or bulk properties [3], for example, particulate fillers
may be used to create surface roughness. This is typically to reduce the blocking or sticking
of the film during winding |3|. An increase in temperature leads to a decrease in polymer melt
viscosity. Figure [2.3| shows how melt viscosity changes with temperature for the 0.61 IV PET
melt. PET melt is usually maintained between 280-310°C, above its melting temperature |3].
It can be seen that melt viscosity is strongly influenced by temperature; a 40°C decrease
leads to over a 250% increase in melt viscosity. It is therefore critical to carefully maintain

the temperature of the melt throughout processing.
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Figure 2.3: Melt viscosity against temperature for a 0.61 IV PET melt. From a parallel plate
rheometer test at Mylar.

The viscosity of polymer melts varies with temperature in an exponential manner [23]. Within

Mylar, a model developed in-house is used to represent the viscosity-temperature relationship:

1w=0.1 1()(24531615"59“%&—0-9508)] , (2.9)

where T is the melt temperature in Kelvin and « is the IV of the polymer. The Vogel-
Fulcher-Tammann equation, which uses a similar exponential form as , is frequently used
to describe the temperature dependence on viscosity for polymer melts [24]. Wang et al. [25]
also highlight two of the most commonly used equations for expressing viscosity-temperature
behaviour of polymer melts. One is an Arrhenius type equation and the second is the WLF
equation [25], both express the relationship as an exponential decay in viscosity with increasing
temperature. The in-house model has been found internally within Mylar to give an excellent

correlation to PET rheology for modelling purposes.

In order to maintain the molten state of the polymer through the film casting process, the

temperature of the melt must be maintained. To this end, pipes are heated through either
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electric elements attached to the outside of the pipe or the pipes are encased in a jacket

charged with a thermal transfer fluid.

A combination of high temperatures and long processing times leads to the thermal degrada-
tion of polymer melts. Thermal degradation is the molecular deterioration of polymer chains
as a result of heating, and leads to the separation and reaction of chains [26]. It occurs due to
the instability of macromolecules under heat treatment and may affect either the main chain
linkages or substituent atoms and side chains |27]. Main chain linkages may break or crosslink;
the former leading to a molecular weight decrease and the latter leading to gel formation and
a molecular weight increase. Reactions at the side chains or substituent atoms may lead to
their elimination or cyclization, and the release of free radicals; the former resulting in the
main chain reactions described above. Gels lead to a variety of visual defects in the finished
product [28]. It is desirable for filters to remove gels from the process. Gels are deformable
and can be broken up by the filter medium |11]. High molecular weight molecules and free

radicals may change the physical and optical properties of the melt, affecting the final product.

2.2 Flow through a porous medium

A porous medium is a solid structure which contains interconnected pores. The pores often
form a large network of interconnected voids, allowing a fluid to pass through the medium.
Porous media are found in natural systems and are used for engineering processes. Examples
in natural systems range from transport through river sediments to extra-cellular transport in
brain tissue [29]. Examples in engineering process include hydrocarbon recovery to filtration
systems [29]. A porous medium may be categorized by pore location, shape and size, as well
as the extent of pore interconnectedness [30]. A porous medium has an associated porosity.

Porosity describes the fraction of void space in a medium [31].

A porous medium may be described on the macroscale or at the pore scale [31]. At the pore

scale, porosity, permeability, tortuosity and connectivity describe the structure of the mate-
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rial [32]. Permeability describes the ability of a medium to allow fluids to pass through it.
Due to the scales of size between a porous medium and the pore structure, the descriptors at
the pore scale vary enormously throughout the medium [31]. As such, a statistical distribu-
tion or averaging methods are often used to represent porosity, permeability, tortuosity and

connectivity across a medium [10,33-35].

At the macroscale, the description of a porous medium is determined by bulk properties that
have been averaged at larger scales compared to the pore size. A microscopic description is
important for the study of transport behaviour of flow passing through a porous medium [36].
The macroscopic approach may be sufficient for process design where fluid flow and mass

transfer are the focus of an investigation [37].

Flow through a porous medium may be described by Darcy’s law. It is given by

AP = %, (2.10)

where AP is the pressure drop through the porous medium, ¢ is the volumetric flow rate per
unit area, d is the thickness of the porous medium and k is the permeability of the medium.
Permeability is a function of only the pore structure [30]. Darcy’s law is observational and
applies for Stokes flows; higher order corrections exist for higher Reynolds number flows [38§].
This is because Darcy’s law does not account for inertial effects, which are insignificant in low
Reynolds number flows. For Darcy’s law to be valid, it is therefore necessary that Re < 1,
where Re is the Reynolds number; it measures the ratio between viscous and inertial forces [39)
and is given by
_pul

Re , 2.11
. (2.11)

where L is a characteristic length scale of the geometry. In a porous medium, this is often

defined as the typical diameter of a pore in the medium.

Permeability of a porous medium is usually determined using Darcy’s law. For example,

experimentally, a volumetric flow rate through a porous medium may be varied and the
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pressure drop output measured. If the relationship is linear, Darcy’s law applies, and the
slope of the line can be used to calculate the permeability if the density and viscosity of the

fluid is known [40].

The Darcy-Forchheimer equation accounts for inertial effects in porous media [38]. It can be

expressed as

2
ap = dmd | Crode

K N

where CF is a Forchheimer coefficient. The first term represents Darcy’s law, accounting for

(2.12)

the viscous effects. The second term is a second order correction to Darcy’s law, representing
the inertial effects [41]. Finding the Forchheimer coefficient is often determined experimentally

[42).

The flow of a non-Newtonian fluid through a porous medium requires further consideration.
Non-Newtonian rheology has a major impact on flow characteristics in porous media [43].
There has been little progress in the theoretical understanding of what occurs during non-
Newtonian flow in porous media [43]. Furthermore, viscoelastic flow through porous media
is far from being understood [44]. For the flow of viscoelastic fluids in porous media, shear,
rotational and elastic effects can arise [44]. Sochi et al. [45] review non-Newtonian flow in
porous media and conclude that no general methodology can deal with all cases of non-
Newtonian flow through porous media and only modest success has been achieved by the
state of the art methodologies for modelling this phenomena. A viscoelastic fluid may not
exhibit any elastic behaviour in a porous medium due to plateaus in the rate of strain-viscosity

relationship [45].

At typical film casting processing shear rates (4 < 150s~!), the viscosity of polyester melts
is constant at constant temperatures and the flow is considered Newtonian in the extrusion
system. Champion [18] confirms the Newtonian assumption at typical processing shear rates
for a range of different PET IV grades. However, this Newtonian behaviour has not been
investigated through filter media, where the microstructure of a porous medium can lead to

a broad range of flow velocities and shear rates [46]. An experiment is therefore undertaken
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to investigate the behaviour of a typical PET melt in screen filters in Chapter

2.3 Filtration

The process of separating solid particles and fluid from a suspension using a filter medium is
known as filtration. Both solid-liquid and solid-gas separation are common; the filtration of
polymer melt flows is of the solid-liquid type. In industrial applications, the performance of a
filter can be assessed by the pressure drop through the filter, the filtration efficiency and the
particle holding capacity. The solid-liquid suspension fed into a filter system is often referred
to as the feed. After passing through the filter, the suspension is then referred to as the

filtrate.

A filter medium must be impermeable to some components of a suspension, but permeable
to the other components [47]. Many different structures and materials can be used as a filter
medium. Examples include woven, non-woven and sintered structures. The performance of
a filter medium can be influenced by the microstructure of the media, the material used,
deformations of the media under operating conditions, etc. [10]. It is not realistic to expect
every single solid particle to be filtered out when passing through a filter medium. As such,
a filter medium may be defined by a cut off size. For example, a manufacturer may specify
that a significant percentage of all particles larger than a certain size will be filtered under

certain operating conditions for a given filter medium [4§].

There are many different types of filter media employed in industry. Candle filters exclusively
use sintered metal fibres. Fibres are around 20 mm long and have diameters of a few microns.
This leads to a voidage of over 60%. The filter material is often made by sintering together
two or more grades of media, with the outer layer being made coarser through thicker fibres.
The filter medium of disc filters may be sintered fibre or sintered powder. The voidage in
sintered powder is around 30%. The size of individual particles that make up sintered powder

used by Mylar vary from 40 to 200 microns. The larger voidage of sintered fibre gives a lower
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pressure drop through the medium, and a greater dirt holding capacity. However, this also
leads to worse solid particle and gel retention. On the pilot scale line, screen filters comprise

of multiple layers of woven wire mesh.

There are two main types of solid-liquid filtration: depth filtration (deep bed filtration) and
surface filtration. Surface filtration occurs when the average size of solid particles in the
suspension is comparable to the average pore size of the filter medium. Solid particles are
then captured on the surface of the filter medium. As more of the suspension passes through
the filter, more particles are captured and pile up on the filter medium surface, forming a filter
cake [49]. The filter cake acts as a filter itself, and is typically more effective at filtering out
solid particles from the suspension than the filter medium . Depth filtration occurs when
the average size of solid particles in the suspension is a lot smaller than the average pore size
of the filter medium. Particles then easily penetrate the top layer of the filter medium, and
are instead captured inside the medium . Figure visualizes both surface and depth
filtration. In reality, there will be a distribution of particle sizes present in the suspension. It

is therefore common for both types of filtration to occur for any given filtration process [52].

G)/Particle
O o 0 (@]
O Particle fe) e}
O'/ OOO oOO
© o) o) o © 0 °
o) d
I T (& foyete o
© 50 0 0 . O O O&%C@Qgﬁ
o O
OQ._ o ° oO o__o © 0 OO&OOOOOOCg Medium
: A2 o0 OB
00 O~ @O
O O o
02 O
o 0000
(@) Filtrate (b) Filtrate

Figure 2.4: Ilustration of (a) surface filtration and (b) depth filtration. Diagram obtained

from .

Particles may be deposited inside a filter medium through several different mechanisms. In-
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ertial impaction, interception, electrostatic forces and Brownian diffusion lead to particle
deposition in depth filtration; straining leads to deposition in surface filtration [54]. Inertial
impaction occurs when solid particle trajectories intersect with the filter medium surface. In-
terception occurs when a solid particle comes within its own radius of the filtering medium’s
solid surface. If solid particles are charged, or the filtering medium is charged, electrostatic
forces can influence particle deposition. If solid particles are small enough, the Brownian
diffusion force leads to particle deposition. Straining is the mechanism behind cake filtration;
it occurs when solid particle sizes are larger than pore constriction sizes. After deposition,
it is possible for particles to detach and be re-entrained by the flow [54]. Particles may be
detached by the lift force imposed on them by the flow. The drag force imposed by the flow

may cause rolling or sliding along the filter medium’s surface.

Solid-liquid filtration processes are often configured under constant rate or constant pressure
filtration. The constant rate condition maintains a constant throughput throughout the fil-
tration process. This leads to a pressure drop rise across the filter over time. Conversely, the
constant pressure condition leads to flux decline. In most cases, laboratory testing of filter
systems is performed with the constant pressure condition [55]. Constant rate filtration is
more common in industrial processes [55]. Constant rate filtration is used throughout the

film casting process.

Two types of solid-liquid filtration are commonly used in industrial processes; dead-end and
cross-flow filtration. In dead-end filtration, all of the flow is forced through the filter medium
[56]. In cross-flow filtration, the feed flow and the filtration flow direction are at a 90°
angle [57]. Figure illustrates the differences between dead-end and cross-flow filtration.
In cross-flow filtration, not all of the feed is filtered; anything that does not pass through the
filter is retained and referred to as the retentate. Cross-flow filtration increases the length of
time for which a filter can be operational as the filter cake is washed away with the retentate.
Dead-end filtration is simpler to operate and has a high filtrate recovery. All filter packs used
by Mylar result in dead-end filtration. All of the melt must pass through filters in the pack

before moving onto the next stage of production.
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Figure 2.5: Illustration of (a) dead-end filtration and (b) cross-flow filtration.

In industrial applications, it is important to consider filter element design. For example, a
filter medium may be encased with support mesh. This mesh may influence the flow field,
and even block off some of the filter medium, reducing the filtration area. The shape and
size of a filter element will influence the filtration process. For example, pleated filter panels
have a larger filtration area to volume ratio and are more compact than a flat sheet filter
medium [58]. The housing of a filter element may be restricted depending on the application.
Such restrictions will affect how the flow distributes around the filter medium and, in turn,

the pressure drop through the element.

2.3.1 Filter blocking models

Several mechanistic models have been developed to describe how a filter blocks with particles
over time for both pore blocking (depth filtration) and cake filtration [59]. Among them, four
standard mechanistic models are used to describe how filters block with particle deposition
[60]. There is the complete blocking model, the intermediate blocking model, the standard
blocking model and cake filtration. These models were initially proposed in the context of
constant pressure filtration, but have since been reworked to suit constant rate filtration [61].

As constant rate is utilized for film production as a constant flow rate must be maintained to
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ensure film consistency, the models are considered in this context. The models are all derived

from Darcy’s law [60]. In terms of mass flow rate, Darcy’s law (2.10) may be written as

i APpA
T

(2.13)

where R is the resistance of the filter imposed on the flow and 7 is the mass flow rate. Initially,

when no filtration has taken place, Ry = d/k.

The complete model assumes that particles are intercepted at a pore surface, sealing it off.
The intermediate model additionally assumes that particles can then accumulate on top of
previously deposited particles. The standard model describes pore constriction as particles
deposit on the surfaces of pore walls. Cake filtration describes the accumulation of particles on
the surface of the filter medium; the cake formed from this accumulation increases in thickness
as more particles accumulate. Iritani and Katagiri [59] reviewed the developments of these
models. The models provide a powerful tool to reasonably evaluate the behaviour of filtration
resistance [59]. Figure shows an illustration on the filtration mechanisms represented by
each model. The mathematical expressions describing each constant rate blocking model are
presented below. The rigorous theory of each constant rate blocking model is given in detail

in [61].

The complete blocking model describes the available filter medium area as decreasing with
time according to
A

—=1-Kymt 2.14
A b7 (2.14)

where Ay is the initial filter media frontal area, K} is the complete blocking constant and the

mass flow rate is constant [59]. Substituting (2.14)) into Darcy’s law (2.13)) gives pressure drop

across the filter medium as a function of time:

AP,

AP=_—20
1— Kyt

(2.15)

where AP, is the initial pressure drop across the filter, before any fouling has taken place.
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!
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(a) Filtrate (b)

Figure 2.6: Schematic view of fouling patterns represented by (a) complete blocking (b)
standard blocking (c) intermediate blocking and (d) cake filtration. Diagram obtained from
[59].

The intermediate blocking model describes the available filter medium area as decreasing with
time according to

A
— = exp(—K;mt), (2.16)
Ag

where K is the intermediate blocking constant [59]. Substituting (2.16]) into Darcy’s law

[2.13) gives
AP = APyexp(K;mt). (2.17)

The standard blocking model describes the resistance of the filter medium as a function of
time, where pores in the filter are assumed to be straight and cylindrical which decline in

radius [59]. The resistance evolution is given as

Ksmt) -2

R = Ry (1 - (2.18)
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where Kj is the standard blocking constant. Substituting (2.18)) into Darcy’s law (2.13]) gives

AP,

AP = R
(1—55)

(2.19)

For cake filtration, the total resistance is the sum of filter medium resistance and cake layer

resistance [59]. The resistance evolution is given as
R = Ro(1 + K.mt), (2.20)
where K. is the cake filtration constant. Substituting (2.20)) into Darcy’s law ([2.13]) gives

AP = APRy(1 + K.mt). (2.21)

These models can be used individually to explain experimental observations [60]. Hlavacek
and Bouchet [61] fitted the models to experimental pressure drop evolution curves for constant
flow rate filtration of bovine serum albumin (BSA) solutions and found that the intermediate
model gave the best fit. Scanning electron micrographs showed the fouling was mainly due
to particle surface deposits, showing that the intermediate model was an appropriate choice.
Ito et al. [62] fitted the models to dead-end filtration in bio-process applications. It was
found that filtration behaviours differ for different bio-processes and types of filter, hence the
suitability of each model changes on a case by case basis. Bowen and Gan [63] found that
BSA fouled microporous aluminum oxide internally due to the exceptional fit of the standard

model to experimental data.

Several mechanisms may combine to simultaneously or consecutively foul a filter [62]. Com-
binations of filter blocking models have been described to evaluate situations where several
fouling mechanisms occur simultaneously or consecutively, which is frequently observed [59].
Tracey and Davis [64] found that filter fouling by BSA could be fitted initially by either the

complete model or standard model (depending on filter choice) and subsequently by cake
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filtration. This is because pores eventually became so constricted that a cake layer began to
form on the filter medium surface. Taghavijeloudar et al. [65] detailed a model that com-
bined the complete model and cake filtration which gave good agreement to experimental
data for the filtration of wastewater sludge. Kirschner et al. [66] extended blocking models’
utility to constant flux crossflow filtration and found a combined model of intermediate block-
ing and cake filtration gave a good fit to experimental data of the filtration of a latex bead
suspension. Many combinations of the blocking models have been proposed and are detailed
in [59]. Cheng et al. [67] developed a general blocking equation based on the Hagen-Poisseuille

equation, which summarises the blocking models which have been proposed in the literature.

Ito et al. [62] stated that combining models generally gives a superior fit to experimental data
due to the increased flexibility of an increased number of fitting parameters. This presents an
issue with combining models; it is possible that combined models show improved fit not due
to an improved physical representation, but rather an increased flexibility due to an increase
in number of fitting parameters. Cheng et al. [67] concluded that simply fitting blocking
models to data does not suffice to justify the observed blocking behaviour without assessing
the structure of the filter itself. As such, the simpler models should be fitted to experimental
data first and the fouling mechanism that each model represents should be considered before
any conclusions are drawn. If a simpler model gives a good fit to experimental data and
the filtration mechanism they represent is appropriate for the specific application, then it is
sufficient in representing the experimental data. If the simpler models all give a poor fit, then
combined models should be considered for fitting, as long as the combination of filtration

mechanisms represented is logical for the specific application.

Blocking models have also been modified for non-Newtonian flows. The blocking models have
been modified specifically for the power-law model representation of non-Newtonian fluids.
The theory for using the power-law model to modify blocking models for power-law non-
Newtonian flows is detailed in [59]. These models incorporate the fluid’s power law exponent
and reduce to the Newtonian formulations if n = 1. Iritani et al. [68] tested these models

by filtering a suspension of diatomaceous earth in non-Newtonian fluids. It was shown that
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the intermediate non-Newtonian blocking model fitted well to the data when particle size was
larger than pore size; the standard model gave the superior fit in the case where the particle

size was smaller than the pore size [68].

2.4 CFD modelling of low through a porous medium

Modelling flow through a porous medium can be separated into two distinct categories. Mod-
elling may be microscopic, where pore-scale simulations are undertaken to directly solve trans-
port processes in realistic porous structures [69]. Pore-scale models aim to capture all the
features of the microscopic structure of a porous medium and predict fluid flow and transport
behaviour within the porous medium. Pore-scale modelling can provide deep understanding

of the relationship between structures, processes and performance [69].

On the other hand, modelling may be macroscopic, where the porous medium is treated as
a continuum and averaged representations of microscale properties, such as permeability, are
used. Then, a continuum equation such as Darcy’s law can be used to predict the behaviour
of fluids in the porous medium. This approach simplifies the complexity of the pore scale and
allows for the study of larger systems. Macroscopic models are computationally efficient |70].

Macroscale models are often chosen for industrial system assessment [70].

Figure shows an example of a pore-scale geometry and a macroscopic filter system ge-
ometry. Pore-scale models require very fine spatial resolution to capture details of a pore
structure. It would require a vast number of computational cells to model large elements
that are resolved at the pore scale. Furthermore, pore-scale details are often unnecessary
for understanding macroscopic behaviour. Macroscopic models have made great progress at
the scale of engineering interest [69]. However, microscale heterogeneity of a porous medium
structure can greatly affect system performance [69]. It is therefore important to carefully
consider the scale of the computational model when modelling flow through a porous medium

depending on the aims and objectives of the research.



Chapter 2 29

Figure 2.7: (a) An example of a virtual pore-scale geometry of a sintered fibre structure. Image
adapted from [71]. (b) An example of a virtual macroscopic geometry of a filter element, where
the green and red surfaces are the outlet and inlet respectively. The blue volume is the fluid
domain and the grey volume is the macroscopic representation of the filter medium. Image

from .

2.4.1 CFD modelling of flow through a porous medium at the microscale

The first challenge of modelling at the microscale is creating a virtual geometry that accu-
rately represents the desired porous medium at the pore scale. Simply using virtual idealized
geometries which fail to capture variations in the medium, such as changes in the diameter
of fibres, may not sufficiently represent their real counterparts, which could impact the ac-
curacy of results . Previously, Sambaer et al. used a scanning electron microscope
(SEM) to capture the pore scale geometry of a nanofiber based nonwoven filter. Images were
then converted into a three-dimensional (3D) structure model. More recently, Abishek et
al. proposed modern methods in generating virtual geometries and argued that pore-
scale geometries could be accurately represented through virtual generation. Pressure drop
results obtained from CFD simulations run with both the virtually generated geometries and

geometries generated through conversion from SEM images showed good agreement.

For the generation of virtual sintered structures, micro X-ray computed tomography (uCT)

is often employed. pCT is nondestructive and can give detailed images of the structure of
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a porous medium down to a few hundred nanometres [73]. Georgiadis et al. [74] created a
virtual sintered glass-bead sample using pCT images. Jung et al. [75] used uCT to acquire
images of slices of a sintered titanium porous medium. Images were filtered by removing
noise and artifacts. Images were then segmented and edges from the segmented image were
overlaid onto the filtered images. A pore network was then extracted with an open source

porous media image analysis toolkit.

To simulate at the pore scale, it is necessary to solve for fluid flow. A Newtonian, steady,
incompressible, viscous flow is described by the Navier-Stokes equations . The no-slip
condition applies at solid boundaries. Typical inlet conditions involve prescribing a known
velocity or flow rate normal to the boundary. A prescribed pressure is a typical outlet condi-

tion.

Meshing presents a significant challenge for the completion of a successful pore-scale simu-
lation. To resolve the fine details of a pore structure, the mesh must be extremely fine and
adaptable. The high resolution required results in a significant computational cost to generate

and numerically solve for fluid flow across the mesh [76].

Aminpour et al. [77] conducted lattice Boltzmann simulations to explore pore-scale flow be-
haviour for flows that obey Darcy’s law. A static porous medium composed of fixed spherical
particles was created. A dynamic porous medium was also tested, where particles constantly
spin with different angular velocities around fixed axes. Pore-scale flow structures were ob-
served to remain dynamically similar in the static case over a range of different Re where

Darcy’s law is applicable. Darcy’s law was proved to be applicable in both cases.

Yang et al. [78] modelled laminar flow and heat transfer through a woven wire mesh at the
pore scale. The model was validated with comparison to experimental data. A Dutch twill
weave was modelled, where weft wires alternatively pass under and over warp wires. As the
Reynolds number increased, increased inertial forces resulted in flow reversal in the wake of
weft wires and convective heat transfer occurred mainly at the impinging surface of the weft

wires |78].
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2.4.2 CFD modelling of flow through a porous medium at the macroscale

Modelling at the macroscale does not depend on the pore scale geometry of a porous medium.
Instead, the porous medium is defined as a porous zone [10,52,|79,80]. Consider a porous
element on the domain 2. The domain may be categorized by two subdomains, the fluid

region and the porous region. Then

0N=0,0Q,

where 2 is the fluid region and (2, is the porous region. Note that there is no overlap between
regions. Boundaries of the domain, 0f), may be subcategorized by inlets, outlets and solid
boundaries. That is

002 = 0Qipn U 0oy U 082,

where 0€);, represents inlet boundaries, 02, represents outlet boundaries and 92, represents
solid boundaries. Inlet and outlet conditions are specified based on each problem. The no-
slip condition applies at solid boundaries. Figure shows a simple illustration of a two-

dimensional (2D) porous element domain.
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Figure 2.8: An example domain 2 for a simple 2D filter element.
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The porous medium is assumed to be a homogenized continuum. Again, assuming a Newto-
nian, incompressible, viscous flow, the flow field is computed by the Navier-Stokes equations
(2.7) outside of the porous zone. A popular model used in CFD to macroscopically model flow
in the porous zone is the porous media model [14], which prescribes some properties to a cell
zone in the computational geometry, the porous zone, imposing a pressure penalty through

it.

The porous media model assigns an additional source term in any cell zone where it is enabled,
such that
ou 9
P E%—u-Vu =—-VP+uV-u+ 8. (2.22)

This source term accounts for the additional pressure drop due to the resistance imposed on

the flow by the porous medium and is given by
S =—((u/k)u+0.5Cpplulu) . (2.23)

Note that the source term is in the form of the Forchheimer equation (2.12)). The Forchheimer

coefficient is usually determined through empirical relations and C'r = 0 if Darcy’s law applies.

The porous media model has been used to predict pressure drop through porous media in a
range of flow applications. Pashchenko et al. [81] determined the pressure drop characteristics
for fixed bed reactors filled with porous particles using a porous zone with an average error
of less than 10%. Cornejo et al. [82] computationally modelled the pressure drop through
a monolith using a multi-zone model. Multiple porous zones were employed to account for
entering, passing through and leaving the substrate. This was seen to improve accuracy of

the total pressure drop across the monolith compared to prior models.

Teitel [83] found that the pressure drop through a screen can be determined by the porous
media model, reducing computational time significantly as there was no need to refine the mesh
to resolve flow near screen wires. Teitel [84] used a porous zone to represent a woven screen to

investigate if the Forchheimer coefficient is constant over a wide range of Reynolds numbers.



Chapter 2 33

Garg et al. [85] modelled a stacked woven wire mesh with a porous zone in a miniature
Stirling cryocooler, with the goal of capturing accurate heat transfer characteristics. A local
thermal equilibrium model and local thermal non-equilibrium model were used to model the
energy equation in the porous zone; the non-equilibrium model was shown to give better
understanding of the heat transfer characteristics in the stacked wire mesh. Trilok et al. [86]
used a porous zone to model the pressure drop across stacked woven wire mesh for heat
exchanger applications. Pressure drop across the stacked mesh was in good agreement with

an experiment, with an average discrepancy of less than 8%.

2.4.3 CFD modelling of non-Newtonian flow through a porous medium

Simulations modelling non-Newtonian flows through a porous medium have been undertaken.
De et al. [44] used CFD to model creeping flow of a viscoelastic fluid through a 3D random
porous medium. The continuity and momentum equations were coupled with a constitutive
equation for the non-Newtonian stress components and it was found that energy in porous

media is mainly dissipated in shear dominated regimes, even at high viscoelasticity [44].

Hauswirth et al. [87] computationally modelled non-Newtonian flow through a 3D packing of
non-overlapping spheres. The Cross model was used to include shear rate dependent
dynamic viscosity in the numerical simulations, which used the lattice Boltzmann method.
The methodology developed was found to capture the behaviour of non-Newtonian flow in

porous media through validation with experiments and alternate numerical approaches.

Rath and Terzis [88] investigated the transport of non-Newtonian fluids through a porous
medium consisting of an array of uniformly arranged square pillars. The power-law model
was used to include viscosity-shear rate dependence in this case. Simulations ran over a
large range of Reynolds numbers and power-law exponent values. Two main microscopic flow
features were identified; stream-wise momentum and flow leakage. These characteristics of

the flow were found to be highly influenced by Reynolds number and power-law exponent.
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Macroscopic models for computationally modelling non-Newtonian flow through a porous
medium have had little development. Models are usually based on Darcy’s law, with a constant
effective viscosity term used to represent the shear-dependent viscosity of a non-Newtonian
fluid. There is no consensus on what this effective viscosity represents physically [43]. Typ-
ically, the effective viscosity is calculated from a porous medium shear rate [89-H91], which
is the average shear rate that the fluid experiences when moving through a porous medium.
Alternatively, analytical models of non-Newtonian flow through capillary tubes are used to

obtain a definition of effective viscosity [92}93].

2.5 CFD modelling of filtration processes

To computationally model a filtration process in its entirety, a model needs to capture the
interaction between the fluid and the filter medium, the transport of solid particles in the
fluid, the capture and deposition of solid particles and the interaction between particles in
the suspension [10]. An added difficulty comes from the fact all these processes are coupled.
Deposited particles in a filter medium act as part of the filter medium itself, changing the
geometry at the pore scale. This results in a change in the flow field and the pressure dis-
tribution across the filter medium, which in turn influences the transport and deposition of
solid particles. The filter medium may also be deformed by the flow field [94]. For example,
an increased pressure may lead to warping of the filter medium, influencing particle deposi-
tion and potentially forcing through already captured particles. The computational cost of
simulating such a complicated process over an entire filter element or system is unrealistic at

present [95].

In order to keep computational costs down, simulations of filtration processes have been con-
sidered on different scales. At the microscale, simulations consider flow and particle deposition
at the pore scale [72,/96], neglecting filter element design. At the macroscale, the filter medium
is treated as a black box [97], with global values of porosity and permeability assigned. Mul-

tiscale modelling, which couples the microscale and macroscale, is the state-of-art in filtration
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modelling at present [98].

2.5.1 CFD modelling of filtration processes at the microscale

At the microscale, pore-scale modelling is again utilized, and the workflow follows the same
structure as described in Subsection That is, a virtual representation of the microstruc-
ture of the porous medium is needed. To simulate at the pore scale, it is necessary to solve
for fluid flow and particle transport. Clearly, fluid flow and particle transport are coupled, so

an iterative algorithm may be employed to capture the evolution of the filtration process [99].

At the pore scale, the path of each individual particle is simulated. Based on a Lagrangian
approach, a Langevin equation, a type of stochastic differential equation, is used to solve
Newton’s second law [100]. A solid particle moves in a flow field as a result of its inertia,
friction, Brownian motion and, in some cases, an electrostatic force [101]. An example of a

Langevin equation which describes the motion of a particle in a flow field is given by

m% — (v —u)+ B(t), (2.24)

where m is the mass of the particle, v is the velocity of the particle and vy is a friction
coefficient. The first term on the right-hand side represents the drag force acting on the
particle as a result of its motion relative to the fluid (whose velocity is denoted by w) and the
second term represents a force characteristic of Brownian motion [100]. Other forces, such as

an electrostatic force, can be represented by the addition of terms on the right-hand side [99].

Deposited particles cause a change in the pore-scale geometry of a filter medium. Such changes
in geometry eventually lead to a significant change in the flow field. It is therefore necessary
to periodically recompute the flow field [10]. Armed with the equations for describing the
flow field and particle transport, an evolving pore-scale simulation can be described by the

following process:

1. Compute the flow field and track individual particles.
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2. Once the influence of the deposited particles on the flow field cannot be ignored, recom-

pute the flow field.

To capture the evolution of the pressure drop, it is critical for a simulation to register the
deposition of particles in the pore-scale geometry. There are two methods for updating the
geometry: solid deposition mode and porous deposition mode [101]. If solid particles are of
similar size to each voxel, solid deposition mode is utilized. A voxel defines an element on a
regularly spaced three-dimensional mesh. After a particle is deposited, the voxel is marked
as solid. If solid particles are of a size smaller than each voxel, porous deposition mode is
utilized. After a particle is deposited, a permeability value is assigned to the voxel. The
Navier-Stokes-Brinkman equations are then solved in the voxel at the next flow field update.
The Navier-Stokes-Brinkman equations are modified Navier-Stokes equations which can be
used to solve fluid flow in a porous medium [10]; they are of a similar form to the porous

media model.

Wiegmann et al. [101] and Schmidt et al. [99] simulated soot filtration at the microscale. A
solid particle was assumed to stick to any surface it touched. Schmidt et al. [99] found good
agreement with experimental results for the pressure drop evolution, deposition rate and soot
distribution in the microstructure at sufficiently resolved meshes. Such a mesh resolution
led to excessive computational costs. This could be reduced by coarsening the mesh away
from the porous geometry. Sambaer et al. [72] took a different approach in modelling the
interaction between solid particles and the filter medium. The filter medium modelled was a
nanofibre mat. A solid particle was not assumed to stick to the surface of any fibre it touched.
Instead, the particle could slip along the surface of a fibre, then detach. An experimental rig,
measuring the filtration efficiency of the capture of aerosol particles in a nanofibre mat, was
undertaken. Good agreement between the simulation and experimental filtration efficiency
was found. Particle detachment due to sliding will occur if the drag force imposed by the flow
is greater than the friction force imposed by the surface. If these conditions are not met, the

particle will not slide, and that type of detachment does not need to be considered.

Hoppach et al. [102] used a pore-scale filtration model to obtain additional information on
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the filtration process of metal melt with aluminium oxide particles in ceramic foam filters.
The lattice Boltzmann method was chosen to solve the fluid flow. Particle transport includes
the influence of drag and buoyancy, has no influence on the flow field and a particle was
considered captured when it approached a wall by a distance shorter than its radius. This
model was created to support experimental work and was used to understand flow patterns
inside the filter medium. The model was also used to examine the distribution of particle
deposition inside the filter medium. There was some discrepancy between simulation particle
deposition and the particle distribution observed with yCT scanning of experimental samples.
The simulation predicted that nearly all of the particles were captured on the front face of the
filter medium, which was not the case from puCT scanning. This is likely due to the simple

requirement used for particle deposition which neglects detachment or sliding after deposition.

2.5.2 CFD modelling of filtration processes at the macroscale

At the macroscale, the filter medium is defined as a porous zone and solid particles may be
defined by a concentration in the suspension [10}/52,/79,/80]. However, it is still common to

model each particle individually through a Lagrangian approach [95),103,[104].

Figure shows an example of a macroscopic description of a filter element domain. For
depth filtration, the interface between the fluid and porous region, 0f2,, is static and the
continuity of velocity and the normal component of the stress tensor is required [10]. For cake

filtration, 0€2, changes as the cake grows, a moving boundary problem [79)].

Assuming the concentration of particles in the suspension can be described by a mass per
unit volume, and that particles move with the flow field, particle transport can be described
by a convection-diffusion-reaction equation [79]. The reaction term is a sink term designed to

represent the deposition of solid particles. The convection-diffusion-reaction equation is given
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where C'(x,t) is the concentration of solid particles, M (x,t) is the concentration of deposited
particles and D, is a diffusion constant. The diffusion constant quantifies the rate of deposi-
tion; a larger diffusion constant implies a larger rate of particle deposition. The term on the
RHS in €, represents the deposition of solid particles. Boundary conditions on the concen-
tration are usually of the form C(x,t) = Cy,(t) for € 9, and g—g =0 for x € 905 UINout,

where n is the normal to the boundary at « [79).

A model for the rate of deposition must be chosen. This choice is usually based on compar-
isons with experimental data [79]. A permeability model is also required to simulate using a
macroscopic approach. An example of such a model is the The Kozeny-Carman model [105].
It is commonly used for calculating the permeability in granular porous media. In order to
successfully simulate a filtration process at the macroscale, appropriate models and parameter
values must be selected for the rate of deposition and permeability. In general, such choices

should be determined from comparisons with experiments [80].

Armed with the Navier-Stokes equations, a porous media model, the convection-diffusion-
reaction equation, and appropriate models for the rate of deposition and permeability for
describing the flow field and particle transport, a macroscale simulation can be described by

the following process [10]:
1. Compute the flow field.
2. Find the captured solid particle mass.
3. Update the porosity and calculate the permeability.

4. Repeat 2 and 3 until the permeability of the filter changes to such a degree that its

influence on the flow field cannot be ignored. Begin from 1.

Osterroth [79] extended the macroscopic approach to simulate combined depth and cake
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filtration in one dimension using a moving boundary. Iliev et al. [52] were able to model
the combined process for pleated structures by coupling a two-dimensional flow solver with a

one-dimensional combined depth and filtration model.

Alternatively to the concentration approach, the path of individual particles can be simulated
on the macroscale using a Langevin equation of the form . Fotovati et al. [103] developed
a computational model designed to capture the filtration process through pleated filters over
time. To save computational cost, particles were released from the inlet in clusters; it was
then assumed that clusters deposit fractions of their mass as they travel through the porous
medium. Saleh et al. [L04] extended the model to consider polydispersed solid particle loading.
Hrouda et al. [95] developed a novel macroscopic model designed to model filtration processes
over time based on a statistical approach using escape probability. The statistical model
relates particle diameters to the pore size distribution, which allowed simulations to track if

pore spaces are partially or fully blocked as solid particles are filtered.

Basha et al. [106] used the porous media model and discrete phase modelling to investigate
air-oil separation in cartridge filters. As oil droplets deposited over time, the decline in
permeability was addressed by updating the inertial and viscous resistances in the porous zone.
Computational results showed non-uniform deposition, which was confirmed by experimental

observation.

Liu et al. [107] simulated dust removal by and deposition on ceramic candle filters. The filter
medium was again represented by a porous zone and to keep computational costs reasonable,
particles were grouped into spherical clusters. Particle motion was simulated by considering
the drag force on the spherical clusters. Through the CFD model, they were able to find
that deposition started at the bottom of the filters before moving upwards. This was verified

through comparisons with used filters.
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2.5.3 Multiscale modelling of filtration processes

In filtration processes, the microscale and macroscale are coupled. The macroscopic flow field
influences particle transport and deposition, which in turn changes the pore-scale geometry,
leading to a change in local permeability, which influences the flow field. Here, a multiscale

filtration workflow detailed by Iliev et al. [10] is summarised.

To save computational expense, the process solves the problem on a coarse mesh, but accounts
for unresolved geometrical features by solving local auxiliary problems on an underlying finer
grid in selected locations [10]. To save time, the microscale simulations at selected locations

may be run in parallel.

Armed with a macroscopic geometry of a filter element and pore-scale geometry of selected
representative locations within the filter element, a multiscale simulation can be described by

the following process at each time step [10]:

1. At the pore scale, within the selected locations, compute the flow field then simulate

particle transport and deposition.

2. Update the permeability using the appropriate model at the selected locations then
interpolate to find the permeability throughout the filter medium.

3. Find the flow field using a macroscopic model in the filter element.

4. Compute concentration of the particles in the filter element and use as an input for step

1 at the next time step.

Steps 1 and 2 describe the microscale modelling in each time step. Steps 3 and 4 describe
the macroscale modelling in each time step. Selected locations are chosen based on capturing
filtration behaviour in different regions. For example, locations near the inlet, outlet, near
any solid structures and in the middle of a filter medium may be chosen for a representative

set of filtration behaviour in the filter medium.
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Recently, Lee et al. [108] modelled the filtration of solid particles from air through a face mask
using sequential modelling. A virtual pore-scale model was constructed from puCT images of
a mask sample. A virtual face mask was generated through three-dimensional scanning. The
permeability profile found from the pore scale was used as a property of the virtual face
mask. Gong and Rutland [109] developed a heterogeneous multiscale filtration model based
on probability density functions. The model integrates local filtration efficiencies, which
are upscaled to cover the entire filter element. This was later extended to model gasoline

particulate filters [98].

Li et al. [110] coupled a pore-scale filter model with a macroscopic scale sedimentation-
filtration model to create a tool for examining particle filtration in radial cartridge filtration.
Pore-scale simulations were used to find a filtration coefficient needed for the macroscale CFD
model. This coupling showed that filtration mechanisms were dictated by particle size; Brow-
nian diffusion dominated for small particles whereas gravitational forces began to dominate

as particles increased in diameter and density.

Lee et al. [111] used a variety of CFD modelling techniques to model air filtration across filter
webs of various scales. A pore-scale model, a parametric model and a porous media model
were tested. The parametric model acted as a bridge between the two scales, where the
model simplifies the fibrous morphology based on geometrical properties of the fibre material.
Modelling methods all suitably predicted the characteristics of filter media tested and were

agreeable with experimental data [111].

2.6 Polymer melt filtration

Despite the common use of melt filtration in industry, there is little scientific research in
the field [112]. Pachner et al. [5] created a CFD model of a double-cavity piston screen
filter used for processing recycled polymer. The filter was not directly modelled. Instead, a

pressure drop penalty was imposed on the flow based on analytical calculations. The melt
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was assumed to act as a Newtonian fluid. Pachner et al. [6] then went on to develop generally
valid analytic equations for predicting the initial pressure drop across woven screens by using
heuristic optimisation algorithms. The analytical models developed incorporate the power-law

exponent for the consideration of non-Newtonian melts.

Koller et al. [113] investigated the mechanisms underlying melt filtration at the outlet of an
extruder to determine how effective the process is depending on the type of contamination.
Experiments were performed with polypropylene melt filled with glass beads or ground PET
particles. The melt passed through multi-layered woven screen filters. Screen filters were
recovered after use and examined through magnification. Contaminants which were larger
than the mesh size were filtered successfully. This was more effective for glass beads; it
was beneficial to use smaller screen mesh sizes for softer PET particles. This was due to
screen deformation, which was minimised using an additional backup plate for support. It
was concluded that the amount of contaminants, particle size and rigidity must be considered

when choosing an appropriate screen filter [113].

Liedl and Burgstaller [112] investigated the influence of typical impurities that arise in recycled
melt on the mechanical and rheological properties of acrylonitrile-butadiene-styrene, which is
a copolymer of polystyrene—polyacrylonitrile and polybutadiene. From experimental results,
low amounts of contaminants, which consisted of wood and rubber, were found to lower key

properties of the melt and this was not resolved with a finer screen filter.

Schoppner and Meilwes [114] carried out experimental investigations on the pressure drop
evolution of disc filters. In industry processes, filter lifetime is commonly hours to weeks; this
had to be reduced for laboratory experiments so a PET melt was artificially contaminated
with calcium carbonate. An analytical model was developed which is designed to be fitted to
experimental pressure drop evolution data. The analytical model was then used to calculate
the pressure drop evolution as a function of starting pressure, filter fineness, contaminant
particle size and the permissible pressure limit. As a necessary step, existing calculation

models, such as Darcy’s law, should be validated for their applicability to polymer melt
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filtration [114].

2.7 Summary

Polymer melt filtration incorporates complex mechanisms such as non-Newtonian and vis-
coelastic flow, flow through porous media and filtration. It has been shown that there is very
little theoretical understanding of non-Newtonian flow through porous media, before even
considering the additional complexity of filtration. There is even less research available on
polymer melt filtration. It is therefore imperative to this research that the physical mech-
anisms dictating the filtration of polymer melts are either classified based on experimental

work or informed assumptions, before any CFD modelling takes place.

Literature has shown that CFD modelling of filtration is possible and helps to understand
and visualise the physical mechanisms of filtration, offering insights into how filters block and
flow patterns inside filter systems alter as filtration advances. At this point, a macroscopic
approach to capture global characteristics is appropriate to develop our understanding. The
key goal of this project is to better understand how the degradation of filter packs over time
affects performance, for which macroscopic models have been shown to be sufficient if they
are applied appropriately based on the physical mechanisms driving filtration and if they are

calibrated based upon suitable experimental data.

The next chapter outlines the physical mechanisms that are assumed throughout this thesis
for modelling polymer melt filtration. The choice of each physical mechanism is based on
experimental work, where the behaviour of a PET melt through a screen filter is investigated,
or is assumed based on the calculation of prominent non-dimensional numbers which are

commonly used to inform on the mechanisms driving various physical phenomena.
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Methodology

This chapter outlines the physical mechanisms driving various aspects of polymer melt fil-
tration. These physical mechanisms are based on either experimental work or prominent
non-dimensional quantities. The CFD methodology employed throughout this project is also
outlined. Experimental set-ups and a comprehensive experimental methodology are not dis-

cussed in detail here, with such discussions occurring in subsequent chapters.

3.1 Modelling assumptions

Assumptions on the mechanisms driving melt flow, melt flow through a porous medium,
particle transport and filtration are outlined here. The reasons for such assumptions are

given.

3.1.1 Melt behaviour

Polymer melts are classified as non-Newtonian, shear-thinning, viscoelastic materials. How-

ever, Champion [18] determines that at shear rates found throughout processing (¥ < 150s™1)

44
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polyester melt flows are considered Newtonian. Chapter (] verifies that PET melt can be
considered Newtonian through filter media. All flows considered in this project will therefore

be considered Newtonian.

3.1.2 Flow regime

Darcy’s law applies when viscous forces dominate inertial forces (Re < 1). An upper limit
can be calculated for the Reynolds number of each filter system. For example, through the
seven candle filter pack, upper limits on throughputs at the inlet are 3000 kg/hr, which is
the largest of all filter systems modelled. The inlet pipe diameter, D, is 0.03 m for a seven
candle filter pack. Polymer melts with density above 2000 kg/m? and viscosity below 100
Pa s will not be considered throughout this thesis. Therefore, the Reynolds number through

filter systems in this thesis has an upper limit such that

4 4 x 3000/3600

< = 0.36.
D 1007 x 0.03

Re <

Viscous forces dominate inertial forces throughout each filter system and Stokes flow holds.
For a steady flow, this simplifies the Navier-Stokes equations further as the inertial term can
be neglected:

V-u=0,

(3.1)
—Vp+F +Viu=0.
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3.1.3 Particle transport

The Péclet number (Pe) is the ratio of the rate of advection to the rate of diffusion of a

physical property [115], and, for mass transfer, is given by

Llul
D.’

Pe = (3.2)

where L is a characteristic length scale, |u| is the velocity magnitude and D, is the diffusion
coefficient. The Stokes-Einstein equation may be used to find D, for spherical particles

through a low Reynolds number liquid [116]; it is given by

kT
< 6mur,’

D (3.3)

where kj is Boltzmann’s constant, 7' is the absolute temperature and r, is the radius of
the particle. The filter media modelled in this work is graded between 23 and 80 microns.
Therefore, particles with diameters of the order 10 microns are targeted for filtration. A
beyond cautious minimum estimate for filtered particle size is therefore 1 micron in radius.
Temperatures in the filter will never exceed, or even approach, 1000K since such a temperature

exceeds operating ranges for the filters [11]. An upper bound on D, is therefore

ky x 1000

D 1x 10717,
¢S Grx100x1x106 =%

A lower bound on pore diameter, which is often chosen as the characteristic length of a filter
medium, is 1 micron. This is a cautious estimate as the lowest grade of filter material in
this considered here is 23 microns and pore diameter would have to be of the same order to
capture particles through surface filtration. Therefore, at velocities near the filter medium,

Pe > 1, and Brownian motion is negligible.

Furthermore, the Stokes number is a dimensionless number corresponding to the behaviour

of particles suspended in a fluid flow [117]. It is the ratio of characteristic time of a particle
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to a characteristic time of the flow and is given by

tr|ul
L )

Stk = (3.4)

where t, is the particle relaxation time. For Stk < 1, particles will follow streamlines closely

[117]. The particle relaxation time is given by

_ Py
T — 18# bl

(3.5)

where p,, is particle density and d, is particle diameter [118]. Typical contaminant particle
density is not known, but typical contaminants may include degraded polymer or metal cat-
alyst residues. An overcautious maximum particle density is chosen as p, = 10000 kg/m?,
which is larger than most metals. An overcautious maximum particle diameter is chosen as
dp, = 1 mm, which is two orders of magnitude larger than the largest filter grade. Hence, a

pessimistic upper bound for the particle relaxation time is

10000 x 0.0012

-5
t, = 13 < 100 <1x107°.

The largest throughput through any filter pack is 3000 kg/hr through the seven candle filter

pack. The seven candle filter pack has an inlet pipe diameter of D = 0.03 m. Hence,

1x107° % 0.6
Stk< —/—— =" «1x1073
0.03 X

and particles follow streamlines in polymer melt flow.

3.1.4 Filtration mechanisms

Screen filters are made up of several layers of woven screen, where the filter medium is sand-

wiched between support meshes. The mechanism of filtration for screen filters is therefore
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surface filtration. The screen captures particles larger than the mesh openings, preventing
them from moving onto the next stage of production. This is verified in [113], where captured
particles are seen on the surface of used screen filters after polymer melt filtration. For candle
filters, the filter medium consists of sintered metal fibres with a voidage of 60% and a thickness
of approximately 1 mm. The sintered metal fibre used in candle filters is a depth filtration
medium [119]. The sintered fibre structure is a less organised structure than a weave, hence
pore diameter will vary and openings will be larger than particles. A thickness of 1 mm is

therefore required as particles will be deposited within the porous structure.

3.2 Computational fluid dynamics methods

All computational models used throughout the project will rely on CFD methods. CFD is
a numerical approach to solving the equations which govern fluid flow problems, such as the
Navier-Stokes equations. Systems such as the Navier-Stokes equations are nonlinear and, for
a given problem, rarely have a known analytical solution. Experiments are therefore the most
reliable technique for fluid flow analysis, but experiments are expensive and measurements
may only be obtainable at isolated points. CFD is therefore used to give detailed approximate
solutions at a lower cost than experiments. CFD models of three filter systems are created
for this research: a screen filter model, a single candle filter pack model and a seven candle

filter pack model.

CFD is limited by the standard errors associated with numerical modelling on a computer,
such as round-off and discretization errors. As such, CFD models should be validated by

comparisons with the literature or experimental work.

Computational modelling in this thesis will follow the usual stages of a CFD simulation:

1. Creation of a geometry that captures the real geometry of interest.

2. Mesh the geometry and implement boundary conditions.
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3. Specify the physics of the problem and choose the appropriate solvers.
4. Run the simulation and ensure convergence of any iterative solution steps.

5. Refine the mesh and repeat the simulation to ensure mesh independence. If the problem

is unsteady, ensure time-step independence.

6. Post-process results.

Appropriate results are then processed and extracted. ANSYS Fluent has been identified as
the software used to model CFD problems in this project [14]. ANSYS Fluent is a commercial
software and is supported by other ANSYS software. ANSYS DesignModeler [120] is used to
import a geometry from SolidWorks [121]. ANSYS Meshing is used to mesh the geometry
[120]. Fluent is used to set up the physics and solvers, and to run the CFD simulation. Results
are post-processed through a mixture of Fluent and CFD-Post. ANSY'S was selected due to its
intuitive graphical user interface (GUI), making it ideal for efficiently running problems with
relatively simple physics, such as flow problems for highly viscous, Newtonian flows. It was
also selected as it may be customised through user-defined functions and named expressions
can be used to create custom variables. It was also selected for its in-built macroscopic porous

media model.

3.2.1 Geometry construction

Geometrical measurements for each filter design considered are provided in CAD drawings
provided by Mylar. From measurements, SolidWorks parts are created and combined in
an assembly. As the interest is in the flow of polymer melts through the geometry, the
final geometry created is of the space in which the fluid occupies. After creation of the full
geometry, .STEP files are imported into DesignModeler, where the geometry is broken into

different parts to help with meshing.
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3.2.2 Boundary conditions

Mass flow inlets are chosen as inlets for every model as melt pumps are employed to maintain
a constant flow rate upstream of filter packs in each extrusion system. A mass flow rate is
selected with a direction specified as normal to the boundary. Due to the viscous nature
of polymer melt flows, a no-slip boundary condition is chosen on each wall of the geometry.
No-slip specifies that a fluid has no velocity at the boundary of a wall. A pressure outlet
is chosen at the outlet boundary of each simulation. The pressure is fixed at atmospheric
pressure at the outlet. A die is found downstream of the filter in an extrusion system. Here,
fluid flows out of the die into open channel flow, into atmospheric pressure. The die and the
pipe system between the filter and die is not modelled in CFD simulations. However, as the
pressure drop across the filter pack is of interest, with information on pressure upstream and
downstream of the filter, pressure drop across the pack can be found by taking the difference of
the two. Symmetrical boundary conditions are also employed, which exploit the symmetry of
each filter pack. Symmetrical boundary conditions assume that the flow entering the domain
on one side of the symmetry plane is mirrored on the other side, and no fluid flows across
the symmetry plane. Any identified plane of symmetry allows the geometry to be reduced,
reducing the computational domain size and, consequently, the computational expense of a

simulation.

3.2.3 Meshing

After creation of a geometry, the domain must be meshed so discretised differential equations
can be solved. ANSYS Meshing was chosen to mesh the geometry. All meshes are detailed
in relevant chapters but were generally generated with tetrahedra cell shapes, with mesh
defeaturing, curvature capture and capture proximity specified. Sweep meshing generates a
mesh by sweeping a 2D mesh along a path to create a 3D mesh. Sweep meshing was utilized in
the inlet and outlet pipe section of every 3D geometry. It was also utilized in specific sections

of axial symmetry inside the filter packs, for example along the central cylinder of a candle
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filter. It creates an ordered structure to the mesh, which can improve accuracy in results and

efficiency in mesh generation.

In Fluent, it is possible to further refine the mesh in regions of high pressure gradients with
mesh adaptation. When using adaptive meshing, pressure hessian indicator refinement is cho-
sen as the refinement criterion. That is, the mesh is adapted based on the second derivatives
of pressure, refining it in regions of rapid pressure changes, such as regions of high pressure
gradients. Refining the mesh in regions of high pressure gradients improves the reliability of
results, while allowing the mesh to remain coarser in other regions, where a fine mesh has
less influence on reducing numerical error. This balances the need to save computational ex-
pense while not compromising the reliability of the model. This is particularly useful in this
research, where mesh needs to be finer in the vicinity of porous zones and coarser elsewhere

to save computational cost.

3.2.4 Mesh independence

It is crucial that each CFD model is mesh independent. Mesh resolution directly impacts
the accuracy of CFD results. A coarse mesh may fail to capture important flow features and
gradients. Mesh independence ensures that observed results are not affected by artifacts of
the mesh. To ensure mesh independence, at least two parameters will be monitored for at
least three meshes of different sizes. As this research is particularly interested in pressure
drop across filter packs, pressure at a plane near the inlet for each model will be ensured to
be independent with increasing mesh size. Furthermore, since changes to flow patterns are of
interest, flow development length will be compared to the analytical relationship developed
by Durst et al. [122]. This particular correlation is chosen as it accounts for the role diffusion

plays in flow redevelopment in the creeping flow limit [123]. The relationship is given by

16 1.6 0.625
Xp/D = [0.619 6 4 (0.0567Re) : (3.6)
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where Re is the Reynolds number in the pipe, D is the pipe diameter and X p is the develop-
ment length. Flow development length is the distance over which a flow evolves into a fully
developed state. Further mesh independence checks will take place for candle filter packs,

which will be discussed in the subsequent chapters.

3.2.5 Physics and solvers

A steady, pressure-based solver is specified and a viscous, incompressible laminar model is
used for every CFD model. That is, the Navier-Stokes equations are discretised and solved
using the finite volume method. The Navier-Stokes equations for a viscous, Newtonian fluid
are given by
V-u=0,
(3.7)
pu - Vu = —VP + uV3u.

A coupled pressure-velocity scheme is used, with least squares cell based gradient discretiza-
tion. Second order pressure and second order upwind momentum discretization are also
specified. A hybrid initialization method is used. That is, initial values are assigned to each
cell based on the solution to a Laplace equation which determines an initial non-uniform guess

for the velocity and pressure fields.

3.2.6 The porous media model

The porous media model [124] is used to represent the filter in each model. The porous media
model is built into Fluent and accounts for the additional pressure drop due to filter resistance
and was detailed in Subsection 2:4.2] A cell zone representing filters in each geometry is
created for each CFD model, and the porous media model is enabled in these porous zones.
Viscous resistance is required as an input for porous zones. Viscous resistance is simply

defined as the inverse of permeability. From experimental data of pressure drop against flow
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rate, if Darcy’s law holds, a permeability may be determined for each filter. This permeability

will then decrease as particles block pores in a filter, increasing the viscous resistance.

3.2.7 Convergence

Convergence in CFD refers to the state where the numerical solution stabilizes, and further
iterations of the simulation do not significantly change the computed results. Residuals are
monitored for each iteration. Residuals are a measure of the numerical error in a simulation
representing the discrepancies between the computed values at a particular iteration and the
values from the previous iteration. The convergence criterion is set for a maximum scaled
residuals of the order 107°. Furthermore, pressure drop across each geometry and mass

imbalance between the inlet and outlet are ensured to vary by less than 0.001% per iteration.

3.2.8 Post-processing

Post-processing in CFD refers to the analysis and interpretation of simulation results after
simulations have converged and ensured to be mesh independent. Post-processing is performed
in Fluent and CFD-post, and data is exported into Excel and Python 3.9 for comparisons with
experiments, different models and plotting. Visualizations of the flow are created in Fluent,
including contour plots and streamlines. Sensitivity analysis is also performed, where model

parameters are varied to understand how they influence the flow.
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Modelling Polymer Melt Flow
Through Screen Filters

This chapter focuses on screen filters, the filters employed on the pilot scale line of the film
casting process. The structure of screen filters is examined and the geometry and set-up of
the pilot scale line in which they are employed is shown. An experiment, designed to capture
the relationship between pressure drop and throughput across varying grades of screen filter is
detailed. A computational model of the filter system that includes the screen filter is created
and calibrated to match experimental results. By considering the influence of multiple layers
on flow behavior, the developed computational model aims to provide accurate predictions of

pressure drop across the multi-layered screen filters and flow patterns in the filter system.

4.1 Screen filter geometry

In-line screen filters are employed on a pilot scale film line. An in-line screen filter is shown
in Figure [.1Ip; they are circular structures where a filter medium is sandwiched between

coarse upstream and downstream support mesh. The filter is inserted into the circular pipe,

54
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Adapter ring
Screen filter
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Flow
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Figure 4.1: (a) A cross-section of the geometry around the filter. The adapter ring was not
used in the experiment. (b) An in-line screen filter. (c) A filter holder.

supported by a filter holder, so that melt passes through its flat surface. After passing through
the filter, the melt passes through the holder, shown in Figure [{.Ik, via the circular holes in
it.

This geometrical set-up is shown in Figure [{.Th. Melt enters through a circular pipe, which
widens in the upstream section prior to encountering the filter. It then traverses the filter and
the holder, then, downstream of the holder, the pipe channel constricts to its original diameter.
Note that Figure [£.TJp shows only the geometry in the vicinity of the filter and holder. The
pipes in and out of this section extend and remain straight with constant diameter for at least
a metre in both directions away from the filter and holder. This ensures fully developed pipe

flow upstream and downstream of the filter system.

The filter holder is used to keep the in-line filter in place and support it against the high
pressures in the extrusion system. The filter sits in the holder, against the surface shown
in Figure [{.Ik. The holder is the only part of the geometry which cannot be modelled as

axisymmetric, due to the holes in it.

To understand how permeability influences pressure drop, four grades of filters are utilised
during this work: three-layered 80, 60 and 40 micron filters and a five-layered 23 micron

filter. An 80 micron filter captures 99% of particles with diameter larger than 80 microns.
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The three-layered filters are made up of a downstream support layer, a filter layer and an
upstream support layer. The 23 micron filter is made up of five layers: a filter layer, two
upstream support layers and two downstream support layers. Figure [£.2] shows different
types of weaves. It also shows how the thickness of the weaves can be calculated. Thickness
is calculated as some form of sum of warp and weft wires, given by d,, and ds respectively in
Figure All support layers are plain weaves, with an example downstream support layer

shown in Figure [1.3] A variety of weaves are employed for filter layers, listed in Table

Figure 4.2: Schematics of (a) plain (b) twill (¢) plain Dutch and (d) Dutch twill weaves.
Figure from [41].

A Keyence VHX-6000 3D Optical Microscope with a 20x-200x magnification range was used

to examine and categorise the structure of screen filter layers. The microscope has built



Chapter 4 57

in image analysis software which was used to measure the thickness of metal wires used as
weaves for screen filter layers. Screen filters consist of multiple layers of woven metal wires.
Samples of each layer were prepared by separating the screen filter with pliers. Each sample

was washed and cleaned with a brush to ensure any contaminants were removed.

The total thickness of each filter and each support layer was also measured using a caliper
with precision of 10 microns. Each individual layer for each filter was measured three times, as
well as the total thickness of each filter. For each filter, the sum of the average measurements
of each layer were found to be the same as the average thickness of the filter. Multiple new

filters of each grade were available for microscopic examination and measurements.

Table 4.1: Weaves of the filter layer for each screen filter.

Filter layer | 80 60 40 23
Weave ‘Twill Twill Plain Dutch Twill Dutch

_—

Figure 4.3: A x60 magnified image of a 40 micron screen filter downstream support mesh.
The same downstream support mesh is employed for the 80 and 60 micron filters.
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4.1.1 80 micron filter

Table 4.2 shows the measurements taken from the filter and each individual layer when using
a caliper for the 80 micron filter. The final column shows a direct measurement of the
whole filter. As expected, summing the average of each layer gives the same thickness as the
average thickness of the filter itself. Figure [£.4] shows how the wire diameter of the filter layer
was determined for the 80 micron filter. Using the microscope, a single wire diameter was
determined from in-built measuring software. Another measurement was then taken, and the
measurements were averaged. A third measurement was taken and averaged with the previous
measurements, and so on, until the average was deemed to have varied insignificantly with
subsequent measurements. This technique was repeated for the filter layers of the other filter
grades. The diameter of wires that made up the filter layer was found to be 80 and 90 microns
in the weft and warp direction respectively. Figure [£.4] shows the structure of the filter layer.
For twill weaves, the thickness, dp, of the weave is given by the sum of the diameters of the
weft and warp wires. From microscope readings, this gives dp = 170 pm. Similarly, from the

caliper measurements, the thickness of the filter layer was found to be 170 pum.
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Figure 4.4: Determined (a) warp and (b) weft wire diameter for the filter layer of a 80
micron filter. The warp and weft wires were observed to have different diameters. (c) A x140
magnified image of the twill weave used for the filter layer.
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Table 4.2: Caliper measurements taken from the 80 micron filter.

Layer ‘ Upstream support Filter layer Downstream support 80
Thickness [pm] 250 170 550 970
Repeat 1 [pm)] 250 170 550 970
Repeat 2 [pm] 250 170 550 970
Average [pm] 250 170 550 970

4.1.2 60 micron filter

Table [£.3] shows the measurements taken from the filter and each individual layer when using
a caliper for the 60 micron filter. Measurements were taken multiple times to ensure accuracy.
The sum of the average thickness of each layer is within 10 microns of the average thickness
of the filter itself. The discrepancy can be attributed to error caused by caliper resolution.
Figure [£.5] shows how the wire diameter of the filter layer was determined for the 60 micron
filter. The diameter of wires that made up the filter layer was found to be 60 microns. As

the filter layer of this screen filter is a twill weave, dp = 120 pm. Similarly, from the caliper

measurements, the thickness of the filter layer was found to be 120 pm.
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Figure 4.5: Determined (a) warp and (b) weft wire diameter for the filter layer of a 60 micron

filter. (c) A x200 magnified image of the twill weave used for the filter layer.
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Table 4.3: Caliper measurements taken from the 60 micron filter.

Filter ‘ Upstream layer Filter layer Downstream layer 60
Thickness [pm] 240 120 550 900
Repeat 1 [pm)] 240 120 540 900
Repeat 2 [pm)] 240 120 550 900
Average [pm] 240 120 550 900

4.1.3 40 micron filter

Table [£.4] shows the measurements taken from the filter and each individual layer when using
a caliper for the 40 micron filter. As expected, summing the average of each layer gives the
same thickness as the average thickness of the filter itself. Figure shows how the wire
diameter of the filter layer was determined using the microscope for the 40 micron filter. The
weft wire and warp wires are 100 pm and 150 pm respectively. As the filter layer is a plain
Dutch weave, weft wires weave under and over warp wires, giving a total thickness of dp = 350

pm. Similarly, for the caliper measurements, dp = 350 pm.
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Figure 4.6: Determined (a) warp and (b) weft wire diameter for the filter layer of a 40
micron filter. The warp and weft wires were observed to have different diameters. (c¢) A x140
magnified image of the plain Dutch weave used for the filter layer.
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Table 4.4: Caliper measurements taken from the 40 micron filter.

Filter ‘ Upstream layer Filter layer Downstream layer 40
Thickness [pm] 250 350 550 1150
Repeat 1 [pm] 250 350 550 1150
Repeat 2 [pm] 250 350 550 1150
Average [pm] 250 350 550 1150

4.1.4 23 micron filter

Table [£.5] shows the measurements taken from the filter and each individual layer when using
a caliper for the 23 micron filter. UF represents the layer between the filter layer and the
upstream layer. DF represents the layer between the filter layer and the downstream layer. As
expected, summing the average of each layer gives the same thickness as the average thickness
of the filter itself. Figure shows how the wire diameter of the filter layer was determined
using the microscope for the 23 micron filter. The weft wire and warp wires are 40 ym and 50
pm respectively. As the filter layer is a twill Dutch weave, weft wires weave under and over
warp wires, giving a total thickness of dp = 130 pm. Similarly, for the caliper measurements,

dr = 130 pm.
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Figure 4.7: Determined (a) warp and (b) weft wire diameter for the filter layer of a 23
micron filter. The warp and weft wires were observed to have different diameters. (¢) A x200
magnified image of the twill Dutch used for the filter layer.
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Table 4.5: Caliper measurements taken from the 23 micron filter.

Filter ‘ Upstream Filter downstream UF DF 23

Thickness [pm] 380 130 380 110 210 1210
Repeat 1 [pm] 370 130 370 110 210 1210
Repeat 2 [pum] 380 130 380 110 210 1220
Average [um)] 380 130 380 110 210 1210

4.2 Experimental set-up

The objective of the experiment presented in this chapter was to investigate how pressure drop
across an in-line screen filter is influenced by varying throughput and filter permeability. To
this end, polymer melt was extruded and pumped through an in-line filter. The throughput
and filter were varied throughout and pressure upstream of the filter was recorded. Figure
shows the geometry of the pilot scale extrusion system used for this experiment. PET
chip was fed into the extruder via a cold feedstock where it was extruded and maintained at
275°C by a series of heaters along the extruder, melt system and die. The extrusion system is
heated to control viscosity and prevent solidification. A full vacuum was used on the extruder
to remove moisture and minimise trapped air in the melt. The polymer melt then passed

through the filter holder and then the die.

Initially, no filter was placed within the screen filter holder. The process then began, where
the throughput was gradually increased to flush out any debris from previous use with no

filter in the system. The experiment proceeded as follows:

1. With no filter, the throughput was maintained for at least 15 minutes at 40, 60, 80, 120
and 160 kg/hr.

2. The throughput was then reduced to 0 kg/hr, the system shut down and an 80 micron

screen filter was inserted.
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Figure 4.8: Sketch of the pilot scale extrusion system.

3. The system restarted, and the throughput was maintained at 40, 60 and 80 kg/hr with

the 80 micron filter inserted.
4. Steps 2-3 were then repeated with a 60 micron filter.

5. Step 2 was then repeated with a 40 micron filter. The throughput was maintained at
40, 60, 80, 100, 120 and 140 kg/hr in this case.

6. Steps 2-3 were then repeated with a 23 micron filter. The experiment was then concluded

and the system was shut down.

Table summarizes the filters used and range of mass flow rates tested. Figure shows
the mass flow rate and pressure at the transducer, recorded every minute over the course of
the experiment. Throughputs were targeted by specifying the rpm of the melt pump. This led
to some fluctuations from targeted throughputs. To minimise the impact of any fluctuations,
targeted throughputs were maintained for 15 minutes, and the actual throughput and pressure

data was averaged over the final 10 minutes. Throughputs were maintained in increments of
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at least 20 kg/hr to maximise the range of data covered. Different throughputs for each filter

were chosen to maximise the amount of data recovered over the limited time allowed.

Table 4.6: Screen filters and flow rates used in the experiment.
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Figure 4.9: Mass flow rate at the melt pump and pressure at the transducer throughout the
experiment.

A Minolta/Land Cyclops 79 pyrometer was used to record the temperature of the melt curtain
as it exited the die. This was done for each filter at each maintained throughput to check the

temperature of the melt.

4.3 Computational model

Figure [£.10] shows the model of the 3D geometry used for CFD simulations. It was created
in SolidWorks 2019 using CAD drawings of the filter system employed on the pilot line.
All simulations were implemented in ANSYS Fluent 2022 R1. At the inlet, a mass flow inlet
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boundary condition was specified normal to the boundary with a throughput ranging from 40-
160 kg/hr. A static pressure outlet boundary condition was chosen with 0 Pa gauge pressure;
the inlet and outlet were chosen to be sufficiently far away from the filter and filter holder,
as to have no influence on flow development near the filter. All other external boundaries are
walls with the no-slip condition applied. An incompressible, Newtonian fluid with p = 1225
kg/m3 and a viscosity ranging from 120-180 Pa s was modelled. This puts an upper limit of

0.01 on the Reynolds number, ensuring the laminar regime is maintained throughout.

A steady, pressure-based solver was specified and a viscous, incompressible laminar model
was used. A coupled pressure-velocity scheme was used, with least squares cell-based gradient
discretization. Second order pressure and second order upwind momentum discretization were
also specified. A hybrid initialization method was used. The convergence criterion was set for
maximum scaled residuals of the order 107°. Furthermore, pressure drop across the geometry
and mass imbalance between the inlet and outlet were ensured to vary by less than 0.001%

per iteration.

Figure 4.10: The virtual geometry used to model flow through a screen filter. The blue and
red arrows indicate the flow upstream and downstream of the filter respectively. Note that
the figure does not show the whole length of the inlet and outlet pipes.

The porous media model, detailed in Subsection [2.4.2] was used to represent different con-
figurations of the screen filter in the computational model. In total, twelve variations of the
virtual geometry in Figure were generated, to account for varying filter thickness and

porous zone position. Permeability inputted into the porous media model is determined based



66 Chapter 4

on experimental results. Permeability therefore varied based on filter grade and porous media
model configuration. The different porous media model configurations, and their associated

permeability values, are discussed in Section

A mesh independence study was performed on each mesh to ensure that mesh resolution did
not have a significant effect on any of the CFD results. The mesh was refined systematically
until a stable pressure drop across the filter was observed, and the redevelopment length
from the inlet was compared to a correlation in the literature. An example of this process is

described in Subsection A.5.11

4.4 Experimental results

Figure shows pressure at the pressure transducer, shown in Figure found at each
throughput interval. Error was calculated by calculating standard deviation over the averaged
pressure data, and was found to be universally under 2 psi, which would not be identifiable in
Figure As expected, pressure increases with increasing throughput and filter fineness.

Pressure does not increase linearly with throughput.

This can be explained by Figure [£.12h, which shows the average temperature recorded using
the pyrometer at the throughputs of interest. The temperature was found to vary by several
degrees along the curtain, giving a range of 5°C from one end of the curtain to the other.
As a result, temperature was measured in the middle of the curtain, and this variation was
accounted for with a +2.5°C error. The temperature increased by nearly 20°C over the range
of throughputs. As throughput increases, the speed of the extruder screw increases, leading to
an increase of shearing of the polymer melt, thus energy dissipates through heat. Increasing

temperature leads to a decrease in viscosity, decreasing pressure drop.

Figure [{.12p shows that over the range of temperatures recorded, the viscosity of the polymer

varies by 38%. The relationship between viscosity and temperature was determined using
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Figure 4.11: Pressure against throughput for each filter.

the model described by the equation (2.9). A 0.58 IV PET melt was used throughout this

experiment.

The relationship between mass flow rate and pressure drop across the filter is of interest as this
will clarify the physical behaviour of the melt. As the flow in the geometry is in the laminar
regime and Re < 1, a Newtonian fluid would follow Darcy’s law. Pressure drop across the
filter therefore increases linearly with increasing mass flow rate. However, Figure shows
that viscosity changes significantly over the range of flow rates used in the experiment. If
this change in viscosity is not accounted for, the relationship between pressure drop across
the filter and mass flow rate could not be established. To account for viscosity varying with

temperature, a new variable, the corrected pressure £, is defined such that

{=P/p. (4.1)

For each throughput in Figure [£.11], an associated temperature was calculated from the line
of best fit in Figure [£.12h. This temperature was then used to find the viscosity and calculate

£ using the temperature-viscosity relationship.
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Figure 4.12: (a) The average temperature recorded using the pyrometer at each throughput
interval. (b) The relationship between melt viscosity and the temperatures recorded in (a),

calculated from ([2.9).

Pressure drop across a filter can be determined at a particular throughput by subtracting the
pressure reading of the system without a filter from the pressure reading of the system with a
filter. Then, to obtain the pressure drop, a line of best fit was created for the no filter case for
the pressure-throughput relationship. This gives the predicted pressure output through the
system without a filter. This predicted pressure output is then subtracted from the pressure
output obtained when the filter is in place to determine the pressure drop across the filter at
that specific throughput. Figure shows the corrected pressure-throughput relationship
at the transducer is linear for the no filter case, showing the pressure-throughput relationship

is linear when viscosity is accounted for.
From Darcy’s law, dividing by viscosity,
A¢ = AP/p = (d/kAp)m, (4.2)

where A is the cross-sectional area of the filter, 7 is the throughput and A is the cor-

rected pressure drop across the filter. That is, corrected pressure drop increases linearly with
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throughput in Darcy’s regime. From Figure |4.14] it appears that corrected pressure drop
does indeed increase linearly with throughput. As accounting for temperature in the melt’s
viscosity recovers Darcy’s law, the viscosity varies negligibly with shear rate; its zero shear
viscosity limit applies throughout the experiment. Furthermore, as Darcy’s law applies, the
viscoelastic properties of the polymer melt are demonstrated to have a negligible effect on the

flow through a screen filter.
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Figure 4.13: Corrected pressure at the transducer against throughput for the no filter case.

From Figure the lines of best fit for each filter do not intercept the origin. As the
filter grade reduces, thus the permeability of the filter decreases, the intercept increases.
The shift may be due to non-linear effects at low throughputs, implying pre-Darcy behavior,
where the throughput-pressure drop relationship becomes nonlinear due to factors such as
boundary layer effects [125]. Teng et al [126] present a comprehensive review on the literature

investigating the pre-Darcy regime.

Temperature variations through the filter may also contribute to the shift. The shift may also
be due to complex viscoelastic, non-Newtonian behaviour at low strain rates. As operating
throughput decreases, the rate of strain imposed on the melt by the filter decreases. The

melt viscosity-rate of strain relationship in porous media shows melt viscosity decreasing with
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Figure 4.14: Corrected pressure drop across each filter against throughput.

strain rate, with several plateaus [45]. Experimental conditions may impose a range of strain
rates on the melt such that the relationship remains in the intermediate plateau. Hence rate
of strain would have no influence on melt viscosity throughout experimental conditions. Low
operating mass flow rates may then increase melt viscosity due to a decrease in the strain rate
imposed by the filter on the melt, resulting in non-linearity for the pressure drop-mass flow

rate relationship.

Darcy’s law has therefore only been shown to be valid over the range of flow rates shown for
the experimental data in Figure The exact nature of the pressure drop and mass flow
rate relationship as mass flow rates approach zero is beyond the scope of this work since it is
outside of the operating regime of any practical applications that I am aware of, nevertheless

it may be of scientific interest to investigate more thoroughly in future work.

4.5 Computational results

As Darcy’s law (4.2]) applies over the range of the experiment, permeability values for each
filter grade were calculated by obtaining the gradient from lines of best fit in Figure
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That is, using
d 1
- Apmy’

where m,, is the gradient from the line of best fit of an individual filter grade.

Figure highlights the screen filter structure, with the thickness of the downstream support
mesh, the filter layer and the upstream support mesh prescribed dp, dr and dy respectively.
These thicknesses vary between filter grade, and were measured for each filter using a caliper.
The total thickness of, for example, the 80 micron filter is therefore given by dfgtal = d%o +
d%o + d%o, where the superscript represents the filter grade. For the 23 micron filter, which
is made up of five total layers, d%?’ was taken as the sum of the two downstream support
meshes and d%?’ was taken as the sum of the filter layer and the support mesh between the
filter layer and the upstream support mesh. With this structure, three different porous zone
configurations were tested to determine the most reliable configuration for predicting pressure

drop across a multi-layered woven screen with CFD using the porous media model:

1. The “full length” model. The porous zone, for each filter grade, was prescribed a
thickness of diota1 = dy + dr + dp and it was placed directly against the filter holder.
If this model gives good agreement with the experimental results, then the layers need
not be considered, and a single permeability value can be successfully used to predict

pressure drop across the multi-layer configuration of a screen filter.

2. The “filter by holder” model. Zero thickness was chosen for dy and dp, leaving the
porous zone with a thickness dr and placing it directly against the filter holder. If this
model gives good agreement with the experimental results, then only the filter layer

need be considered to successfully predict pressure drop across a screen filter.

3. The “filter away from holder” model. The porous zone was enabled only in dg, placing
the porous zone a distance dp away from the filter holder. If this model gives good agree-
ment with the experimental results, then only the filter layer need be considered when
calculating permeability, but the position of the layer must be considered to successfully

predict pressure drop across a screen filter.
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For each of the porous zone configurations, the permeability of each filter grade was calculated
from . Simulations were then run to match the targeted throughputs in the experiment.
For example, for the 80 micron filter using the full length model, a mesh was created with a
porous zone of thickness dfgtal. This was ensured to match the total measured thickness of the
actual 80 micron screen filter. A permeability was then calculated from using d = dfgtal,
which was then prescribed to the porous zone. Then simulations were run at 40, 60 and
80 kg/hr to match the throughput intervals targeted by the experimental work. Simulations
were also run with no porous zone prescribed to the geometry at throughputs in intervals of
20 kg/hr between 40-140 kg/hr. Corrected pressure drop across the filter at each throughput
was then calculated by subtracting the corrected pressure output from the no porous zone
case away from the corrected pressure with the porous zone enabled. Table shows the flow
rates and viscosities at which CFD simulations were carried out for each grade of filter. Flow
rates were chosen to match with targeted flow rates taken from the experiment. The viscosity

input into the CFD was calculated using the model described by equation ([2.9)).

Table 4.7: Filter grades and viscosities associated with each flow rate inputted into the CFD
porous zone model.

m [kg/hr] Filter grades [pm] p [Pa s]

40 All 175.01
60 All 162.47
80 All 150.95
100 40 140.38
120 40 130.66
140 40 121.71

4.5.1 Mesh independence study

For each unique geometry, three meshes were generated. All meshes were generated with
tetrahedra cell shapes, with curvature capture specified to ensure sufficient mesh resolution
in regions of significant changes in curvature. Figure [4.15h shows the pressure drop output

for the three meshes generated for the 80 micron filter in the filter away from holder case at a
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throughput of 80 kg/hr. There is shown to be less than a 0.025% change between the medium
and fine mesh. Results were therefore deemed to be independent of choice of medium or fine

mesh.

Figure shows a plot of z-velocity along the centreline of the pipe, starting from the
inlet. The development length in the CFD model was determined by analysing the z-velocity,
pinpointing the point at which its variation along the length of the pipe is 0 m/s to 4 decimal
places. It is found to be in good agreement with , with a percentage error of under 5%.

The medium mesh was deemed suitable to proceed with analysis.

Figure shows that the flow is fully developed before entering the filter system. This
verifies that the inlet pipe was significantly long enough to fully develop the flow before
entering the filter system, negating any influence of artificial boundary effects on the flow

through the filter system.
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Figure 4.15: (a) Pressure drop against number of mesh elements and (b) a-velocity along
the centerline for the 80 micron filter in the filter away from holder medium mesh case at a
throughput of 80 kg/hr
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4.5.2 Computational validation

The full length model

Figure [4.16] shows the porous zone configuration for the full length model. Table gives the

thickness and permeability of each porous zone for each filter.

Figure 4.16: Porous zone configuration of the full length model.

Table 4.8: Filter thickness and permeability for each filter for the full length model.

Filter grade [pm] diotal [mm] k [m?]
80 0.97 4.99 x 10710
60 0.9 4.02 x 10710
40 1.15 3.59 x 1010
23 1.21 1.73 x 10710

Figure provides a comparison between the CFD results obtained using the full length
model and the corresponding experimental data. The CFD model has been successful in cap-
turing the linear relationship between throughput and pressure drop. However, it is apparent
that there is poor agreement between experimental data and the full length model. It is
worth noting that the full length model predicts a corrected pressure drop of 0 psi/(Pa s) at
a throughput 0 kg/hr, which, as discussed, is not observed in the experimental data. This is

a feature of a porous zone, as it is implementing Darcy’s law. Thus, to compare the two, it
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is essential to focus on the gradients obtained from the CFD model and experimental data.
Table shows that there is around a 50% discrepancy in results. This poor agreement is
because the full length model does not account for the multi-layered structure of the screen

filters. Superior agreement is found when the different layers are accounted for.
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Figure 4.17: Corrected pressure drop through the (a) 80 (b) 60 (c) 40 (d) 23 pm filter against
throughput from experimental data and the full length model.



76 Chapter 4

Table 4.9: Comparison between the gradients produced between experimental results and the
full length model.

Filter grade [um] Experimental gradient CFD gradient Gradient error [%]

80 0.0193 0.0306 58.55
60 0.0222 0.0357 60.81
40 0.0317 0.0488 53.94
23 0.0692 0.1014 46.53

The filter by holder model

Figure shows the porous zone configuration for the filter by holder model. Table

gives the thickness and permeability of each porous zone for each filter.

Figure 4.18: Porous zone configuration of the filter by holder model.

Table 4.10: Filter thickness and permeability for each filter grade for the filter by holder
model.

Filter grade [pm] dp [pm] k [m?]
80 170 8.75 x 10~ 11
60 120 5.35 x 10~ 11
40 350 1.09 x 10710
23 240 3.44 x 10~ 11

Figure provides a comparison between the CFD results obtained using the filter by holder
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model and the corresponding experimental data. The filter by holder model has been suc-
cessful in capturing the linear relationship between throughput and pressure drop. However,
it is apparent that there is very poor agreement between experimental data and the CFD
model. There is poor agreement between experimental data and CFD model gradients. Table
shows that CFD predictions are off by around 100%. This suggests that position of the

porous zone, relative to the filter holder, must be accounted for.
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Figure 4.19: Corrected pressure drop through the (a) 80 (b) 60 (c) 40 (d) 23 pm filter against

throughput from experimental data and the filter by holder model.
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Table 4.11: Comparison between the gradients produced between experimental results and
the filter by holder model.

Filter grade [um] Experimental gradient CFD gradient Gradient error [%)]

80 0.0193 0.0381 97.41
60 0.0222 0.0447 101.35
40 0.0317 0.0585 84.54
23 0.0692 0.1322 91.04

The filter away from holder model

Figure [4.20| shows the porous zone configuration for the filter away from holder model. Table

gives the thickness and permeability of each porous zone for each filter.

Figure 4.20: Porous zone configuration of the filter away from holder model.

Table 4.12: Filter thickness and the permeability for each filter for the filter away from holder
model.

Filter grade [pm] dp [pm] dp [pm] k [m?]
80 170 550 8.75 x 10~ 11
60 120 550 5.35 x 10~ 11
40 350 550 1.09 x 10710
23 240 380 3.44 x 10711

In Figure [£.21] a comparison is presented between the filter away from holder results obtained
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and the corresponding experimental data. The filter away from holder model has been suc-
cessful in capturing the linear relationship between throughput and pressure drop. Table
shows that, in all cases, the gradient error is under 5%, indicating good agreement between
the experiment and CFD model. This suggests that only the filter layer needs to be repre-
sented by a porous zone, but for good agreement, it should be placed in its correct position

relative to the filter holder, hence the thickness of the downstream support mesh is needed.
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Figure 4.21: Corrected pressure drop through the (a) 80 (b) 60 (c) 40 (d) 23 pm filter against

throughput from experimental data and the filter away from holder model.
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Table 4.13: Comparison between the gradients produced between experimental results and
the filter away from holder model.

Filter grade [um| Experimental gradient CFD gradient Gradient error [%]

80 0.0193 0.0202 4.66
60 0.0222 0.0231 4.05
40 0.0317 0.0327 3.15
23 0.0692 0.0700 1.16

4.6 Discussion

The away from holder model produces results in best agreement with the experiment because
the multi-layered configuration of the filter is accounted for through the thickness of the
porous zone and its position relative to the filter holder. The filter medium itself is far less
permeable than the support layers, thus the pressure drop caused by flow resistance through
the filter layer dominates the pressure drop through the screen filter. However, it is clear that
the position of the porous zone relative to the filter holder influences results. By placing the
porous medium the distance of the downstream support layer away from the mesh, agreement

with the experiment is superior.

Figure shows the x-velocity profile upstream of the porous zone for each model. As
model accuracy compared to experimental results improves, there is a decrease in fluctuations
in z-velocity upstream of the porous zone. This shows that by placing the porous zone a
distance away from the holder, the resistance caused by the porous zone has a larger influence
on the flow profile. As the porous zone is defined as isotropic and homogeneous, the flow
redistributes so that velocity is constant across it. In pipe flow, as flow approaches an isotropic,
homogeneous screen, it causes resistance to the flow, flattening the velocity profile [127]. This
flattening is most apparent in the filter away from holder model. The flattening is less apparent
in the filter by holder and full length models, where the z-velocity profile has a similar shape
to the no filter case. As the porous zone is in contact with the holder, the flow distributes to

follow the path of least resistance through both the porous zone and the holder.
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Figure 4.22: Plot of z-velocity along y = 0, 1.5 mm upstream of the holder for a no filter case,
the full length model (diotal = 0.9 mm), the filter by holder model (dr = 0.12 mm) and the
filter away from holder model (dp = 0.12 mm, dp = 0.55 mm). All models have a throughput
of 60 kg/hr. A 60 micron filter is modelled.

This is further verified by Figure In Figure [4.23h, where no filter is inserted, flow is
evenly distributed through each channel of the filter holder. In Figure [4.23b , in the filter by
holder model, the flow patterns closely resemble those observed in the absence of a filter; the
distribution of flow remains well-balanced across each channel. Figure [4.23c shows that, for
the filter away from holder model, as the velocity is nearly constant across the porous zone,
the majority of the flow must travel through the outer holes, due to the proportion of fluid
in their vicinity. Overall, the filter away from model resolves the changes in flow as the melt

moves between screen layers and the holder, whereas the other models do not.

The choice of filter grade employed is crucial in optimising the film casting process. A lower
grade filter ensures smaller contaminants are captured compared to a higher grade filter.
However, Figure shows that decreasing filter grade results in a larger pressure drop
penalty across the filter. This means that more energy is required for the melt pump to
maintain a desired flow rate. It is therefore important to choose a filter grade which will

not affect the quality of the final product while minimising pressure drop across the filter to
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optimise cost-effectiveness of the process.

Velocity
magnitude

(b)

(c)

Filter Filter

Figure 4.23: Contours of velocity magnitude perpendicular to the holder for (a) a no filter
case, (b) the filter by holder model and (c) the filter away from holder model. All models
have a throughput of 60 kg/hr; (b) and (c) model a 60 micron filter.

4.7 Conclusion

The structure and thickness of each layer for each screen filter employed by Mylar on the
pilot scale line was found. An experimental set-up, designed to investigate how pressure drop
changed based on changes to melt throughput and filter permeability, was carried out. A
computational model, using a porous zone to represent the screen filter was created to model
experimental results. Variations in porous zone length and position, based on the structure
of a screen filter, were tested to see what configuration leads to the best agreement with

experimental results.

Pressure drop was found to increase with decreasing filter permeability. Furthermore, cor-
rected pressure drop, accounting for temperature variation, was found to increase linearly
with increasing throughput for all filter grades at all throughputs investigated. This showed
that over the range of the experiment, Darcy’s law applied and PET melts act as a Newtonian

fluids as they pass through screen filters.

It was found that to computationally model the pressure drop of a flow through a multi-

layered woven screen, only the filtration layer needs to be modelled, but the presence of the
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downstream support layer needs to be accounted for. Using the sum of the screens as a
thickness, or ignoring the support meshes completely, leads to inaccurate modelling. Instead,
the filtration layer should be modelled with a porous zone, but placed correctly relative to
the filter holder in the actual geometry. This allows for correct capture of changes in flow
distribution as the melt moves between screen layers and the holder. The CFD methodology
developed is applicable to any CFD model of a filter system which utilizes a multi-layered

screen filter, as long as the fluid is Newtonian and obeys Darcy’s law across the screen filter.
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Pressure Drop Evolution Across

Screen Filters

This chapter extends the work done on the flow of polymer melts through screen filters to
include the consideration of filtration. Another experiment with the pilot scale extrusion
system, where a polymer chip with agglomerated filler particles was used to block a screen
filter over the course of several hours, is detailed and analysed. Filter blocking models are
fitted to the pressure drop evolution data, with the most successful model used to find the
permeability evolution of the filter as a function of time. Using the permeability evolution
model, CFD simulations with the screen filter geometry are undertaken to mimic the pressure
drop evolution seen from the experiment. These simulations are used to offer insight into how

flow patterns change in the filter system as the screen filter blocks.

5.1 Experimental set-up

The objective of this experiment was to investigate how the pressure drop across a screen filter

evolves as the filter blocks with particles. Polymer was extruded and pumped through an 80

84
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micron filter at a targeted constant flow rate of 40 kg/hr and pressure was recorded upstream
of the filter. The filter system used was the same as used in Chapter [ shown in Figure .1
Figure shows the set-up of the pilot scale extrusion system used for the experiment. A co-
extrusion system was used. The primary feeder was fed with a filled polymer; a masterbatch
of 0.64 IV PET melt and filler particles at a targeted 26 kg/hr. The secondary feeder was
fed with an unfilled polymer; a 0.62 IV PET melt at 14 kg/hr. After extrusion, the melts
combined into one pipe upstream of the melt pump. The melt pump aimed to maintain the
desired throughput of 40 kg/hr. The masterbatch of PET and filler particles was used as it
had been found to increase pressure drop across the system at an accelerated rate compared to
other trials on the pilot scale extrusion line. To ensure the filter blocked over a period of hours
rather than minutes, the 0.62 IV PET was used to maintain the minimum required flow rate
of 40 kg /hr for the pilot scale line while diluting the masterbatch. This is because the pressure
tripped in under 30 minutes in a previous run with just the masterbatch at a throughput of
60 kg/hr. Both batches were fed into their respective extruder via a cold feedstock and all
pipes were maintained at 275°C by a series of heaters along the extruder. A full vacuum was
used on the extruder to remove moisture and minimise trapped air in the melt. The melt then
passed through the filter holder and then the die. The melt pump was positioned upstream of
filter. The pressure transducer recorded pressure every minute between the melt pump and

the filter holder.

Figure shows the pressure upstream of the filter and total mass flow rate at the melt
pump throughout the experiment. For the first section, (i), no filter was inserted into the
pilot scale system. This initially flushed out any debris from previous use and was also used
to find the pressure drop across the system excluding a filter. For the second section, (ii),
the filter was inserted, and a clear increase in pressure upstream of the filter is observed as
time progresses. As with the original screen filter experiment, it took time for the mass flow
rate and pressure to stabilise on start up. The final data record shows a pressure output of 0
psi. This is because the previous data record tripped the maximum allowable pressure limit,

shutting-down the pilot scale system.
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Figure 5.1: Sketch of the pilot scale extrusion system for the filtration experiment.
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Figure 5.2: Total mass flow rate at the melt pump and pressure upstream of the filter over
the course of the filtration experiment. No filter was inserted in (i). An 80 micron filter was

inserted in (ii).

Temperature of the melt at the die was recorded with the Minolta/Land Cyclops pyrometer

at several times over the course of the experiment. Temperature was recorded at the feed end,

blank end and centre of the cast sheet for each time. Figure shows temperature against
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average pressure at the transducer for each recording. Each measurement was repeated 10
times and averaged to reduce experimental noise. As the temperature was recorded multiple
times over the course of a recording, pressure increased throughout. Hence the mean of
pressure is plotted in Figure [5.3h. There is no discernible correlation between increasing
transducer pressure and melt temperature. Figure [5.2] also shows that the mass flow rate is
fairly stable throughout the temperature recordings; it has a range of less than 3.28 kg/hr.
Temperature does not appear to vary over the course of the experiment. A temperature of

287.5°C is taken as the temperature of the melt throughout the filtration experiment; this

was determined by taking the mean of the averaged centre temperature in Figure [5.3p.

Mylar provided data on the density-temperature relationship for combined melt flow. Figure
shows the relationship between temperature and density. For the range of temperatures
plotted, a linear fit shows exceptional suitability to the density-temperature relationship, with
R?=0.999. From the linear regression line, a melt density of 1331.95 kg/m? is calculated from
a temperature of 287.5°C. Melt viscosity is calculated from the model described by equation
. At the targeted flow rate ratio between the primary and secondary extruder, the IV of

the combined polymers is 0.633. This gives a melt viscosity of 210.53 Pa.s.
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Figure 5.3: (a) Temperature recorded with a pyrometer over a range of transducer pressures.
(b) Density against temperature for the combined melt, calculated from an in-house model
used by Mylar.
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5.2 Experimental results

Figure shows pressure upstream of the filter and the mass flow rate at the melt pump
for the no filter section of the experiment. The usual noise on start up is apparent. However,
mass flow rate remained unstable up until 60 minutes. Figure shows the mass flow rate
contribution from the primary and secondary feeder for the no filter section. Issues with
the secondary feeder caused inconsistent flow rates and the flow rate only began to stabilise
towards the target at around 55 minutes. Figure [5.5] shows a linear regression line fitted
to the considered no filter mass flow rate and pressure relationship; the trend of increasing
pressure with flow rate is apparent. It was also shown in Figure in Section that over a
large range of flow rates, corrected pressure increases linearly with flow rate. As temperature
and viscosity remained stable over the course of this experiment, pressure can be directly

compared to mass flow rate with the previously established corrected pressure relationships.
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Figure 5.4: (a) Total mass flow rate at the melt pump and pressure upstream of the filter
and (b) primary and secondary feeder mass flow rate for the no filter section of the filtration

experiment.
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Figure 5.5: Plot of pressure against mass flow rate for the no filter section of the filtration
experiment.

Figure [5.6p shows pressure upstream of the filter and total throughput at the melt pump for
the filter section of the experiment, with the start of this section set at 0 minutes. The usual
noise on start up is apparent. However, the mass flow rate remained unstable up until 20
minutes. Figure [5.6b shows the mass flow rate contribution from the primary and secondary
extruder for the filter section. Issues with the secondary extruder again caused inconsistent
flow rates and the flow rate only began to stabilise towards the target after around 20 minutes.

To account for this instability, only data starting from 25 minutes is considered.
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Figure 5.6: (a) Total mass flow rate at the melt pump and pressure upstream of the filter
and (b) primary and secondary feeder mass flow rate for the filter section of the filtration
experiment.

Figure [5.7h shows evolution of the pressure drop across the filter for the section of the ex-
periment where the filter was in place. Pressure drop across the filter is calculated by taking
the pressure recorded at the transducer and subtracting pressure drop contribution from the
geometry, calculated from the regression line in Figure For example, at time ¢ = 25 min
in the filtration section, pressure at the transducer was recorded as P = 368.42 psi. At the
same time, the mass flow rate at the melt pump was recorded as m = 40.98 kg/hr. From the
line of regression in Figure the pressure contribution from the geometry at 40.98 kg/hr
is 146.4 psi. Then, the pressure drop across the filter at ¢ = 25 min is AP = 222.07 psi.

Filter permeability can be calculated at a given time from the experimental data by sub-
stituting pressure drop data at that time into Darcy’s law (2.13|) with the thickness and
cross-sectional area of an 80 micron screen filter. Such geometrical properties of each screen

filter is detailed in Chapter |4l Figure [5.7b shows permeability evolution with time.
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Figure 5.7: (a) Pressure drop across the filter against time and (b) permeability of the filter
against time for the filter section of the filtration experiment.

5.3 Screen filter blocking model

As PET melt was shown to obeys Darcy’s law across screen filters in Chapter [4] filter blocking
models are fitted to the pressure drop evolution curve in Figure Filter blocking mod-
els were discussed in detail in Section [2.3.1] The four simplest models, complete blocking,
standard blocking, intermediate blocking and cake filtration, are fitted. The models require
constant rate filtration; Figure shows that mass flow rate varied over the course of the
experiment from the targeted 40 kg/hr throughput. To account for this, the mean mass flow
rate over the filtration experiment (40.87 kg/hr) was used for model fitting. Figure |5.8|shows
pressure drop against time, put into a different form for each model, so a linear curve can be
fitted to test the suitability of each model. The R? value of each fit is also presented in Table
The intermediate model gives the best fit to the data. The intermediate model mimics
the capture of particles on the surface of the filter media, where particles can stack as the
filter blocks. Physically, this makes sense as the filter media is composed of a single layer of

woven metal wires. Particles could therefore not get caught inside the pores of filter media;
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they must be intercepted by the surface of it.
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Figure 5.8: Linear curve fitting to the pressure drop evolution across the screen filter from
Figure for (a) intermediate blocking (b) standard blocking (c¢) complete blocking and (d)
cake filtration.
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Table 5.1: R? values for the fit of different blocking models to the pressure drop evolution
across the screen filter from Figure

Blocking model ‘ R?

Intermediate blocking | 0.995
Standard blocking 0.965
Complete blocking 0.904
Cake filtration 0.949

The intermediate blocking model is given by
AP = APoexp(Kimt). (51)

Figure shows a comparison between the intermediate model, with AP, and K; chosen
from the linear curve fitting, with the pressure drop evolution data. The linear curve fitting

gave the fitting parameters as APy = 125 psi and K; = 2.063 m~!.
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Figure 5.9: Intermediate blocking model fitted to pressure drop across the screen filter against
time for the filter section of the filtration experiment.
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Substituting Darcy’s law into the intermediate model (5.1) and noting that

mdu
APy=—— 2
a relationship for permeability evolution with time can be found:
k = koexp(—K;mt). (5.3)

Figure shows the fit of with the same K; found from fitting the intermediate model
to pressure evolution data. This gives kg = 1.10 x 107!° m?. But an initial permeability
for the 80 micron filter was found as kg = 8.75 x 10! m? in Chapter This discrepancy
is because the intermediate model was fitted to the filtration data from 25 minutes into the
experiment. Due to the sporadic flow rate distribution (which would also result in sporadic
melt viscosity and density) in the early part of this experiment, the fitting parameters are only
representative of the data to which they were fitted. Therefore APy, and by extension kg, are
not representative of the actual initial pressure drop across the filter and filter permeability

of the experimental set-up.
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Figure 5.10: Intermediate blocking model fitted to the permeability of the screen filter against
time for the filter section of the filtration experiment.
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In summary, filter blocking models were fitted to the experimental data for pressure drop
evolution through a screen filter from the filtration experiment. After fitting several models,
the intermediate model was chosen as it gave the best fit to the data and due to its physical
representation of the mechanisms of filtration through a screen filter. This fit is only repre-
sentative of pressure drop and permeability evolution over the data it was fitted to, due to

unstable flow rate distribution in the early stage of the experiment.

5.4 CFD modelling of screen filter blocking evolution

The filter away from holder computational model of the screen filter, shown in Figure
and detailed in Subsection can be used to mimic the pressure drop evolution data from
the filtration experiment using the intermediate model. Viscous resistance, the inverse of

permeability, must be specified for the porous media model:

1 = noexp(K;mt). (5.4)

Eleven simulations were undertaken, described in Table The first simulation was set to
match experimental conditions at ¢ = 25 min and simulation time then increased in increments

of 10 minutes up until 125 minutes. The viscous resistance at each time was calculated from

6.

Five additional simulations were undertaken, with the porous media model disabled. The
mass flow rate specified at the inlet was varied between each simulation in order to find a
relationship between mass flow rate and pressure drop across the filter system with no screen
filter inserted. Figure [5.11] shows the relationship between mass flow rate and pressure drop

across the geometry is linear with these CFD simulations.
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Table 5.2: The parameters of simulations run with the filter away from holder model to match

the filtration experiment.

t [min] [ 7 [m~?
25 1.640 x 1010
35 2.073 x 1010
45 2.620 x 1019
55 3.312 x 1010
65 4.186 x 1010
75 5.291 x 1010
85 6.687 x 1010
95 8.453 x 1010
105 | 1.068 x 10!
115 1.350 x 1011
125 | 1.707 x 10!
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Figure 5.11: Pressure drop across the geometry against mass flow rate for the CFD model of
the screen filter system with no porous zone.

Pressure drop across the filter at each time in Table can then be calculated by subtracting
the pressure across the filter system from the line of regression from the no filter simulations
from the pressure drop across the filter system at each time. Figure [5.12| shows a comparison
between the calculated CFD pressure drop evolution, the intermediate model fitted in Section

and experimental data. CFD pressure drop evolution matches the pressure drop profile
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calculated from the intermediate model.
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Figure 5.12: CFD pressure drop evolution compared with the intermediate model curve fitted
to the experimental data.

Figure [5.13] shows the contours of velocity magnitude perpendicular to the filter holder for
the simulations at ¢ = 25 min and ¢ = 125 min. There is no discernible difference in velocity
magnitude contours as the permeability of the porous zone decreases.
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Figure 5.13: Contours of velocity magnitude perpendicular to the holder at (a) ¢ = 25 min
and (b) t = 125 min for the CFD simulations.

Figure[5.14]shows the changes to z-velocity profile upstream of the filter as the permeability of
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the porous zone decreases with increasing time. As the permeability decreases, the x-velocity
becomes more uniform through the centre of the geometry. Two peaks in x-velocity are seen
between the outer holes in the filter holder and the walls of the geometry. A decrease in
permeability leads to an increase in resistance imposed on the flow by the filter. Hence, the
profile flattens with decreasing permeability. The peaks in z-velocity near the outer holes in
the holder are due to the resistance imposed on the fluid by the walls. The resistance imposed
on the fluid centrally, away from the influence of the solid walls, results in the fluid spreading
out across the filter as fluid flow favours the path of least resistance. Near the walls, the fluid

is forced through the filter as it has no other path.
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Figure 5.14: Plot of z-velocity along y, 1.5 mm upstream of the holder, for alternate simula-
tions presented in Table

5.5 Conclusion

This chapter focused on a second experiment with screen filters on the pilot scale line, where
a masterbatch of polymer and filler particles was used to block a screen filter over a short
period of time. This experiment was designed to investigate the filtration mechanisms that

drive particle deposition across screen filters.
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Filter blocking models were fitted to the experimental data and the intermediate model gave
the best fit. This suggests that particles in the melt are captured in screen filters by surface
filtration. This makes sense physically due to the single layer, woven structure of the filter

layer of a screen filter.

In Figure the intermediate blocking model fitted to the data decreases in accuracy as time
proceeds. This may be due to the formation of a filter cake after the majority of the pores in
the filter layer have blocked. The behaviour of the data towards the end of the experiment
appears linear; that is the same form as the cake filtration model. Koller et al. [113] were able
to recover multi-layered woven screens filled with solid PET particles. Magnified images of the
surface of woven screens after blocking show the formation of a filter cake. It therefore seems
likely that a cake layer began to form as this experiment proceeded. This would need to be
verified experimentally by examining the used filter. If cake formation is confirmed, combined
blocking models, such as a complete-cake blocking model, should be fitted and compared to

the intermediate fit chosen here.

The filter away from holder CFD model was then used to computationally predict pressure
drop using the intermediate model fit. This offered insight into how flow patterns alter around
the screen filter as the filter blocks. The pressure drop evolution predicted by the CFD
matched the fitted intermediate curve. This shows that correctly configured CFD porous
media models give the same output as filter blocking models. This will be crucial when
modelling more complicated filters and filter packs in subsequent chapters. Note that the
permeability profile of the filter was assumed to increase uniformly over the course of the
CFD simulations. In reality, the permeability profile of the filter will vary depending on the

position of deposited particles.
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Modelling Polymer Melt Flow
Through Candle Filter Packs

This chapter focuses on candle filters. The structure of candle filters is reviewed. Two candle
filter packs which are employed by Mylar on industry lines are analysed and computational
models of the filter packs are created. Data from past runs on industry production lines,
provided by Mylar, which include either single and seven candle filter packs are analysed.
CFD models of each pack are analysed, with symmetry exploited to reduce computational
cost. The CFD models are calibrated with an appropriate porous zone set-up through results

derived from the past run analysis.

This chapter includes analysis of both single and seven candle filter packs as data from runs
on film production lines that include seven candle filter packs is crucial to calibrating the
porous media model for a porous zone representation of a clean candle filter element. This
calibration requires knowledge on the pressure drop across the packs. Single candle production
lines implement a co-extrusion system and pressure readings are only possible upstream of
the single candle filter pack. For the seven candle filter pack production line, pressure is

recorded just upstream and downstream of the filter pack with no interference. Seven candle

100
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filter packs are geometrically more complicated than single candle filter packs. As single
candle filter packs are simpler in design, but information from production lines that include
seven candle filter packs is required to calibrate the porous zone, the chapter is structured
as follows: Initially, single candle filter packs are considered. Data from industrial runs with
single candle filter packs is analysed. A computational model of the single candle filter pack is
created. These initial simulations verify mesh independence and show how symmetry can be
exploited to reduce computational cost. Then, seven candle filter packs are considered. Data
from runs is analysed, which is used to assess the initial pressure drop across a seven candle
filter pack. A seven candle filter pack CFD model is then created, ensured to be independent
of mesh, and symmetry is again exploited to reduce computational cost. The seven candle
filter pack CFD model is then used, along with initial pressure drop found from run analysis,
to calibrate the permeability of the porous zone for a computational representation of a clean
candle filter element. Flow patterns through porous zones representing the candle filters are
analysed to understand how candle filters will initially block at the beginning of production. A
permeability sensitivity test is undertaken on the single candle pack CFD model to understand
how permeability influences flow patterns. The flow distribution between central and outer

candles of a seven candle filter pack is explored.

6.1 Structure of a candle filter element

Candle filter elements are long (~1 m), thin (~5 cm) cylindrical structures where the filter
medium is pleated around a central core. Figure [6.1] shows the structure of a candle filter
element. A conical, solid base is attached to a cylindrical central core. The heavy duty central
core is a thick metal cylinder with holes throughout its structure which allows melt to pass
through and is designed to support the filter layer against high pressure gradients during
runs. The filter layer, with a thickness of the order of 1 mm, is pleated around the core
and is sandwiched by upstream and downstream support meshes and a Dutch twill layer to

add additional protection against high pressure gradients. The filter layer is made of sintered
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metal fibre and has a grade of 30 microns. This structure is pleated to maximise filter surface
area. Finally, a guard cage surrounds the pleated filter structure which offers further support.
Melt must travel through the guard cage, pleated structure and central core into the central

cylinder of the candle. The filtered melt may then escape through the pipe at the top of the

candle.
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Figure 6.1: Sketch and cross-section of a candle filter element.

6.2 Single candle pack geometry

A filter pack consisting of a single candle filter element is employed by Mylar on a film
production line. The design is relatively simple, with cylindrical pipes into and out of the
pack. The candle element sits at the centre of a cylindrical pack, forming an annulus between
the guard cage and the wall of the pack. The melt must travel from the annulus, through the
candle filter to its centre onto the outlet pipe. Figure[6.2] shows a sketch of the geometry and
a spider plate. The spider plate sits at the bottom of the candle element, attached onto the

bottom of the conical base. This is designed to offer mechanical support to the element.
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Figure 6.2: Cross-sectional sketch of a single candle filter pack and a 3D model of the spider
plate.

6.3 Single candle pack run analysis

Data from fifteen production runs were provided by Mylar from the film production line that
includes the single candle filter pack. Figure [6.3| shows the co-extrusion system on the film
casting line with the single candle filter pack. The pressure transducer is located between the
melt pump and the filter pack. There is no pressure transducer present downstream of the

filter pack. Pressure at the transducer is influenced by the primary extruding system, which
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branches from the extrusion system with the single candle pack between the filter pack and

the die. Therefore, the pressure drop across the filter pack cannot be recovered.

Primary extruding
system

Secondary extruding

Die system
Coverts pipe flow
to cast sheet

Single candle filter

Polymer chip pack
Melt pump
Hopper Maintains constant
flow rate
0000 |
Twin screw extruder
Melting and mixing at 177 - 334 kg/hr Pressure fransducer

Figure 6.3: Sketch of the co-extrusion system containing the single candle filter pack.

The first task was to consider which of the 15 data sets are suitable for analysis. Figure
shows the pressure recorded at the pressure transducer and the mass flow rate through the
filter pack, recorded every minute, over the course of an example production run. Figure
shows downtime in production over the course of the run. Many stoppages lead to
degradation of the polymer and imply problems with the run. Furthermore, long breaks in
a run will allow more degradation of the polymer, affecting fluid properties and artificially
increasing the amount of substance that needs to be filtered. Therefore, run shutdowns and
the length of each shutdown was considered when deciding suitable data for analysis. Figure

also shows that it takes time for the pressure to stabilise at the start of each run.
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Figure 6.4: (a) Pressure upstream of the single candle pack and mass flow rate at the filter
pack over the course of an example production run. (b) Time, to the minute, at which each
data point from the example run was recorded. A sudden jump indicates that there was a
large gap in time between subsequent recordings, hence the system was shut down.

A set of rules were therefore determined to decide if a run was suitable for analysis:

1.

The first four hours of any run will not be considered.

. There must be a region of no shutdown, or obvious process change, of at least 10 hours

for a run to be considered.
Runs with three or more shutdowns present before a suitable period are discarded.

If there is a single shutdown of more than 8 hours before a suitable period, the run is

discarded.

. If there is a shutdown before a suitable period is found, the following hour will not be

counted in the suitable period.

The first suitable period of 10 hours is used for analysis, to ensure the initial period of

increase in pressure is examined.

A 10 hour length of no shutdown or process change was chosen to ensure that a suitable

sample size was analysed to improve accuracy and reliability of analysis. No more than two
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shutdowns and no shutdown length of 8 hours or more were chosen to reduce any effects that

thermal degradation would have on melt in the system.

The implementation of these rules when analysing each run is summarised in Figure In
the case of the example shown in Figure a ten hour period can be identified after the
second shutdown. The longest shutdown is 07:28 hours, therefore the run was included in
analysis. Conversely, in the second example shown in Figure the run was excluded from
analysis as the shutdown is 08:45 hours, and there is no suitable period of 10 hours before
the shutdown. In accordance with this exclusion methodology, four of the runs were excluded

from analysis. Table shows a summary of the runs included in analysis.

10 hour period, 4 hours
after initial start up or
1 hour after a restart

(No)

(Yes)

Number of
(2 3) =6c_:lude
n

shutdowns before
suitable period u

(<3)

Longest shutdown (= 08:00)
length [hr:min]

(< 08:00)

\4

Include run

Figure 6.5: Flow chart of the suitability check procedure for a single candle pack production
run.
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Figure 6.6: (a) Pressure upstream of the filter pack and mass flow rate at the single candle
pack over the course of a second example production run. (b) Time, to the minute, at which
each data point from the example run was recorded.

Table 6.1: Number of single candle runs included at each flow rate.

m [kg/hr] ‘ Number of runs

177 )
212 1
270 3
334 2

All runs in the data-set used the same polymer for production. This means that the fluid
properties for each run were determined from a rheological sweep of the same polymer melt,
where a melt rheometer was used to measure viscosity for a range of temperatures. Fur-
thermore, temperature of the melt was recorded every minute throughout each run. Figure
[6.7] shows the viscosity-temperature relationship determined from a rheological sweep of the
polymer melt. For all runs, the temperature was found to sit in a range of 270-285 °C. In
this range, the viscosity-temperature relationship is well represented by a fitted linear curve,
with an R? value of 0.997. The line of best fit was therefore used to determine the viscosity

of the polymer melt at each minute for each run.
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Figure 6.7: Temperature-viscosity relationship for the polymer used in single candle pack
runs.

Using the temperature-viscosity relationship, the viscosity of the polymer melt at every minute
of each run can be determined. Figure shows the viscosity and temperature at every
minute of the run for the example run shown in Figure[6.4] Then, the corrected pressure at
the transducer may be calculated by dividing pressure at the transducer by viscosity. As in
Section [4.4] viscosity is dependent on melt temperature; corrected pressure accounts for this.
A linear curve can then be fitted over the suitable period in each run. Due to the position of
the pressure transducer and the second extruding system, the interest in this data comes from
examining the gradient of the linear part of each run. In the case of the first example, Figure
shows the highlighted 10 hour period, and the linear curve fitted to it. The gradient of

the linear curve can then be recorded for comparisons and analysis.



Chapter 6 109

282 140 0.28
Melt temperature
281 - Melt viscosity L 138
0.26 -
280 - 136
279 134 % 024
o o g
e, -132F T
~ 278 3 S
430 w 0.22 -
277 - [ 108
0.20 -
276 1 - 126
275 r r r r r 124 0.18 . . . . .
0 4 8 12 16 20 24 0 4 8 12 16 20 24
t[hr] t[hr]
(a) (b)

Figure 6.8: (a) Viscosity and temperature of the melt over the course of the first example
single candle pack production run. (b) Corrected pressure (pressure/viscosity) over time for
the first example production run. The suitable 10 hour run is identified and a linear curve is
fitted in this range.

Figure shows a comparison of mean gradients of the linear curves fitted to suitable periods
in each run. Errors are the maximum and minimum values of each gradient at each flow rate.
As the flow rate through a filter pack increases, more mass flows through the filter medium,
hence it is expected that the filter medium will see more fouling particles, leading to a faster
rate of blocking. It is therefore expected that a larger flow rate will lead to a larger gradient
found from the fitted linear curve. This is clearly not the case in Figure which shows no

correlation between flow rate and average gradient.

This may be due to the state of the candle filter at the beginning of each run. After a run,
candle filters are cleaned and then reused in future runs. If the candle filters are damaged from
a run or during cleaning, this will influence pressure drop across them, which could explain the
lack of correlation between flow rate and average gradient. It is therefore recommended that
Mylar perform an experiment designed to evaluate the pressure drop across candle elements
in different conditions. For example, the pressure drop across a candle in mint condition could

be compared with a candle which has been cleaned and refurbished. Differences in pressure
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drop would indicate that candle condition has a significant influence on the initial pressure

drop across a pack and pressure drop evolution.
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Figure 6.9: Comparison between the average gradient of the linear curves fitted at each flow
rate for the single candle pack run data.

6.4 Single candle pack computational model

Figure[6.10]shows the computational geometry of the single candle filter pack that was created
in SolidWorks 2019 using CAD drawings of the pack. The origin was placed at the center of
the inlet boundary. The filter layer, and each support mesh, are represented by a single porous
zone. Furthermore, the guard cage and the central core are represented by the same porous
zone. This was done to keep the substantial computational cost of running the simulations
down, by not having to resolve mesh in intricate geometry sections. In Chapter [4], it was
found that for the screen filter geometry, the thickness of the porous zone, and its position
relative to the holder, had to be considered. Here, there is no structure similar to the holder
immediately downstream of the screen filter, so the entirety of the porous section of the candle
may be represented by one porous zone. The geometry is axisymmetric, except in the inlet

section, around the spider plate.
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For preliminary analysis, at the inlet, a mass flow rate of 260 kg/hr was specified normal
to the boundary and no-slip was specified at the walls. A static pressure outlet was chosen;
the inlet and outlet were extended to be sufficiently far away from the core of the pack, as
to have no influence on flow development in the pack. An incompressible, Newtonian fluid
with p = 1225 kg/m? and a viscosity of 112.86 Pa s was modelled. This viscosity was chosen
for preliminary tests as it fits in the range shown in Figure This Reynolds number is
0.027, ensuring the laminar regime is maintained throughout. Each porous zone was assigned

a permeability of 1 x 10719 m?.

Physics and solvers were specified as described in Subsection Convergence was ensured
by following the methodology detailed in Subsection A steady, pressure-based solver
was specified and a viscous, incompressible laminar model was used. As the geometry of
single candle filter pack is axisymmetric everywhere other than the spider plate in the xz
plane, there exists three planes of symmetry perpendicular to the zz plane through a single
candle filter pack. Planes of symmetry are identified in Figure [6.10d. This was exploited by
reducing the mesh down to one-sixth, with symmetry boundary conditions used to mimic the

full geometry.

6.4.1 Mesh independence study

A mesh of the one-sixth single candle pack was created in ANSYS meshing. Figure [6.11
shows the mesh structure. To ensure sufficient mesh refinement everywhere, the geometry
was broken into several sections: the inlet pipe, the geometry around the spider plate and
candle base, the outer annulus, the porous zone, the central core and the outlet. Face sizing
was specified at the inlet boundary to ensure sufficient mesh resolution in the inlet section.
Sweep meshing was utilized in the inlet pipe, porous zone, outer annulus and outlet pipe as
the cross section along the direction of the sweep for these sections are topologically constant.
This created a structured, hexahedral mesh. In the central core and around the spider plate,

mesh was generated with tetrahedra cell shapes, with mesh defeaturing, curvature capture
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and capture proximity specified. This ensured that the mesh was refined in regions with
complicated topology. A mesh was generated with 1.2 million elements and 0.5 million nodes.

Specific meshing details are expanded upon in Appendix [A-2]

@ . Inlet

Il outlet

. Porous zone

[] wal

Figure 6.10: (a) The single candle filter pack computational geometry. (b) The outlet section.
(c) The inlet section. (d) Birdseye view of the pack, with planes of symmetry identified.
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Figure 6.11: One-sixth single candle pack original mesh.

At the interface between the porous zone and the outer annulus, identified in Figure [6.11], an
artifact of meshing is observed. At the inlet, for the one-sixth model, a mass flow of 0.0120
kg/s was chosen as the geometry is a sixth of the size of the full geometry. At the outlet, in
accordance with convergence criteria, the mass flow was found to be 0.0120 kg/s. However, at
the porous zone interface, the mass flow was found to be 0.0135 kg/s. As the flow must obey
conservation of mass, and all of the flow must pass through the candle filter element, the mass
flow through the interface should be the same as at the inlet and outlet. Due to the nature of
CFD simulations, some numerical error is expected, but should not be this significant. This
was not found to be resolved with refining the mesh uniformly in sequence, as per a standard

mesh independence test.

Figure shows the pressure contours across a plane that cuts through the porous zone.
This plane only includes the geometry around the inlet. As expected, due to the imposed
resistance of the porous zone, there is a large pressure gradient from the region outside the
porous zone to the central core of the candle. Mesh adaptation at the porous zone, which

refines the mesh in regions of high pressure gradients, was employed.
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Mesh adaptation is used for all candle pack models with a porous zone henceforth. This is
done to ensure flow around the porous zone is independent of mesh. To ensure independence
in such regions, mesh refinement criteria is presented. To allow for numerical error, mass flow
at a porous zone interface must be within 1% error of the mass flow rate specified at the inlet,
and must not change significantly on further mesh adaptation. Furthermore, on adaptation,

pressure drop across the pack must not change by more than 0.5%.

Table shows that the mass flow rate at the interface converges towards the mass flow rate
specified at the inlet with refinement, with the second and third adaptation mass flow rate
through the interface matching that of the inlet. Table also shows how the pressure drop
across the single candle pack varies with adaptation. Agreement between the second and
third adaptation is exceptional, with a 0% difference between pressure drop for each mesh.
In accordance with the criteria above, the mesh is deemed to be independent between the

second and third adaptation.

Table 6.2: Changes in pressure drop across the one-sixth single candle pack model and the
mass flow rate at the porous zone interface as the mesh is refined through adaptation in
regions of high pressure gradients.

Mesh | Mesh elements Pressure drop [bar] Mass flow at interface [kg/s]

Original 1,200,000 70.26 0.0136
Adapt 1 2,600,000 70.37 0.0124
Adapt 2 5,100,000 70.44 0.0120
Adapt 3 12,000,000 70.44 0.0120

Due to the cylindrical structure of candle filter elements, where flow must travel through the
filter medium to enter the central core, cylindrical coordinates, (r,0,y), are a natural choice
for comparison and analysis. Note that r represent the radial coordinate and 0 represents the
angular coordinate. Radial velocity will show how the flow travels around and through the
porous zone. The radial coordinate relative to the origin and the centre of the candle filter is

given by

r =2+ 22 (6.1)
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Radial velocity, r, and tangential velocity, 0, are given by

. ru + zw 0 TW — 2U (62)
P =, = —. .
V24 22 Va2 4 22

Figure [6.13] shows a comparison between the flow through the spider plate for the original
and the twice adapted models. The agreement in flow profiles is shown in Figure . This
shows that the discrepancy in the mass flow rate through the porous zone interface has no

influence on the flow around the spider plate.

Pressure
70.34
65.80
61.26
56.72
52.18

- 47.64

- 43.10

- 38.56

- 34.02

- 29.48

- 24.94

- 20.40
15.86
11.33

6.79
2.25

[bar]

Central core

Porous zone

Figure 6.12: Contours of pressure near the inlet on the yz plane for the twice adapted one-
sixth single candle filter pack model.
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Figure 6.13: (a) Contours of velocity magnitude through a plane that cuts through the spider
plate for the tw1ce adapted one-sixth single candle filter pack geometry. The yellow faces
identify the symmetry boundary conditions. (b) Perpendicular view of the contour plot. (c)
Radial velocity along r =0.022 m and r= 0.03 m, identified in (b), for the original and twice
adapted models.

6.4.2 Flow symmetry

Although symmetry boundary conditions were used to reduce the geometry to a one-sixth
segment, it has not been verified that flow through the filter pack is symmetrical through
the identified lines of symmetry in the geometry. To this end, simulations were run on a full

model of the single candle filter pack.

For the one-sixth model, mesh adaptation to resolve the mass flow through the porous zone
interface led to a 550% increase in mesh elements. Computational resources available are not
able to process simulations at this level of mesh refinement on the full geometry. As Figure
shows that mesh adaptation at the porous zone has no effect on the flow around the
spider plate, so it is reasonable to compare flow patterns around the spider plate between the

twice adapted one-sixth model and a full model with no mesh adaptation.

A full model with no mesh adaptation was used. A coarse, medium and fine mesh were
created and meshed with same methodology described in Subsection Pressure drop

across the pack for each mesh was compared. The flow redevelopment length for the medium
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mesh was also compared with the analytical flow redevelopment length model for creeping

flow, discussed in Subsection and given by (3.6]).

The full model can be compared with the twice adapted one-sixth model around the spider
plate, where mass flow discrepancy through the porous zone interface was shown in Figure

[6.13] to not have an influence on the flow near the spider plate.

Figure shows the pressure drop across the full model of the filter pack for each mesh.
There is shown to be less than a 0.06% change between the medium and fine mesh. Figure
shows the y-velocity along the centerline of the inlet pipe, where good agreement is seen
for the redevelopment length between the analytical model and CFD results. Therefore,

the medium mesh is used henceforth for analysis.
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Figure 6.14: (a) Pressure drop across the full single candle filter pack for three meshes. (b)
Plot of y-velocity along the centerline of the inlet pipe for the medium mesh, with the CFD
redevelopment length and the calculated analytical redevelopment length (3.6)) highlighted.

Figure |6.15] shows plots of radial velocity through two lines of constant radius for the full
model. The symmetry is clearly apparent from the plots, showing that the flow through
the single candle pack follows the same lines of symmetry as the geometry. Table shows

the average pressure and average velocity magnitude for the full model at the spider plate,
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through the full plane and a symmetrically repeatable sixth segment of the full plane, showing
exceptional agreement between the two. A single candle filter pack is therefore represented

by one-sixth of the geometry.

Table 6.3: Comparison of average pressure and average velocity magnitude through a full
plane and a sixth segment of the full single candle pack model at the spider plate.

| Average pressure [bar] Average velocity magnitude [m/s]

Full plane 70.11 0.0161
Sixth segment

70.11 0.0161

[ ¥

§i

60 120 180 240 300
6 [degrees]

:
]
]
3

Figure 6.15: (a) Contours of velocity magnitude through a plane that cuts through the spider
plate for the full single candle pack model. (b) Perpendicular view of the contour plot. The
three lines of symmetry are shown. (c) Radial velocity along r =0.022 m and r= 0.3 m,
identified in (b).

Figure [6.16| shows a comparison between the radial velocity, along the same lines of constant
radius as in Figure [6.15k, comparing a sixth segment of the full model and the twice adapted
one-sixth model. Agreement is again exceptional. It has therefore been verified that the twice
adapted one-sixth model sufficiently represents the flow through the whole geometry, while
resolving mass flow through the porous zone interface, and is used as the standard single

candle filter pack model henceforward.
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Figure 6.16: Radial velocity along constant radii identified in Figure for the full and
twice adapted one-sixth single candle pack model.

6.5 Seven candle pack geometry

A filter pack consisting of seven candle filter elements is employed by Mylar on a film produc-
tion line. Figure [6.17] shows a sketch of the seven candle pack and 3D models of the spider
plate and the outlet section. A candle filter sits at the centre of the pack. The other six candle
filters surround the central candle, with the centre of their bases positioned at the centre of
the outer circular structure of the spider plate. The candle filters and spider plate are kept
in place with bolts. The spider plate offers mechanical support and helps to distribute flow
between the seven candle filters. Flow travels through the inlet, around the spider plate, and
must travel through one of the candle filters to reach the outlet section, onto the next stage of
production. At the outlet, the outer six candles have pipes that connect to the central candle

outlet.
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Figure 6.17: Cross-sectional sketch of a seven candle filter pack and a 3D model of the spider
plate and outlet section. The dashed line through the 3D models shows the position of the
cross-sectional sketch.
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6.6 Seven candle pack run analysis

Data from eight production runs was provided by Mylar for the film production line with a
seven candle filter pack. Figure [6.18] shows the extruder system on the film casting line with
the seven candle filter pack. Two pressure transducers were used to record the pressure and
pressure data was recorded every hour. The first pressure transducer is located between the
melt pump and the filter pack, 6.38m upstream of the filter pack. The pipe system connecting
the pump and filter pack is a straight line pipe, with radius 0.025 m. The second transducer
sits directly at the outlet of the filter pack. With data from the two pressure transducers, the
pressure drop between them is given by P; — P5. All runs provided maintained a constant mass
flow rate and the same polymer melt, which are summarised in Table Pipe temperature
was maintained throughout the extrusion system by a series of heaters and insulation. Polymer

IV is intrinsic viscosity of a polymer, and was described in Section [2.1

Pressure transducer 2

Die
Coverts pipe flow | | | | |
to cast sheet Seven candle filter{] 1 1 | |
_ ack 1l
Polymer chip P 11111
il
Melt pump
Hopper Maintains constant
flow rate
mzzzzzzzz |
Twin screw extruder
Melting and mixing at 600-3000 kg/hr Pressure transducer 1

Figure 6.18: Sketch of the extrusion system containing the seven candle filter pack.
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Table 6.4: Mass flow rate and fluid properties for the seven candle filter pack production run
data.

Mass flow rate [kg/hr] | 2700
Melt density [kg/m?] | 1400.1
Pipe temperature [°C| | 290
Polymer IV [dL/g] 0.64
Melt viscosity [Pa s] 211

The Hagen-Poiseuille equation may be used to determine the pressure drop in an incom-
pressible, Newtonian fluid in a laminar regime through a cylindrical pipe of constant cross

section [12§]. It is given by
_ 8uLyQ

AP
rd

, (6.3)

where L, is pipe length, r is pipe radius and the volumetric flow rate, @, is given in m3/s.
There is 6.38 m of pipe between pressure transducer 1 and the filter pack inlet pipe. The
radius of that pipe is 0.025 m. The volumetric flow rate can be found by converting the mass
flow rate to kg/s, then dividing by the density of the melt. Substituting these values into
, the pressure drop contribution from the pipe between the first transducer and the filter

pack is 47.01 bar. Hence, pressure drop across the filter pack is given by AP = P — P, —47.01.

Figure shows pressure drop evolution across the seven candle filter pack for each pro-
duction run, as well as the average value computed until 4 of 8 runs were terminated. Figure
shows an error range for the average pressure drop profile, where the error is taken as
the standard deviation from the average. The dip around 160 hours is due to the termination
of runs 4 and 5, which have a larger pressure drop contribution than other runs and terminate
around the same time. As discussed in Section the range of initial pressure drop and dif-
ferences in pressure drop evolution profiles could be influenced by individual candle element
conditions. Differences in pressure evolution profiles is also likely influenced by differences in
concentration of blocking particles in each melt. Run 4 and run 5 are terminated before other
runs due to the pressure drop exceeding the maximal allowable pressure drop which triggered

a shutdown. This large rate of increase in pressure drop is likely due to a large concentration
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of solid particles.
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Figure 6.19: (a) Pressure drop evolution across the seven candle filter pack for eight production
runs. (b) Average pressure drop, with error calculated from the standard deviation of each
run from the average.

6.7 Seven candle pack computational model

Figure shows the computational geometry of the seven candle filter pack that was created
in SolidWorks 2019 using CAD drawings of the pack. The origin is placed at the center of
the inlet boundary. Individual candle filter elements are modelled by individual porous zones.
Again, individual candles have their filter medium, support mesh, guard cage and central core
modelled by a single porous zone. There are seven porous zones in the model, one for each

candle filter. All simulations were implemented in ANSYS Fluent 2022 R1.

For preliminary analysis, at the inlet, a mass flow rate of 2700 kg/hr was specified normal
to the boundary and no-slip was specified at the walls. A static pressure outlet was chosen;
the inlet and outlet were extended to be sufficiently far away from the core of the pack, as to
have no influence on flow development in the pack. An incompressible, Newtonian fluid with

p = 1225 kg/m? and a viscosity of 211 Pa s was modelled.
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Figure 6.20: (a) The seven candle filter pack CFD model. (b) The outlet section. (c) The
inlet section. (d) Birdseye view of the filter pack, with planes of symmetry identified.
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The Reynolds number is 0.15, ensuring the laminar regime is maintained throughout. Each
porous zone was assigned a permeability of 1 x 1072 m?. Physics and solvers were specified
as described in Subsection Convergence was ensured by following Subsection A
steady, pressure-based solver was specified and a viscous, incompressible laminar model was

used.

The geometry is symmetrical in six planes, meaning a 30 degree segment of the geometry,
with symmetry boundary conditions, can capture the entirety of the flow through the pack if
the flow is symmetrical in the same planes as the geometry. This would dramatically reduce
computational cost. With the computational power available, it would not be possible to find
fully converged solutions without exploiting this symmetry while using mesh adaptation to

again resolve mass flow through each candle.

6.7.1 Mesh independence study

A mesh of the one-twelfth seven candle was created in ANSYS meshing. Figure shows the
mesh structure. To ensure sufficient mesh refinement everywhere, the geometry was broken
into several sections: the inlet pipe, the geometry around the spider plate and around the
candle filters inside the pack, each porous zone, each central core, the outlet part, which
connects the central core to the outlet pipe, and the outlet. Face sizing was specified at the
inlet boundary to ensure sufficient mesh resolution in the inlet section. Sweep meshing was
utilized in the inlet pipe, porous zone and outlet pipe as the cross section along the direction of
the sweep for these sections are topologically constant. This created a structured, hexahedral
mesh. In the central core, outlet part and around the spider plate, mesh was generated
with tetrahedra cell shapes, with mesh defeaturing, curvature capture and capture proximity
specified. This ensured that the mesh was refined in regions with complicated topology. A
mesh was generated with 1.7 million elements and 0.5 million nodes. Meshing controls are

given in detail in Appendix [A-3]

As with the single candle model, the mesh was ensured to be converged with mesh adaptation
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by analysing the pressure drop across the pack and the total mass flow through porous zones.
At the inlet, for the one-twelfth model, a mass flow rate of 0.0625 kg/s was specified, as this is
2700 kg /hr converted to kg/s for one-twelfth of the geometry. Table shows that the mass
flow at the interface converges towards the mass flow specified at the inlet with refinement,
with the second and third adaptation giving a mass flow through the interface matching that

of the inlet.

Table also shows how the pressure drop across the seven candle pack varied with adap-
tation. Agreement between the second and third adaptation is good, with a 0.15% difference
between pressure drop for each mesh. In accordance with the criteria specified in Subsection

the mesh is deemed to be independent between the second and third adaptation.

B Inlet pipe
Around spider plate
B Central core

I Porous zone
[ Outlet part
Outlet pipe

Figure 6.21: One-twelfth seven candle filter pack original mesh.

Table 6.5: Changes in pressure drop across the one-twelfth seven candle pack model and the
total mass flow through the sum of each porous zone interface as the mesh is refined through
adaptation in regions of high pressure gradients.

Mesh ‘ Mesh elements Pressure drop [bar] Total mass flow at interfaces [kg/s]

Original | 1,800,000 33.05 0.0567
Adapt 1| 3,900,000 33.47 0.0612
Adapt 2 | 13,400,000 33.75 0.0624

Adapt 3 17,500,000 33.80 0.0624
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6.7.2 Flow symmetry

Due to the number of elements needed to generate a mesh for the entire geometry of the seven
candle filter pack, only the inlet section of the full pack was modelled to check symmetry
around the spider plate. Due to the position of the seven candle filters in the pack, and the
structure of the outlet, the geometry inside the pack is not axisymmetric downstream of the
spider plate, which was the case for the single candle filter pack. However, the same six lines
of symmetry exist throughout the geometry, identified in Figure [6.20 As the structure of
the geometry is most complicated around the spider plate, it is enough to show that if the
flow is symmetrical around it, it will remain symmetrical downstream. The seven candle inlet
geometry modelled is shown in Figure [6.22] The candle filters were removed and replaced
with walls. The geometry extends up to ensure that the outlet position did not affect the flow

upstream.

B net
. Outlet
] wan

Figure 6.22: Seven candle pack inlet model geometry.
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Mesh independence for the seven candle filter pack inlet model was checked by generating
a coarse, medium and fine mesh, which were meshed with same methodology described in
Subsection Meshing controls are given in detail in Appendix Figure shows
the pressure drop across the inlet model for each mesh. There is shown to be less than a 0.5%
change between the medium and fine mesh. The flow redevelopment length for the medium
mesh was also compared with the analytical flow redevelopment length model for creeping
flow, discussed in Subsection and given by . Good agreement is seen between the
analytical model and CFD medium mesh results. The medium mesh is therefore used for

analysis of the inlet geometry.

Figure [6.24h-b shows contour plots of velocity magnitude through a plane across the spider
plate. The lines of symmetry are clearly apparent from the plots. Furthermore, Figure
shows the plots of radial velocity through two lines of constant radius for the full model,
again highlighting the symmetry of the flow. Table shows the average pressure and average
velocity magnitude through the full plane, and a twelfth segment of the plane, showing an
exceptional match. The flow through a seven candle filter pack is symmetrical along the lines

of symmetry identified through its geometry.
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Figure 6.23: (a) Pressure drop across the seven candle pack inlet model for three meshes. (b)
Plot of y-velocity along the centerline of the inlet pipe, with the medium mesh CFD and the
calculated analytical redevelopment length (3.6]) highlighted.
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Figure 6.24: (a) The seven candle pack inlet model, with contours of velocity magnitude
through a plane which cuts through the spider plate. (b) Perpendicular view of the contour
plot, with lines of symmetry identified. (c) Radial velocity along r = 0.037 m and r = 0.077
m, identified in (b).

Table 6.6: Comparison of average pressure and average velocity magnitude through a full
plane and a twelfth segment of the seven candle pack inlet model at the spider plate.

| Average pressure [bar] Average velocity magnitude [m/s]
Full plane 4.71 0.0330
Twelfth segment 4.71 0.0330

Figure shows a comparison between the radial velocity, along the same lines of constant
radius as in Figure [6.24f, comparing the twice adapted one-twelfth and inlet models. Agree-
ment is very good between the two models, and the one-twelfth model certainly captures the
radial velocity profile of the inlet model along the two lines. It has therefore been verified
that the twice adapted one-twelfth model sufficiently represents the flow through the whole
geometry, while resolving mass flow through the porous zone interface, and is used as the

standard seven candle filter pack model henceforward.
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Figure 6.25: (a) The one-twelfth seven candle pack model, with contours of velocity magnitude
on a plane which cuts through the spider plate. Yellow faces identify symmetry boundary
conditions. (b) Perpendicular view of the contour plot. (¢) Comparison of radial velocity
between the inlet and one-twelfth model along » = 0.037 m and r = 0.077 m, identified in (b).

6.8 Permeability calibration

Throughout the computational work, it is assumed that the candle filters are new. This means
that every candle filter in the seven and single candle filter pack models will initially have
a porous zone with the same permeability. This permeability value must be found through
calibrating the seven candle filter pack model, matching its pressure drop output to run data
from Section [6.6] Here, the mass flow rate at the inlet, melt density and melt viscosity of the

seven candle pack model were therefore set to match Table

Figure [6.26]shows how changing the viscous resistance of the porous zone changes the pressure
drop output for the seven candle pack model, where viscous resistance is inputted into the
porous media model and is the reciprocal of permeability. In accordance with Darcy’s law,
the relationship between the reciprocal of permeability and pressure drop is linear. Hence,
the calibrated permeability can be found from the linear curve fit. Table shows the
viscous resistance found from the line of best fit in Figure needed to give a pressure drop
that matches the initial average pressure drop in Figure [6.19p. It also shows the pressure

drop found from inputting that viscous resistance into the seven candle CFD model. As the
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agreement between the observed run pressure drop and the seven candle CFD model pressure
drop is good, the permeability input for the porous zone of a candle filter element for the

CFD models is chosen as 8 x 10719 m2.
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Figure 6.26: Pressure drop against viscous resistance, found by running the seven candle pack
model with four different viscous resistance inputs.

Table 6.7: Comparison between the initial pressure drop found from the seven candle run
data, discussed in Section and the calibrated seven candle pack model.

n[m=2] AP [bar] Average run pressure drop [bar]
1.25 x10°  33.81 33.83

6.9 Single candle pack model results

This section analyses the flow through the single candle filter pack model where the porous
zone has been calibrated with the viscous resistance for a clean candle filter element found
in Section The flow distribution in the pack is analysed and a permeability sensitivity
analysis is performed to see how flow through the porous zone changes with viscous resistance

magnitude. It was found in Section that the twice adapted one-sixth model sufficiently
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represents flow through the whole geometry, while resolving mass flow through the porous zone
interface. This mesh will henceforth be used in all analyses. Table[6.8shows the pressure drop
across the filter pack with this model with the calibrated viscous resistance. It also shows

that the mass flow through the porous zone interface remains resolved.

Table 6.8: Pressure drop across the pack and the mass flow rate at the porous interface for
the single candle pack model.

Mesh elements ‘ Pressure drop [bar] Mass flow at interface [kg/s]
5,100,000 | 11.36 0.0120

6.9.1 Flow distribution through the candle

Figure [6.27] shows contours of the tangential and radial component of velocity at equidistant
distances along the porous zone representing the candle filter. Radial velocity appears to only
depend on radial coordinate as tangential velocity is found to be two orders of magnitude
less than radial velocity. This suggests flow is sufficiently represented by an axisymmetric
configuration in the porous zone. As particles follow streamlines, this means that the filter
medium will block independently of azimuthal position. This is further verified in Figure
6.28] which shows the radial and tangential velocity along constant r identified in Figure
[6.27d. Although there is some noticeable variation in radial velocity around r = 0.028, near
the porous zone interface, it is oscillating and does not change by more than 1.5 % from
minimum to maximum. This oscillation in radial velocity is damped as r is taken further
away from the interface. The tangential velocity is also found to be at least two orders of
magnitude lower than the radial velocity. The single candle results show that the flow through

the porous zone may be considered axisymmetric.
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Figure 6.27: Tangential velocity contours in the porous zone of the single candle pack model
on the plane (a) y = 0.15, (b) y = 0.45 m, (¢) y = 0.75 m and (d) y = 1.05 m. Radial velocity
contours in the porous zone of the single candle pack model on the plane (e) y = 0.15 m, (f)
y=0.45m, (g) y=0.75 m and (h) y = 1.05 m.
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Figure 6.28: Radial velocity along (a) » = 0.018 m and (b) » = 0.028 m and tangential velocity
along (c) r = 0.018 m and (d) » = 0.028 m for y indicated in Figure

Figure [6.29] shows the radial velocity along y at r = 0.028 m and r = 0.018 m. There is
significant variation in radial velocity along y, suggesting that the filter medium will block at
different rates, at least initially, along the y-axis. Mass flow through a cylinder of constant

radius can be calculated from the surface integral

m://pu.ﬁdA.
A
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The surface element on a surface of constant radius is dA = rdfdy and the unit normal to a

cylinder is (r,60,y) = (1,0,0). Hence, the integral over a cylinder of constant r in the porous

y2 2w
m = / / rprdfdy. (6.5)
y1 JO

If the flow is axisymmetric, then 7 is independent of # and

zone is given by

Y2
m = 2mrpr(y)dy (6.6)
Y1

is equal to the mass flow rate at the inlet, where y; and y9 is y at the bottom and the top of
the candle filter medium respectively. Table [6.9] shows the mass flow rate through the porous
zone, calculated at a single point along the chosen r using , showing that the mass flow
calculated is in agreement with the inlet mass flow rate (0.072 kg/s) for both radii. This

further verifies the axisymmetry of the flow in the porous zone.
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Figure 6.29: Variation in radial velocity along y from the bottom to the top of the candle
inside the porous zone for the single candle pack model.



136 Chapter 6

Table 6.9: Mass flow rate through cylinders of constant r in the porous zone, calculated from

for the single candle pack model.

Radius [m)] ‘ Mass flow rate through cylinder [kg/s]
0.028 0.072
0.018 0.072

As the porous zone may be considered axisymmetric, flow patterns will not alter around the
candle filter as the filter medium blocks. There is variation in radial velocity along the length

of the candle filter. This suggests that flow patterns alter along the candle filter as it blocks.

6.9.2 Permeability sensitivity analysis

The influence of porous zone permeability is examined here. Table[6.10]shows a summary of six
simulations with the single candle pack model, where the permeability of the porous zone was
changed, including a simulation with no porous zone. Fluid properties, boundary conditions
and the mesh were not varied between simulations. There is little resistance imposed upon
the flow up to and including & = 1 x 1075 m?. From k = 1 x 1078 m?, pressure drop across the
candle filter increases by an order of magnitude as the permeability decreases by an order of
magnitude. Figure|6.30p shows how the radial velocity along the candle at » = 0.028 m changes
with decreasing permeability. With no porous zone, due to the structure of the geometry, the
vast majority of the fluid passes through the cylinder » = 0.028 m at the bottom and the
top of the candle. As the permeability of the porous zone decreases, the profile of the radial
velocity converges towards a uniform ‘box’ profile, with little variation in r along y, which
can be seen more clearly in Figure [6.30p. As the permeability of the porous zone decreases,
the resistance imposed on the flow by it increases, increasing its influence on the flow. This
results in the uniform profile at low enough permeability values, as the isotropic, homogeneous
porous zone imposes such a large resistance on the flow that its influence dominates the flow

behaviour in its vicinity.
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Table 6.10: Single candle pack model simulations run with different values of permeability,
the mass flow rate through r = 0.028 m, and pressure drop across the candle filter.

k [m?] m at r = 0.028 m [kg/s] AP across candle filter [Pa]
No porous zone 0.073 6
1x 1074 0.073 12
1x 1076 0.072 696
1x 1078 0.072 68470
1x 107 0.072 665800
1x 10710 0.072 6847000
0.0000
0.000 A L ‘ l k=1x10"8 m?
| _ ] — k=1x10"°m?
-0.002 ‘\ \1 0.0001 e 10710n’1m2
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Figure 6.30: Variation in radial velocity at » = 0.018 m along y from the bottom to the top
of the candle inside the porous zone for different magnitudes of permeability for the single
candle pack model.(a) No porous zone enabled to k = 1x107? m2. (b) k = 1x107% m? to
k=1x10"1" m?2

6.10 Seven candle pack model results

This section analyses the flow through the seven candle filter pack model where the porous
zone has been calibrated with the viscous resistance for a clean candle filter element found in
Section The flow distribution in the pack is analysed and a model with multiple outlets

is created to determine how pressure influences flow distribution between the candles. It was
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found in Section [6.7] that the twice adapted one-twelfth model sufficiently represents the flow
through the whole geometry, while resolving mass flow through the porous zone interface.

This mesh will henceforth be used in all analyses.

6.10.1 Flow distribution through central and outer candles

The flow distribution through the pack, including the porous zone of the central candle and
outer candle is examined. Again, radial coordinates are employed to examine flow through the
central candle, with central radial position denoted as r. and central radial velocity denoted
7e. Through the outer candle, radial coordinates are transformed for analysis so that the
y-axis is positioned through the centre of the outer candle. The outer radial coordinate is

therefore given by

To =V (x — )2 + (2 — 2,)2, (6.7)

where (z,, z,) is the position of the centre of the outer candle. Therefore, outer radial velocity

is found from
(x —zo)u+ (2 — zo)w

\/(ac —x)? + (2 — ZO)Q‘

Figure [6.31] shows velocity magnitude contours at equidistant distances through the pack.

(6.8)

Fo =

Figure shows contours near the bottom of the candles. Most of the fluid has not
transferred through the candles, as fluid moves faster in regions upstream of porous zones.
As the fluid rises, more passes through each porous zone, until the majority of the fluid has
transferred into the core of each candle, which can be seen in Figure [6.31d. Figure [6.32shows
radial velocity plotted along r. = 0.018 and 0.028 m for the central candle and outer radial
velocity along r, = 0.018 and 0.028 m for the outer candle. There is little variation along
0. for the chosen radii in the central candle, suggesting flow is independent of .. Through
the outer candle, there is significant variation in outer radial velocity for the chosen radii,

indicating that the flow is dependent on 6,.
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Figure 6.31: Velocity magnitude contours with velocity vectors on the plane (a) y = 0.15 m,
(b) y =0.45 m, (c) y =0.75 m and (d) y = 1.05 m for the seven candle pack model.
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As the fluid moves up the pack, there is clearly variation in central radial velocity and outer
radial velocity. Figure [6.33| illustrates this, with significant variation in both central and
outer radial velocity along the central and outer candle respectively. Central radial velocity
is greater in magnitude along the candle as the central candle sees a greater proportion of the

inlet throughput.
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Figure 6.32: Central radial velocity around (a) 7. = 0.018 m and (b) r. = 0.028 m for the
central candle and outer radial velocity around (c) r, = 0.018 m and (d) r, = 0.028 m for the
outer candle for the seven candle filter pack model.
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By summing the total mass flow rate through the whole central candle and a whole outer
candle, the percentage split of this through both candles can be calculated and the distribution
of melt flow between candles in the pack can be assessed. Due to the symmetry of the pack, an
even split of 50% of this total indicates that the melt is evenly distributed between all candles
in the pack. The central candle sees 51.26% of the total flow through the whole central candle

and a whole outer candle.

Flow varies between, along and around candle filters in the seven candle filter pack. This
suggests that flow patterns will alter around, along and between candle filters as runs advance

and each candle filter blocks.
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Figure 6.33: (a) Central radial velocity and (b) outer radial velocity along the central and
outer candle at a point on r. = 0.018 m and r, = 0.018 m respectively for the seven candle
pack model.

6.10.2 Pressure distribution between central and outer candles

A new model was created to examine the influence of the outlet geometry on the flow distri-
bution in the pack. Figure shows the outlet region of this new multiple outlet geometry,

where the connecting outlet, shown in Figure [6.20] was replaced by individual straight pipe
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outlets at the end of the candles.

Figure 6.34: The outlet section of the seven candle pack multiple outlet model.

The mesh was ensured to be converged with mesh adaptation, analysing the pressure drop
across the pack and the total mass flow through porous zones. At the inlet, a mass flow rate of
0.0625 kg/s was specified. The mesh controls for the original mesh are specified in Appendix
[A73] Table [6.11] shows that the mass flow rate at the interface converges towards the mass
flow rate specified at the inlet with refinement, with the second and third adaptation giving
a mass flow rate through the interface matching that of the inlet. Table also shows how
the pressure drop across the seven candle pack varies with adaptation. Agreement between
the second and third adaptation is exceptional, with a 0.030% difference between pressure

drop for each mesh. In accordance with the criteria specified in Subsection [6.4.1] the mesh is

deemed to be independent between the second and third adaptation.

Table 6.11: Changes in pressure drop across the one-twelfth multiple outlet seven candle pack
model and the total mass flow through the sum of each porous zone interface as the mesh is
refined through adaptation in regions of high pressure gradients.

Mesh | Mesh elements Pressure drop [bar] Total mass flow at interfaces [kg/s]

Original 1.700,000 25.92 0.0561
Adapt 1 3,900,000 26.37 0.0611
Adapt 2 13,000,000 26.49 0.0626

Adapt 3 | 17,000,000 26.50 0.0626
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Figure [6.33] shows that the radial velocity through the central candle is of larger magnitude
compared to the outer radial velocity through the outer candle for the original seven candle
pack model. It was shown that the central candle sees a greater proportion of the inlet
throughput compared to the outer candles. Table shows the percentage split of the total
mass flow rate between the whole central candle and a whole outer candle for the original
and multiple outlet model. For the original model, more of the fluid passes through the
central candle. For the multiple outlet case, the distribution of flow through each candle is
identical to two decimal places. This is because the extended outlet sections for the outer
candles result in a larger resistance to flow, hence more of the fluid initially travels through
the central candle. Figure [6.35h shows the pressure contours through the plane parallel to the
y-axis which cuts through the centre of both candles for the seven candle model. The pressure
gradient is steeper through the outer candle due to the increased resistance imposed by the
extended outlet. Figure [6.35b confirms this, showing that pressure is evenly distributed
between the central and outer candle outlets for the multiple outlet model, as there is no
additional contribution to resistance from the design of the outer candle outlet section. This

results in an even distribution of the flow between the central and outer candles.

Candles are cleaned and reused after the termination of a run. If the flow is not homogenised,
some candles in the pack would block at a faster rate compared to others, increasing pressure
drop across the candles which see more throughput. This makes it more likely that the
structure of those candles is damaged during production. This could spoil the candle, leading
to expensive replacements rather than cleaning and reuse. If structural damage is not picked
up on, then over several runs, the likelihood of significant damage to candles during runs
increases, which would result in costly early termination of the runs and filter replacement.

Hence, an even distribution of flow between candles is desirable.

Table 6.12: Mass flow rate through r., 7, = 0.018 m between the outer and central candles
for the original and multiple outlet seven candle pack model.

Model | Central flow distribution [%] Outer flow distribution [%]
Original 51.26 48.74
Multiple outlets 50.00 50.00
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Figure 6.35: Contours of pressure on the plane parallel to the y-axis which cuts through the
centre of the central and outer candle for (a) the seven candle pack model and (b) the multiple
outlet model.



Chapter 6 145

6.11 Conclusion

This chapter focused on the preliminary analysis of candle filter packs. Candle filter elements
were described. Two of the filter packs used on film production lines were detailed: single
and seven candle filter packs. Data from past runs which included a single candle filter pack
was analysed and, surprisingly, it was found that there was no increase in pressure gradient
over time as run flow rate increased. It is suggested that an experiment should be performed

to determine the influence of candle element condition on the pressure drop across it.

A single candle filter pack computational model was created, and preliminary simulations were
run to test if the symmetry of the geometry led to flow symmetry. The flow was found to be
symmetrical in the same three planes as the geometry. Hence, the model could be reduced
to a sixth of the original, exploiting symmetry boundary conditions. This saved significant

computational cost.

Data from several runs from a film manufacturing line with a seven candle filter pack was
analysed. As pressure was recorded at transducers upstream and downstream of the filter
pack, it was possible to find information on the initial pressure drop across the pack. A
seven candle filter pack computational model was created, and preliminary results verified
and exploited flow symmetry to reduce the geometry down to a twelfth of its original size,
saving significant computational cost on a sizeable geometry. Analysis from run data was then

used to calibrate the permeability input for a porous zone representation of a candle filter.

Finally, results for the CFD models were analysed to understand how melt initially flows
through each filter pack, before particle fouling influences flow patterns. Axisymmetry was
verified in the porous zone of a single candle filter pack. The radial velocity was found to
vary from the bottom to the top of the candle filter. This ensures that as the filter medium
blocks over time, the permeability of the filter medium will change depending on only position
along it. A permeability sensitivity analysis study was was undertaken, showing that as the

permeability of the porous zone decreases, it exerts a greater resistance to flow, decreasing
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the influence of the geometry on flow patterns as the radial velocity along the candle filter

converges towards a uniform ‘box’ profile.

For the seven candle filter pack, it was found that the flow is not axisymmetric throughout
each porous zone, and the flow is not evenly distributed between the central and outer candles.
This means that the permeability of the central candle will vary at a different rate compared
to the outer candles as the respective filter medium blocks. Furthermore, as the flow is not
axisymmetric throughout the outer porous zone, the permeability will vary along and around
each candle element as filter media blocks. The outlet part was shown to be the reason why
the central and outer filters do not block evenly. This is due to the increased resistance caused

by the bend in the pipe in the outlet part that connects to the outer candle.

In Chapter [7] the computational models discussed in this chapter are coupled with filter
blocking models to examine how flow patterns alter as runs advance and candle filters block.
As particles follow streamlines, analysis from this chapter suggests that candle filters will not
block evenly. For the single candle filter pack, this chapter suggests that candle elements
will not block uniformly along the filter. Flow patterns through the seven candle filter pack
are more interesting; it appears that filter media will not block uniformly around, along and

between candle elements.
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Pressure Drop and Flow Evolution

in Candle Filter Packs

This chapter continues the computational work on single and seven candle filter packs. So
far, only the initial flow through each pack has been modelled, before any blocking takes
place. As filter packs block over the course of an industrial film production run, candle filter
permeability decreases and resistance imposed on the flow by the filter medium increases.
This leads to an increase in pressure drop across both the filter medium and the filter pack.
In Chapter [0} it was shown that the radial velocity varies along the candle in the single candle
filter pack and that the radial velocity varies along, across and between candles in the seven
candle filter pack. The Stokes number for melts in filter media was calculated in Subsection
This confirms that particles in melts follow streamlines. Therefore, particle deposition
is directly related to flow velocity. More particles will deposit in regions of higher velocity
through the filter medium. This will lead to a greater increase in flow resistance in regions of
higher velocity, which in turn will alter flow patterns across the filter pack, as the melt will

adjust to travel through regions of lower resistance.

This chapter focuses on the development of a novel filtration model and its implementation

147
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into the single and seven candle CFD filter pack models. The model is implemented through
user-defined functions (UDFs) which allow customisation in Fluent. The methodology uses
established mechanistic filter blocking models to couple the permeability of a filter medium to
local fluid velocity. This allows CFD to be used to analyse complex industrial standard filter
systems, with a focus on pressure drop evolution and flow pattern evolution as filter media
blocks without directly modelling particle transport and deposition, which is computationally
intractable. Through modification and implementation of the filtration model into a CFD
model of the filter system, it is possible to capture the profiles of pressure drop evolution data
from actual runs, gain insight into flow pattern evolution through the system and understand

how filter elements in the system block over time.

The filter blocking model, which depends on radial velocity through the porous zone of a
candle filter, is defined. The methodology for implementation and execution of this model is
outlined. An axisymmetric version of the single candle filter pack is defined, which simplifies
the geometry and saves computational expense. The axisymmetric model is used for initial
implementation and validation of the filter blocking model. The model is then implemented
into the 3D single candle filter pack CFD model. It is then implemented into the seven candle
filter pack CFD model. A parameter study is undertaken to understand melt behaviour inside
a seven candle filter pack through the range of melt properties and operational conditions
utilized in actual production runs. Finally, design suggestions are given to improve flow

distribution through the seven candle filter pack.

7.1 Candle filter blocking model

As with the screen filter work in Chapter [5 a filter blocking model may be prescribed to
this average seven candle filter pack run data presented in Figure [6.19| in Section The
four simplest models: complete blocking, standard blocking, intermediate blocking and cake
filtration, are again fitted. As filter blocking models only model pressure drop across a filter

medium, and there is no data available for pressure drop across filters inside the seven candle
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filter pack, the calibrated seven candle filter pack CFD model, detailed in Section [6.7] and
calibrated in Section was used to find an estimate for pressure drop across the filters
inside the seven candle filter pack. As there are seven candle filters inside a pack in parallel,
the averaged run data was modified to give the mean pressure drop across an averaged filter

inside the geometry.

From the CFD model, pressure drop across the outer candle filter, AP,, is calculated by
subtracting the averaged pressure across the interface between the outer porous zone and the
central core from the averaged pressure across the interface between the outer porous zone
and the geometry upstream of the filter. Similarly, the pressure drop across the central candle
filter, AP,, is calculated in the same way with the central porous zone. Taking the mean of
these values gives the average pressure drop across a filter in the seven candle filter pack,
APjiter- Then, the pressure drop contribution from the geometry, APgeometry, is calculated

from

APgeornetry = APpack - APﬁlter-

Table [7.1] shows the pressure drop contributions throughout the seven candle filter pack CFD
model. The average pressure drop across a filter inside the seven candle filter pack from the

averaged run data, APy, can then be calculated from

AF)fd = APdata - APgeometrya

where A Pyat. is the averaged pressure drop across the pack from the seven candle run analysis
from Section [6.6]

Table 7.1: Pressure drop across different sections of the seven candle filter pack CFD model.

AP, [bar] AP, [bar] AP [bar] APy [bar]  APgeometry [bar]
21.48 20.50 20.99 33.81 12.82




150 Chapter 7

Figure [7.1] shows the pressure drop across a filter in the seven candle filter pack calculated
from averaged run data, put into a different form for each model, so a linear curve can be
fitted to test the suitability of each model. The R? value of each fit is also presented in Table
[7.2l There is little difference in R? values between the standard and intermediate fits. This is

different to the screen filter, where the intermediate blocking model clearly gave the best fit.
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Figure 7.1: Linear curve fitting to the average pressure drop evolution across a candle element
in the seven candle pack for (a) intermediate blocking, (b) standard blocking, (¢) complete
blocking and (d) cake filtration.
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Table 7.2: R? values for the fit of different blocking models to average run pressure drop
evolution across a candle element in the seven candle pack presented in Figure [7.1]

Blocking model ‘ R?

Intermediate blocking | 0.982
Standard blocking 0.973
Complete blocking 0.937
Cake filtration 0.927

A key difference between candle filters and screen filters is the material. Where a screen
filter layer comprises of a single, woven filter layer, a candle filter layer comprises of a thick,
sintered fibre structure, where particles are likely to get captured inside the pores. The
manufacturer of candle filters also confirmed that the sintered fibre structure is a depth
filtration medium [119]. The standard model mimics the capture of small particles inside
pores. Even though the intermediate model gives a slightly superior fit, the standard model is
chosen as the fit is good and it is a better physical representation of the filtration mechanism

driving particle capture in a sintered fibre material.

Figure [7.2] shows the standard model fit to the run average pressure drop across a filter in the
seven candle filter pack. The fit clearly gives a good representation of the averaged pressure

drop across a filter inside the seven candle filter pack.
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Figure 7.2: Standard blocking model fit to the average run pressure drop evolution across a
candle element in the seven candle pack.

In summary, the averaged pressure drop evolution data through the seven candle filter pack,
which was calculated in Section has been used to investigate which filter blocking mech-
anism best represents filtration in the seven candle filter pack. The seven candle CFD model
was used in conjunction with the data to find a mean pressure drop across a filter in the pack.
After fitting several models, the standard model was chosen due to its good fit to the data

and its physical representation of the mechanisms of filtration through a candle filter.

7.2 Permeability evolution model

The standard blocking model is given by

AP,

AP =
(1—25)

(7.1)

where AP is the pressure drop across a candle filter, AP, is the initial pressure drop across

the filter, 7 is the mass flow rate, t is time and K is a fitting parameter. From Darcy’s law
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(12.13)),

AP Apk
n = 2
i = S (72)

where A is the cross-sectional area of the filter, p is the fluid density, &k is the permeability, u
is the fluid viscosity and d is the thickness of the filter. Initially, pressure drop across a filter

is given by
mdu

APy = ——
0 Apkov

(7.3)

where kg is the initial, clean permeability of the candle filter before any blocking has taken

place. Substituting (|7.1]) into (7.2)) gives

durn Kot >
= 1— . 4
i ApAPy < 2 ) (74)

Then, substituting (7.3) into (7.4) gives an expression for the permeability evolution using

Kot ?
k:k0<1— 2m>. (7.5)

the standard model:

As radial velocity has been shown to vary along and around candle filters in Sections [6.9]
and and particles follow streamlines, the filter medium will not block evenly. The
permeability evolution model is modified to allow the permeability of candle filters to vary

based on radial velocity:

K 2mrhpr 2
L wrhpr(r, 0, z)t) ’ (76)

k(r,0,z) = ko < 5

where h is the length of a candle filter and r and r are radial coordinate and radial velocity
relative to the centre of the candle filter. Consider a cylinder of constant radius in the porous
zone for the single candle filter pack. By conservation of mass, the mass flow rate through
this cylinder must equal that of the mass flow rate specified at the inlet of the filter pack.
Taking the mean of at constant r gives

_ K2mrghprt\ 2
k:k()(l_?f;dm"),
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where 74 is some constant radius inside the porous zone. But 7 = by conservation of

_m__
2wrqghp

mass. Hence, (|7.6]) allows the permeability of the candle filter to vary, while recovering (7.5

on averaging.

Fluent does not use permeability as an input in porous zones. Instead, the viscous resis-
tance must be used. Viscous resistance is simply the reciprocal of permeability. Hence, on

implementation in Fluent, (7.6 is transformed into

K 2nrhpit\ 2
n=m (1= ST &

where 7 is the viscous resistance of the porous zone and 79 = 1/ky. Before the implementation
of ([7.7) into CFD models of the filter packs, simpler models are tested and analysed. Initially,
(7.4) is chosen. This model has no velocity dependence, and will ensure the viscous resistance

increases but remains uniform throughout the porous zone over time. This gives a viscous

n= 1o (1 - KSmt) B : (7.8)

resistance formulation of

2
Then, a model with linear dependence on radial velocity is defined, given by
n =no(1 + Ksmphrit). (7.9)
A model with quadratic dependence on radial velocity is also tested, given by
n=mno (1 + (Ksrrhpit)?). (7.10)
The models build up in complexity. The constant model will ensure that the standard model,
with no velocity dependence, integrates into CFD simulations. The linear model then tests the

integration of a simple permeability-radial velocity relationship. The quadratic model then

tests that a more complicated relationship, before moving onto the standard model ([7.7]).
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7.3 Methodology and implementation

Blocking models detailed in Section [7.2] were implemented into the CFD as a series of quasi
steady-state simulations. Filter packs block over a period of tens of hours, and productions
runs last days. Small changes to the flow therefore happen gradually, over several hours. The
blocking model couples porous zone viscous resistance and radial velocity. As particles follow
streamlines, the local viscous resistance of a filter medium inside the pack depends on the
local radial velocity. The velocity must then adapt to changes in the viscous resistance profile,

and so on.

7.3.1 User-defined functions

The blocking models were implemented into Fluent with user-defined functions. A user-
defined function (UDF) is a C function that can be loaded in to Fluent to enhance standard
features [129]. UDFs are defined using DEFINE macros, source files which contain the UDFs

can be interpreted directly into Fluent via its GUIL.

Two DEFINE macros were used for the implementation of the blocking models. Once inter-
preted, DEFINE_ON_DEMAND is a macro that is manually executable at any time by the user.
This macro was used to save the radial velocity cell centroid values in user-defined memory
(UDM). A UDM acts as any other variable in FLUENT; it can be used in other UDF macros,

and can be used for analysis in post-processing.

The macro DEFINE_PROFILE was also used. This macro creates a custom profile which can
be implemented in specific cell zones. It was used to create the chosen viscous resistance
evolution profile. This UDF loops over every cell in the domain, calculating, for example,
(7.7) at every cell centroid. It saves calculated values in a profile, which can be enabled on
the porous zone. It also saves the calculated values at every cell centroid as a second UDM.

This allows analysis of the viscous resistance profile inside the porous zone. The UDF also
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accesses the UDM saved by the DEFINE_ON_DEMAND macro, which was defined as the radial
velocity. The radial velocity is accessed from the UDM using DEFINE_ON_DEMAND rather than
a direct variable access as if radial velocity was directly used, the viscous resistance profile
would update at every iteration, rather than at the end of a quasi-steady time step. This
would update the viscous resistance profile with a not yet converged radial velocity profile,

invalidating results. Example source files are presented in Appendix

7.3.2 Simulation workflow

The workflow for completion of a successful simulation using UDFs is:

1. Complete an initial CFD simulation of flow through a filter pack with the constant clean

viscous resistance of a candle filter element, 7q.
2. Interpret the C file which contains the DEFINE_ON_DEMAND and DEFINE_PROFILE UDFs.
3. Save the case and data files.

4. Execute the DEFINE_ON_DEMAND UDF, saving the current radial velocity field to a UDM

variable.

5. Hook the DEFINE PROFILE UDF to the porous zone viscous resistance with the time

variable chosen as the first time step.

6. Solve the updated simulation until convergence criteria met. Save the case and data

files.
7. Execute the DEFINE_ON_DEMAND UDF again, saving the updated radial velocity field.

8. Hook the DEFINE_PROFILE UDF to the porous zone viscous resistance with the time

variable chosen as the next time step.

9. Solve the updated simulation until convergence criteria met. Save the case and data

files.
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10. Repeat 7-9 until a predetermined maximum time is met.

This process was fully automated for execution on high performance computing facilities. The

implementation of this workflow is summarised in Figure [7.3]

7.4 Axisymmetric single candle pack model

An axisymmetric model of the single candle filter pack was used for initial tests of the perme-
ability evolution model. In Subsection flow in the porous zone of a single candle filter
pack was found to be axisymmetric. However, the geometry and flow around the spider plate
is not axisymmetric. Here, the geometry was simplified to exploit this region of axisymmetry
for the purpose of blocking model testing. Figure[7.4shows the simplified axisymmetric single
candle filter pack geometry. The spider plate has been removed, and the bottom of the base
of the candle is in line with the top of the inlet pipe. The green line shows the axis of revolu-
tion. Fluent requires that the z-axis is parallel with the axis of revolution for axisymmetric

modelling.
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Figure 7.3: Flow chart of the workflow for execution of a filter blocking simulation.

For preliminary analysis, at the inlet, a mass flow rate of 260 kg/hr was specified normal to
the boundary and no-slip was specified at the walls. A static pressure outlet was chosen; the
inlet and outlet were extended to be sufficiently far away from the core of the pack, as to
have no influence on flow development in the pack. An incompressible, Newtonian fluid with
p = 1225 kg/m?® and a viscosity of 112.86 Pa s was modelled. These values were chosen to

match properties specified for the single candle filter pack CFD model.

This set-up gives a Reynolds number of 0.027, ensuring the laminar regime is maintained
throughout. Each porous zone was assigned the clean candle viscous resistance value found
in Section 1.25 x 10 m~2. Physics and solvers were specified as described in Subsection
Convergence was ensured by following Subsection [3.2.7] A steady, pressure-based solver

is specified and a viscous, incompressible laminar model is used.
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Figure 7.4: Axisymmetric single candle pack geometry.
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7.4.1 Mesh independence

A mesh of the axisymmetric model was created in ANSYS meshing. Figure shows the
mesh structure. To ensure sufficient mesh refinement everywhere, the geometry was broken
into three sections: the porous zone and the fluid cell zones upstream and downstream of the
porous zone. As the axisymmetric model is a two-dimensional geometry, significant compu-
tational cost was saved. The mesh was generated with structured, quadrilateral mesh, with
mesh defeaturing, curvature capture and capture proximity specified. This ensured that the

mesh was refined in regions with complicated topology. Mesh details are expanded upon in

Appendix [A2]

B Upstream of porous zone

B Downstream of porous zone
" Porous zone

Figure 7.5: Axisymmetric single candle filter pack mesh. The bottom image shows the inlet
section of the geometry. The top image shows the outlet section.

A coarse, medium and fine mesh were created. Table gives the number of elements for
each mesh. Pressure drop across each pack was compared and the flow redevelopment length
for the medium mesh was compared to the analytical flow redevelopment length model for
creeping flow, discussed in Subsection and given by . This was done with no porous
zone enabled, to ensure mesh independence away from the filter medium. Figure shows

pressure drop across the pack for each mesh and agreement between models is good, with a
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0.1% difference between pressure drop outputs for the medium and fine mesh. Figure [7.6b
also shows the medium mesh gives a good prediction for the flow redevelopment length. The
simulation is therefore deemed to be independent of mesh resolution and the medium mesh

is used for porous zone mesh adaptation.

Table 7.3: Number of elements for the coarse, medium and fine mesh generated for the
axisymmetric single candle CFD model.

Mesh ‘ Mesh elements

Coarse 177,000
Medium 247,000
Fine 359,000
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Figure 7.6: (a) Pressure drop across the axisymmetric single candle pack for three meshes.
(b) Plot of z-velocity along the centreline of the inlet pipe, with medium mesh CFD and the
calculated analytical redevelopment length (3.6) highlighted.

As with the single candle model, with the porous zone enabled, the mesh was ensured to be
converged through the filter medium with mesh adaptation by analysing the pressure drop
across the pack and the total mass flow rate through porous zone. At the inlet a mass flow
rate of 0.0722 kg/s was specified. Table shows that the mass flow rate at the interface

converges towards the mass flow rate specified at the inlet with refinement, with the second
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and third adaptation giving a mass flow rate matching that of the inlet.

Table[7.4] also shows how the pressure drop across the axisymmetric model varies with adapta-
tion. Agreement between the second and third adaptation is exceptional, with a 0% difference
between pressure drop for each mesh. In accordance with the criteria specified in Subsection

[6.4.7] the solution is deemed to be mesh independent between the second and third adaptation.

Table 7.4: Changes in pressure drop across the axisymmetric single candle pack model and the
total mass flow through the porous zone interface as the mesh is refined through adaptation
in regions of high pressure gradients.

Mesh ‘ Mesh elements Pressure drop [bar] Total mass flow at interface [kg/s]

Original 250,000 11.85 0.0742
Adapt 1 480,000 11.92 0.0725
Adapt 2 660,000 11.92 0.0723

The solution was shown to be independent of mesh away from the porous zone and adapting
the medium mesh showed the twice adapted medium mesh also produced results independent
of the mesh around the porous zone. The solution is therefore deemed to be mesh independent

throughout the geometry and is used for analysis.

7.4.2 Comparison of 2D axisymmetric and 3D single candle pack model

The axisymmetric model matches the fluid properties, porous zone viscous resistance and mass
flow rate prescribed to the one-sixth single candle filter pack CFD model from Section It
was found in Section that flow around and through the porous zone of the single candle
filter pack was axisymmetric and unaffected by the spider plate. Flow through the porous
zone of the axisymmetric model should therefore match that of the one-sixth single candle
filter pack model. Figure [7.7] shows radial velocity along y at 7 = 0.028 m and r = 0.018
m for both models. It is clear that flow through the axisymmetric porous zone matches
that of the 3D model. The number of mesh elements is an order of magnitude less for the

axisymmetric model. This, coupled with the reduced complexity of variables and discretised
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equations for a 2D simulation, dramatically reduces computational costs. A quasi-steady
state simulation with the one-sixth single candle model takes an order of hours, compared to
an order of minutes for a quasi-steady state simulation with the axisymmetric model. The
axisymmetric model is the ideal model for initial implementation of the blocking model, due
to its significantly reduced computational cost and similarity in flow patterns in the porous

zone, where the blocking model is implemented.
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_02 .
7
E 034
£ 0.3
S e, ‘\-\.:
-0.4 1
_05 41
T T —
-J
_06 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X [m]

Figure 7.7: Variation in radial velocity along the filter medium for the axisymmetric model
and the single candle pack model. Position along the geometry is shifted in this plot for both
cases so that the bottom of the candle is positioned at x = 0 m.

7.5 Axisymmetric single candle pack blocking evolution

In this section, the blocking models — are tested with the axisymmetric CFD model.
As the CFD model is already axisymmetric, radial coordinates and radial velocity are already
built-in to the configuration and can be saved to a UDM at each time step directly. For
each blocking model, the fitting parameter was assigned as K = 0.0358. The initial viscous

resistance, 79, was chosen as the viscous resistance of a clean candle filter determined in

Section
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The quasi-steady state simulations must be independent of time step size. To show this,
three time step sizes were chosen: 5, 10 and 15 hours. A maximum time of 500 hours was
chosen. Figure shows the pressure drop across the pack from ¢ = 0 hr to ¢ = 500 hr
for simulations using the blocking models — for the three different time step sizes.
The different time steps show matching agreement for pressure drop evolution throughout the
pack up to 500 hours for the constant, linear and quadratic models, and up to 450 hours for
the standard model. For each blocking model, the 10 hour time-stepping results are used for

analysis henceforth.
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Figure 7.8: Pressure drop evolution across the pack for the axisymmetric (a) constant (b)
linear (c) quadratic (d) standard blocking model with time steps of 5, 10 and 15 hours.
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7.5.1 Constant blocking model

The constant model was implemented into the axisymmetric CFD model through the
workflow described in Subsection [7.3.2] This means that the viscous resistance of the porous
zone does not depend on radial velocity. Viscous resistance of the porous zone depends only
on time; the viscous resistance profile is uniform throughout the porous zone for all times at
this stage. To match conditions of the axisymmetric CFD model, i was chosen to match the

inlet mass flow rate.

Figure [7.9] shows the linear relationship between pressure drop across the pack and viscous
resistance of the filter medium. The linear regression fit to the data is exceptional, with an
R? value of 1. This is expected as pressure is directly proportional to resistance through a
filter medium from Darcy’s law. However, the fitted line does not cross through the origin;
the intercept, Py, is calculated as Pr = 3.19 bar. This is because there is a contribution to
the pressure drop across the pack from both the filter medium and the geometry of the pack.

The intercept is an approximation for pressure contribution from the geometry.

80

Figure 7.9: Pressure drop across the pack against viscous resistance for the axisymmetric

constant blocking model.
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Figure shows pressure drop across the filter medium, calculated by taking the average
pressure at the interface of the porous zone and the central core from the average pressure
at the interface of the porous zone and outer annulus of the pack. Figure shows the
pressure drop across the filter medium against filter viscous resistance. Here, linear regression

again gives an R? value of 1 and now passes through the origin, following Darcy’s law.

Pressure drop across the filter medium can be calculated directly from the standard model,

given by
CN\ =2
Kymt
AP = AP, (1— 2 ) (7.11)
by substituting APy from CFD results.
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Figure 7.10: (a) Pressure drop evolution across the filter medium and (b) pressure drop across
the filter medium against viscous resistance for the axisymmetric constant blocking model.

Figure shows an exceptional match between the CFD model and a direct calculation
based upon for pressure drop across the filter medium. Figure|7.11b again compares a
direct calculation and the CFD pressure outputs, but for pressure drop across the pack. The
direct calculation fails to agree with the CFD model as the standard blocking model can only

be used to predict pressure drop across a porous medium.
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Figure shows how the radial velocity profile changes over time for the constant blocking
model. The radial velocity appears to converge towards a uniform ‘box’ profile, where flow
is evenly distributed throughout the filter medium. Figure shows how the viscous
resistance profile changes over time. Due to the form of , the rate of increase of the
viscous resistance grows on each time step. It was shown in Subsection [6.9.2]that as the viscous
resistance of the filter medium in the single candle CFD model increased, the radial velocity
converged towards a uniform distribution along the filter medium. Hence, as the viscous

resistance increases over time, the radial velocity converges towards a uniform distribution.
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Figure 7.11: Comparison of the pressure drop evolution (a) across the filter medium and (b)
across the pack between the CFD results and direct calculation from (7.11f) for the axisym-
metric constant blocking model.

So far, it has been shown that implementing the constant blocking model ([7.8) into the
CFD simulations through UDFs using the workflow described in Subsection [7.3.2] successfully

replicates a direct calculation with the standard blocking model.
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Figure 7.12: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the axisymmetric constant blocking model.

7.5.2 Linear blocking model

The linear model (7.9) was implemented into the axisymmetric CFD model through the
workflow described in Subsection to test a simple implementation of the relationship
between radial velocity and permeability. Here, the viscous resistance profile of the porous

zone was not uniform due to its dependence on radial velocity.

Pressure drop across the filter medium can be calculated directly from the linear blocking

model, given by

(7.12)

AP = AP, <1 n Ksmt) :

2
through substituting APy from the CFD simulation and taking 7 as the throughput through
the pack. Even though the CFD model does not directly include m and changes viscous
resistance based on radial velocity, conservation of mass dictates that the throughput through

the filter medium must always equal that of the throughput through the pack. Hence, as
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shown in Section the average viscous resistance in the porous zone should recover

Kymt
=10 <1+— > >. (7.13)

From Darcy’s law, the pressure drop across the filter medium is then described by .
Hence, if the model was implemented successfully, pressure drop evolution across the filter
medium should match a direct calculation from . Figure shows an exceptional
match between the CFD model and a direct calculation for pressure drop across the filter
medium. The linear model, with a coupling between radial velocity and porous zone viscous

resistance, was implemented into the axisymmetric CFD model successfully.
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Figure 7.13: Comparison of the pressure drop evolution across the filter medium between the
CFD results and direct calculation from (7.12)) for the axisymmetric linear blocking model.

As the profile of the viscous resistance of the porous zone changes over time, the flow distribu-
tion through the porous zone will change to compensate. Figure shows how the radial
velocity profile changes over time for the linear blocking model. Again, the radial velocity
appears to converge towards a uniform ‘box’ profile, where flow is evenly distributed along
the length of the filter medium. Figure shows how the viscous resistance profile changes

over time. After a quasi-steady time step, local resistance through the candle is larger in
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regions of higher radial velocity. On the next time step, this leads to a reduction in radial
velocity in regions of higher viscous resistance. This process repeats on further time stepping
such that the radial velocity converges towards a uniform profile along the filter medium.
The viscous resistance profile becomes less uniform over time. Figure highlights the
profile of the viscous resistance after one quasi-steady time step. The model calculates this
profile using with the radial velocity along the same profile from the initial simulation,
shown in Figure [7.15h. The viscous resistance is greater in regions corresponding to a greater
magnitude of radial velocity. This is because the filter medium has seen more flow in these
regions, meaning a higher concentration of particles have been captured by the filter medium
in regions of higher radial velocity. Figure [7.14dh shows that the magnitude of radial veloc-
ity remains larger near the top and bottom of the filter medium as time progresses. This
means that more flow continues to pass through these regions relative to the centre of the

filter medium which causes the viscous resistance profile to become less uniform on every time

step.
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Figure 7.14: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the axisymmetric linear blocking model.

Physically, this makes sense as particles follow streamlines. Hence, particle deposition through

the filter medium is proportional to radial velocity. Regions with larger radial velocity see
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a higher rate of blocking, which leads to a greater resistance to the flow. The flow then
redistributes to account for this non-uniform resistance, increasing flow distribution through
regions which have seen less flow and decreasing distribution through regions which have seen

more flow. Over time, this leads to a more even distribution of flow throughout the filter

medium.
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Figure 7.15: (a) Radial velocity at t = 0 hr and (b) viscous resistance at ¢ = 10 hr along the
candle at r = 0.02 m for the axisymmetric linear blocking model.

7.5.3 Quadratic blocking model

The quadratic model was implemented into the axisymmetric CFD model through the
workflow described in Subsection[7.3.2] Here, the viscous resistance profile of the porous zone
is still dependent on radial velocity and the relationship between viscous resistance and radial
velocity is quadratic. This means that small changes in local radial velocity in the porous
zone should result in a more significant change to the local viscous resistance, compared to

the linear model.

Pressure drop across the filter medium can be calculated directly from the quadratic blocking
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model, given by

AP = AP, (1 + <K2mt>2> : (7.14)

with APy taken from the initial CFD simulation and 7 as the throughput through the pack.
Again, if this model has worked successfully, pressure drop evolution across the filter medium
should match a direct calculation from . Figure shows an exceptional match be-
tween the CFD model and a direct calculation for pressure drop evolution across the filter
medium. The quadratic model, with a coupling between radial velocity and porous zone

viscous resistance, has been implemented into the axisymmetric CFD model successfully.
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Figure 7.16: Comparison of pressure drop evolution across the filter medium between the CFD
results and a direct calculation from (7.14)) for the axisymmetric quadratic blocking model.

Figure [7.17h shows how the radial velocity profile along the filter medium changes over time
for the quadratic blocking model. The radial velocity again appears to converge towards
a uniform profile, where flow is evenly distributed along the filter medium. Figure
shows how the viscous resistance profile changes over time. After a quasi-steady time step,
resistance through the candle is larger in regions of higher radial velocity. On the next time
step, this leads to a reduction in radial velocity in regions of higher viscous resistance. This

process repeats on further time stepping such that the radial velocity converges towards a
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uniform profile throughout the filter medium and the viscous resistance profile becomes more

pronounced in regions of greater radial velocity magnitude along the filter medium.
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Figure 7.17: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the axisymmetric quadratic blocking model.

7.5.4 Standard blocking model

The standard model (|7.7) was implemented into the axisymmetric CFD model through the
workflow described in Subsection Here, the viscous resistance profile of the porous zone
is dependent on radial velocity and the relationship between viscous resistance and radial

velocity now follows the form of the standard filter blocking model.

Figure shows that the different time steps show matching agreement for pressure drop
evolution throughout the pack up to 450 hours. After this, the 5 hour time step model
begins to decrease in pressure drop. The model has failed at this point. The reason for this
is investigated and discussed in Section The 10 hour time stepping model is used for
analysis for the rest of this section, with velocity profiles checked to ensure stability up to 500

hours.
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Pressure drop across the filter medium can be calculated directly from the standard model,
given in (7.11]), by substituting AP, from the initial CFD simulation and ri2 as the throughput
through the pack. Figure shows that pressure drop across the filter medium from direct
calculation matches the CFD output. The pressure drop across the pack should also match
the output from the constant model as the average viscous resistance calculated from at
each time step should match the viscous resistance calculated from ([7.8]). Figure shows
that this is the case. The standard model has successfully been implemented with a 10 hour

time step up to a maximum time of 500 hours.
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Figure 7.18: (a) Pressure drop across the filter medium against time between the CEFD re-
sults and a direct calculation from for the axisymmetric standard blocking model. (b)
Comparison of pressure drop evolution across the pack between the axisymmetric constant
and standard blocking models.

Figure shows how the radial velocity profile changes over time for the standard blocking
model. Again, radial velocity appears to converge towards a uniform ‘box’ profile, where
flow is evenly distributed throughout the filter medium. Figure shows how the viscous
resistance profile changes over time. Similar trends are clear between the constant model and
all the models with dependence on radial velocity, where the flow converges towards a uniform,

even distribution through the filter medium. Note that there are pronounced perturbations
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forming along the viscous resistance and radial velocity profiles at ¢ = 500 hr, which are
particularly pronounced at the top and bottom of the candle. Similar to the 5 hr time step,
even though the pressure drop across the filter pack is still reasonable, the model has failed

at this point. Again, this is discussed in detail in Section [7.§

Figure [7.20p shows a radial velocity comparison at two quasi-steady time steps between the
constant and standard blocking models. Figure shows the difference in viscous resistance
profiles at ¢ = 100 hr. By including radial velocity dependence, it is clear that the process of
redistributing flow along the filter medium is accelerated as the local viscous resistance through
the filter medium is dependent on radial velocity. Radial velocity dependence accelerates the

homogenisation of flow along the filter medium.
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Figure 7.19: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the axisymmetric standard blocking model.

In summary, all models discussed were implemented successfully and work as expected for the
axisymmetric geometry. However, when including viscous resistance dependence on radial
velocity, the models appear to break down after a substantial amount of quasi-steady state

time steps. This is analysed in detail in Section [7.§
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Figure 7.20: (a) Radial velocity at two time steps and (b) viscous resistance at ¢ = 100 hr
along the candle at » = 0.02 m for the axisymmetric standard and constant blocking models.

7.6 Single candle pack blocking evolution

In this section, the blocking models — are tested with the one-sixth single candle
CFD model, described in Section and shown in Figure to verify that the blocking
methodology translates to three dimensions. As the CFD geometry is not axisymmetric in
this case, the UDFs must calculate radial coordinates and radial velocity based on Cartesian
coordinates. Hence UDFs calculate the radial coordinate from and radial velocity from
(6.2). For each blocking model, the fitting parameter was assigned as Ks = 0.0358. The initial
viscous resistance, 7y, was chosen as the viscous resistance of a clean candle filter determined

in Section 6.8

7.6.1 Constant blocking model

The constant model, given by (7.8) was implemented into the single candle CFD model
through the workflow described in Subsection The viscous resistance of the porous zone
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does not depend on radial velocity. To match conditions of the single candle CFD model, m

was chosen to match the inlet mass flow rate.

Figure shows the pressure drop across the pack from ¢ = 0 hr to ¢ = 500 hr for
simulations using for three different time step sizes. The different time steps show
matching agreement for pressure drop evolution throughout the pack. The 10 hour time
stepping model is used henceforth. Figure shows that pressure drop across the filter
medium from direct calculation matches the CFD output. The match is good so the constant

blocking model was successfully implemented into the single candle CFD model.
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Figure 7.21: (a) Pressure drop evolution across the pack for the single constant blocking model
with time steps of 5, 10 and 15 hours. (b) Pressure drop across the filter medium against time
between the CFD results and a direct calculation from (7.11]) for the single constant blocking
model.

Figure shows how the radial velocity profile changes over time for the constant blocking
model. The radial velocity again appears to converge towards a uniform ‘box’ profile, where
flow is evenly distributed throughout the filter medium. Figure shows how the viscous
resistance profile changes over time. Due to the form of , the rate of increase of the

viscous resistance grows on each time step.
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Figure 7.22: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the single constant blocking model.

7.6.2 Linear blocking model

The linear blocking model, given by (7.9)), was implemented into the single candle CFD
model through the workflow described in Subsection The viscous resistance profile of

the porous zone is not uniform due to its dependence on radial velocity.

Figure shows the pressure drop across the pack from ¢ = 0 hr to ¢ = 500 hr for
simulations using for the three different time step sizes. The different time steps show
matching agreement for pressure drop evolution across the pack. The 10 hour time stepping
model is used henceforth. Figure shows an exceptional match between the CFD model
and a direct calculation for pressure drop evolution across the filter medium. The linear
model, with a coupling between radial velocity and porous zone viscous resistance, has been

implemented into the single candle CFD model successfully.
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Figure 7.23: (a) Pressure drop evolution across the pack for the single candle linear blocking
model with time steps of 5, 10 and 15 hours. (b) Comparison of pressure drop evolution across
the filter medium between the CFD results and a direct calculation from for the single
linear blocking model.

Figure shows how the radial velocity and viscous resistance profiles change over time for
the linear blocking model. Again, the radial velocity appears to converge towards a uniform
‘box’ profile, where flow is evenly distributed throughout the filter medium. The viscous
resistance increases over time, with increases more pronounced in regions of larger radial

velocity magnitude.

The linear blocking model can be compared to the axisymmetric single candle linear blocking
model results. Due to the exclusion of the geometry around the spider plate for the axisym-
metric model, pressure drop across the pack is larger for the 3D model. Non-dimensionalised
pressure drop across the filter medium for each model is compared to eliminate any influence
caused by this difference in pressure drop, given by

AP

AP* = 22
AP,
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Figure 7.24: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the single linear blocking model.

Figure shows non-dimensionalised pressure drop across the filter medium for each model

matches. There has been no change in model functionality when translating the model from

a 2D axisymmetric geometry to a 3D geometry.
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Figure 7.25: Non-dimensional pressure drop evolution across the pack for the single candle
and axisymmetric single candle linear blocking model.
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7.6.3 Quadratic blocking model

The quadratic model, given by ((7.10), was implemented into the single candle CFD model
through the workflow described in Subsection [7.3.2] The viscous resistance profile of the
porous zone is dependent on radial velocity and the relationship between viscous resistance

and radial velocity is now quadratic.

Figure shows the pressure drop across the geometry from ¢ = 0 hr to ¢ = 500 hr for
simulations using for the three different time step sizes. The different time steps show
matching agreement. The 10 hour time stepping model is used for the rest of this section.
Figure shows an exceptional match between the CFD model and a direct calculation
for pressure drop evolution across the filter medium. The quadratic model, with a coupling
between radial velocity and porous zone viscous resistance, has been implemented into the

single candle CFD model successfully.
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Figure 7.26: (a) Pressure drop evolution across the pack for the single candle quadratic
blocking model with time steps of 5, 10 and 15 hours. (b) Comparison of pressure drop
evolution across the filter medium between the CFD results and a direct calculation from

(7.14) for the single quadratic blocking model.

Figure shows how the radial velocity profile along the filter medium changes over time
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for the quadratic blocking model. The radial velocity again converges towards a uniform
profile, where flow is evenly distributed along the filter medium. Figure shows how the

viscous resistance profile changes over time.
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Figure 7.27: (a) Radial velocity and (b) viscous resistance evolution along the candle at
r = 0.02 m for the single quadratic blocking model.

7.6.4 Standard blocking model

The standard model, given by ([7.7)), was implemented into the single candle CFD model
through the workflow described in Section The relationship between viscous resistance

and radial velocity follows the form of the standard filter blocking model.

Figure shows the pressure drop across the geometry from ¢ = 0 hr to ¢ = 500 hr for
simulations using for the three different time step sizes. The different time steps show
matching agreement for pressure drop evolution throughout the pack up to 440 hours. After
this, the 5 hour time step model begins to decrease in pressure drop. Similarly to the axisym-
metric standard model, the model has failed at this point. The 10 hour time step also fails
before the 500 hour mark. The reason for this is investigated, discussed and compared with

the axisymmetric model in Section The 10 hour time stepping model is used for the rest
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of this section. Figure [7.28b shows that pressure drop across the filter medium from direct
calculation matches the CFD output. The standard model has successfully been implemented
with a 10 hour time step up to a maximum time of 450 hours, where pressure output for the

10 hour time step is stable.
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Figure 7.28: (a) Pressure drop evolution across the pack for the single candle standard blocking
model with time steps of 5, 10 and 15 hours. (b) Comparison of pressure drop evolution across
the filter medium between the CFD results and a direct calculation from for the single
standard blocking model.

Figure shows how the radial velocity profile along the filter medium changes over time for
the standard blocking model. The radial velocity again converges towards a uniform profile,
where flow is evenly distributed along the filter medium. Figure shows how the viscous
resistance profile changes over time. The model is on the precipice of breaking at 450 hours,

which is seen in the local variations along the radial velocity profile at this time.
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Figure 7.29: (a) Radial velocity and (a) viscous resistance evolution along the candle at
r = 0.02 m for the single standard blocking model.

Figure [7.30] shows contours of velocity magnitude through the spider plate at 0 and 400
hours. Qualitatively, there is negligible difference between the flow. Figure shows the
radial velocity at 0 and 400 hours along two lines of constant r highlighted in Figure [7.30]
There is no discernible difference in the radial velocity along the lines; filter blocking has

negligible influence on the flow around and upstream of the spider plate.
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Figure 7.30: Contours of velocity magnitude on a plane that cuts through the spider plate for

the single candle standard blocking model at (a) 0 hours and (b) 400 hours.
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Figure 7.31: Radial velocity along the lines r = 0.022 m and » = 0.03 m at { = 0 and ¢ = 400
hours on a plane that cuts through the spider plate for the single candle standard blocking
model.

Figure [7.32| shows contours of velocity magnitude through a plane that cuts through the
middle section of the candle filter at 0 and 400 hours. Flow patterns are structurally identical
at each time. However, velocity magnitude is larger through the plane at 400 hours. From
Figure this is expected as the radial velocity through the middle of the candle filter has
increased as the viscous resistance is lower compared to the bottom and top of the candle.

Flow patterns do not change structurally as the flow is axisymmetric around the filter medium.

In summary, over time, flow through the candle filter in the single candle filter pack converges
towards a uniform distribution. Hence, after enough time has passed, flow is evenly distributed
along and around the candle filter in the pack. Due to the axisymmetric nature of the flow
through and around the filter medium, no significant changes in flow patterns are seen over
the course of a run. The filter medium regions near the top and bottom of the candle will see
more fouling over the course of a run due to the proportion of throughput that these regions
see. Filter blocking has no discernible influence on flow patterns around and upstream of the

spider plate and has negligible influence on flow patterns downstream of the central core.
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Figure 7.32: Contours of velocity magnitude for the single candle standard blocking model at
y = 0.45 m for (a) 0 hours and (b) 400 hours.
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7.7 Seven candle pack blocking evolution

For the seven candle filter pack, only the standard blocking model is considered. This is
because work in Sections and showed that the standard model has been successfully
implemented into the CFD models regardless of dimensions up to the stability issue. Results
are then compared to the standard model fitted to the data given in Section [7.1] To this end,
fluid properties, flow rate and the fitting parameter are chosen to match seven candle pack

runs.

The one-twelfth seven candle filter pack CFD model, detailed in Section and shown in
Figure was used. The inlet mass flow rate and fluid properties were chosen to match the
runs that are given in Table The fitting parameter was assigned as K = 0.038, matching
the fitting parameter found for the standard model fitted to the run data. The initial viscous

resistance, 79, was again chosen as the viscous resistance of a clean candle filter determined

in Section

In the one-twelfth geometry, there are two candles, one-twelfth of the central candle and half
of an outer candle. Therefore, there are two porous zones, and the standard model must be

specified for each candle filter. For the central candle, the standard model is given by
Tle = 1o (1 - Ksﬂrchpfct)_2 s (7.15)

where 7). is the viscous resistance through the central candle, r. is the radial position relative
to the origin and 7. is the radial velocity relative to the origin. For the outer candle, the

standard model assigned is given by
Mo =10 (1 — Kmrohpiot) 2, (7.16)

where 7, is the viscous resistance through the outer candle, r, is the radial position relative
to the centre of the outer candle and 7, is the radial velocity relative to the centre of the outer

candle.
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The quasi-steady state simulations must be independent of time step size. To show this, three
time step sizes were chosen: 5, 10 and 15 hours. A maximum time of 250 hours was chosen,
which exceeds the maximum time of the averaged run data. Figure shows the pressure
drop across the pack from t = 0 hr to t = 250 hr for simulations using — for the
three different time step sizes. The different time steps show matching agreement for pressure

drop evolution across the pack. The 10 hour time stepping model is used henceforth.
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Figure 7.33: Pressure drop evolution across the pack for the seven candle standard blocking
model with time steps of 5, 10 and 15 hours.

Figure [7.34] shows a comparison between the CFD average pressure drop across the filter
medium, calculated by averaging the pressure drop across the central and outer filter medium,
and the standard model fit to run data given in Figure[7.2] The match is exceptional suggesting
that the standard blocking model has successfully been implemented into the seven candle
filter pack CFD model. The blocking model is used to offer insight into flow behaviour inside

the seven candle filter pack over time.
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Figure 7.34: Averaged pressure drop evolution across a filter medium inside the seven candle
standard blocking model compared to the standard model curve fitted to the run data in

Section [T11

By summing the total mass flow rate through the whole central candle and the whole outer
candle, the percentage split of this through both candles can be calculated and the distribution
of melt flow between candles in the pack can be assessed at a given time. Due to the symmetry
of the pack, an even split of 50% of this total indicates that the melt is evenly distributed
between all candles in the pack. Initially, the percentage split of the total mass flow rate
for the central candle is 51.26%. At 250 hours, the percentage split for the central candle
is 50.12%. Figure [7.35| shows the mass flow rate through the central and outer candles over
time. As discussed in Section [6.10] initially, the central candle sees a larger proportion of
pack throughput due to the resistance imposed on the flow through the outer candle by the
outlet section. Over time, mass flow rate through the central candle decreases and mass
flow rate through the outer candle increases. Both appear to be converging towards an even
proportion of flow through each candle. As the central candle sees more flow, the average
viscous resistance through it will increase at a faster rate compared to the outer candle. The

flow will redistribute in response to this.

Table[7.5] estimates the total throughput that the central candle and an outer candle have seen
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after 250 hours. This is calculated by multiplying the mass flow rate at each point in Figure
by ten (due to the 10 hour time step size) and summing. There is a 2.17% difference in

cumulative throughput between each candle filter after 250 hours.
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Figure 7.35: Mass flow rate through the central and outer candles over time for the seven
candle standard blocking model.

Table 7.5: Cumulative melt throughput for each candle after 250 hours for the seven candle
standard blocking model.

‘ Total throughput [kg]
Central candle 102450
Outer candle 100270

Figure shows the central and outer radial velocity through a line along the central and
outer candle respectively. As with the single and axisymmetric models, the flow appears to be
converging towards a uniform ‘box’ profile along the candle filters. Furthermore, the central
radial velocity is decreasing in magnitude. Table shows the mean central and outer radial
velocity initially and at 250 hours for the central and outer candles respectively. The mean
central radial velocity has decreased significantly compared to a slight increase in mean outer

radial velocity. As the distribution of melt flow between candle filters homogenises, the mass
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flow rate through the central candle redistributes through the six outer candles, significantly
reducing the central radial velocity along the central candle, while slightly increasing outer

radial velocity along each outer candle.
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Figure 7.36: (a) Central radial velocity and (b) outer radial velocity evolution for the seven
candle standard blocking model along the central and outer candle at a point along r. = 0.018
m and r, = 0.018 m respectively.

Table 7.6: Mean central and outer radial velocity for the profiles in Figure [7.36] initially and
after 250 hours.

Time [hr] | 7. [mm/s] | 7 [mm/s]

0
250

-0.737
-0.709

-0.707

-0.702

Figure shows the central and outer viscous resistance profiles along the same line along
each candle filter. The mean viscous resistance through the central candle is 0.89% larger
than through the outer candle after 250 hours. This is because the central candle has seen a

greater throughput, leading to more blocking, resulting in a larger resistance to the flow.
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Figure 7.37: (a) Central viscous resistance and (b) outer viscous resistance evolution for the
seven candle standard blocking model along the central and outer candle at a point along
r. = 0.018 m and r, = 0.018 m respectively.

As shown in Figure [6.32] in Section [6.10] flow is not considered locally axisymmetric around
the outer candle. Figure [7.38 shows the radial central evolution and outer velocity evolution
around constant 7. and r, respectively on the plane y = 0.45 m. The magnitude of central
radial velocity has decreased around the central filter and the magnitude of the outer radial
velocity has increased around the outer filter. Table shows the range of central and outer
radial velocity for the plots in Figure for the 0 hour and 250 hour time step. There is
little change in radial velocity profiles around the candle filters on this plane. It does not

appear that the blocking model is homogenising flow around the outer filter.

Table 7.7: Range of 7. and 7, at £ = 0 hr and ¢t = 250 hr around r. = 0.018 m and r, = 0.018
m on the plane y = 0.45 m for the seven candle standard blocking model.

Time [hr] Range [m/s]

; 0 2.32 x 1077
¢ 250 1.07 x 1077
N 0 2.07 x 107°
© 250 2.00 x 107°
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Figure 7.38: (a) Central radial velocity and (b) outer radial velocity evolution for the seven
candle standard blocking model around the central and outer candle on the plane y = 0.45 m
at r. = 0.018 m and r, = 0.018 m respectively.

As time advances and the candle filters block, flow between and along candle filters in the seven
candle filter pack homogenize. Figure shows contours of velocity magnitude through the
spider plate at 0 and 250 hours. There is no qualitative difference in the two contours plots
at the spider plate over the course of blocking model simulations. Figure [7.40] show radial
velocity profiles along lines of constant r highlighted in Figure [7.39h. There is no discernible
difference in radial velocity along the lines; filter blocking has negligible influence on the flow

around and upstream of the spider plate.
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Figure 7.39: Contours of velocity magnitude on a plane that cuts through the spider plate for
the seven candle standard blocking model at (a) 0 hours and (b) 250 hours.
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Figure 7.40: Radial velocity along the lines r = 0.037 m and r = 0.077 m, highlighted in
Figure[7.39, at ¢t = 0 and ¢ = 250 hours.

Figure shows contours and vectors of velocity magnitude through a plane that cuts
through the middle section of the seven candle filter pack at 0 and 250 hours. Flow patterns
are structurally similar at each time. However, velocity magnitude is smaller through the
core of the central candle at 250 hours. From Figure this is expected as the central
radial velocity through the core of the central candle filter has decreased as the flow between

candles has homogenised. Flow patterns do not change significantly as there was little change
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to radial velocity profiles around each candle filter.
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Figure 7.41: Contours and vectors of velocity magnitude for the seven candle standard block-
ing model at y = 0.45 m at (a) 0 hours and (b) 250 hours.

In summary, the standard blocking model has been successfully implemented into the seven
candle filter pack CFD model, with results remaining stable beyond the maximum time of
the averaged run data. As time advances, flow between and along candle filters in the pack
homogenise. Flow around the outer candle filter does not appear to homogenise as time

advances.

7.8 Blocking evolution model limitations

Figure 77 shows that the pressure drop across the pack decreases for the 5 hour time step
axisymmetric standard blocking model after around 450 hours. The pressure should not

decrease, and this deviates from the pressure drop across the pack for the 10 and 15 hour time
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step. Furthermore, Figure [7.19 shows unusual behaviour for the viscous resistance and radial
velocity profiles along the candle with a 10 hour time step at 500 hours. The pressure drop
output is still reasonable at this time. Figure shows the pressure evolution continued
up to a maximum time of 600 hours for the 10 hour axisymmetric standard and constant
blocking model simulations. The standard pressure drop begins to deviate from the constant
pressure drop and decreases shortly beyond 500 hours; the standard model has failed. The
constant model remains stable. This is because the viscous resistance profile does not depend

on radial velocity.
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Figure 7.42: Pressure drop evolution across the pack for the axisymmetric standard and
constant blocking models with a time step size of 10 hours and a maximum time of 600 hours.

Figure shows radial velocity profiles at » = 0.02 m along the candle between 430-480
hours for the standard model. The radial velocity profile is smooth and reasonable up to 440
hours. At 450 hours, the profile has changed at the bottom and the top of the filter medium;
the radial velocity appears to suddenly increase in magnitude next to the walls of the pack.
Slight local variations in radial velocity also begin to emerge over the length of the candle.
At 460 hours, variations in local velocity appear to get slightly larger. Beyond this point,
perturbations emerge and grow, particularly at the top and bottom of the filter medium.

Figure [7.44] shows viscous resistance along the same line at the same time steps. It follows
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similar profile changes compared to the radial velocity but remains stable at 450 hours. The
profile changes at 460 hours. This delay is because the viscous resistance profile calculated at

460 hours is calculated using the radial velocity profile at 450 hours.
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Figure 7.43: Radial velocity between 430 and 480 hours along the candle at » = 0.02 m for
the axisymmetric standard blocking model.

Perturbations along the candle in viscous resistance and radial velocity have emerged around
450 hours into the simulations and increase on each time step. Perturbations are particularly
large near the top and the bottom of the candle. Once perturbations emerge, the model will
break. Perturbations also emerge at a later time compared to the 5 hour model, hence why

the pressure drop across the pack deviates from the constant model at a later time.
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Figure 7.44: Viscous resistance between 430 and 480 hours along the candle at » = 0.02 m
for the axisymmetric standard blocking model.

There are two factors which cause these blocking models to break. The first factor comes from
the standard model behaviour at large times. The viscous resistance in the filter medium is

updated on each quasi-steady state time step according to

n=mno(1— Kerrhpit) 2. (7.17)

A singularity is present in the standard model as Ksmrhprt — 1. For the constant model,
given in , as 0.5 K¢ mt — 1, n — oo. For the values specified in the axisymmetric constant
model, the singularity occurs as t — 774 hr. Figure shows pressure drop across the filter
medium calculated from . Beyond the singularity, pressure drop across the filter medium

is reflected across the line ¢t = t5, where t; = 774 hr is the time where the singularity occurs.
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This is obviously an unphysical representation of filter blocking and the standard model should

only be used to predict pressure drop up to a time ty,.x such that . < 5.
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Figure 7.45: Pressure drop evolution across a filter medium from a direct calculation of the

constant model using ([7.11)).

For the standard model, where the local viscous resistance depends on local radial velocity
as well as time, as Kgmrhprt — 1, 7 — oo. Hence, a significant spike in local radial velocity
could result in the model breaking due to a local n approaching the singularity before ;.
However, the model breaks after around 450 hours, significantly before t;. Figure[7.43c shows
that there is little difference in radial velocity along the filter at this time. Although radial
velocity along the filter medium is only plotted for a single radius, due to conservation of
mass, as r decreases, the mass flow through r in the porous zone must remain constant.
Hence the mean of r7 remains constant. For the maximum radial velocity along the filter

medium, K mrhprt = 0.58.

As t increases, the average value of the difference in viscous resistance at each time step
increases. After enough time has passed, there are significantly larger changes to the viscous
resistance upon each time step. Locally, between two successive nodes in the mesh, this means

that small differences in radial velocity lead to more significant variations in viscous resistance
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at later times. Once a local variation in radial velocity is established, at the next time step, the
viscous resistance profile is recalculated, accentuating the local variation in its profile. This
process continues, as local variations in the radial velocity profile accentuate local variations
in the viscous resistance profile, which, in turn, further accentuate local variations in the
radial velocity, all while the difference in local viscous resistance is further accentuated by
increasing time. This continues as local perturbations in viscous resistance and radial velocity

continue to grow until the model breaks.

This instability at large times is also present in the quadratic model, given by , with a
larger K choice than in Subsection [7.5.3] Figure [7.46] shows pressure drop evolution for the
quadratic model with Ky = 0.2 and a 10 hour time step. The model has become unstable
around 550 hours and failed. This is reflected in Figure [7.47, where again perturbations have
formed and caused the model to fail. This suggests that instability is not caused by the

singularity in the standard model.
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Figure 7.46: Pressure drop evolution across the axisymmetric quadratic blocking model with
K, =0.2.

Perturbations are particularly pronounced at the ends of the filter medium. This is because

of the walls at the top and the bottom of the porous zone. Local extrema are present in
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both radial velocity and viscous resistance profiles near the walls. The magnitude of radial
velocity must then decrease to a value of zero at the walls due to no-slip. Such a large gradient
in profiles near the walls then results in large differences between local radial velocity along
successive nodes in this region, resulting in the pronounced perturbations on each time step

at large times.
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Figure 7.47: (a) Radial velocity and (b) viscous resistance at 550 hours along the candle at
r = 0.02 m for the axisymmetric quadratic blocking model with K, = 0.2.

The second factor is the time step size. Figure shows that the perturbations begin at
an earlier time, around 400 hours compared to 450 hours, for the 5 hour time step case
compared to the 10 hour time step. An unphysical decrease in pressure can also be seen to
happen at lower times with decreasing time step size in Figure [T.49h. A smaller time step
size means more quasi-steady state simulations compared to a larger time step size up to the
same maximum time. This means that the viscous resistance and radial velocity profiles are
recalculated more often compared to a larger time step size. For two successive nodes in the
mesh, small variations are updated at a more frequent rate, further accentuating the growth
of perturbations in the viscous resistance and radial velocity profiles, breaking the model at
an earlier time. Figure shows the relationship between time step size and the point in

time which the pressure drop across the pack begins to decrease. This shows that the point
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at which the model begins to break continues to decrease as time step size decreases.
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Figure 7.48: Radial velocity between 395 and 410 hours along the candle at » = 0.02 m for
the axisymmetric standard blocking model with a time step size of 5 hours.
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Figure 7.49: (a) Pressure drop evolution for the axisymmetric standard model for several time
steps. (b) The point at which the pressure drop across the pack begins to decrease for each

time step size.

For the single candle blocking models, similar behaviour is observed. Figure[7.50]shows radial

velocity on a line inside the filter along the candle for the standard blocking model with a 10

hour time step. Local perturbations become noticeable at 430 hours, only one time step before

they emerge in the axisymmetric standard model. The local perturbations are more common
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and pronounced compared to the axisymmetric model at the same time, which results in the
radial velocity profile becoming more erratic over less time. Figure [7.51|shows a similar trend
with the viscous resistance. This results in pressure drop across the pack breaking earlier
than the axisymmetric case, before 500 hours, as seen in Figure This is because of the
mesh. As the 3D mesh is less dense and structured than the axisymmetric model due to
computational expense, node position is less consistent and local variations in radial velocity

in the filter medium are more common.
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Figure 7.50: Radial velocity between 420 and 470 hours along the candle at » = 0.02 m for
the single standard blocking model.

In summary, instability arises in blocking models with viscous resistance dependence on radial
velocity due to the increasing rate of increase of viscous resistance as time advances and the
frequency of quasi-steady state simulations. To increase model stability, filtering algorithms

could be used to smooth the radial velocity profile at each time step before calculating the
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viscous resistance. Smoothing the radial velocity profile would reduce local variations in radial

velocity between successive nodes, eliminating local perturbations in both the radial velocity

and the viscous resistance inside the filter medium.
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Figure 7.51: Viscous resistance between 420 and 470 hours along the candle at » = 0.02 m
for the single standard blocking model.

Note however that this is not necessary for the scope of this work. Figure shows that

individual production runs with the seven candle filter pack do not exceed a maximum time

of 280 hours. Figure shows that the pressure drop across the pack for the standard seven

candle filter blocking model remains stable beyond this maximum time. Furthermore, Run

4 was terminated as pressure drop across the pack exceeded a maximum allowable pressure

drop. Figure[7.52shows that the pressure drop across the pack for the standard seven candle

filter blocking model remains stable beyond this maximum allowable pressure drop. Therefore,

the blocking model remains stable within permissible time and pressure drop constraints for

seven candle filter pack run conditions.
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Figure 7.52: Pressure drop evolution across the pack for each production run and pressure
drop evolution across the pack for the standard seven candle filter blocking model.

7.9 Seven candle pack parameter study

The production line with the seven candle filter pack operates over a large range of through-
puts and temperatures. This section uses the seven standard blocking model to explore the

influence of melt viscosity and throughput on pressure drop and flow pattern evolution.

Operating throughput for a seven candle filter pack can vary between 250-3000 kg/hr. The
viscosity of PET is highly dependent on temperature. Between 285°C and 295°C, which are
typical temperatures specified through the extrusion system, PET melt viscosity varies from
120-400 Pa.s. The Reynolds number at the inlet can be calculated from

4

Re= "
¢ 7D’

(7.18)

where D is the diameter of the inlet pipe and 7 is specified in kg/s. A maximum Re for
PET through the seven candle filter pack can be calculated by taking i = 3000 kg/hr and

u = 120 Pa.s. A minimum Re can be calculated by taking m = 250 kg/hr and p = 400
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Pa.s. Tests 1-5 in Table [7.8 were calculated from an arithmetic sequence of five throughputs
and viscosities across the ranges provided. Throughputs and viscosities were then used for

individual simulations of the seven standard blocking model and compared.

Two further tests were undertaken. Table shows tests 6 and 7, which were chosen as they
represent configurations which produce a maximum and minimum pressure drop across the
pack; pressure drop is proportional to mass flow rate and viscosity. Actual runs would not
operate at the operating throughput and melt viscosity of test 7 due to the large pressure
drop penalty. It was nevertheless included in this parameter study to give an upper bound

on pressure drop evolution.

For this parameter study it was assumed that all melts contain the same proportion of blocking
material per kg. Hence, the standard fitting parameter K was identical throughout all the

tests and was chosen to match the fitting parameter in Section [7.7]

Table 7.8: Values of viscosity, mass flow rate and Reynolds number for seven different tests
with the seven candle pack.

Test number | 7 [kg/hr] p [Pa.s] Re
1 250 400 0.0074
2 937.5 330 0.0335
3 1625 260 0.0737
4 2312.5 190 0.1435
5 3000 120 0.2947
6 250 120 0.0245
7 3000 400 0.0884

Figure shows pressure drop evolution across the pack for each test. As expected, tests
6 and 7 provide lower and upper bounds on the pressure drop across the pack for the entire
duration of run time. Figure shows pressure evolution across the pack for test 6. The
increase appears linear at this stage. This is because of the operating throughput for this test,
which was set at the minimum operating throughput. After 250 hours, the pack has seen a
cumulative throughput of 62,500 kg, an order of magnitude less than the 675,000 kg than the

configuration presented in Section after the same time. The same apparent linear increase
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can be seen for the pressure evolution for test 1, where again the minimum throughput was

chosen.
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Figure 7.53: (a) Pressure drop evolution across the filter pack for the seven tests described in
Table (b) A closer look at pressure drop evolution for test 6.

Figure [7.54] shows a comparison of non-dimensionalised pressure drop evolution between each
test. For tests with matching flow rates, such as tests 5 and 7, non-dimensional pressure drop
evolution matches. It is clear from Figure that the rate of increase of pressure evolution
is larger for test 7 compared to test 5. Hence, initial pressure drop across the pack and rate of
pressure drop evolution scale with viscosity. Figure also shows that the rate of pressure
drop evolution scales with flow rate. Furthermore, from tests 1 and 6 in Figure [7.53p, which
have the same viscosity, initial pressure drop differs. Hence initial pressure drop scales with

throughput, which is consistent with Darcy’s law.

This scaling is apparent from the standard model where pressure drop across a candle filter

is given by

. —2
AP = AP, <1 - KSmt) .

Clearly, increasing throughput increases the pressure drop across a candle filter outputted by

the standard model. Increasing operating throughput increases the cumulative melt through-
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put through the filters over the course of a run, increasing the rate of filter fouling. None of
the variables within the brackets are influenced by viscosity. However, from Darcy’s law, AP,
does depend on viscosity. Increasing AP, will increase the value of AP at all times. Hence,
the rate of pressure drop evolution scales with viscosity. In summary, the initial pressure
drop across the pack and rate of increase of pressure drop evolution scales with operating
throughput and melt viscosity; increasing either of these parameters will increase the initial

pressure drop across the pack and the rate of increase of pressure drop evolution.

4.0
Test 1
3.5 Test 2 /
Test 3 II
8071 — Test 4 ,/
/
254 Test5 /
——= Test6 /
3 204 === Test7
J
1.5 1
10 ———mtr"1r _ — —————————————
0.5 1
0.0 T

0 50 100 150 200 250
t [hr]

Figure 7.54: Non-dimensionalised pressure drop evolution across the seven candle pack for
each test.

Table shows the initial percentage split of total mass flow rate between the whole central
and an outer candle for each test. Melt viscosity and throughput have no influence on the
distribution of flow between each candle initially. This is because these parameters do not
contribute to the initial resistance on the flow imposed by the candle filters. Furthermore, the
Reynolds number for all tests remains in the creeping flow regime. This suggests that flow
through the pack may initially be dynamically similar over the range of operating throughputs

and melt viscosities.
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Table 7.9: Initial distribution of flow between the central and outer candle for each test.

Test number | Central flow distribution [%] Outer flow distribution [%)]
1 51.26 48.74
2 51.26 48.74
3 51.26 48.74
4 51.26 48.74
) 51.26 48.74
6 51.26 48.74
7 51.26 48.74

Initial dynamic similarity over the range of operating conditions can be tested by comparing
velocity and flow profiles between the most extreme Reynolds number cases: test 1 and test 5.
To show dynamic similarity, velocity can be non-dimensionalised by dividing radial velocity
and velocity magnitude by the averaged inlet velocity, Uy, such that

r _ |yl

kL *
r _U[’ |U’ U]7

where |u| is velocity magnitude and 7* and |u|* are the non-dimensionalised radial velocity

and velocity magnitude respectively. The averaged inlet velocity can be calculated from

where A is the cross-sectional area of the inlet pipe and 7 is converted into kg/s. Figure
7.55| shows that flow patterns are dynamically similar through the spider plate; flow patterns
remain the same through the spider plate over the range of operating conditions and melt

viscosities.
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Figure 7.55: Initial contours of non-dimensionalised velocity magnitude on a plane that cuts

through the spider plate for the seven candle pack for (a) test 1 and (b) test 5.

Figure[7.56]compares the non-dimensionalised central and outer radial velocity profiles on lines

along each candle filter for tests 1 and 5; the profiles match. Figure shows contours of

non-dimensionalised velocity magnitude through a plane that cuts through the middle section

of the seven candle filter pack between test 1 and test 5. Flow patterns are identical through

the plane. Table[7.9]also shows that the distribution of flow between the candles is identical for

each test. This means that flow patterns initially remain the same around, between and along

candle filters in the pack. Therefore, the flow is initially dynamically similar throughout the

seven candle filter pack over the chosen ranges of operating throughputs and melt viscosities.
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Figure 7.56: Non-dimensionalised (a) central radial velocity and (b) outer radial velocity for
the seven candle filter pack for test 1 and test 5 at a point along r. = 0.018 m and r, = 0.018

m respectively.
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Figure 7.57: Initial contours and vectors of non-dimensionalised velocity magnitude for the
seven candle filter pack for (a) test 1 and (b) test 5 at the plane y = 0.45 m.

Table [7.10] shows the percentage split of mass flow between the central and outer candles for
each test after 200 hours. The distribution through all tests has changed and is converging
towards an even split between central and outer candles. The tests with a larger operating
throughput see a more even distribution between each candle after 200 hours. The larger the
operating throughput, the more cumulative throughput of melt through each candle filter,
the faster the distribution converges towards an even split. Tests 1 and 6 have the same
distribution between candle filters after 200 hours. These tests have the same operating
throughput, but different melt viscosities. The same is true for tests 5 and 7. This suggests

that viscosity has little influence on flow distribution evolution.



212 Chapter 7

Table 7.10: Distribution of flow between the central and outer candle for each parameter test
after 200 hours.

Test number | Central flow distribution [%] Outer flow distribution [%]
1 51.11 48.89
2 50.75 49.25
3 50.48 49.52
4 50.29 49.71
5) 50.17 49.83
6 51.11 48.89
7 50.17 49.83

To test if flow distribution depends only on operating throughput, tests 5 and 7 can be
compared as they operate at the maximum flow rate but differ in melt viscosity. Figure [7.5§]
shows the central and outer radial velocity on lines along each candle filter at 200 hours. Table
shows the distribution of flow between the candles matches and Figure shows the
velocity profiles along each candle filter match between the tests. This means that viscosity

does not influence flow pattern evolution.
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Figure 7.58: (a) Central radial velocity and (b) outer radial velocity for the seven candle pack
for test 5 and test 7 at 200 hours at a point along r. = 0.018 m and r, = 0.018 m respectively.

In summary, the initial pressure drop across the pack and the rate of pressure drop evolution
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are dependent on both melt viscosity and operating throughput. Viscosity has no influence on
flow patterns through the pack. Flow patterns are initially dynamically similar over the range
of operating throughputs through the seven candle filter pack; operating throughput dictates
the magnitude of velocity of the flow and viscosity has no influence. The choice of melt
viscosity will only change the work needed from the pump to maintain a desired operating

throughput.

As with the original seven candle filter pack blocking model, all tests converge towards a
uniform distribution along and between candle filters. As runs proceed and filter media blocks,
flow pattern evolution is strongly influenced by operating throughput; a larger operating
throughput means that more cumulative mass has travelled through each candle filter at a

given time, resulting in more blocking in each candle filter.

Ideally, the distribution between candles would be homogenised. Candles are cleaned and
reused after the termination of a run. If the flow is not homogenised, some candles in the
pack would block at a faster rate compared to others, increasing pressure drop across the
candles which see more throughput. This makes it more likely that the structure of those
candles is damaged during production. If each candle sees a more even distribution of flow
over several runs, the lifetime of each candle will also be homogenised. If structural damage is
not noticed in the cleaning process, then over several runs, the likelihood of significant damage
to individual candles which have seen a greater total throughput during runs increases, which

would result in costly early termination of the runs and candle replacement.

Lifetime of candles is better homogenised in a seven candle filter pack when a film casting
run is operated at high throughputs. This ensures a more homogenised distribution along
and between candle filters at run termination. A larger throughput also has the additional
benefit of reducing pack residence time. The greater the residence time, the more likely the
occurrence of melt thermal degradation. A high operating throughput has drawbacks, as the
work required by the pump to maintain a constant throughput increases due to the increased

pressure drop across the pack. The pressure drop across the pack could be minimised by
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operating at a high temperature, reducing melt viscosity. However, when considering the film
casting process as a whole, it may be best to minimise melt temperature to reduce thermal
degradation. Although candle lifetime is homogenised, larger throughputs result in larger
pressure gradients across candle filters. This could warp or damage the filter medium, reducing

its effectiveness. Instead, the pack could be modified to better homogenise distribution.

7.10 Design suggestions for improved seven candle pack per-

formance

As shown in Table the central candle sees a higher mass flow rate compared to an outer
candle over the course of a run. Although the difference is low, ideally, the flow would be
evenly distributed between each candle. Homogenised flow between candles would ensure each
candle blocks at the same rate, reducing the likelihood of structure damage to an individual
candle which could lead to early run termination and candle replacement. In Subsection
it was shown that by creating a multiple outlet geometry, which removed the bend in
the outer outlet pipe, the resulting decrease in resistance through the outer candle resulted
in an even distribution of flow between the central and outer candles. The multiple outlet
geometry is not a practical design, as flow through the central and outlet pipes must recombine

and exit through a single pipe onto the next stage of production.

This section investigates how a practical change to the geometry which artificially increases
resistance through the central outlet pipe can homogenise flow between candles. Figure [7.59
shows the new outlet geometry. The diameter of the outlet pipe from the central candle was
reduced, increasing resistance through the central candle. The radius of the central core,
upstream of the outlet pipe, was unchanged. Fluid properties and the flow rate were chosen
to match the run and original blocking model conditions, specified in Section 7.1} The new
central outlet radius was reduced so that the new diameter is 72% the length of the original

diameter.
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Figure 7.59: The modified outlet proposed for the seven candle filter pack. The diameter of
the outlet pipe from the central candle is shortened.

Table shows the initial percentage split of mass flow rate between the central and an
outer candle and the pressure drop across the pack for the original and modified geometry.
Reducing the radius of the central candle outlet has increased the resistance through the pack
which has lead to an increase in pressure drop across it. The percentage split of mass flow
rate between the central and an outer candle is much closer for the modified geometry due
to this additional resistance. Homogenising the distribution further would require increased
precision to the central outlet pipe radius which is an unrealistic specification for industrial

equipment.

Table 7.11: Flow rate distribution and pressure drop across the pack for the original and
modified seven candle filter pack geometries.

Geometry | Central flow distribution [%] Outer flow distribution [%] AP [bar]
Original 51.26 48.74 33.81
Modified 49.85 50.15 33.99

Figure [7.60] shows the pressure distribution for the original and the modified geometry. Pres-
sure is more evenly distributed through the modified geometry. Table[7.12]shows the pressure

drop from the central core of each candle to the pack outlet for the original and modified
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geometries. Pressure between the candles is very similar for the modified geometry, showcas-
ing that the resistance imposed on the flow between each candle’s respective outlet pipes is

significantly more even for the modified geometry.

Table 7.12: Pressure drop from the central core of each candle to the pack outlet for the
original and modified seven candle pack.

Geometry ‘ Central AP [bar] Outer AP [bar]
Original 10.66 9.69
Modified 10.74 10.75

Figure shows the outer and central radial velocity for a line along the outer and central
candle for the original and modified geometry. As the flow is more evenly distributed between
the candles, by conservation of mass, the radial velocity has decreased in magnitude along
the central candle and the outer radial velocity has increased in magnitude along the outer
candle. Interestingly, the shape of the profiles has altered. Table shows this, where the
range of outer and central radial velocity has decreased with the modified geometry. This
means that altering the central outlet pipe has marginally improved homogeneity along the
candle filters; the range of radial velocity along the central and outer candle has decreased by

more than 7% and 2% of its original value respectively.

Table 7.13: The range of 7. and 7, for the modified and original geometry for the plots given
in Figure

Geometry Range [mm/s]
i Original 0.0844
¢ | Modified 0.0780
; Original 0.0791
° | Modified 0.0768
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Figure 7.60: Pressure contours on the plane parallel to the y-axis which cuts through the
centre of the central and outer candle for (a) the seven candle model and (b) the modified
model.
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Figure 7.61: Initial (a) central radial velocity and (b) outer radial velocity for the modified
and original geometry of the seven candle filter pack at a point along r. = 0.018 m and
ro = 0.018 m respectively.

Figure [7.62] compares contours of velocity magnitude and vectors of velocity through the plane
y = 0.45 m for the two geometries. There is little difference in the structure of flow patterns
between the two. Velocity magnitude appears larger in the core of the pack closer to the outer
candle for the modified geometry. This is a result of the redistribution of flow between the
candles. As more flow travels through the outer candle, velocity is greater in regions of the core
of the pack where flow is likely to travel through the outer candle. Figure[7.63|shows the central
and outer radial velocities as functions of respective azimuthal position along r. = 0.018 m
and r, = 0.018 m respectively at equidistant distances along the candle filters. There is little
difference in shapes of radial velocity profiles around candle filters. The magnitude of outer
and central radial velocity has increased around the outer candle and decreased around the
central candle respectively. This is expected as the outer candle sees a greater proportion
of flow due to the modified outlet. Modifying the outlet has had insignificant influence on
flow patterns around each candle filter. In summary, initially, decreasing the diameter of the
central outlet pipe has increased resistance through the central candle. With the modified

geometry, flow is evenly distributed between central and outer candles. Homogeneity has also
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marginally improved along candles. There is no discernible difference to flow patterns around

the candle filter.

Original

Modified

Velocity magnitude [m/s]
(b) 0000055 00111 0.0166 0.0222 00277 00332 0.0388 0.0443 0.0499 0.0554 0.0609 00665 0.0720 0.0776 0.0831
e L

Figure 7.62: Initial contours and vectors of velocity at y = 0.45 m for (a) the original and (b)
the modified geometry of the seven candle pack.

The standard blocking model was applied to the modified geometry with K = 0.038; the same
K used for the original geometry in Section [7.7] Figure shows pressure drop evolution
across the pack for the modified and the original geometry. Pressure drop evolution across
the pack is very similar between the two models, with the modified pressure drop slightly
greater across the pack. As the fitting parameter, viscosity and throughput are identical,
this is expected, with the only additional pressure contribution coming from the resistance

imposed on the flow by the modified central outlet pipe.
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Figure 7.63: Initial central radial velocity around the central candle at r. = 0.018 m for (a)
the original geometry and (b) the modified geometry and initial outer radial velocity around
the outer candle at r, = 0.018 m for (c) the original geometry and (d) the modified geometry
at four equidistant planes through the seven candle pack.

Figure [7.65| shows the mass flow rate through the whole central and a whole outer candle over
time. Even with the relatively even percentage split of mass flow rate between the central and
an outer candle, flow between candles appears to be converging towards an even proportion of
flow between each candle. Table estimates the total throughput that the central candle

and an outer candle have seen for both the original and modified geometries after 250 hours.
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The modified geometry has reduced a 2.17% percentage difference in cumulative throughput
between each candle filter to 0.27%. This shows that modifying the geometry has improved

distribution through the pack over the course of a run.
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Figure 7.64: Pressure drop evolution across the pack for the original and modified geometries
of the seven candle pack with the standard model.

Table 7.14: Estimated cumulative melt throughput for each candle after 250 hours for the
modified geometry with the standard blocking model.

‘ Total throughput [kg]
Central candle 100239
Outer candle 100510

Figure shows the central and outer radial velocity through a line along the central and
outer candle respectively. Flow is again homogenising along each candle filter. Figure
shows central and outer viscous resistance profiles along the same line as the respective radial
velocity profiles in Figure Table shows the mean viscous resistance of each candle
for the original and modified geometry after 250 hours. As both candles have seen a more
even distribution for flow throughout the run, mean viscous resistance difference between each

candle has reduced from 0.89% to 0.15% after 250 hours.
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Figure 7.65: Mass flow rate through the central and outer candles over time for the modified
geometry with the standard blocking model.

Table 7.15: Mean viscous resistance of the central and outer candle for the original and
modified geometry with the standard blocking model after 250 hours.

Geometry ‘ e [m~2] Mo [m~2]
Original | 5.225x10° 5.179x10°
Modified | 5.180x10° 5.188x10?

Figure shows the central radial velocity evolution and outer radial velocity evolution
around constant r. and r, respectively on the plane y = 0.45 m for the modified geometry.
The magnitude of central radial velocity has increased as the filters block around the central
filter and the magnitude of the outer radial velocity has increased around the outer filter. As
the distribution between candles is well homogenised, respective radial velocity increases to
reflect the homogenisation along each candle filter over time. Table shows the range of
central and outer radial velocity for the plots in Figure for the 0 hour and 200 hour time
step. There is little change in radial velocity profiles around the candle filters on this plane.

It does not appear that the blocking model is homogenising flow around either candle filter.
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Figure 7.66: (a) Central radial velocity evolution and (b) outer radial velocity evolution for
the modified geometry of the seven candle pack with the standard blocking model at a point
along r. = 0.018 m and r, = 0.018 m respectively.

It is recommended that the central outlet pipe diameter is reduced to 72% the length of
the original diameter as this will improve distribution along and between filters in the seven
candle filter pack throughout production runs. Reducing the radius of the central outlet
pipe imposes a greater resistance on flow through the central filter, countering the increased
resistance imposed on flow through the outer candle caused by the extension and turn in the
outer outlet pipe. Homogenised resistance between candles homogenises the flow between
candles, as there is no path of lower resistance for the flow to favour. An added benefit is
this geometry results in an initially more homogenised flow along candles. This improved
homogenisation between and along candles will reduce the likelihood of the central candle
failing due to a disproportionate amount of cumulative mass flow through it. It is a marginal

gain, but this may improve candle filter lifetime and pack performance over several runs.
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Figure 7.67: (a) Central viscous resistance evolution and (b) outer viscous resistance evolution
for the modified geometry of the seven candle pack with the standard blocking model at a
point along r., = 0.018 m and r, = 0.018 m respectively.

Table 7.16: The range of 7. and 7, at ¢t = 0 hr and ¢ = 250 hr around r. = 0.018 m and
ro = 0.018 m on the plane y = 0.45 m for the modified geometry with the standard blocking
model.

Time [hr] Range [m/s]

; 0 4.99 x 1077
¢ 250 4.96 x 1077
N 0 2.09 x 10~°
© 250 2.02 x 107°

Section [7.9 showed that flow homogenised between candle filters over less time as operating
throughput increased. The work in this section showed that modifying the geometry ho-
mogenised the flow between candles before any blocking takes place. Mylar have a higher
minimum operating throughput for candle filter packs compared to disc filter packs. This
disadvantage of candle packs is because pressure drop across the pack remains low over the
course of a run at low operating throughputs. Therefore, the distribution between candles
remains uneven throughout. The modified geometry overcomes this disadvantage as the dis-

tribution between candles is homogenised. This geometry change does result in a pressure
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drop penalty. However, the pressure drop penalty imposed on the flow by the change in

central outlet pipe diameter is small over the course of a run.
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Figure 7.68: (a) Central radial velocity evolution and (b) outer radial velocity evolution for
the modified seven candle pack standard blocking model around the central and outer candle
on the plane y = 0.45 m at r. = 0.018 m and r, = 0.018 m respectively.

7.11 Conclusion

This chapter detailed the creation of a novel filter blocking model, which modified a common
filter blocking model to include dependence on local radial velocity, and its implementation
into the single and seven candle filter pack CEFD models established in Chapter [6} Through
modification and implementation of the novel filtration model into filter pack CFD work, it
was possible to capture the profiles of averaged pressure evolution data from actual runs, gain
insight into flow pattern evolution inside complex industrial filter packs and understand how

candle filters block in such packs over time.

The novel coupling between modified filter blocking models and CFD models to predict pres-
sure drop evolution, filter blocking evolution and flow pattern evolution across geometrically

complex filtration packs on a macroscopic scale has been shown to work for axisymmetric 2D



226 Chapter 7

models, as well as 3D models of varying complexity. The framework detailed in this chapter
is applicable to a range of actual filter systems in industry. This novel coupling does have
certain physical requirements. The fluid must act as a Newtonian fluid throughout the pack.
Furthermore, Darcy’s law must apply to the fluid as it flows through the filter medium. Par-
ticles should be ensured to follow streamlines in the flow as the model is physically based on
this assumption. If particles do not follow streamlines, permeability will not decrease propor-
tionally to local velocity in the filter medium. The appropriate filter blocking model should
also be chosen; in the case of candle filter packs, the standard blocking model was chosen as it
gave a good fit to average run data and it was defined based on the same particle deposition

mechanism that drives particle deposition in candle filter media.

Parameter tests, where operating throughput and melt viscosity were varied, showed that
homogenisation along and between candle filters over the course of a run in the seven candle
filter pack was superior when operating at the maximum flow rate. A modification to the
central outlet pipe is recommended; reducing the diameter of the pipe homogenises the dis-
tribution along and between candles throughout the course of a run, regardless of operating

conditions.
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Summary

8.1 Conclusions

The purpose of this research was to use CFD to better understand how the blocking of filter
packs over time affects performance for polymer melt filtration. This work has successfully
created a methodology capable of computationally modelling the degradation of filter elements
in geometrically complex filter packs. This has allowed analysis of flow pattern evolution in
packs and has been used to offer recommendations on operating conditions and improvements
to filter pack design. Alongside this, the research has highlighted the general lack of theoretical
understanding surrounding polymer melt filtration, and has made inroads into better under-
standing the physical mechanisms driving it. The main outcomes of this research, detailed in

Chapters 4-7, are summarised below.

8.1.1 Chapter 4: Modelling Polymer Melt Flow Through Screen Filters

e PET melt behaviour through a screen filter over a range of operating throughputs was

shown to obey Darcy’s law, when viscosity change due to temperature was accounted

227
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for. This was achieved through executing an experimental methodology on the pilot

scale line developed by Mylar.

e A computational geometry of the screen filter system was created and the porous media
model was shown to be a suitable tool for modelling the flow of polymer melts across

filters.

e A computational methodology was developed for modelling the flow of any fluid, so long
as it is Newtonian and obeys Darcy’s law, across a multi-layered woven screen using the

porous media model.

e The filter layer of the screen filter should be modelled with a porous zone, but placed
correctly relative to the filter holder in the actual geometry. Any other porous zone

configuration leads to inaccurate modelling.

8.1.2 Chapter 5: Pressure Drop Evolution Across Screen Filters

e An experiment was undertaken to artificially speed up the blocking of a screen filter on

the pilot scale lane. A pressure drop evolution curve was obtained from this experiment.

e The common filter blocking models, discussed in Subsection [2.3.1] were fitted to the
experimental data and the intermediate model was shown to give the best fit. This

makes sense physically due to the structure of the screen filter.

e The CFD model developed in Chapter [4] for the screen filter system was used in conjunc-
tion with the intermediate blocking model to predict the pressure drop evolution across
a screen filter. This showed that filter blocking models may be used in conjunction with

CFD models to macroscopically mimic filtration processes.



Chapter 8 229

8.1.3 Chapter 6: Modelling Polymer Melt Flow Through Candle Filter
Packs

e Computational models were generated for the single and seven candle filter packs. Flow
symmetry was analysed and exploited to reduce the single candle pack model to one-
sixth of the original geometry and the seven candle pack model to one-twelfth of the

original geometry. This saved substantial computational cost.

e Data from runs with seven candle filter packs were analysed and an average initial
pressure drop across the seven candle pack was found. This information was used to

find an appropriate permeability value for use in the porous media model.

e Results from the CFD models visualized and described initial flow patterns through
single and seven candle filter packs. The single candle pack model showed that the flow
could be considered axisymmetric around the candle filter element. Radial velocity was
found to vary from the top to the bottom of the candle filter element. A permeability
sensitivity study showed that decreasing permeability imposed a greater resistance on
the flow. This showed that the radial velocity along the filter element converged towards

a uniform ‘box’ profile with decreasing permeability along the candle filter.

e The seven candle pack model showed that the flow varied between, around and along
candles in the pack. The central candle saw a greater proportion of the total throughput.
This was found to be due to the increased resistance imposed on the fluid due to the
outer candle outlet pipe. Modifying the outlet pipes so that the outlet section from each

candle was identical resulted in a uniform distribution of throughput between candles.

8.1.4 Chapter 7: Pressure Drop and Flow Evolution in Candle Filter Packs

e Common filter blocking models were fitted to the pressure evolution data from runs
with the seven candle filter pack model. The standard model gave a very good fit, and
was chosen due to it representing depth filtration, the filtration mechanism that drives

filtration in candle filter media.
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e A novel computational filter blocking model was developed, based on modifications
to a common filter blocking model, and was coupled to the candle filter pack CFD
models. This model coupled porous media model permeability and local radial velocity.
The novel blocking model was successful in matching predicted pressure drop across
both modified axisymmetric and 3D single candle filter pack simulations with a direct
calculation. The model successfully captured the profiles of averaged pressure drop
evolution data from actual runs with the seven candle filter pack. The model was used

to inform on flow pattern evolution inside the complex candle filter packs.

e Parameter tests, where operating throughput and melt viscosity were varied, showed
that homogenisation along and between filters over the course of a run in the seven
candle filter pack was superior when operating at the maximum flow rate. A modification
to the central outlet pipe was created, which increased resistance through the central
candle. This homogenised throughput between all candle filters in the pack at the cost
of an marginal increase to pressure drop across the whole pack at a throughput of 2700
kg /hr. This modified geometry has proven to overcome a disadvantage of candle packs;
it will perform better with a more even flow distribution between the candles at lower

throughputs and pressure drops across the pack.

8.2 Implications and further work

Understanding and categorising the physical mechanisms driving the transport and deposition
of contaminants in polymer melt filtration requires further work and should be confirmed ex-
perimentally. It was possible to make informed assumptions on particle transport, deposition
and filtration mechanisms based on a combination of dimensionless numbers, experimental
work, common models from the literature and knowledge from manufacturers. However,
such mechanisms should be confirmed conclusively through dedicated experimental rigs and
methodology, as was confirmed for the mechanisms driving the flow of a PET melt through

screen filters. Experimentally exploring such mechanisms is no easy feat and would require
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substantial technical resources and planning. A recommended starting point is the classifica-
tion of the nature of transport in polymer melt flow with particles representative of typical

solid contaminants.

The experimental methodology developed in Chapter [4] could be used to verify the melt
rheology of a variety of polymers in porous media. Furthermore, it was observed that the
corrected pressure drop and mass flow rate relationship did not intercept with the origin. It
was also seen that the intercept deviated further from the origin with decreasing screen filter
grade. This could be explained by non-linear effects at low flow rates. Although industrial
processes are unlikely to operate flow rates approaching 0 kg/hr, it would certainly be an
interesting academic exercise to understand the mechanisms that may drive this divergence
from linearity. It is unfeasible to operate the pilot scale line at such low flow rates, so
to experimentally investigate this divergence, a custom experimental rig would have to be

developed.

There were several assumptions made to simplify CFD modelling of melt flow through fil-
ter packs in this project. Further model development could incorporate particle transport,
particle deposition and fluid structure interaction. If a representative particle distribution
for contaminants in melt was found, a Langevin equation with the appropriate forces could
be used to incorporate particle transport into the model. This could then be linked to the
filter blocking model, updating porous zone permeability based on the position of particles
upon entering a porous zone. Pore scale simulations of particle transport and deposition
could be undertaken. This would offer an insight into flow patterns inside, for example, the
sintered fibre structure of a candle filter medium. Particle transport at the pore scale could
offer insight into particle deposition. Furthermore, the pore scale model could be linked to
the macroscale filter pack model, creating a state of the art multiscale filtration model for

complex filter packs in polymer melt filtration.

Pressures imposed on the filter medium in polymer melt filtration is substantial, as evidenced

by the use of support mesh and the rigid structure of candle filter elements. Fluid-structure
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interaction could be considered if there is interest in modelling filter deformation evolution.
Modelling thermal degradation of polymer melts was not considered in this project. Thermal
degradation leads to the formation of gels in the melt, which may be captured by the filter
medium. Shearing imposed on the melt by the filter may also lead to the deformation of the
gels. A mixture of experimental work and computational modelling could be undertaken to

better understand how such gels interact with various filtration media.

This project only analysed some of the filter packs utilized by Mylar around the world.
Different types of candle filter packs are also used for filtration on different production lines.
A CFD model could feasibly be created for these other packs and the filter blocking model
developed here could be applied and used to suggest design improvements. Disc filter packs are
also utilized by Mylar. Again, the same methodology could be applied to study flow pattern
evolution and propose design improvements. The novel filter blocking model developed here is
not only applicable to filter systems utilized by Mylar or the film casting industry. For a filter
system where the fluid acts as a Newtonian fluid, particles follow streamlines and Darcy’s
law is observed, with appropriate choice of filter blocking model (based on fit to experimental
data and physical similarity), the methodology presented in this thesis may be used to inform

on flow pattern evolution and used to suggest filter pack design improvements.

Analysis on single candle run data highlighted that the influence of candle element condition
on filter system performance may be significant. Through analysis, it was observed that there
was no correlation between pressure evolution gradient and mass flow rate. As candles are
cleaned and refurbished, it is possible that the expected increase in pressure gradient with
flow rate was not observed due to varying initial candle condition. An experiment designed to
evaluate the pressure drop across candle elements of different conditions was proposed. This
experiment was postulated as a hydraulic pressure drop test, where a candle sample would
be attached to a hydraulic pressure drop test experimental rig. Several candle samples of
varying condition would be tested. If there is found to be a discrepancy in pressure drop
across samples, the filter blocking model could be used to inform on differences in pressure

drop and flow pattern evolution depending on initial candle condition.
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Appendix A

CFD Mesh Details

This Appendix gives more detailed descriptions of each mesh used for each CFD model of the

screen filter system, the single candle filter pack and seven candle filter pack.

A.1 Screen filter system meshes

In total, twelve separate geometries representing the screen filter system were created. There
were four grades of screen filters used, all with different geometrical properties, and 3 different
porous zone configurations were tested. In the interest of completeness, the mesh details for

the medium mesh of each of these configurations is detailed.

Table shows general meshing details for each filter grade for the full length model. Figure
shows an example of a mesh for a particular filter grade. Sweep meshing was used on
the inlet and outlet pipe for each filter grade, with a bias of 10 selected and the number of
divisions set to 100. Edge sizing was specified on the edge of the inlet face, with the number
of divisions set to 40. Patch conforming method was selected upstream of the filter. The

method was set as tetrahedrons. Mesh density varied based on thickness of each filter grade.

248
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The density increased with decreasing filter thickness.

Table A.1: General meshing parameters for generation of each filter grade medium mesh for
the full length model.

Filter grade [pum] 80 60 40 23
Element size [m] 0.001 0.001 0.001 0.001
Mesh defeaturing [m] 0.00001  0.00001  0.00001 0.00001
Curvature min size [m] | 0.00001  0.00001  0.00001 0.00001

Proximity gap factor 3 3 3 3
Mesh nodes 1311260 1368715 1250271 1233089
Mesh elements 4645692 4977995 4300035 4200252

B Inlet pipe B Filter holder
B Upstream of filter I Porous zone
Outlet pipe

Figure A.1: The full length 80 micron screen filter medium mesh.

Table shows general meshing details for each filter grade for the filter by holder model.
Figure [A-2 shows an example of a mesh for a particular filter grade. Sweep meshing was used
on the inlet and outlet pipe for each filter grade, with a bias of 10 selected and the number of
divisions set to 55. Edge sizing was specified on the edge of the inlet face, with the number
of divisions set to 30. Patch conforming method was selected upstream of the filter. The

method was set as tetrahedrons. The reduced thickness of the porous zone compared to the
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full length model greatly increased mesh density.

Table A.2: General meshing parameters for generation of each filter grade medium mesh for
the filter by holder model.

Filter grade [pm] 80 60 40 23
Element size [m] 0.01 0.01 0.01 0.01
Mesh defeaturing [m] 0.0001 0.0001 0.0001 0.0001
Curvature min size [m] | 0.0001 0.0001 0.0001 0.0001

Proximity gap factor 3 3 3 3
Mesh nodes 3612982 3355353 3244327 3993529
Mesh elements 20137224 18629579 18141197 22427251
B inletpipe [ Upstream of filter Outlet pipe [ Filter holder Porous zone

(@) (b)

Figure A.2: (a) The filter by holder 80 micron screen filter medium mesh. (b) The geometry,
included to highlight the porous zone.

Table shows general meshing details for each filter grade for the filter away from holder
model. Figure shows an example of a mesh for a particular filter grade. Sweep meshing
was used on the inlet and outlet pipe for each filter grade, with a bias of 10 selected and the
number of divisions set to 55. Edge sizing was specified on the edge of the inlet face, with the
number of divisions set to 30. Patch conforming method was selected upstream of the filter.

The method was set as tetrahedrons.
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Table A.3: General meshing parameters for generation of each filter grade medium mesh for
the filter away from holder model.

Filter grade [pm] 80 60 40 23
Element size [m] 0.01 0.01 0.01 0.01
Mesh defeaturing [m] 0.0001 0.0001 0.0001 0.0001
Curvature min size [m] | 0.0001 0.0001 0.0001 0.0001
Proximity gap factor 3 3 3 3
Mesh nodes 4560205 4161300 3823747 4540352
Mesh elements 21772132 21255294 17187652 21685221

B inletpipe [ Upstream of filter Outlet pipe [ Filter holder Porous zone

(a) (b)

Figure A.3: (a) The filter away from holder 80 micron screen filter medium mesh. (b) The
geometry, included to highlight the porous zone.

A.2 Single candle pack meshes

A one-sixth geometry of the single candle filter pack was created and used for processing
results; it was designed to exploit the symmetry of the pack. A full model of the pack was
designed to verify that the geometrical symmetry of a single candle filter pack resulted in
exploitable flow symmetry. A simplified, axisymmetric version of the single candle filter pack

was created by exploiting the axisymmetry of flow in the core of the pack. This allowed
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quicker testing and processing of the developed filter blocking model in Chapter

Table [A4] shows general meshing details for the original one-sixth single candle filter pack
geometry, which was presented in Section [6.4. The mesh was shown in Figure [6.11] The
controls described here are for the original geometry. As described in Section the mesh
was adapted in regions of high pressure gradients to ensure mesh independence. As shown in
Figure the mesh was made up of several sections. Sweep meshing was utilized on the
inlet pipe, outlet pipe and porous zone. The number of divisions was set to 100 and a sweep
bias of 5 was specified at the inlet pipe and outlet pipe. The number of divisions was set to
1000 for the porous zone sweep. Edge sizing was specified with number of divisions set to 10

on the inlet boundary face.

Table A.4: General meshing parameters for generation of the original one-sixth single candle
filter pack mesh.

Element size [m] 0.013
Mesh defeaturing [m] 0.000065

Curvature min size [m| | 0.00013

Proximity gap factor 8.0
Mesh nodes 480770
Mesh elements 1165021

Table shows general meshing details for the full single candle filter pack geometry, which
was presented in Subsection [6.4.2] Figure [A4] shows the medium mesh. Sweep meshing was
utilized on the inlet pipe, outlet pipe and porous zone. The number of divisions was set to 100
and a sweep bias of 5 was specified at the inlet pipe and outlet pipe. The number of divisions
was set to 1000 for the porous zone sweep. Edge sizing was specified with the number of

divisions set to 30 on the inlet boundary face.
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Table A.5: General meshing parameters for generation of the full single candle filter pack
medium mesh.

Element size [m] 0.013
Mesh defeaturing [m] | 0.000065
Curvature min size [m] | 0.00013

Proximity gap factor 8.0
Mesh nodes 3544436
Mesh elements 7353068

B Inlet pipe
B Around spider plate
Outer annulus

I Porous zone
B Central core
Outlet pipe

Figure A.4: Full single candle pack medium mesh.

Table [A.6] shows general meshing details for the original axisymmetric single candle filter
pack geometry, which was presented in Section [7.4f The mesh was shown in Figure The
controls described here are for the original geometry. As described in Section [7.4] the mesh

was adapted in regions of high pressure gradients to ensure mesh independence.
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Table A.6: General meshing parameters for generation of the axisymmetric single candle filter
pack medium mesh.

Element size [m] 0.0004
Mesh defeaturing [m] 0.000002
Curvature min size [m]| | 0.000004

Proximity gap factor 11.0
Mesh nodes 249338
Mesh elements 246627

A.3 Seven candle filter pack meshes

A one-twelfth geometry of the seven candle filter pack was created and used for processing
results; it was designed to exploit the symmetry of the pack. An inlet section geometry
was also made, designed to verify that the geometrical symmetry of a seven candle filter
pack resulted in exploitable flow symmetry. A multiple outlet geometry was created to help
understand the influence of outlet geometry on flow patterns inside the filter. A modified

geometry was created to improve pack performance.

Table [A7] shows general meshing details for the original one-twelfth seven candle filter pack
geometry, which was presented in Section [6.71 The mesh was shown in Figure [6.21}] The
controls described here are for the original geometry. As described in Section[6.7] the mesh was
adapted in regions of high pressure gradients to ensure mesh independence. Sweep meshing
was specified at the outlet pipe, inlet pipe and porous zones. At the outlet and inlet pipe,
the number of divisions was set to 25 and a bias of 5 was specified. At the porous zones, the

number of divisions was set to 1000.
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Table A.7: General meshing parameters for generation of the original one-twelfth seven candle

filter pack mesh.

Element size [m]

Mesh defeaturing [m]
Curvature min size [m]
Proximity gap factor
Mesh nodes

Mesh elements

0.025
0.0001
0.0002

3.0
459928
1753368

Table shows general meshing details for the medium mesh generated for the seven candle

inlet geometry, which was presented in Section In addition to the general controls,

sweep meshing was used on the inlet pipe and outlet section of the geometry. Figure

shows the mesh. For the outlet section, a bias of 5.0 was used and a number of divisions of

60 was specified. At the inlet, a bias of 5 was again specified with a number of divisions of

50 chosen. Face sizing was applied on the inlet boundary face, with an element size of 0.0012

m and proximity gap factor of 20 specified.

Table A.8: A table to show the general meshing parameters for generation of the medium

seven candle inlet mesh.

Element size [m]

Mesh defeaturing [m]
Curvature min size [m]
Proximity gap factor
Mesh nodes

Mesh elements

0.01
0.0001
0.0001

4.0
585609
2183726
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[l Inlet pipe
Outlet section

[l Around spider plate

Figure A.5: Seven candle inlet medium mesh.

Table shows general meshing details for the original one-twelfth multiple outlets seven

candle filter pack geometry, which was presented in Subsection [6.10.2} Figure [A.6] shows the

mesh. The controls described here are for the original geometry. As described in Subsection

6.10.2, the mesh was adapted in regions of high pressure gradients to ensure mesh indepen-

dence. Sweep meshing was specified at the inlet pipe and porous zones. At the inlet pipe,

the number of divisions was set to 25 and a bias of 5 was specified. At the porous zones, the

number of divisions was set to 1000.

Table A.9: General meshing parameters for generation of the original multiple outlet seven

candle filter pack mesh.
Element size [m)]
Mesh defeaturing [m]
Curvature min size [m]
Proximity gap factor
Mesh nodes
Mesh elements

0.025
0.0001
0.0002

3.0
450869
1739189
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B Inlet pipe
Around spider plate

B Central core

" Porous zone

B Outlet pipe

Figure A.6: Original multiple outlet seven candle filter pack mesh.

Table [A-10] shows general meshing details for the original one-twelfth modified outlet seven
candle filter pack geometry, which was presented in Section [7.10} Figure shows the mesh.
The controls described here are for the original geometry. As described in Subsection [7.10]
the mesh was adapted in regions of high pressure gradients to ensure mesh independence.
Sweep meshing was specified at the outlet pipe, inlet pipe and porous zones. At the inlet
and outlet pipes, the number of divisions was set to 25 and a bias of 5 was specified. At the

porous zones, the number of divisions was set to 1000.
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Table A.10: General meshing parameters for generation of the original one-twelfth modified
outlet seven candle filter pack.

Element size [m] 0.01
Mesh defeaturing [m] 0.0001
Curvature min size [m] | 0.0002

Proximity gap factor 7.0
Mesh nodes 1554729
Mesh elements 5873759

B Inlet pipe
Around spider plate
B Central core

™ Porous zone
B Outlet part
Outlet pipe

Figure A.7: Original one-twelfth modified outlet seven candle filter pack mesh.
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Filter Blocking Model UDF's

This appendix gives example source files, written using C programming, which are interpreted
into Fluent for use with the standard blocking model with a 10 hour time step. For the

axisymmetric model, the source file used is titled axis_standard.c and is given below:

/* Enables definition of macros and functions*/
#include "udf.h"
/* Allow Fluent user to manually save radial velocity at every
cell centroid to a UDM */
DEFINE_ON_DEMAND (dod)
{
Domain *d;
Thread *t;
cell_t c;
d = Get_Domain(1);
thread_loop_c(t,d)
{
/* Loop over all cells */

259



260 Appendix B

begin_c_loop(c,t)

{
C_UDMI(c,t,0) = C_V(c,t);
}
end_c_loop(c,t)

3
X
/* Defines the profile, from the standard model, to be hooked to the
porous zone for the quasi-steady state 10 hour time step*/
DEFINE_PROFILE(vis_res_10,t,i)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.0358 * M_PI * x[1] * 1225\
* 0.9575 * -r_vel * 10)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,1) = a;
b
end_c_loop(c,t)
}
/* Defines the profile, from the standard model, to be hooked to the
porous zone for the quasi-steady state 20 hour time step*/

DEFINE_PROFILE(vis_res_20,t,1i)
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real x[ND_ND];

real a;

real r_vel;

cell_t c;

begin_c_loop(c,t)

{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.0358 * M_PI * x[1] * 1225\
* 0.9575 * -r_vel * 20)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,1) = a;

}

end_c_loop(c,t)

The source file continues to repeat the DEFINE_PROFILE macro for each time step up until the
desired maximum time. The workflow for the implementation and execution of this source
file for a blocking simulation is described in Subsection [7.3.2] As this is hooked onto an
axisymmetric CFD model, the radial velocity is already defined and called by C_V(c,t) in

the DEFINE_ON_DEMAND macro.

For the single candle model, the source file used is titled single _standard.c and is given

below:

/* Enables definition of macros and functions*/
#include "udf.h"
/* Allow Fluent user to manually save radial velocity at every

cell centroid to a UDM */
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DEFINE_ON_DEMAND (dod)
{
real x[ND_ND];
real r_vel;
Domain *d;
Thread *t;
cell_t c;
d = Get_Domain(1);
thread_loop_c(t,d)
{
/* Loop over all cells */
begin_c_loop(c,t)
{
C_CENTROID(x,c,t);
r_vel = ( (x[0]*C_U(c,t) + x[2]1*C_W(c,t))\
/sqrt (x[0]*x[0] + x[2]*x[2]));
C_UDMI(c,t,0)=r_vel;
}

end_c_loop(c,t)

X
/* Defines the profile, from the standard model, to be hooked to the
porous zone for the quasi-steady state 10 hour time step*/
DEFINE_PROFILE(vis_res_10,t,i)
{
real x[ND_ND];
real a;

real r_vel;
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cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.0358 * M_PI #* sqrt(x[0]*x[0] + x[2]*x[2]1)\
*0.9575% 1225 *-r_vel * 10)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,1) = a;
X
end_c_loop(c,t)
X
/* Defines the profile, from the standard model, to be hooked to the
porous zone for the quasi-steady state 20 hour time step*/
DEFINE_PROFILE(vis_res_20,t,i)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.0358 * M_PI #* sqrt(x[0]*x[0] + x[2]*x[2]1)\
*0.9575% 1225 *-r_vel * 20)),-2);
F_PROFILE(c,t,i) = a;

F_UDMI(c,t,1) = a;
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end_c_loop(c,t)

Again, the source file continues to repeat the DEFINE PROFILE macro for each time step up
until the desired maximum time. The workflow for the implementation and execution of this
source file for a blocking simulation is described in Subsection As this is hooked onto an
3D CFD model, the radial velocity is calculated using in the DEFINE_ON_DEMAND macro.

For the seven candle model, the source file used is titled seven_standard.c and is given

below:

#include "udf.h"
/* Allow Fluent user to manually save central radial velocity at every
cell centrotd to a UDM */
DEFINE_ON_DEMAND (central_rvel)
{
real x[ND_ND];
real r_vel;
Domain *d;
Thread *t;
cell_t c;
d = Get_Domain(1);
thread_loop_c(t,d)
{
/* Loop over all cells */
begin_c_loop(c,t)
{
C_CENTROID(x,c,t);
r_vel = ( (x[0]*C_U(c,t) + x[2]1*C_W(c,t)) /sqrt(x[0]*x[0] +\
x[2]*x[2]1));
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C_UDMI(c,t,0)=r_vel;
}
end_c_loop(c,t)
}
+
/* Allow Fluent user to manually save outer radial velocity at every
cell centroid to a UDM */
DEFINE_ON_DEMAND (outer_rvel)
{
real x[ND_ND];
real r_vel;
Domain *d;
Thread *t;
cell_t c;
d = Get_Domain(1);
thread_loop_c(t,d)
{
/* Loop over all cells */
begin_c_loop(c,t)
{
C_CENTROID(x,c,t);
r_vel = ( ((x[0]-0.054127)*C_U(c,t) + (x[2]1-0.03125)*C_W(c,t))\
/sqrt ((x[0]-0.054127)*(x[0]-0.054127) + \
(x[2]-0.03125)*(x[2]-0.03125)));
C_UDMI(c,t,1)=r_vel;
}
end_c_loop(c,t)
}
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/* Defines the profile, from the standard model, to be hooked to the
central porous zone for the quasi-steady state 10 hour time step*/
DEFINE_PROFILE(c_10,t,1)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.038 * M_PI * sqrt(x[0]*x[0] + x[2]*x[2]) * 1400.1 =\
0.9575 #-r_vel * 10)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,2) = a;
}
end_c_loop(c,t)
3
/* Defines the profile, from the standard model, to be hooked to the
outer porous zone for the quasi-steady state 10 hour time step*/
DEFINE_PROFILE(0_10,t,1)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
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r_vel = C_UDMI(c,t,1);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.038 * M_PI * sqrt((x[0]-0.054127)*(x[0]-0.054127) +\
(x[2]1-0.03125)*(x[2]-0.03125)) * 0.9575 * 1400.1 *-r_vel * 10)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,3) = a;
}
end_c_loop(c,t)
X
/* Defines the profile, from the standard model, to be hooked to the
central porous zone for the quasti-steady state 20 hour time step*/
DEFINE_PROFILE(c_20,t,i)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,0);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.038 * M_PI * sqrt(x[0]*x[0] + x[2]*x[2]) * 1400.1 =*\
0.9575 *-r_vel * 20)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,2) = a;
}
end_c_loop(c,t)
X
/* Defines the profile, from the standard model, to be hooked to the
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outer porous zone for the quasi-steady state 20 hour time step*/
DEFINE_PROFILE(0_20,t,1)
{
real x[ND_ND];
real a;
real r_vel;
cell_t c;
begin_c_loop(c,t)
{
r_vel = C_UDMI(c,t,1);
C_CENTROID(x,c,t);
a = 1.25e9%pow((1-(0.038 * M_PI * sqrt((x[0]-0.054127)*(x[0]-0.054127) +\
(x[2]-0.03125)*(x[2]-0.03125)) * 0.9575 * 1400.1 *-r_vel * 20)),-2);
F_PROFILE(c,t,i) = a;
F_UDMI(c,t,3) = a;
}

end_c_loop(c,t)

The source file continues to repeat the DEFINE_PROFILE macros for each candle for each time
step up until the desired maximum time. The workflow for the implementation and execution
of this source file for a blocking simulation is described in Subsection The equations
for the viscous resistance profiles for each filter are described in Section [7.7} As this source
file is hooked onto an 3D CFD model with a central and outer porous zone, the central radial
velocity is calculated using and the outer radial velocity is calculated using in the
two DEFINE_ON_DEMAND macros.
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