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Abstract

Packed beds are conventionally used in absorption and rectification columns to maximize
the contact surface between phases, allowing for efficient thermal separation processes.
Furthermore, they can be favorable in the context of mechanical solid-liquid separations,
providing additional wall support to a collapsible solid network. Innovative experimental and
simulative procedures are applied in this work to systematically observe and clarify the effects
of using packed beds in cake filtration processes on separation performance and assess the
premise. Thus, a concept from one of the fundamental unit operations in chemical engineering
is transferred to another one as a process strategy.

For the experimental section, model systems consisting of particles of different shapes,
compressibilities, and sizes are selected and combined with packed ring beds exhibiting
varying amounts of void space and wall support. The systems are separated through
standardized dead-end filtration tests to evaluate changes in cake resistance and operation
time. The packings cause remarkable permeability improvements under determined conditions,
accelerating the filtration of compressible substances without compromising filtrate quality.
Moreover, piston-driven compression tests are performed using a modified universal testing
machine. The high-precision displacement and pressure measurements are conducted to
monitor the response of the combinations to compressive stress. The additional structural
support provided by the packing configurations significantly increases the cake resistance
against compression; the greater the applied pressure and material compressibility, the more
pronounced is the packing influence.

The numerical section is a case study that aims to elucidate the effects of the process
strategy on filter cake porosity. Granular beds of spheres are simulated through discrete
element method in cylinders with different geometric configurations of internal walls. Three
main containing systems, namely concentric cylinders, angular walls, and a combination of
both, are generated and compared. The added wall effects do cause a significant bulk porosity
increase in the system that is proportional to the incorporated support, that is, the arrangement
combining cylindrical and angular inserts displays the greatest effect. It is shown how the
known near-wall sinusoidal porosity distribution is altered through the presented method. The
obtained behaviors and profiles can be used to explore additional effects and further systems.

These results allow to generally understand the occurring phenomenological interplays of
this strategy and provide a base to develop industrial applications in the future, which could
lead to important process improvements.



Kurzfassung

Fallkérper werden herkdmmlicherweise in Absorptions- und Rektifikationskolonnen
verwendet, um die Kontaktflache zwischen Phasen zu maximieren und effiziente thermische
Trennprozesse zu ermdglichen. Dartber hinaus kénnen sie im Kontext der mechanischen Fest-
Flissig-Trennungen vorteilhaft sein, indem sie einem komprimierbaren festen Netzwerk
zusatzliche Wandstitzung bieten. Zur Beurteilung dieser Pramisse werden in dieser Arbeit
innovative experimentelle und simulative Verfahren angewendet, um die Auswirkungen der
Fullkérperverwendung in Kuchenfiltrationsprozessen auf die Trennleistung systematisch zu
beobachten und zu klaren. Somit wird ein Konzept aus einer der Grundoperationen in der
chemischen Technik als Prozessstrategie auf eine andere Ubertragen.

Fir den experimentellen Teil werden Modellsysteme ausgewahlt, die aus Partikeln
unterschiedlicher Formen, Kompressibilititen und GréBen bestehen, und mit Full-
kdrperpackungen kombiniert, die unterschiedliche Mengen an Hohlraum und Wandstltzung
aufweisen. Durch standardisierte Dead-End-Filtrationstests werden die Systeme getrennt, um
Kuchenwiderstands- und Betriebszeitdnderungen auszuwerten. Die Packungen bewirken unter
bestimmten Bedingungen bemerkenswerte Permeabilitatsverbesserungen und beschleunigen
die Filtration komprimierbarer Substanzen, ohne die Filtratqualitdt zu beeintrachtigen.
AuBerdem werden kolbengetriebene  Kompressionstests mit  einer  modifizierten
Universalprifmaschine durchgefiihrt. Die hochprazisen Verschiebungs- und Druckmessungen
werden genutzt, um das Verhalten der Kombinationen auf Druckspannung zu Uberwachen. Die
zusatzliche strukturelle Unterstiitzung durch die Packungskonfigurationen erhdht die
Kuchenfestigkeit gegen Kompression erheblich; je gréBer der ausgelbte Druck und die
Materialkompressibilitét sind, desto ausgepragter ist der Packungseinfluss.

Der numerische Teil ist eine Fallstudie, die die Auswirkungen der Prozessstrategie auf die
Filterkuchenporositat untersuchen soll. Granulare Kugelbetten werden durch Diskrete-
Elemente-Methode in  Zylindern mit unterschiedlichen geometrischen Innenwand-
konfigurationen simuliert. Drei Systemhauptarten, namlich konzentrische Zylinder, Radial-
wande und Kombinationen aus beiden, werden erzeugt und verglichen. Die hinzugeflgten
Wandeffekte bewirken eine signifikante Erhéhung der Bettporositat im System, die proportional
zur eingebauten Stitzung ist, d. h. die Kombination aus zylindrischen und radialen Einsatzen
weist den groBten Effekt auf. Es wird gezeigt, wie die bekannte sinusférmige
Porositatsverteilung an den Wanden durch das vorgestellte Verfahren verandert wird. Die
erhaltenen Verhalten und Profile kénnen verwendet werden, um zusatzliche Effekte und
weitere Systeme zu untersuchen.

Diese Ergebnisse ermdglichen es, die auftretenden ph&nomenologischen Wechsel-
wirkungen dieser Strategie allgemein zu verstehen und eine Grundlage fir die zukinftige
Entwicklung industrieller Anwendungen zu schaffen, die zu wichtigen Prozessverbesserungen
fihren kdnnten.
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Chapter 1: Introduction

1.1 Motivation: Process Systems Engineering

What you are about to read, assuming you are willing to read the whole content from the
start, is motivated by work developed over four years at the Technical University of Munich’s
Chair of Process Systems Engineering. At the risk of sounding a tad cheesy, | have always felt
that the best way to start anything is with definitions (it is certainly a must when writing, for
instance, computer code). As a matter of fact, “process systems engineering” is a term whose
meaning has been a topic of discussion by many authors (Kuhn and Briesen 2019).

If the word “engineering” is searched for in the Merriam-Webster Dictionary (2020), the
following definition will be found: the application of science and mathematics by which the
properties of matter and the sources of energy in nature are made useful to people. This is a
beautiful but very broad explanation, so the preceding “process systems” has not been inserted
in vain. Put together, the expression has been more accurately defined by Grossmann and
Westerberg (2000) as an area of chemical engineering which seeks to understand and develop
systematic procedures for the design and operation of multi-scale chemical process systems.

This concept is very well suited for the following work since the investigations to be
presented sought to apply innovative experimental procedures systematically to understand the
occurring effects. Moreover, everything was done in the context of solid-liquid separation,
filtration, which is indeed a fundamental unit operation studied in chemical engineering.
Additionally, considering that the mentioned experimental procedures are based on the
unconventional use of packed bed elements (normally found in absorption and distillation
columns), further key unit operations are involved as well. Hence, this thesis explores an
innovative process strategy, a combination of unit operations of sorts, to unravel, or rather
unpack, its application potential and discover wherein the observed effects lie.

One of the ideas which deemed the topic worth investigating was published by Kuhn (2018)
in his dissertation as a possible application for optimal control methods. Even though briefly
mentioned, the possibility of using the diameter of a vessel as a control variable to optimize the
fluid pressure drop is exposed in the context of flow through compressible porous media. By
reducing the diameter where needed, more wall support should be provided in that region of
the vessel, thus stabilizing compressible particles. Additionally, it is considered that the
manipulation of wall support could also be achieved by somehow using random packing rings if
changing the vessel diameter is not a possibility.

My predecessor accepted the challenge and performed preliminary experiments in the
laboratory to find out if the theories could be turned into practice. An extremely compressible
medium, the lautering filter cake (Engstle et al. 2015; Engstle et al. 2017), was chosen to do
this since that would represent a potential industrial application. Promising observations were
made as the cake was permeated in the presence of randomly packed rings. Nevertheless, a
systematic approach was not undertaken then. That is where this thesis comes in.



As can happen with novelties, some of the findings raised more questions than they
answered. Then again, that is how it should be because science and engineering are ever
evolving. However, the findings did answer some questions, and the next chapters shall put
them into perspective.

1.2 Objectives

As a logical consequence of the motivation, this thesis has the main goal of systematically
observing the effects that packed beds produce when strategically used as part of cake
filtration processes, correlating the key variables, and ultimately understanding why they occur
and how they could eventually be applied. The goal is divided into three separate hypotheses
and fulfilled following a triangular scheme (graphically represented below in Figure 1), where
the higher step uses the previous one as a base.

1.3 Study Outline: Hypotheses

Hypothesis I: The first hypothesis is the foundation of the goal triangle and states that
packed beds, the ones conventionally used for thermal separation processes, can also be
beneficial for mechanical separation processes, such as cake filtration, and reduce flow
resistance. Analogous to the abovementioned compressible medium application, the packed
structures can provide additional wall support to the filtration vessel, which makes the filter cake
more permeable and decreases pressure drop as well as needed operation time. To evaluate
this hypothesis, different types of model suspended solids and packed beds are determined,
and various combinations of them are made and analyzed in experimental dead-end filtrations.
In short, it is an observational investigation, which is addressed with Paper | in Chapter 4.1, to
identify the effects of the proposed strategy.

Hypothesis Il: The second hypothesis takes advantage of the first experimental
observations and states that the packings’ structural support specifically counteracts solid
network compression. It proposes that there are correlations between the key process
parameters operating pressure, filter cake compression factor, and packing type. To test this
hypothesis, the same previously determined combinations of suspended solids and packed
beds are analyzed through purposefully designed filtration and compression experiments. This
way, specific advantages of incorporating such packing configurations can be quantified. The
results are exhibited with Paper Il in Chapter 4.2.

Hypothesis lll: The third hypothesis and peak of the goal triangle formulates that the
porosity of a particle bed is heavily influenced by wall support in the container and that the latter
can be manipulated in a way that greatly enhances said porosity. It is proposed that cases
where additional structural support is incorporated through different wall arrangements in a
cylindrical bed of spheres be studied through discrete element method simulations. This allows
to consider several scenarios (facilitating the determination of optimal conditions) and continue
understanding the phenomena at hand from a more mechanistic point of view. This last step in
the triangle has a very specific focus but could foster many follow-up studies to achieve the
optimization of real filtration processes through this strategy in the future. The hypothesis is
addressed with Paper Ill in Chapter 4.3.
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Figure 1: Triangular representation of the study outline






Chapter 2: Theoretical Background

After introducing the general terms, more key parameters and their validity range must be
declared and defined for this work. Several keywords have already been mentioned and
vaguely connected. To lay the groundwork for the evaluation of the hypotheses in the next
chapters, it is necessary to start at one of the broader terms: filtration, one of the fundamental
processes studied in chemical engineering.

2.1 Filtration Explained

To filter is to mechanically strip a fluid from dispersed matter using a porous medium.
Considering this, further constraints should be introduced now: This work considers the fluid to
be a liquid (with water as a reference) and the suspended matter to be solid particles. Thus, it is
spoken of suspensions, slurries, or sludges. For this reason, the term mechanical solid-liquid
separation process is frequently used. However, among such processes, filtrations are
characterized by relying on a filter medium as physical barrier for separation and on differential
pressure as driving force (Tiller and Hsyung 1993).

Due to the different variables involved in a filtration process, it is necessary to differentiate
between kinds of filtrations (Ripperger et al. 2000). The most general and intuitive classification
is probably according to what happens with the particles during the process in reference to the
filter medium: the filtration mechanism. Figure 2 is a schematic representation of filtration
mechanisms in different control volumes.

Blocking Cross-flow

[0}
Q
©
€
]
73

=) Flow direction

% Filter medium
S

§ ® Solid particle

Figure 2: Filtration processes according to the separation mechanism
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Two main mechanisms are shown in the rows of Figure 2. If the retained solids remain
inside the filter medium because the particles are smaller than the pores at the medium inlet, it
is a depth filtration process. Here, the solids can interact with the porous material, so they
adhere to it at a deep filter bed layer. Phenomena like Brownian motion or van der Waals
forces become relatively significant. In opposition, if the retained solids remain upstream
outside the filter medium because the particles are bigger than the pores at the medium inlet, it
is a surface filtration process. Here, the predominant separation mechanism is based on a
more trivial screening effect (Ripperger et al. 2000). Surface filtration (the one of interest for this
work) can, in turn, be broken down into the well-known processes in the first row of Figure 2:
cake (the more specific one of interest for this work), blocking, and crossflow filtration (Anlauf
2020).

Blocking filtration can be roughly compared to sieving. It is an extreme case characterized
by a complete obstruction of the medium’s pores through solid particles, thereby increasing
pressure drop exponentially at a constant flowrate (Hlavacek and Bouchet 1993). Cake filtration
can be considered as a less extreme case than blocking filtration, and it therefore is a more
widely applied model for hard, particulate solids. In the ideal case, all particles are retained by
the filter medium and start to build a homogenous structure with constant properties; pressure
drop increases linearly at a constant flow rate. The pores are not necessarily blocked since the
particles can build bridges that do not restrict flow as much as in the previous case (Tichy
2007). In some applications, rather the cake itself acts as the filter medium after the first layers
are formed; the main function of the original filter medium is to be a support layer. A very good
example of this is the abovementioned lautering filter cake, whose coarse fraction is used to
retain its fine fraction (Bandelt Riess et al. 2018b). These first two configurations of surface
filtration are also referred to as dead-end filtration because the fluid flows directly towards the
filter medium, where the particles are stopped.

Lastly, the configuration of crossflow filtration exhibits the particularity that the suspension
flows tangentially to the filter medium in contrast to the other cases. Some filter cake formation
and even blocking can occur over time, but this mode of operation takes advantage of the
hydrodynamic forces to minimize solid contact and accumulation. After an equilibrium has been
established, flowrate and pressure drop can be held constant for relatively long periods.

As mentioned, the specific kind of filtration pertinent to this thesis is cake filtration. However,
the previous derivation (graphically represented below in Figure 3) exhibits the basic disciplines
and principles which spawned the research topic and provides support for minor thematic
overlaps in later discussions. From now on, more focus is put on cake filtration.

Chemical ~ T9%8SS  genaration Cake
. . systems e
engineering . . processes filtration
engineering

Figure 3: Derivation of the research topic of cake filtration from chemical engineering
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2.2 Cake Filtration

2.2.1 Relevance

Also called wet cake filtration in the context of solid—liquid separations, it is a significant
mode of operation because it offers many advantages, allowing for multiple applications whose
ideal goal is either a dehydrated filter cake or a clear filtrate. Aside from the food and beverage
industries, the process is found in water treatment as well as in the chemical and mineral
industries, to name a few (Alles 2000). Sometimes used as a synonym for surface filtration, it is
based on passing a suspension, normally with a solids concentration higher than 1%, through a
relatively thin filter medium, on top of which the cake is formed layer by layer. The driving force
behind the differential pressure can be generated by gravity, centrifugation, and hydraulic or
vacuum pumps (Svarovsky 2001). Depending on the production process, the applied cake
filtration can be operated either continuously (e.g., water purification) or in batches (e.g.,
lautering).

Cake filtration processes are especially applied where a direct post-treatment of the
collected solids is desirable, such as washing, deliquoring, and drying. During the operation,
the porous, permeable layers formed by these solid particles have thicknesses that can go from
millimeters up to decimeters, depending on the system. Because of this, the filtration process
must be adapted or designed, resulting in a myriad of different apparatuses: rotary filters, filter
presses, centrifuges, among others (Anlauf 2020).

Moreover, cake filtration studies performed at laboratory scale allow gathering relevant data
about a suspension at hand, which are then used to determine the large-scale optimal process
operation or even design new apparatuses for specific applications. Thus, several variables
and correlations should be considered. At the operational level, the relation between pressure
and flowrate is paramount. This thesis considers the operation at constant differential pressure.
If that is the case, flowrate will decrease (slowing the filtrate volume accumulation) with filtration
time, as shown in Figure 4, due to the ongoing increase in filter cake height and the added flow
resistance.

Process variable

dVv
dt

Time

Figure 4: Evolution in time of cake filtration process variables differential pressure Ap, filtrate
volume V, and flowrate dV /dt



As mentioned, the forming filter cake itself is a porous medium, meaning it is a defined
volume that is only partly occupied by solid particles. The other part can be occupied by one or
more fluid phases; it is heterogeneous in essence, as shown in Figure 5 with an actual filter
cake. In filtration applications, however, the continuum and space-averaging approaches are
taken to describe the filter cake’s relevant properties. That is, it is assumed that said properties
can be used to describe each point of the solid network and, additionally, that a determined
property value can be assigned to all points in the control volume at a macroscopic scale (Bear
2018). The medium is thus somehow homogenized for calculations. Looking at the filter cake
slice in Figure 5, it becomes clear that a detailed structural description of the entire network
would otherwise not be an easy task. Among these relevant filter cake properties, porosity is
one that has a key role in filtration.

Figure 5: Binarized image of a cross-sectional slice in the interior of a spent grain filter cake.
The image was generated using computed X-ray microtomography and shows the cake solids
in white and air in black

2.2.2 The Role of Porosity

Porosity € is an intensive property used to express the volume fraction of void spaces or
pores, the ones occupiable by the fluid phases, in a medium. The complementary property is
the medium solidosity ¢, the volume fraction occupied by the solid particles. Both quantities are
defined in Equation (1) in the specific case of a filter cake:

V Vi — V. V.
e=—=X _S_1_S_-1_¢, (1)
Vk Vk Vk

where Vp, Vi, and Vs are the pore, filter cake, and solid volumes, respectively. Normally, it is
assumed that this porosity value is also the effective value, the volume fraction where the fluid
can flow, even though the medium might exhibit closed, isolated pores. The inner porosity of
solid particles is commonly neglected as well (Luckert 2004).

One important aspect of porosity is that it is an elementary quantity that can be used to
estimate further relevant cake properties and vice versa, such as Darcy’s permeability k (Darcy
1856), a proportionality coefficient that describes how easily the fluid flows through the cake
(Equation (2)):
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where t is filtration time, V is liquid volume, 7 is liquid viscosity, A is filter area, and h is cake
height. The most widely used equation to obtain k through ¢ is probably the one of Kozeny and
Carman (Equation (3)):

4 .d? g3
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(3)

This is a simplified approach derived from the Hagen—Poiseuille law for laminar capillary flow
through a bed of monodisperse, spherical particles, where d is the particle diameter, b is the
capillary form factor, and 7 is the tortuosity (Epstein 1989). There is a direct proportionality to
particle size and porosity, as they increase the equivalent capillary diameter. The capillary form
factor and tortuosity are related to its surface, which can brake the fluid, and its intricacy
throughout the medium. Using permeability, it is possible to further characterize the solid
network and compare different porous media (Bear 2018).

It becomes clear how crucial porosity is as a filtration process variable. Consequently, it has
been thoroughly described by Tiller et al. in their notable works: The role of porosity in filtration.
It has become an extended series of research articles, which started with the description of
standard filtration operation modi, also based on Kozeny’s law, in the first part (Tiller 1953) and
has reached its thirteenth part since then (Tiller and Kwon 1998). Up until the third part of the
series (Tiller 1958), filter cakes are considered to behave ideally, as they have also been in this
thesis so far: They are isotropic networks since the solid particles are monodisperse, firm
spheres that remain static after becoming part of the cake. However, in reality, the suspensions
to be separated are very rarely ideal, a flaw Tiller recognized and started to address in the
fourth part (Tiller and Cooper 1960). It is therefore distinguished between incompressible and
compressible filter cakes.

2.2.3 Cake Compression

For the ideal case of an incompressible filter cake, intensive properties, such as porosity, do
not change along its height. If the process is represented as simplified as in Figure 2, then the
relevant variables along cake height behave as depicted in Figure 6.

The cake is a stable, uniform structure, rendering constant porosity and permeability values
over space and time. In turn, this causes pressure on the liquid side p; to depend mainly on
filter cake height and drop linearly in direction of the filter medium. The dissipated energy is
transferred as ps to the solid particles, which have sufficient mechanical stability and are not
deformed by it. However, for the real case of a compressible filter cake, the process cannot be
represented as simplified, and the relevant variables do change along cake height, as depicted
in Figure 7.
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Figure 6: Spatial dependence of selected process variables inside an incompressible filter
cake. Adapted from Alles and Anlauf (2003)

)

Figure 7: Spatial dependence of selected process variables inside a compressible filter cake.
Adapted from Alles and Anlauf (2003)

Here, the cake is an unstable, heterogeneous structure where additional forces, such as
adhesion, come into play, generating property gradients over space and time. For compressible
solid particles, as represented in Figure 7, filter cake porosity and permeability are reduced in
the direction of the filter medium, where the weight of the whole network is supported, and
hydrodynamics are most affected. The upper layers are rather loose whereas the lower ones
become very densely packed. This phenomenon has been baptized as “the skin effect” (Tiller
and Green 1973) and causes p; and ps to stop behaving linearly inside the filter cake, which
can lead to drag and further cake compression. Therefore, in addition to filter medium clogging,
complications may arise during equipment operation.

Taking a closer look at the discretized porosity profile in Figure 7, the thesis formulated in
Kuhn’s (2018) dissertation becomes clearer (see Chapter 1.1). In contrast to the
incompressible filter cake in Figure 6, where changing the vessel somehow would not influence
the solid network, adjusting wall support gradually to match each layer’s needs would certainly
have an effect here. However, to adequately describe the behavior of the filter cake and meet
the process requirements, the system must be studied in detail, considering the specific
mechanical properties of the solid particles along with their shape and size distributions
(Bourcier et al. 2016). Only then can the resulting compression mechanisms be understood and
effectively counteracted.
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Suspensions which form compressible filter cakes frequently have a biological origin. They
can show slight to extremely high degrees of compressibility. Among the various highly
compressible materials, branched glucan gels (Hwang et al. 2006), alginate beads, bacteria
and yeasts (Hwang et al. 2016), activated wastewater sludge (Lee and Wang 2000; Skinner et
al. 2015), microcrystalline cellulose (Mattsson et al. 2012), and chromatography gels (Kong et
al. 2018) deserve to be mentioned. Such systems tend to exhibit a pronounced skin effect,
forming a nearly impenetrable layer at the filter medium and stopping the process (Tiller and
Green 1973).

Even though all the mentioned materials are highly compressible, they are different in nature
and therefore react to compression differently as well. There are several known compression
mechanisms which depend on the composition of the solid, and each one will affect the filter
cake structure in its way. The most representative compression mechanisms are shown in
Figure 8.
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Figure 8: Filter cake compression mechanisms. Adapted from Alles and Anlauf (2003)

Particle rearrangement can apply even to incompressible solids. When they come into
contact with the filter cake, the first assumed position is random and may not be the most
stable one. As more cake layers are formed or more pressure is applied, particles can budge
and find a more stable arrangement, becoming a denser network. This mechanism particularly
affects solids with platelet shape, as roughly represented in Figure 8. The filter cake may
exhibit a house-of-cards structure, which can be significantly compressed. A good example for
this case is a suspension of ground leaves, such as the ones of hops flowers (Bandelt Riess et
al. 2018a).

Filter cakes can also be compressed because each particle is a compressible solid itself. If
the forces at a cake layer overcome the compressive strength of the particles, they will be
deformed, and the whole structure will be condensed. Good examples for this case, which are
compacted even at low pressures, are gelatinous and fibrous particles, such as living cells and
cellulose-based products. However, if the forces at a cake layer overcome the compressive
strength limit of the particles, they will fracture in some way. In the case of a destabilized
suspension, particles form agglomerates that constitute relatively porous structures, which are
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then reduced to their building blocks and compressed. It is, of course, imaginable that more
than one mechanism occurs simultaneously during the filtration. Applications very rarely treat
ideal systems, and each case exhibits peculiarities.

In summary, filter cake compression is one of the fundamental phenomena and therefore an
intensively studied subject in solid—liquid separation research. It has been described
numerically by, for example, Vorobiev (2006) and via extensive experimentation by Alles
(2000). Furthermore, in more specialized works, Selomulya et al. (2005) utilized visualization
techniques to monitor floc permeability, which can help to explain and predict how the
aggregates are compressed. Park et al. (2006) investigated the correlation between porosity
and flow resistance while incorporating the cake-collapse effects from a theoretical perspective.
The list of studied influencing factors goes on, e.g., solid—liquid interactions and suspension
stability in time (Wakeman 2007), filtration mode of operation (Mahdi and Holdich 2013), and, of
course, differential pressure (lritani et al. 2012).

However, it is always possible to further optimize the approaches to handle specific
materials in separation processes, as this thesis intends to. Since the applied methodology is
mainly experimental, the following question arises: How can filter cake compression be
measured and evaluated?

2.3 Experimental Characterization of Filter Cakes

Comparisons between two frameworks describing the dewatering of compressible
suspensions have been made in recent investigations (Héfgen et al. 2019b). They are known
as conventional filtration theory, attributed to Ruth, Tiller, and Shirato (Tiller et al. 1987), and
compressional rheology, developed by Buscall, White, and Landman (Buscall and White 1987).
While the former mostly uses space-averaging approaches to quantify separation descriptors
empirically, the latter yields local information from a phenomenological point of view.
Nevertheless, the two theories have been proven to be interchangeable and are able to
complement each other (Landman et al. 1995; Stickland 2015; H6fgen et al. 2019b). Hence,
this study benefits from both frameworks to evaluate process strategies based on dealing with
filter cake compressibility.

2.3.1 Classic Filtration Theory

For the relatively trivial case of incompressible cake formation, standardized procedures for
the experimental determination of the flow resistance of the filter medium R,, and relative filter
cake resistance ax have been described in detail for decades (Anlauf 1994). The current
guidelines are compiled in the well-known directive VDI-Norm 2762 Part 2 (updated in 2010),
which represents the theoretical basis for the methodology applied in the first research article
(see Chapter 4.1). Logically, these works are based on Darcy’s law (Darcy 1856), which, solved
for differential pressure Ap, looks like:

pp="22 (4)
where h/k has been replaced with R, the total flow resistance of the porous medium.

Considering that the total pressure drop across a filter is composed of the pressure drop across
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the filter cake Apg and the pressure drop across the filter medium Ap,,, then it is possible to
describe each pressure drop contribution using Equation (4).

5
A dt A dt ©)

Ap = Apg + Apy =

At this point, it makes sense to introduce the definitions of concentration constant K and
relative filter cake resistance ay (the reciprocal of the permeability k), since filter cake height h
and therefore total cake resistance Ry are time-dependent variables and substitute them into
Equation (5).

R
ag = (6)

K_h-A
v

Kn-ax dV n-Ry dV

Ap = —— ) — e

p A? dt A dt

(8)

If Ap is maintained constant during the experiments (see Figure 4), it is valid to solve
Equation (8) for time by separating variables for V =0 at t = 0, yielding thusly the linear V
function on which the VDI-Norm 2762 Part 2 is based:

‘ V(K-n-ag N Ry
dt' = f (S + 220 gy 9)
fo o VA%2-Ap A-Ap
K.n.al( 2 URM
t=—0K. v
2-A%-Ap +A-Ap (10)
t Kn-a ‘R
t_ n-ag _I_TI M (11)
vV 2-AZ-Ap A-Ap

Hence, if the experimental filtration data (accumulated filtrate volume over time) are plotted
according to Equation (11) (in the form of time/accumulated filtrate volume over the same
volume), Ry and ax can be respectively solved from the intercept and the slope taken from the
linear portion of the plot. However, selecting the relevant data for the linear fitting can become
somewhat arbitrary.

Considering this, recent research conducted by Kuhn et al. (2020) has effectively shown that
fitting the filtration data nonlinearly to a root function is more precise both in terms of execution
and results (the filtration data is not cropped anymore). It is proposed to take a step back and
rather solve Equation (10) to describe filtrate volume over time.
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The sought resistances can again be estimated by finding the deviation minimum with a
usual least-squares method. Thus, choosing this fitting strategy allows for an analysis of all
gathered data, rendering more exact values (Kuhn et al. 2020). An example of raw and
linearized representations of real filtration data is shown in Figure 9. The linear portion of the
plot does not start at 0 but at around 200 mL.
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Figure 9: Filtrate volume over time and linearization of the filtration curve

It was previously mentioned that these guidelines apply in the case of incompressible cake
formation (Equation (7) assumes the h/V proportionality remains constant) or, at least, in the
case that process parameters allow for not very differentiable compression zones. Under these
conditions, space-averaged but definite ay values can be obtained for different Ap.
Furthermore, multiplying Equation (11) by Ap yields a function where neither the slope nor the
intercept is pressure dependent. This means that plotting Ap - t/V over V at different Ap values
will yield markedly different functions if the solid network is compressible, and ay is indeed
pressure dependent. This is demonstrated in the second research article (see Chapter 4.2).

It is possible to draw conclusions about a solid network’s compressibility if ax is described
as a function of Ap, for which several empirical approaches have been used. Filter cake
compressibility is often determined by fitting power functions, such as Equation (13) (Tiller and
Horng 1983; Alles 2000; Chen 2006; Kovalsky et al. 2007), to the observed changes in flow
resistance due to increases in differential pressure:

ag = Kq - ApNa (13)

Here, N, represents global compressibility, and its value can be used as a point of reference
for comparison between compressible network behaviors. Perfectly incompressible networks
will exhibit a N, value of 0, making ay invariable, whereas highly compressible ones will exhibit
a N, value of approximately 1 (Anlauf 2020). The coefficient K, does not necessarily have a
physical meaning, but it is often associated with filter cake resistance at a low differential
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pressure. Another (probably more cited) approach is the following one, attributed to Tiller et al.
(1987):

Ap\Ne
ax = axo(1+-7) (14)

a

The compressibility number N, is present again as well as one further fitting parameter p,
and the relative filter cake resistance for an unstressed porous network ay,. For highly
compressible systems, however, it is not recommended to determine the empirical parameters
in Equation (14) in the laboratory following the equipment guidelines and experimental
procedures in the VDI-Norm 2762 Part 2 as the application of pressure variations is not
possible. Piston-driven experiments are needed to achieve this, which brought about the
introduction of the Compression-Permeability (C-P) cell, illustrated in Figure 10, as equipment
for filterability measurements (Ruth 1946).

Liquid inlet —j

Hollow
compression piston

Displacement
measurement

Compressible Liquid distributor

filter cake

Filter medium O e Pressure

measurement

| Filtrate mass

- measurement
Figure 10: Schematic illustration of a C-P cell. Adapted from Shirato et al. (1968)

A piston is used to compress a filter cake to a given degree while the load supported by the
network and the resulting cake height are measured. Since the piston is hollow, liquid can be
pumped through it and the distributor to permeate the cake and determine filtrate accumulation
rate under the given state of compression. This is repeated for variable conditions to express
the cake properties as a function of pressure and fit the characteristic parameters of
Equation (14).

Nonetheless, these conventional theory approaches have a rather empirical basis, as
mentioned, and therefore merely relate pressure with flow resistance (or porosity) in an indirect
manner. On the contrary, solid network compression is studied in compressional rheology as a
material property and is thus explicitly described using these parameters (H6fgen et al. 2019b).
Since both frameworks have advantages and are interchangeable and linked through Darcy’s
permeability (Landman et al. 1995; David Suits et al. 2005; Stickland 2015), solid-liquid
separation research should profit from both.
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2.3.2 Compressional Rheology

Compressional rheology’s fundamental variables, aside from the ones presented already,
are all expressed as functions of the solid volume fraction ¢ in the suspension. They are known
as compressive strength or compressive yield stress p,, hindered settling function R4, and
solids diffusivity Dy (Stickland 2015). This thesis is mainly focused on p, since it represents
interparticle attraction and repulsion strength in the forming network and can be directly
measured during compression experiments: If a filter cake is compressed to a specified degree,
mechanical equilibrium is reached, and there is a significant drainage rate (filtration), then the
solid pressure ps can be equated to p, (Buscall and White 1987).

Taking a closer look at the formal definitions of the ¢ functions, the abovementioned link
between classic filtration theory and compressional rheology is revealed. The hindered settling
function Ry is in fact inversely proportional to Darcy’s permeability and describes the solid—
liquid interphase drag and, therefore, the rate of dewatering. Dy establishes a proportionality
between p, and R, and is used to describe the densification propagation speed throughout the
network (Stickland 2015). The formal definitions are presented in Equations (15) and (16).

N2
R¢=%_(1 ¢¢) (15)

_dpy (1-9)’
~d¢ Ry

With the fundamental variables, suspensions are described as interconnected particles
which are collapsed and dewatered when a sufficiently strong load is applied. The
compressibility of this particulate network has a key role in separation processes as it is related
to solid pressure, concentration, and therefore permeability. In consequence, contrastingly to
the classical filtration theory, compressibility is always accounted for as a material property
through the compressive strength p, in the phenomenological descriptions of compressive
rheology. Hence, both theoretical frameworks require to determine key parameters and have
spawned analogous experimental techniques to this end.

The works by H6fgen et al. (2019b) are very representative in this regard because they have
made detailed comparisons between the classical and compressional methods from both
theoretical and practical points of view. Moreover, their evaluations of laboratory filtration
equipment allow to conclude about best practices when characterizing filter cakes.
Agglomerated calcium carbonate suspensions were separated under increasing pressure steps
in three typical filtration devices: a VDI-standardized filtration chamber (also known as Nutsche
filter), a C-P cell, and a piston-driven filtration rig (like the one in Figure 10 but lacking the liquid
inlet). The contrast between the experimental results obtained through the different methods
can be seen in Figure 11.
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Figure 11: Compressive yield stress over solidosity determined using: VDI filter (e black),
C-P cell (m blue), C-P cell without permeation (# green), filtration rig (a orange).
Adapted from Héfgen et al. (2019b)

The data gathered using the Nutsche filter does not yield a clear compressibility trend and is
limited to 400 kPa. The compression runs performed with the C-P cell and filtration rig show
agreement at low solid fractions but start to diverge at higher values. However, repeating the
compression in the C-P cell without starting the usual liquid permeation yields a more similar
curve to that obtained through the filtration rig, proving that the liquid drag in the cell contributes
to further cake consolidation. This result comparison clearly justifies the recommendation that
piston-driven equipment should be used for filterability experiments if the cake exhibits a certain
degree of compressibility. Additionally, the comparison also motivated the development of the
experimental method applied in Chapter 4.2, where a modified universal testing machine is
used as a filtration rig to compress filter cakes instead of a standard C-P cell, avoiding liquid
drag.

Thus far, it has been established that filter cakes can exhibit significant compressibilities and
that various collapse mechanisms can be the cause. Hence, different theoretical and
experimental approaches are taken to quantify and evaluate filtration-related phenomena. With
these proper tools, it becomes possible to detect and describe improvements in the process,
consequence of performing parameter variations aimed at counteracting filter cake
compression and enabling more efficient separations.

2.4 Counteracting Compression Issues

Considering the economic relevance of cake filtration processes and the fact that filter cake
compression is a generalized issue, process strategies must be designed and applied to
prevent and deal with potential production inefficiencies. As exposed, a differential pressure is
both the driving force behind filtration and the cause of cake collapse. In the sight of this
paradox, the need for a compromise, or rather for optimization, arises along with very specific
engineering tasks. As a result, various methods have been and are continuously being
developed to counteract the compression and clogging of filter cakes. This chapter aims to
provide an overview of well-established process strategies as well as an introduction to
relatively new technological advancements.
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2.4.1 Classic Process Strategies

Suspension Pretreatment

Some of the causes for filtration process difficulties are noticeably worsened if the
suspended particles are too small, heterogeneous, or diluted (Anlauf 2020). Therefore,
operational problems can be nipped in the bud by treating the suspension before it reaches the
separation stage.

Fine particles can be enlarged through agglomeration, which should increase filter cake
permeability according to the proportionalities in Equation (3), assuming the agglomerates are
mechanically stable for the operational pressure. In this regard, the effect of agglomerate
breakage represented in Figure 8 would occur in reverse. Agglomeration is achieved using
clarifying agents which bind the fines and build flocs of larger size and mass. Consequently, the
solids become easier to retain and the clarifying process is accelerated (Jiao et al. 2017).
Moreover, if the suspension exhibits a broad particle size distribution, agglomeration can be
specifically applied to the fine particle fraction to homogenize the solids’ properties and make
the separation process more efficient (Bandelt Riess et al. 2018b).

Heterogeneity is characteristic of non-ideal systems. If a particulate collective is perfectly
bidisperse, the porosity and permeability of the resulting filter cake will be significantly smaller
than those of an ideal, monodisperse system. The worst-case scenario in this regard is that
where the smaller particles can perfectly fit into the pores between the bigger ones and block
them (Hudson 1949). As an alternative to agglomeration, the polydisperse systems can be
subdivided into two (or more) rather monodisperse ones through screening or classification,
rendering more permeable cakes. This is often the aim of hydrocyclones, centrifuges,
decanters, and basins (Svarovsky 2001).

As mentioned in preceding chapters, some filtration processes require a solid fraction
minimum to operate. One of the dangers of very low concentrations is spontaneous particle
classification, which can again yield heterogeneous filter cake structures and cause a blockage.
In this case, the solid fraction should be increased to promote particle-particle interactions and
swarm behavior (Richardson and Zaki 1954). Apparatuses for suspension thickening take
advantage of this and allow for homogenous sedimentation. Further treatments of chemical and
thermal nature are thinkable, depending on the process.

Operational Pressure Selection

Once the suspension reaches the separation stage, strategically selected operational
parameters shall guarantee efficient filtration times. Differential pressure is critical in the case of
compressible filter cakes. Several investigators, such as Alles (2000), have analyzed filter cake
compression in detail and derived general guidelines to properly match different kinds of
suspensions with operational pressure. Through an incompressible cake, more pressure is
simply translated to a directly proportional throughput. However, proportions change with the
degree of compressibility, and the pressure effects become less significant as it increases
(Alles and Anlauf 2003). The worst-case scenario in this regard is that where the filter cake is
so compressible that it collapses with a relatively low differential pressure, making filtrate flow
impossible. In most real cases, however, a pressure limit can be established for the system to
maximize flow without wasting energy through stagnation (Tiller et al. 2001).

The preceding considerations are especially valid in the trivial case of a single and constant
operational pressure. Nonetheless, the practical method is rather based on a pressure profile,
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which prevents premature filter cake consolidation through gradual increases (Alles 2000).
Logically, lower pressures and flow rates slow down cake accumulation and flow resistance
increase. Besides, avoiding high pressures during cake formation helps guarantee particle
bridge integrity at the filter medium, avoiding filtrate contamination (Alles and Anlauf 2003).
Operational parameter variations are, of course, strongly dependent on material properties,
generating further optimization tasks.

Filter Aids

An extensively applied strategy for compressible systems is the use of filter aids, which
allows to increase cake porosity and operating time. In the special case of fermentation
products, the removal of cells, subcellular matter, and precipitated components for liquid
clarification is necessary (Hunt 2002). The use of filter aids or powdered media is also known
as body feed because, in opposition to the abovementioned strategy of particle classification,
material is dynamically added to the process, becoming part of the suspension and the filter
cake. Common filter aids are solid particles (e.g., diatomite, perlite, cellulose) that help
mechanically stabilize the suspended impurities; they minimize contact between compressible
fines, counteracting cake compression and improving overall permeability.

The strategy of filter aid filtration has been mechanistically described by Kuhn and Briesen
(2016) at the Chair of Process Systems Engineering to find optimal operational parameter
profiles, although only for incompressible filter cakes so far. Thus, it was proven that a constant
filter aid dosage is generally the optimal path. However, depending on the separation
mechanism, a dosage variable in time could lead to slight energy minimizations. Due to the
mechanical support filter aids provide in a cake, packed bed elements (see Chapter 2.5) have
been referred to as macroscopic filter aids (Kuhn 2018).

Apparatus Selection

Both apparatus and filter medium selection are crucial for an efficient separation process
operation. As discussed earlier, multiple applications have been made possible because of
permutations of different factors: solids size and concentration, cake thickness, material
compressibility, throughput, driving force, continuity, among others (Hess and Thier 1991).
Most of all, the separation step and the corresponding apparatus must be compatible with the
process goal and product specifications, e.g., dry solids or clarified liquids. In this regard, the
separation as well as the post-treatment processes, dedicated to polish and improve the quality
of the desired suspension components, often deal with deliquoring, washing, pressing, or
drying of the filter cake (Wakeman and Tarleton 1999).

The special case of considerably compressible filter cakes has spawned filtration equipment
which partly fuses separation and post-treatment and allows for an additional apparatus
classification with and without pressing capabilities (Alles 2000). Considering the highly porous
upper layer of a collapsed filter cake, the need for compaction during or after the process is a
given. Thus, the potential weakness of the filter becomes the strength of the press, ultimately
yielding the sought results when combined. Nevertheless, choosing whether the operation units
are to be performed separately or together is primarily dependent on the specific process
economy.

Cake Resuspension

A very intuitive process strategy is the resuspension of the filter cake, also known as
intermittent cake filtration (Alles and Anlauf 2003). This mode of operation is based on the
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logical principle that flow resistance is temporarily minimized if the growing filter cake is
reincorporated into the suspension, practically resetting its formation with a certain frequency
during the filtration. Due to the liquid loss before each resuspension step, such an apparatus
also acts as a thickener, additionally bringing about the advantages mentioned above. This
strategy can be considered as a middle ground between a standard cake filtration, where the
resuspension frequency is zero, and crossflow filtration, where resuspension happens
continuously, and a filter cake is not desired (see Chapter 2.1).

Cake resuspension is a filtration method that has inspired alternative separation technology,
such as harnessing shear forces between plates in a dyno-filter (Michel and Gruber 1971) or
using scraping tubes in a pressure filter with rotating disks at variable speeds (Koch et al.
1999). However, being as intuitive as it is, this concept has been present in very traditional
fabrication methods for many decades, such as beer mash filtration in a lauter tun with raking
knives (Narzi3 and Back 2009). Here, an arrangement of blades is lowered into the filter cake
to loosen it when the throughput has become too low. Relatively low speeds and controlled
invasiveness lower cake resistance while minimizing the effect on filtrate turbidity (Engstle et al.
2015). This and a selection of the aforementioned classic process strategies to counteract cake
compression problems have been schematically represented in Figure 12.
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Figure 12: Schematic representation of the classic filtration process strategies:
a) Screening, b) Pressure selection, c) Filter aids, d) Cake resuspension

2.4.2 State of the Art

There is never a one-size-fits-all solution. Consumer needs have evolved rapidly, and
industries have had to adjust accordingly to deliver the expected goods and conditions,
producing even paradigm shifts (Xu et al. 2018). At process level, numerous innovative
separation strategies have been published to date to improve various production methods one
way or another. The spectrum of complexity has become very broad since the strategy must
always be tailored to the application at hand. Depending on the industry, measures based on,
e.g., suspension pretreatment will have different kinds of effects and not necessarily make the
separation more efficient (Eshed et al. 2008). Hence, the approach angle varies as well and is
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to be carefully determined, multiplying the available strategies. Some of them are briefly
presented in the following.

Gas Bubble Injection

On the current note of lauter tun technology in the beer industry, it is also an example where
innovative techniques have been put to the test. Through the installation of a nitrogen bubble
distribution system at the bottom of the lauter tun, Tippmann et al. (2010) observed two positive
effects for the process: filtrate flow rate was greatly increased, and the gas also removed part
of the unwanted aroma compounds in the suspension. Analogous to the traditional raking
knives, the fine bubbles loosened the compressible filter cake, preventing blockage and
lowering its flow resistance. This approach for a very specific filtration process thusly achieved
considerable time and energy savings. In the case of crossflow applications, this strategy helps
to remove membrane scaling, preventing operation problems (Drews et al. 2010).

Mechanical Oscillations

Filter cake loosening to increase flow rate can also be observed by using mechanical
oscillations during the process. Continuous low-frequency vibrations (up to 500 Hz) of the filter
medium support altered the structure of a PVC filter cake and considerably enhanced its
permeability (Wakeman and Wu 2002). Depending on the system, a specific combination of
vibration frequency and acceleration can be found, which prevents the filter cake to form as
such and allows the filtrate to permeate much more freely. This was also evaluated in the case
of a more complex system: blood (Kim et al. 2018). A portable vibration-assisted filtration
device succeeded in separating the desired leukocytes from the sample and increasing the
application throughput.

The advantages of mechanical oscillations during filtration processes have also been
evaluated by using pulsating overpressure (Shevchenko and Tynyna 2017) and ultrasound
(Bosma et al. 2003; Trujillo et al. 2014). Like gas bubble injection, the latter strategy is usually
applied in crossflow filtration to avoid and remove membrane fouling (Kyllbnen et al. 2005;
Borea et al. 2018). However, the manipulation of ultrasound standing waves is very useful
when separating organic microparticles also because they are agglomerated in the nodes of
the ultrasonic field, making them easier to separate.

Mechanical oscillations can be applied during filter cake post-treatment as well. lllies et al.
(2017) used a vibrating plate on top of a formed filter cake to tackle cracking problems and
improve the air-drying process. The shear caused by the oscillations compacted the cake
enough to significantly reduce cracking.

Magnetic Force Field

Alternatively to an ultrasonic field, a magnetic force field can also render more permeable
filter cakes. Eichholz et al. (2007) successfully built a filter press which allowed for a
superposition of cake filtration and magnetic separation in an inhomogeneous external field.
Two different effects are observed when using this strategy, which make cake filtration
processes more efficient. While the solids are still suspended, the magnetic field alters their
movement in relation to the liquid and slows down cake formation. This phenomenon is analog
to the ones occurring during thickening and pressure control. Once the solids become part of
the cake, the magnetic force maintains their induced polarity and causes them to link with each
other and align with the field. This behavior modifies the whole cake structure, making it much
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more permeable than one in absence of magnets. The addition of these phenomena greatly
contributes to a cake resistance reduction (Stolarski et al. 2006).

The abovementioned effects are valid for the trivial case where para- and ferromagnetic
solids are present in the suspension. However, in the opposed case of purely diamagnetic
materials, the strategy can still be applied if functionalized magnetic adsorbents are
purposefully added to the mixture (Eichholz et al. 2008). This way, key components can be
selectively separated from complex broths and post-treated.

Treatment Superposition

‘Less is more’ is a notion that often leads to good design. Nevertheless, sometimes ‘more is
more’, meaning that greater effects can be achieved by applying more than one kind of
treatment simultaneously. The classic filtration strategies are known to be combined and
permutated in industry (Svarovsky 2001), but this is also true for more current ones,
exponentially increasing the number of possibilities. For instance:

The classic method of coagulation of raw water contaminants (microorganisms and organic
acids) can be combined with further chemical processing, such as ozone oxidation, to
significantly reduce membrane fouling (Yu et al. 2016). Coagulation is a standard pretreatment
method to destabilize suspensions and allow solid particles to come into contact and
agglomerate (Bellmann 2003). However, if an oxidation stage is added downstream as part of
the pretreatment process, irreversible membrane fouling can be minimized. The combined
effects reduce bacteria and the production of blocking extracellular polymers, limiting filter cake
formation. Additionally, the organic acids are oxidized, thereby increasing the overall
suspended solids but also their filterability.

In the case of sludge dewatering, the superposition of compression and shear forces to
increase process efficiency is an ongoing subject of investigation (Héfgen et al. 2019a). To this
end, the drum filter was redesigned to study the simultaneous effect of both forces. The
dewatering equipment consists of two adjacent high-pressure rollers, and the suspension is fed
through the gap between them to be compressed. Additionally, shear is generated within the
gap by rotating the rollers at different speeds, which greatly enhances the process efficiency.
These investigations have also helped to develop laboratory equipment and methods, which
allow to quantify the superposed effects during the same experiment, by installing a rotating
vane in a piston-driven filtration device (Héfgen et al. 2020).

Cake filtration and post-treatment (both washing and drying) can also be cleverly
superposed in the same apparatus. When producing gypsum for construction, the final
briquettes need to have low moisture and chloride contents. For such an application, filtration
equipment that uses steam pressure as driving force offers the potential to make production
more efficient (Peuker and Stahl 2000). The combined unit operations allow for filter cake build-
up on the medium which is constantly penetrated by condensing steam. The condensate forms
a homogenous front that mechanically displaces the suspension liquid while heating the solids.
Once the pores have been emptied, the steam is used further to reduce the moisture of the
filter cake (Peuker and Stahl 2001).

System Micromanipulation

All classic process strategies as well as most of the aforementioned, more current ones
consider filtration processes from a rather macroscopic point of view and were developed within
that context. As discussed earlier, the industry has had to undergo paradigm shifts, and this is
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also true for the field of solid—liquid separation. The continuum and space-averaging
approaches were justified in previous chapters as macro-theoretical analysis methods to study
filtration. However, micro-theoretical ones have also become well known to the point of
producing the latest paradigm, a framework that has been referred to as micro-manipulation
(Kuhn et al. 2017). As a result, this last part of the ‘State of the Art’ chapter makes some
honorable mentions regarding the introduction of parameter variations, this time on the
microscopic scale.

Within this technological paradigm, elements of the filtration equipment are functionalized
and tailored to the suspended particles themselves. The membrane properties can be
chemically or physically changed to display selective or anti-fouling behavior without altering
the process. Liu et al. (2016) reviewed the available technology to modify traditional
membranes and make them smart gating according to specific stimuli (e.g., temperature, pH,
charge, light). Low et al. (2018), for instance, could fabricate mixed-matrix membranes for
wastewater treatment with boron nitride nanosheets, which changed the membrane surface
roughness and charge as well as overall structure, resulting in both high water permeance and
fouling resistance. Al-Shimmery et al. (2019) modified the membrane support to give it a wavy
(double-sinusoidal) construction. This simple physical change significantly increased filtration
area and positively altered the local hydrodynamics, thusly achieving greater water permeance
and filtration capacity recovery after cleaning. These examples prove that micromanipulation is
indeed an ongoing investigation subject that yields potentially applicable results.

Furthermore, due to recent advancements in additive manufacturing (3D printing) and
membrane technology, it is now possible not only to modify the filter medium but also to
completely generate it according to predetermined structures, which are previously designed to
fulfill specific objectives, and subsequently functionalize them. Techniques have already been
developed that allow to make various patterned modifications to the surface of membranes. For
example, increased roughness of the membrane at the nanoscale delays protein deposition
and prolongs operation time (Low et al. 2017). This and other selected process strategies have
been schematically represented in Figure 13.

Figure 13: Schematic representation of the modern process strategies:
a) Gas bubble injection, b) Ultrasonic field, c) Magnetic field, d) Micromanipulation
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Aside from separation membranes, 3D printing can benefit the fabrication of porous media in
general. Fee et al. (2014) and Nawada et al. (2017) proved that it is a valid method to create
packed monolithic structures using computer-aided design. Reproducible microscopic
geometries and arrangements of different kinds (e.g., spheres, tetrahedra, octahedra) were
printed, which showed high fidelity towards previous calculations and model predictions. Since
this technology has made it possible to manipulate the shape, position, and orientation of
particles in a microstructure, it could also help to support and control cake formation in filtration
applications.

The possible connection between these two investigation topics would be one based on
medium porosity and its influence on permeability and fluid pressure drop. It is well known that
particulate beds packed inside a containment column can exhibit behaviors such as channeling
and preferential flow caused by wall effects, frustrating complete reproducibility in their design
(Fee et al. 2014). However, this could be harnessed and applied to filtration processes to
purposefully incorporate wall support and counteract cake compression. This way, friction at
the added filter walls would consume patrt of the increasing solid pressure.

Thus, the conjectures that link packing wall support with cake filtration optimization become
more evident (see Chapter 1.1). However, the potential correlations have not been analyzed in
the literature yet, not even on the macroscale. This makes experimentation with conventional,
macroscopic packed bed components already available in industry a good starting point to
discover said interplays. Such packed beds already have a fundamental role in the field of
thermal separation processes in other unit operations, such as absorption, extraction, and
rectification. For this reason, the next chapter provides a brief theoretical introduction about
them before experimentally fusing the two concepts.

2.5 Packed Beds

2.5.1 Relevance

Packed beds are extensively used in industrial thermal separation processes due to their
capability to increase the contact surface between phases, which is of paramount importance.
At the same time, they pose the highly demanded benefit of maintaining relatively low hydraulic
pressure drops through the apparatus (Mackowiak 2003). Hence, the heat and mass transfers
from one phase to another are accelerated, allowing for more compact and efficient separation
columns. Packed bed manufacturing technology, be it for random or structural arrangements,
has seen considerable advancements in the last century: from the original Raschig rings made
of ceramic tube pieces to the latest generation of Raschig super-rings made of intricately folded
metal one hundred years later (Schultes 2003). The packed bed type suitable for an application
depends on factors like size, shape, heat and corrosion resistance, and costs. Figure 14 shows
some representative packed bed components.

Due to their versatility and wide applicability, packings are still a current investigation topic
that has been studied from all kinds of perspectives. The most ambitious goals are, of course,
to achieve larger surfaces and void volumes to reduce pressure drops even further and to
make accurate predictions thereof (Allen et al. 2013; Erdim et al. 2015). To do so, some of the
packing’s properties and effects that have been evaluated in detail are porosity distribution
(Wang et al. 2001), mass transport phenomena (Wang et al. 2005), operation conditions (Qian
et al. 2011), liquid retention (Fourati et al. 2012), and tortuosity (Pardo-Alonso et al. 2014).
Once these properties are well known, optimization potential can be found.
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Figure 14: Photographs (CC) of exemplary packed bed components.
a) Raschig rings and b) super-rings for random packings (both from Raschig GmbH),
¢) Mellapak structured packing (Sulzer AG)

Additionally, algorithms to generate simulated random packings using numerical methods
have been successfully validated, allowing to perform different case studies without the need
for expensive and complex experimentation (Mueller 2005; Niegodajew and Marek 2016). On
the liquid side, simulations via computational fluid dynamics for both structured and random
packings have been used to determine flow velocity and distribution (Zhang et al. 2013;
Niegodajew et al. 2014). Nevertheless, recent studies have developed experimental methods to
even determine ring orientation within random packings (Marek and Niegodajew 2020).

Packed beds for separation columns have not escaped the additive manufacturing trend
either. The structured designs of Neuk&ufer et al. (2019) based on crystal lattices show that
very specific modifications are possible and that they could be adapted to numerous
applications. Therefore, a modification of this method to functionalize and improve filtration
equipment is conceivable.

2.5.2 Establishing the Link to Filtration

When modeling disperse particulate systems, a supposition that is made often to accelerate
calculations is that the dimensions of the container are endless. For actual applications
confined to finite spaces, however, physical boundaries must be established and considered,
frequently in the form of receptacle walls, because of their influence on the system. The authors
of copious experimental and numerical studies address the effects of the column wall on
packed bed porosity in some way (Cohen and Metzner 1981; Bey and Eigenberger 1997;
Wang et al. 2001; Di Felice and Gibilaro 2004; Allen et al. 2013). Since filter cakes consist of
solid particle networks confined in a vessel as well, the first parallel between the two unit
operations can be drawn here.

Even for the relatively trivial case of randomly packed, uniform spheres, local porosity
changes dramatically with the radial coordinate in a cylindrical bed. This has been investigated
for decades, and well-known works, such as the ones by Sonntag (1960) and Jeschar (1964),
have gathered considerable amounts of data and bulk porosity correlations, which also allows
for pressure drop predictions. More recently, Mueller (2019) compiled the abovementioned and
several other works as a basis to improve the existing models for predicting near- and far-wall
radial porosities in a cylindrical bed. All these models indicate that the highest porosity value is
located at the column wall. However, using packed beds as a strategy to incorporate more wall
support into a forming particulate network is an approach that has not yet been discussed in the
literature.
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Wall effects are thus known to cause channeling, which promotes preferential flow and less
residence time for the liquid during absorption or rectification. This is a clear disadvantage for
thermal separation processes, but, for mechanical ones, it could mean the contrary. There is
already evidence that high-performance liquid chromatography benefits from additional walls
found in Lan et al. (2012) and Lan (2013). They investigated the effects of using different
configurations of cylindrical inserts inside a chromatography column packed with compressible
resins. It was shown that, when these inserts were put at the bottom of the column, the resin
beads could endure a significantly higher throughput velocity at the onset compression by
losing only a small amount of accuracy. The results were not only a function of the position of
the inserts but also of other factors, such as insert number and dimensions, mechanical
properties of the resins, and wall roughness. Their conclusions speak for applying the strategy
to cake filtration as well.

Hence, it has been shown not only that packings can be innovatively designed and
manufactured accordingly but also that the manipulated properties can fulfill their intended
function. It would be very beneficial for cake filtration processes if these advantages could be
transferred somehow. To do so, the new interactions and correlations must be well understood
first. The hypotheses presented in Chapter 1.3 and the following methodology were formulated
to lay the groundwork for the use of this potential process strategy, which introduces the
macroscopic manipulations of a packed bed to produce favorable microscopic effects in cake
filtration.
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Chapter 3: Methodology

To avoid repetitiveness, this chapter consists of one schematic representation in Figure 15,
which gives an overview of the methods used and measurements made throughout the studies
that compose this thesis. The details of each procedure are given in Chapters 4.1 through 4.3.

Paper &1l 1]
Investigation Type Experimental Numerical
Polymer
Beads
Model Cellulose Glass
Systems Fibers Spheres
Ground
Hops
Raschig Concentric
(random) Cylinders
Ralu Angular
Packed Ring (random) Walls
Beds .
Raflux, adjacent N
Combinations
(structured)
Raflux, concentric
(structured)
Main Filtration and compression Discrete element method
Tools equipment simulations
Particle size distribution PSD
Measured Filtrate accumulation m(t)
Variables Filtrate turbidity N/A
Filter cake height h
Compressive yield stress p,
Relative cake resistance ay
Calculated Filter medium resistance Ry Bulk porosity &,
Properties Global compressibility N, Radial porosity &(r)
Cake compression AV

Figure 15: Schematic overview of the thesis methodology
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Papers | and Il were based on purely experimental approaches and designed to gather data
sets that would complement each other in the end. Hence, the selected model systems and
packed ring beds remained constant. To analyze filter cakes made of particles of different
shapes, compressibilities, and sizes, incompressible polymer beads, mildly compressible
cellulose fibers, and highly compressible ground hops were selected. All solids were eventually
combined with packings consisting of random Raschig or Ralu rings and structured Raflux rings
(adjacent or concentric, depending on the equipment size). The varying rings provided different
amounts of void space and wall support.

The key parameters of Paper | were ay and Ry, so the methodology was based on
standardized dead-end filtration tests to form filter cakes and detect changes in their
permeability occasioned by the packings. This was achieved by automatically recording filtrate
mass over time m(t) and applying Equation (11). Moreover, a laser diffraction setup was used
to characterize the model systems through their particle size distributions (PSD), and the
turbidity t of filtrate samples was measured to detect eventual quality changes. More details
are given in Chapter 4.1.

Paper Il was focused on filter cake compressibility N, and compression AVy. To this end, the
methodology was divided into two procedures. The first one was analogous to the previous
filtration tests but incorporated a variable Ap to induce ay gradients (calculated with
Equation (12)) through liquid flow. This way, N, was found by using Equation (13). The second
procedure consisted of piston-driven compression tests which were performed with a modified
universal testing machine. The equipment allowed accurate cake height h and compressive
stress determinations p,,. Chapter 4.2 specifies the procedures.

In contrast to the first two, Paper Ill took a purely numerical approach. It was identified that
programming DEM simulations with LIGGGHTS software and analyzing them with Monte Carlo
integrations would be advantageous for performing case studies with different packed
structures. The selected model system consisted of monodisperse glass spheres, and the
packings were permutations of glass concentric cylinders and angular walls. This way, the
effect of the Raflux packings in the preceding cases could be broken down. To compare the
different scenarios, the variables bulk porosity ¢, and radial porosity distribution £(r) were
evaluated. More information can be found in Chapter 4.3.
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Chapter 4: Published Results

The results of this thesis are presented cumulatively as a series of three original research
papers which explore the potential of applying packed beds to improve filtration processes.
Each article lays the groundwork for the next one to continue the investigation. Every paper is
introduced by a one-page summary as follows.

4.1 Paper I: Decreasing Filter Cake Resistance by Using Packing
Structures

The first paper is an observational investigation and represents the foundation for the
succeeding works. This systematic approach was conceptualized collectively. The methodology
design, formal data analysis, and result visualization were also a joint effort. The experiment
validation, background investigation, and writing lie with the first author.

The background of this paper is set in the context of cake filtration as a significant solid—
liguid separation process. Considering challenges which arise during the filtration of
compressible suspensions, investigation methods and ways to counteract compression are
mentioned. After listing state-of-the-art strategies, the application of a simple alternative is
proposed: This work’s hypothesis states that packed beds, which are conventionally used for
thermal separation processes, e.g., in absorption columns, can also be beneficial for cake-
forming solid-liquid separations. Relevant properties for both techniques, such as tortuosity
and wall effects, are cited. It is proposed that packed structures can provide additional wall
support, which loosens the cake and reduces pressure drop as well as operation time.

To evaluate the hypothesis, three model systems of different particle shapes and
compressibilities were selected and combined with three different types of packings. The solids
suspended in water were the polymeric extrudate Crosspure XF (relatively spherical and
incompressible), the cellulose fibers Arbocel UFC 100 (mildly elongated and compressible),
and the pelletized hop Cascade (very polydisperse and compressible). All solids were analyzed
using scanning electron microscopy and laser diffraction (particle size distribution). As a
reference, the systems were dispersed and separated in a dead-end filtration chamber
according to an official VDI methodology without packing structures. The suspensions were
then combined with two random packings consisting of Raschig and Ralu rings and one
structured packing made of Raflux rings. For each case, the filtrate mass over time and filtrate
turbidity were evaluated to quantify filter cake resistance and filtrate quality.

The discussion first focuses on the particle size distributions, and then the filtration runs
without and with packed beds are compared for each suspension. The experiments show a
high degree of reproducibility, and it is concluded that the use of packings for the separation of
both approximately incompressible solids is not beneficial. The three variations increase the
flow resistance through the filter cake and prolong the whole process noticeably. This is
attributed to increased cake height and clogging. The effect on filtrate quality when comparing
the resulting turbidities is not positive either.
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On the contrary, all packed beds considerably decrease the flow resistance of the
compressible hop filter cake and accelerate the separation. A possible direct correlation
between packing void volume and filtration speed is discussed. The supporting structures
enhance cake porosity and counteract network collapse as the solids accumulate on the filter
medium. Additionally, it is possible to achieve much higher flow rates without compromising
filtrate quality, according to the obtained turbidities. In this regard, the structured packing is the
most promising one for applications where complex biogenic substances are to be separated.

Because this simple strategy has shown a considerable potential to increase the efficiency
of the separation of complex organic substances, further exploration is recommended. Factors,
such as network compressibility and interactions between materials, are also worth looking into.
Hence, having observed the existence of the effect of packings on cake filtration, continuation
experimental works are planned to investigate the reach of the strategy’s benefits.
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1 Introduction

Cake filtration is a significant solid-liquid separation process. It
is often necessary to deal with suspensions, which form com-
pressible filter cakes. These mixtures frequently have a biologi-
cal origin; various materials, such as biopolysaccharides [1],
bacteria and yeast [2], activated sludge [3], and microcrystal-
line cellulose [4], have been studied. Therefore, it is important
to consider the mechanical properties of specific solid particles,
along with their shape and size distributions, to adequately
describe the behavior of the respective cake and the separation
characteristics. Several authors have investigated the influence
of these parameters [5] and other factors on cake filtration, e.g.,
solid-liquid interactions and suspension stability over time [6],
filter testing method [7], and operating pressure [8].

There are several known compression mechanisms, which
depend on the composition of the solid. More than one mecha-
nism may simultaneously occur during the process, and each
one will affect the filter cake differently. They have been
described numerically by, e.g., Vorobiev [9] and through exten-
sive experimentation by Alles [10]. Additionally, Selomulya
et al. [11] utilized visualization techniques to monitor floc per-
meability, which could help to explain and predict the manner
in which aggregates were compressed. Park et al. [12] investi-
gated the correlation between porosity and flow resistance,
while incorporating the cake-collapse effects from a theoretical
perspective. However, it is possible to further optimize the
approaches to handle specific materials during separation pro-
cesses.

Various methods are continuously being developed to coun-
teract the compression and clogging of filter cakes. An exten-
sively applied strategy is the use of filter aids, which allow an
increase in the cake porosity and operating time during, e.g.,
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clarification in biopharmaceutical processing [13]. This
approach has been mechanistically described by Kuhn and
Briesen [14]. Other strategies proposed by Alles [10] are the
selection of an optimal filtration pressure profile or the perfor-
mance of intermittent cake filtrations. Additionally, Eshed et al.
[15] reported that the membrane cross-flow separation, a wide-
spread operation method, must be adjusted according to the
process.

As a result of recent advances in 3D printing and membrane
technology, scientists have been able to generate predetermined
structures that can be tailored to counteract compression or
clogging, which is a framework referred to as micromanipula-
tion by Kuhn et al. [16]. Fee et al. [17] and Nawada and Dimar-
tino [18] proved that 3D printing was a valid method to create
packed structures by using computer-aided design, whereas
Low et al. [19] presented a discussion on the potential of this
technology for printing separation membranes. Additionally,
Liu et al. [20] reviewed available technology to modify already
existing membranes and to make them responsive to various
stimuli. All of these strategies, however, still represent rather
complicated, expensive, and time-consuming alternatives to
control the separation processes. Although self-generated
media would be beneficial, the usage of conventional, industri-
ally available, packed beds could be a much simpler alternative.

Packed beds are extensively used in industry due to their
ability to increase the contact surface. They accelerate heat and
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mass transfer between the phases and allow for more compact
or efficient absorption and distillation columns. The bed can be
randomly or structurally packed; its selection depends on fac-
tors such as shape, heat and corrosion resistance, and costs.
Due to their wide applicability, they have been investigated
from different perspectives, e.g., liquid flow [21], porosity [22],
applicability of mass transfer correlations [23], and industrial
uses [24].

Large surfaces and void volumes have been achieved in
packed beds, resulting in small pressure drops during the pro-
cess, which is an extensively analyzed topic [25, 26]. Some case
studies have been performed through computational fluid
dynamics [27,28] that aimed to study or generate a structure
[29,30], or to predict the flow behavior inside a packing and its
consequences for a certain process [31]. Other studies have
focused on analyzing the tortuosity [32] and wall support
effects [33] in the packed bed. These properties are also rele-
vant if performing cake filtration; it is, therefore, plausible to
develop a connection between the two-unit operations.

Herein, packed beds were used unconventionally to perform
dead-end filtrations. It is proposed that they may positively
influence not only thermal processes, but also the cake-forming
filtration of compressible substances such as biological mix-
tures. Moreover, the packed-bed structures may provide addi-
tional wall support and distribute dispersed solids, so that the
filter cake loosens and the operation time is reduced. To evalu-
ate this hypothesis, various combinations of suspended solids
and packed beds were analyzed.

2 Materials and Methods
2.1 Model Systems

The first suspended solid was the virtually incompressible
Crosspure® XF (CP; BASF SE). CP was a mixed extrudate com-
prising 70 % polystyrene and 30 % polyvinylpolypyrrolidone
used in beer filtration as a filter aid. It was selected because of
its simplicity; in addition to its incompressibility, the particles
exhibited a rather spherical form.

The second substance, Arbocel® UFC 100 (AC), contained
99.5% cellulose fibers (J. Rettenmaier & Sohne GmbH & Co.
KG). The average particle size was between 6 and 12um.
Because the particle structure had more degrees of freedom
than those in CP, particles could be reorganized during filtra-
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tion; thus, the material was slightly more compressible. Given
that the fibers were finely cut, this material, however, did not
exhibit a high compressibility.

Hop pellets (HO) are a good example of a complex biogenic
solid. They comprised dried and ground hops. Once the pellets
were dispersed, the system became noticeably polydisperse.
The pellets used were obtained from Cascade hops (Simon
H. Steiner, Hopfen, GmbH). This variety contained 16.5 % res-
in, which contributed to its compressibility. The filter cakes
formed from it were porous structures, which could be easily
compacted. Fig. 1 depicts images of the materials.

2.2 Packed Beds

The first random packing used was of Raschig rings (1400/6,
Glaswarenfabrik Karl Hecht GmbH & Co. KG). Ralu rings
(Raschig GmbH) were used in another experiment series as
second random packing. These rings had to be weighted down
due to their low density. Finally, a structured packing was fabri-
cated by using Raflux rings 25-4 (RVT process equipment
GmbH). Their structure was expanded to fit the diameter of
the filtration equipment. The packings are exhibited in Fig.2,
and their properties are presented in Tab. 1.

Table 1. Properties of the packings.

Ring type Raflux Raschig Ralu
Material Steel Glass Plastic
Diameter [mm] 80 6 15
Length [mm] 25 6 15
Thickness [mm] 0.5 1 1
Surface [m*m™] 215 940 320
Void volume [%] 95 58 94
Quantity [-] 1 438 (CP, AC); 32

730 (HO)

The number of rings introduced into the filter was deter-
mined by ensuring that the packed-bed height was at least as
tall as the resulting filter cake.

Figure 1. SEM im-
ages of (a) CP, (b)
AC, and (c) HO.
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2.3 Particle Size Distribution (PSD) Analysis

The PSDs of the model systems were analyzed by using a laser
diffraction setup (HELOS/KR; Sympatec GmbH). The samples
were suspended in water and uniformly dispersed in the setup
by using the dispersion unit QUIXEL.

2.4 Filtration Equipment

The experiments were conducted by using a filtration stand de-
signed and built by Banke Process Solutions GmbH & Co. KG
following the standards of the Association of German Engi-
neers (Verein Deutscher Ingenieure (VDI)) [34]. The equip-
ment comprised two separate glass housings to disperse and
filter the suspensions under pressure. The first housing was
equipped with a stirrer and had an internal diameter of
130mm and a volume capacity of 2L, whereas the second
housing had an internal diameter of 80 mm, which was equiva-
lent to a filtering area of 50.27 cm?, and was maintained at
20°C with a Julabo GmbH F30 VC/3 thermostat. Filter paper
DP 1575 090 (Hahnemiihle FineArt GmbH), with a retention
capacity of 2 um, was used for CP and AC, and a steel sieve
with a retention capacity of 55 um was used as the filter medi-
um for HO. The filtrate mass was automatically measured by
using a Kern & Sohn GmbH KB 10000-1N precision scale. The
data was processed by using a MATLAB (The MathWorks,
Inc.) code. A schematic of the equipment is illustrated in Fig. 3.

2.5 Transmission Analysis

To characterize the accumulated filtrate, infrared light
(A = 850 nm) transmission analyses were performed after each
experiment by using a Turbiscan MA 2000 (Formulaction)
instrument and the software Turbisoft (version 1.2.1).

2.6 Experimental Procedure

A series of experiments without packings was performed for
reference. The standard filtration curves were thus obtained for
each system. The CP and AC systems were separated under
1.5 bar, whereas the HO system was separated under 0.2 bar;
strong cake compression during filtration was avoided by using
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Figure 2. Photo-
graphs of (a) Raflux,
(b) Raschig, (c) Ralu
rings.

g Stirrer

Suspension
. . housing
Filter
housing
C Scale

Figure 3. Schematic illustration of the experimental filtration
equipment.

these pressures. Furthermore, three series of experiments with
different packings were conducted to detect variations in the
separation behavior of the systems. All experiments were per-
formed three times, and the results were represented as the
arithmetic mean value. Error bars indicated confidence inter-
vals of 95 %.

The dead-end filtrations were conducted by following a
standard procedure [34]. Each suspension was prepared by
using distilled water at a final volume of 1.5L. Subsequently,
the filter was filled with a predetermined quantity of packed
elements.

The CP and AC samples were weighed and presuspended in
distilled water before homogenization in an ultrasonic tub. HO
should be dissolved first; therefore, the pellets were submerged
in water overnight before suspension. The sample quantity was
determined based on a cake height of 1.2cm for CP and AC
(30 and 20 g, respectively) and 2.7 cm for HO (20 g). The latter
was set to be higher to achieve filtration times that were similar
to those of the first two cases.
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The sample was transferred to the suspension housing after
configuring its stirrer to maintain homogeneity. Subsequently,
the valve to the filter housing was opened, the system was pres-
surized, and filtration and data recording were initiated.

The filtration data (accumulated filtrate mass over time)
were linearized in the form of time/accumulated filtrate volume
over the same volume to obtain the flow resistance of the filter
medium, RMU, and the relative filter cake resistance, ay, ac-
cording to Eq. (1):

t knag Ryn

V' 242Ap | AAp W

in which ¢ is the filtration time, V is the filtrate volume, k is a
concentration constant calculated from the cake thickness, 7 is
the fluid viscosity, A is the filter area, and Ap is the pressure dif-
ference. The cake thickness was measured and the transmission
of the whole filtrate volume was analyzed to detect quality
changes.

3  Results and Discussion
3.1 Particle Size Distribution (PSD)

The results of the volumetric PSD analyses are presented to
compare the different model systems. The PSDs are presented
in Fig. 4 in a normalized differential (q;) and accumulated form
(Q3).

CP shows a marked modal value, which coincides with its
Xs0,3 value. Its relative PSD span, S, was estimated from Eq. (2).

X903 — X
g = 903 10,3 @)
X50,3

AC has two modal values and its PSD is broader than that of
CP. Regardless, only approximately 10 % of the particles are
larger than 40 um, and the xs4 3 value is of the same order of
magnitude as that of CP. AC was used because of its different
material properties.

HO particles are more complex than those of CP and AC
because they consist of various substances, thereby making
their behavior more difficult to predict. The estimated S value
is comparable to that of AC. The x5, ; and the modal values are
considerably larger than those of the other systems; therefore,
the filter medium was changed from 2 pm filter paper to a
55 pm steel sieve. The operating pressure was also adjusted to
0.2 bar. These optimizations ensured the reproducibility of this
series and also maintained a timescale that was comparable to
that of CP and AC. The PSD properties of the three systems
are summarized in Tab. 2.

3.2 Relative Flow Resistance

The filtrate mass as a function of time displayed a standard
behavior with a high degree of reproducibility. The linearized

1) List of symbols at the end of the paper.
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Figure 4. Results of PSD analyses of (a) CP, (b) AC, (c) HO. Qs
(dashed line), g5 (solid line).

Table 2. PSD properties of the model systems.

System Cp AC HO
X503 [Hm] 22 14 360
Biggest modal value [pum] 22 7.5 135
S[-] 0.9 25 2.25

data were utilized to determine the coefficients of the linear
functions. The numerical results of this study were derived
from the coefficients of the linear functions.

Fig. 5 exhibits the different filtration runs with CP. A steeper
slope of the curve indicates a greater mass flow and a shorter
filtration. For reference (Fig.5, solid black line), a filter cake
composed of only suspension solids was used.

The solid and dashed gray curves in Fig.5 correspond to fil-
trations through the Raflux structure and Ralu rings, respec-
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Figure 5. The filtrate mass over time for CP: reference (solid

black), Raflux (solid gray), Ralu (dashed gray), and Raschig
(dashed black).

tively. They are very similar to that of the reference curve,
which indicates that these packings have neither a positive nor
negative effect on the experimental duration. Contrastingly, the
Raschig rings packing had a negative effect on filtration; con-
sidering that the accumulated mass was 1350 g, the experiment
was observed to last 53 % longer than that the other runs.

Based on these results, void volume is the packing property
that majorly influences the filtration of CP. A void volume
greater than 90 % had no effect; however, a value lower than
60 % considerably decelerated the process (Tab.1). The rela-
tively small inner spaces of the rings are also more susceptible
to clogging, which increases the overall flow resistance of the
filter cake. It is likely that the relatively small ring-to-housing
diameter ratio considerably increases the tortuosity of the
flow’s path through the cake and, consequently, the time
required to permeate. The calculated cake properties are pre-
sented in Tab. 3.

Table 3. Medium resistance and relative cake resistances from
the linearized data of CP.

Packed bed R*[-] Ry [m™] ax [m™]

- 0.9996 4.690%10" 7.803x10"
Raflux 0.9997 4.184x10" 9.354x10"
Raschig 0.9996 4.304x10" 1.684x10"
Ralu 0.9995 4.131x10" 9.640x10"

The coefficients of determination confirm the validity of
all linear regressions. The filter medium resistance, Ry;, was
two orders of magnitude lower than the relative cake resis-
tance. The standard deviation of Ry represents 5% of its
mean value; thus, its determination by using this method is
considered to be adequate. Following the VDT’s classification
for flow resistances [34], all systems, except the combination
with Raschig rings, can be considered as easily separable (below
1.0x10” m™). The Raschig system is moderately separable,
with a 116 % increase in ax. It is clear that this spatially aver-
aged approach does not allow for an in-depth analysis in the
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present case. The purpose here is merely to quantify the differ-
ences between the filtrate mass curves for further comparison.
As reported by Tiller et al. [35], relatively simple models based
on averages of the properties of the cakes, although approxi-
mate, can be used to compare experiments with different sol-
ids.

Although there are no statistically significant differences
between the reference and curves with Raflux and Ralu pack-
ings (Fig.5), the relative resistance estimation does show a
20 % increase for the latter. The results prove that, thus far,
these packings do not positively influence the flow resistance,
while filtering substances with properties similar to those of
CP.

Fig. 6 exhibits the different filtration runs with AC. Those
corresponding to Raflux and Ralu (gray solid and dashed lines)
behave differently than those with CP; they are identical to
each other and slower than the reference, which indicates that
the packed beds have a negative effect on the flow rate. Further-
more, the packing of Raschig rings decelerates filtration more
than the other packings, which is analogous to the previous se-
ries. This effect is more pronounced than that on CP, and the
longest run lasted 91 % longer than the reference.

1,500

1,200 A A

900 - =

mfg

600 A =

300 q /%

0 r T r T
0 70 140 210 280 350
t/s
Figure 6. The filtrate mass over time for AC: reference (solid

black), Raflux (solid gray), Ralu (dashed gray), Raschig (dashed
black).

The void volume of the packed bed continues to be a decisive
factor; however, different factors can also be considered, e.g.,
the manner in which the suspended solid interacts with the
packing. If the characteristics of the solid particles further devi-
ate from monodispersity and incompressibility, it will be more
difficult to predict their behavior inside the packed bed.
Because the suspended cellulose fibers are oriented in different
directions, in contrast to spherical particles, they can be easily
arranged or rearranged in a manner that aggravates the clog-
ging of the packing, which, in turn, affects the filtrate flow. The
numerical results are presented in Tab. 4.

Ry was three orders of magnitude lower than the relative
cake resistance and was different from that of CP (Tab. 3); this
demonstrated that Ry; depended not only on the medium, but
also on its interaction with the suspension. The Raschig rings
series deviates slightly from the rest, if the values of R* and Ry
are compared. This can be attributed to the intrinsic properties
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Table 4. Medium resistance and relative cake resistances from
the linearized data of AC.

Packed bed R[] Ry [m™] ag [m™]

- 1.0000 2.378x10" 1.135x10"
Raflux 0.9999 2.188x10" 1.516x10"
Raschig 0.9982 3.269x10" 2.474x10"
Ralu 0.9997 2.119x10" 1.497x10"

of AC, which allow small variations in the filter-cake structure
during the process. Regardless, the regression is considered to
be valid for this purpose, and the real Ry; value is more likely
to be closer to the other results.

All systems can be graded as moderately separable if all
ax values are greater than 1.0x10" m™. Moreover, according
to the results in Tab. 4, the relative resistance increases occa-
sioned by Raflux and Ralu packings were approximately
33 %, whereas it was approximately 118 % for the Raschig
rings. Therefore, the packings that were evaluated did not
positively influence the flow resistance, while filtering sub-
stances with properties similar to those of AC. According to
the results, this separation method is not considered to be
favorable for approximately incompressible solids, such as
CP and AC, under the investigated conditions, even though
the PSD and compressibility of the solid vary slightly. More
complex and compressible materials, however, seem to be-
have in a very different manner.

Fig. 7 exhibits different filtration runs with the suspension of
HO. Similar to the previous systems, the Raflux and Ralu (gray
solid and dashed lines) curves overlap, whereas that corre-
sponding to the Raschig packing (dashed black line) describes
a slower separation. In contrast with the previous series, the
durations of the experiments remain sorted by the void volume
of the packings, but the reference filtration takes considerably
longer than the rest. All packed beds have a positive effect on
separation, which results in a noticeable acceleration of the
process. As observed in Fig.7, while filtering 1200 mL of sus-
pension, the packings cause time savings of approximately
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/
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Figure 7. The filtrate mass over time for HO: reference (solid
black), Raflux (solid gray), Ralu (dashed gray), Raschig (dashed
black).
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42 % with the Raschig rings and approximately 66 % with the
Raflux and Ralu packings.

Despite the relatively low void volume of the Raschig rings,
the packed bed was beneficial for this system. Furthermore, it
is also important to consider the interactions between the pack-
ing and solid particles. The PSD span of this suspension is
comparable to that of AC (Tab.2). However, the characteristic
values of HO (e.g., x50, 3) are much larger, which influences the
process, as do the intrinsic properties of the solid particles,
such as shape. The corresponding numerical results are pre-
sented in Tab. 5.

Table 5. Medium resistance and relative cake resistances from
the linearized data of HO.

Packed bed R[] Ry [m™] ag [m™]

- 0.9997 3.259x10° 2.968x10"
Raflux 0.9950 7.138x10° 5.102x10"
Raschig 0.9992 2.207x10° 1.674x10"
Ralu 0.9943 5.357x10° 7.117x10"

Ry was at least two orders of magnitude lower than the rela-
tive cake resistance and was remarkably different from that of
the previous series (Tabs. 3 and 4) because of the coarser mesh
size of the filter medium. Notably, all Ry values differ from
each other. These variations seem to be related to the void vol-
ume; a smaller void volume of the packing results in a smaller
Ry value.

Suspensions without a packed bed and with the Raschig rings
can be graded as easily separable, with ax values lower than
1.0x 10" m™. For the other two systems, the ok values are lower
than 1.0x 10" m™% thus, they can be graded to be very easily sep-
arable. The relative resistance decreases caused by the Raschig,
Ralu, and structured Raflux packings were approximately 44, 76,
and 83 %, respectively. This is the first report of relative cake
resistance reduction by using packed beds, and it indicates that
they may be beneficial for separating complex, compactible
materials because the process is considerably accelerated. The
following hypotheses intend to elucidate this phenomenon.

The increase in filtration velocity depends on the composi-
tion of the suspension and the manner in which its particles
interact with each other and with the packing. Surface effects
are also involved, which include not only electrokinetic interac-
tions, but also adhesion effects between, e.g., the resin-covered
HO particles. The filter cake structure also depends on the size
and shape distributions of the particles and, as depicted above,
systems such as HO present rather irregular ones. It is, there-
fore, likely that the packings act as some kind of macroscopic
filter aid, building a more permeable, and more porous, struc-
ture than that comprised of only the suspension solid.

The packings can also be considered as a vertical extension
of the filter medium, which acts as a depth prefilter that retains
part of the solids, while the rest continue their way to the sieve
and build the cake. This effect enhances the porosity and
depends on a given structure of the packed bed that remains
constant over time; therefore, it can be referred to as a station-
ary effect of the bed.
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A transient effect of the bed can also be considered. If the
suspension solid is compressible, the first solid layer at the filter
medium becomes susceptible to undergo the “skin effect” [36],
which is a time function that depends on the drag pressure in
the cake. Providing internal wall support, in addition to the
housing, through the packed bed can help to counteract com-
pression of the solid, also as a function of time. The support
prevents the cake from varying considerably with pressure, and
from reducing its porosity and permeability.

Thus, the effect of packings on the dead-end filtration of
materials such as HO is twofold and seems to be remarkably
positive with respect to process duration.

3.3 Filtrate Transmission

To ensure that the packings do not negatively affect the filtrate
quality, samples were analyzed after each filtration. The trans-
mission value of distilled water was measured as a reference
((95.39+£0.08) %). Fig.8 depicts the results corresponding to
the CP series.

100

95 ~

90
85 +
80 - T T T

Reference  Raflux Raschig Ralu

Transmission / %

Figure 8. Filtrate transmissions for CP.

A clear filtrate was obtained, regardless of the presence of
the packings; all values were similar to that of pure water. The
filtrates collected from the packed beds were not statistically
different from that filtered without packing. Therefore, the use
of packings was not advantageous in this aspect.

Fig.9 presents the transmissions of the filtrates collected
from AC. A positive effect on the turbidity of the filter cannot
be observed here either. The transmission values of the samples
separated with the packings were smaller than that of the refer-
ence experiment; furthermore, because the error bars do not
overlap, it can be concluded that the method is not only coun-
terproductive for process duration, but also for the quality of
the product.

Fig. 10 depicts results corresponding to the experimental
series with HO. The transmission values are considerably
smaller than the values for the other systems; however, this was
expected because the oil-containing HO particles dye the liquid
they are suspended in. Regardless, the trend is opposite to those
previously observed. There were no statistical differences
between the results corresponding to the reference and to the
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Figure 10. Filtrate transmissions for HO.

Raflux and Ralu packings. The Raschig rings bed, however,
remarkably improved the resultant transmission. The mea-
sured values were at least 25 % higher than the reference values,
which indicated that there were less suspended solids in the lig-
uid. This may be attributed to the higher flow resistance at the
filter medium and the reduced porosity of the cake, compared
with the other packings.

Hence, the use of packed beds during cake filtration of a bio-
genic suspension may be beneficial not only because it consid-
erably accelerates the process, but also because it maintains the
turbidity, or even improves it noticeably. This strategy shows
considerable potential to enhance the efficiency of the industri-
al separation of complex organic substances. The effects
described herein will be further investigated to develop more
advanced strategies for this and other similar processes.

4  Conclusions

Because the separation of cake-forming biogenic suspensions
can be significantly energy- and time consuming, a new process
strategy was proposed. Packed beds were used unconventional-
ly in a dead-end filtration chamber to assess whether they
could be beneficial in this context. Three model systems were
selected and combined with three different packings. The solids
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were analyzed and filtered with and without the packing struc-
tures. For each case, the filtrate mass over time and filtrate tur-
bidity were evaluated.

The use of packings for the separation of the two approxi-
mately incompressible solids was not beneficial because they
increased the flow resistance through the filter cake and, thus,
the duration of the process. This was more noticeable for the
relatively compressible solid, which indicated that the particle-
packing interactions should also be considered. It was also
observed that the Raschig rings packing, which had a smaller
void volume, yielded slower curves. Although clear filtrates
were obtained, the use of packings did not improve the turbid-
ity either.

The more compressible material exhibited the opposite
behavior. All packed beds had a positive effect on separation,
considerably decreasing the flow resistance and accelerating
the process. Thus, it was assumed that the structure of the bed
presented a porosity-enhancing effect by loosening the sus-
pended particles in the cake. Additionally, the packings also
maintained the quality of the filtrate. Because this simple strat-
egy has shown considerable potential to increase the efficiency
of the separation of complex organic substances, further explo-
ration should be performed.

Future work involves experiments on additional biological
systems. Furthermore, it becomes clear that separating the fil-
tered solids from the packing would be crucial for industrial
application. Different options would have to be investigated,
such as the use of disposable packing materials or designing
packed beds, which can be easily cleaned and separated, e.g.,
magnetically. Another potential obstacle for economic viability
could be retrieving the remaining filtrate at the end of the pro-
cess. Typically, pressing of the filter cake is performed. This is
not possible in the case of common random packings. How-
ever, washing or leaching of the cake could be an option.

Interactions between the packings and suspended solids are
also worth investigating. The presence of certain functional
groups or charged particles would result in additional effects
on the separation process. According to Theliander and Fathi-
Najafi [37], localized pressure measurements at the filter cake
could help to detect changes over time. Moreover, it was possi-
ble to assess only the impact of the packed bed on cake perme-
ability and not on compressibility. This should be focus of
future work as well. Correlations between operating pressure,
compression factor, and benefits of the packings could be
found. This would allow greater understanding of the transient
effect of the packing.
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Symbols used
A [m?] filter area
k [-] concentration constant
m [g] filtrate mass
p [Pa] pressure
Q [%] cumulative distribution
q [mm™] normalized differential distribution
Ry [m™] medium resistance
R? [-] coefficient of determination
N [-] particle size distribution span
t [s] filtration time
\% [m®] filtrate volume
x [pm] particle size

Greek letters

ag [m7] relative cake resistance
n [Pas] fluid viscosity

A [nm] wavelength
Sub/superscripts

10 10 % accumulation

3 volumetric size distribution

50 50 % accumulation

90 90 % accumulation

Abbreviations

AC Arbocel® UFC 100

CP Crosspure® XF

HO hop pellets

PSD particle size distribution

VDI Verein Deutscher Ingenieure (Association of

German Engineers)
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4.2 Paper ll: Investigating the Effect of Packed Structures on Filter
Cake Compressibility

The second paper is a direct continuation of the previous investigation. It complements the
first experimental methods and gathered data. As such, the author contributions to this
systematic approach were analogous to the ones previously described.

The background of this paper is also set in the context of laboratory-scale cake filtration,
highlighting its relevance for the industry. Considering some examples and properties of highly
compressible substances, the phenomenon of cake compression is regarded as fundamental in
solid-liquid separation research. Consequently, conventional filtration theory and
compressional rheology are introduced as two frameworks for the description of suspension
dewatering, from which this paper benefits. After citing a broad spectrum of strategies, which
have been tailored to fit various applications, the approach explored in the first paper is
explained: purposefully using packed beds to incorporate more wall support in a filter and
counteract compression. However, it is remarked that the first experiments addressed filter
cake permeability rather than compressibility. Hence, this study aims to close the gap and
investigates the effects of packings on filter cake compressibility, proposing to find a correlation
between operating pressure, cake compression factor, and packing influence.

To test the hypothesis, the same combinations of suspended solids (Crosspure, Arbocel,
and hops) and packed beds (Raschig, Ralu, and Raflux rings) as before are analyzed to
identify key factors that make the use of packings advantageous. In addition to previous
characterization methods, the systems are separated in a newly upgraded dead-end filtration
chamber at various differential pressures. Filtrate mass is recorded over time. In another set of
experiments, the suspensions are separated and subsequently compressed with a tailored
piston in a universal testing machine (without and with packings), measuring height at various
given compression forces in stepped pressure tests.

The discussion first focuses on suspension characterization regarding particle size
distribution and filter cake resistance and global compressibility according to conventional
filtration theory. The experiments show significant qualitative differences among the systems’
compressibilities due to particle morphology and nature; it is clear that Arbocel is much more
compressible than Crosspure, and hops are much more compressible than Arbocel. The
systems are easily separable at almost all pressures according to the VDI method.

The results of the experiments according to compressional rheology without packings agree
with the tendency observed in the former experiments. With packings, all combinations
dramatically increase the systems’ resistance to compressive stress because the beds provide
structural support and absorb friction forces. The greater the applied pressure or the material
compressibility, the more pronounced is the measured effect. The fixed packing proves to be
more beneficial than the random packings once more. Nevertheless, it is observed that
reducing compressibility does not automatically mean improving permeability. It is necessary to
maintain the structure of the porous network to have an improved filtration process; in other
words, to find a compromise between the presented transient and non-transient effects of the
packings.

For this reason, future work should involve finding a correlation between particle size
distribution and packing influence. After that, the packings could be even purposefully designed
for particular systems and scenarios of interest. Hence, knowing more about the effect of
packings on cake filtration, a new approach is proposed next.
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1 Introduction

Laboratory-scale cake filtration studies gather relevant data,
which are then used in the design of industrial rotary filters, fil-
ter presses, or centrifuges, among others, for countless applica-
tions [1]. Several variables and correlations should be consid-
ered. For example, treated suspensions are very rarely ideal
(monodisperse, incompressible spheres). Filter cake porosity is
reduced in the direction of the filter medium in real, compres-
sible systems, where the weight of all solid layers is supported
and hydrodynamics are most affected [2]. Suspensions can
show slightly to extremely high degrees of compressibility.
Some examples of highly compressible substances are micro-
crystalline cellulose [3], wastewater sludge [4], alginate beads
[5], and chromatography gels [6]. Such systems tend to form a
nearly impenetrable skin at the filter medium, thus stopping
the process [2]. Hence, filter cake compression is one of the
fundamental phenomena and, therefore, an intensively studied
subject in solid-liquid separation research.

Comparisons between two frameworks describing the dewa-
tering of compressible suspensions have been made in recent
investigations [7]. They are known as conventional filtration
theory, attributed to Ruth, Tiller, and Shirato [8], and compres-
sional rheology, developed by Buscall, White, and Landman
[9]. While the former mostly uses space-averaging approaches
to quantify separation descriptors empirically, the latter yields
local information from a phenomenological point of view.
Nevertheless, the two theories have been proven to be inter-
changeable and able to complement each other [7]. Hence, this
study benefits from both frameworks to evaluate process strate-
gies based on dealing with filter cake compressibility.

Several investigators, such as Alles [10], have analyzed filter
cake compression in detail and derived general guidelines to
handle the type of suspension accordingly. To date, numerous
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strategies have been published to improve various processes
one way or another. The spectrum of complexity has become
very broad since the method must always be tailored to the
application at hand. For example, the flow rate can be in-
creased by using continuous [11] or discrete [12] mechanical
vibrations during cake filtration. If the suspension contains
paramagnetic solids, or if said solids are purposefully added to
it, a magnetic field can also render more permeable filter cakes
[13]. In the case of dewatering, the superposition of shear
forces to increase efficiency is an ongoing subject of investiga-
tion [14]. The classic method of coagulation of water contami-
nants can be combined with ozone oxidation to reduce mem-
brane fouling [15]. Antifouling behavior has also been achieved
by changing the properties of the membrane, either chemically
through functional groups [16] or physically though printed
textures [17].

The latter makes use of a wavy structure at the filter medium
to provide increased support, which alters the local hydrody-
namics. Similar results were obtained for thin-film microfiltra-
tion of algae by incorporating rigid particles into the suspen-
sion [18] to reduce compression and increase porosity and
flux. Coincidentally, it is known in the field of thermal separa-
tion processes that beds packed inside absorption columns can
exhibit analogous channeling and preferential flow caused by
wall effects [19]. Considering this, it is plausible that packed
beds can be purposefully applied to filtration processes as an
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alternative method for incorporating wall support and counter-
acting compression.

This strategy was already put to the test by Bandelt Riess et
al. [20]. Random and structured packings were assessed using
averaging approaches within the context of cake-forming filtra-
tion for three model systems. In the case of two nearly incom-
pressible model systems, the packings exhibited a negative
effect, adding resistance to the cake and prolonging separation
time. However, a very positive effect on the filtration of a highly
compressible biological suspension was identified and separa-
tion time was strikingly shortened.

These observations may be related to those made in the field
of high-performance liquid chromatography by Lan et al. [21]
and Lan [22]. They implemented a systematic enhancement of
cylindrical wall support in a chromatography column packed
with compressible resins. By doing so, the same level of resin
compression was achieved at a much higher critical flow veloci-
ty. They demonstrated that the results were, among others,
dependent on the material properties of the resins, e.g., Young’s
modulus. For this reason, it would be interesting to consider
this correlation when studying solid-liquid separations as well.

Bandelt Riess et al. [20] initially proposed that packings
caused two types of effects when used for cake filtration: a so-
called steady-state effect, which is based on filter cake perme-
ability, and a transient-state effect, which is based on filter cake
compressibility. In the first case, more porous and permeable
structures could be formed when incorporating the packed
beds into the filter, and therefore specific flow resistance was
reduced for a fixed operating pressure. The second case consid-
ers forces that interact within the cake itself during separation.
As the structure collapses under stress, additional wall support
can oppose this effect through friction. However, a more
detailed characterization of the systems regarding their com-
pressibility associated with packed beds has not yet been
reported.

This study aims to close the gap and investigates the effects
of packings on filter cake compressibility. Finding a correlation
between operating pressure, cake compression factor, and
packing influence is proposed, which would clarify the afore-
mentioned transient effects of this strategy. Once this is under-
stood, the packing can be adapted to the particularities of a
suspension of interest. To test this hypothesis, various combi-
nations of suspended solids and packed beds are analyzed to
identify the key factors that make the use of packings advanta-
geous.

2 Materials and
Methods

2.1 Model Systems

The first suspended solid is the vir-
tually incompressible Crosspure®
XF (CP; BASF SE). CP is a mixed
extrudate made up of 70% poly-
styrene and 30% polyvinylpoly-
pyrrolidone which is used in beer
filtration as a filter aid. It was
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selected because of its simplicity; in addition to its relative
rigidness, the particles have a rather spherical shape.

The second substance, Arbocel® UFC 100 (AC; J. Retten-
maier & S6hne GmbH & Co. KG), is another type of filter aid
made of 99.5% cellulose fibers. The average particle size is
between 6 and 12 um. Particles can reorganize during filtration
because the particle structure of AC has more degrees of free-
dom than CP; thus, the material should be slightly more com-
pressible.

Hop pellets (HO; Simon H. Steiner, Hopfen, GmbH) are a
good example of a complex biogenic solid. They are comprised
of dried, ground hops. Once the pellets are dispersed, the sys-
tem becomes noticeably polydisperse. The pellets used were of
the Cascade hops variety. This variety contains 16.5% resins,
which greatly contributes to its compressibility. Fig. 1 depicts
the materials.

2.2 Packed Beds

The first packing used was a random one made of Raschig
rings (1400/6, Glaswarenfabrik Karl Hecht GmbH & Co. KG).
Ralu rings (Raschig GmbH) were employed in a second ran-
dom packing. Finally, a rather structured packing was fabri-
cated using three standing, adjacent 25-4 Raflux rings (RVT
process equipment GmbH). The packings are presented in
Fig. 2, and their properties are summarized in Tab. 1.

The number of rings that were placed into the filter was
determined by the number required to cover the filter area and

Table 1. Properties of the packings used in this study for one
filter cake.

Type Raschig Ralu Raflux
Material Glass Plastic Steel
Diameter [mm] 6 15 25
Length [mm] 6 15 25
Wall thickness [mm)] 1 1 0.5
Surface [m*m™] 940 320 215
Void volume [%] 58 94 95
Ring quantity [-] 96 10 3

Figure 1. Scanning electron microscope images of (a) CP, (b) AC, (c) HO.
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form a single layer of packed rings on top of the filter medium.
Hence, the height of each packing was the corresponding ring
length given in Tab. 1.

2.3 Particle Size Distribution Analysis

The particle size distributions (PSDs) of the model systems
were analyzed in normalized differential and cumulative forms
using the laser diffraction setup HELOS/KR (Sympatec GmbH)
and WINDOX 5.7.0.0 software. The samples were suspended
in water and uniformly dispersed in the setup using its
QUIXEL dispersion unit. The lens module R2 or R7T was used
depending on the particle size range.

2.4 Filtration Equipment

The filtration experiments were conducted using an experi-
mental stand designed and built according to Association of
German Engineers standards (VDI guideline 2762 Part2). The
equipment included two separate housings to disperse and then
filter the suspensions under pressure. The first housing was
equipped with a stirrer and had an internal diameter of
120mm and a volume capacity of 1.7 L, whereas the second
housing had an internal diameter of 100 mm, equivalent to
a filtration area of 78.54cm® DP 1575 090 filter paper
(Hahnemiihle FineArt GmbH) with 2 pum retention capacity
was used as the filter medium. The permeate mass was mea-
sured using an automated Kern & Sohn GmbH KB 10000-1N
precision scale. The data were processed using MATLAB (The
MathWorks, Inc.) code. A schematic of the equipment is illus-
trated in Fig. 3.

2.5 Compression Equipment

The first stage of the compression experiments was conducted
using a small filtration chamber, also built according to Associ-
ation of German Engineers standards (VDI guideline 2762
Part 2), equipped with a detachable Plexiglas ring for filter cake
accumulation. The housing had an internal diameter of
66.5 mm (filtration area of 34.68 cm?) and a volume capacity of
0.85L. The filter medium was the above-mentioned type of
filter paper. In the second stage, the same Plexiglas ring was set
for piston-driven compression experiments in a universal test-
ing machine (model zwickiLine; ZwickRoell GmbH & Co. KG).

Chem. Eng. Technol. 2021, 44, No. 4, 661-669
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Figure 2. Photographs of (a) Ra-
schig, (b) Ralu, (c) Raflux rings.
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Figure 3. Experimental filtration equipment.

A base for the filter cake ring and a sealed, rigid piston with
bleed line were adapted for these tests, allowing for comple-
mentary experiments and precise force and height measure-
ments. The movement of the piston was controlled and
recorded with testXpert II software (version 3.4), and the data
were processed using further MATLAB (The MathWorks, Inc.)
code. A schematic of the equipment is illustrated in Fig.4.
Coupling filtration with material testing represents a fast and
uncomplicated method for performing this kind of experiment.

Load
cell

Piston

Cake
ring
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Figure 4. Experimental compression equipment.

2.6 Experimental Procedures

A series of experiments without packings was first performed
for reference and characterization of the model systems and,
thus, standard filtration and compression curves were obtained
for each suspension and each equipment. All experiments were
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performed in triplicate, and the results were expressed as the
arithmetic mean value. The error bars indicate standard devia-
tions.

Regarding the filtrations, the suspensions were separated
under pressures between 0.5 and 2.0 bar to detect changes in
filtrate flow caused by compression. The dead-end filtrations
were conducted according to VDI guideline 2762, Part2 [23].
Each suspension was prepared using distilled water at a final
volume of 1.5L. The CP and AC samples were weighed and
presuspended in the distilled water before being homogenized
in an ultrasonic tub. To disperse the HO particles, the pellets
had to be submerged in water overnight before preparing the
suspension. The sample quantity was determined based on a
cake height of 1.1 cm for CP and AC (40 and 30 g, respectively)
and 2.3 cm for HO (30 g). The latter was designed to be higher
to achieve comparable filtration times for all systems.

The sample was transferred to the suspension housing after
configuring its stirrer to maintain homogeneity. Subsequently,
the valve leading to the filter housing was opened, the system
was pressurized, and filtration and data recording were ini-
tiated.

According to the standardized norm [23], filtration data
(accumulated filtrate mass over time) are to be plotted in the
form of time/accumulated filtrate volume over the same vol-
ume to obtain the flow resistance of the filter medium, RMI),
and relative filter cake resistance, a, following Eq. (1):
t knag Ryn

V. 242Ap  AAp

(1)

where t denotes the filtration time, V the filtrate volume, k a
concentration constant calculated from the cake thickness, 7
the fluid viscosity, A the filter area, and Ap the differential pres-
sure.

However, recent research conducted by Kuhn et al. [24]
effectively showed that fitting the filtration curve nonlinearly to
a root function is more precise both in terms of execution and
results. Thus, the change in filtrate volume over time is de-
scribed as:

2 2
. \/ZApA . (RMA) RuA o

nagk axk axk

The parameters of interest were estimated by finding the de-
viation minimum with the usual least-squares method after
choosing this fitting strategy. The procedure was repeated for
every operating pressure and for each system to draw conclu-
sions about their compressibility. This last parameter is often
determined by fitting power functions, such as Eq. (3) [25, 26],
to the changes in flow resistance due to increases in differential
pressure.

ax = Ko Ap™ ©)

Here, N, represents global compressibility and its value can
be used as a point of reference for comparison of compressible

1) List of symbols at the end of the paper.

Chem. Eng. Technol. 2021, 44, No. 4, 661-669

© 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

network behavior. The coefficient K, does not necessarily have
a physical meaning but it is often associated with filter cake
resistance at a low differential pressure.

For the reference filter cake compressions in the testing ma-
chine, the systems first had to be separated in the small filtra-
tion chamber under 1.0 bar, analogous to the previous method.
Each suspension was prepared using distilled water at a final
volume of 0.5L. The samples were weighed, suspended, and
homogenized in the ultrasonic tub as before. The quantities
were again determined based on a cake height of 1.1 cm for CP
and AC (15 and 10g, respectively) and 2.3 cm for HO (10g).
The suspension was transferred directly into the filter housing,
the system was closed and pressurized, and the filtrate was then
purged until the wet filter cake formed in the Plexiglas ring
(2 mm of liquid remained above the solid network).

Subsequently, the ring containing the filter cake was de-
tached from the housing to be fixated and aligned below the
piston of the testing machine. The starting point of the mea-
surement was the initial filter cake height, which had been
determined upon first contact with the piston. Subsequently,
the piston was lowered automatically at a rate of 1 mm min™"
until predetermined pressures were reached, while continu-
ously recording both force and distance to obtain characteristic
compression curves for the systems. These stepped pressure
tests (analogous to Usher et al. [27]) were performed seam-
lessly between 20 and 500kPa, allowing the system to reach
mechanical equilibrium for 20s. The equilibrium pressure in
the solid network is known as compressive yield stress p,. The
evolution of this value according to the relative variation in
filter cake volume Vi was used to complement the global com-
pressibility results of the previous method.

Furthermore, filter cake compressions were conducted with
the different packings in Tab.1 to detect variations in the
compression behaviors of the systems. The procedures were
repeated as explained, this time after additionally placing the
predetermined quantity of packed elements into the small filter
chamber before transferring the suspensions. This way, the
solids accumulated around and above the packings during the
separation, forming layered structures. The sample quantities
were previously adjusted to guarantee that the filter cake height
above the packing was at least as tall as the corresponding
reference filter cake. This was done to keep the piston from
coming into direct contact with the packed rings during the
compression experiments. The formed filter cakes were subse-
quently fixated and compressed in the testing machine.

Fig. 5 illustrates the example of an AC filter cake (with height
(b) 1.1 cm) with Raschig rings (packing height (c) 0.6 cm). The
initial combined cake height (a) of 1.7 cm was compressed to

Piston

Cake
ring

Filter
medium

Figure 5. Schematic of a filter cake compression with packing;
(@), (b), and (c) are the heights of the combined filter cake, sus-
pended solids cake, and packing, respectively.
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an end height of 1.0cm. All compressions were performed
within the extension of (b).

3  Results and Discussion
3.1 Particle Size Distribution

The results of the volumetric PSD tests are presented as charac-
teristic values in Tab. 2. The representative variables are particle
sizes X103, X503, and Xgo 3, modal value x;, relative span S, and
specific surface Sy. The normalized differential (q;) and accu-
mulated forms (Q;) of the PSDs are given in the Supporting
Information.

Table 2. PSD characteristic values of the model systems.

System CP AC HO
X103 [Hm] 10.5 2.9 58.9
X503 [Hm] 21.9 11.3 238.3
Xg0,3 [Hm] 30.3 24.9 4234
Xy, [pm] 23.0 7.2 280
S[-] 0.90 1.95 1.53
Sy [m*em™] 0.61 1.00 0.08

All values were estimated using laser diffraction software
except for the relative PSD span S, which was determined using

Eq. (4):

_ X903 — X10,3

S (4)

X50.3

The CP sample shows a modal value that is similar to its
Xs0,3 value. Its PSD is rather normally distributed and relatively
narrow. The AC distribution exhibits smaller characteristic
values in general but a much broader relative span than that of
CP. Although the AC sizes are not as evenly distributed, they
are of similar orders of magnitude as the CP results and are
contained within the same spectrum. HO is a more complex
system where the solids consist of different substances, and it
shows a distinct PSD with generally much larger values and a
broad absolute span. Its S value is comparable to that of AC,
also exhibiting some asymmetry in the characteristic properties
of Tab. 2.

3.2 Relative Flow Resistance

During each experiment, the accumulated filtrate mass was
recorded as a function of time. Furthermore, the compression
behavior of the systems during filtration was assessed graphi-
cally by expressing the filtration curves according to Eq.(1)
and then normalizing for differential pressure. This yields a
representation for each experiment, where the gradient only
depends on relative filter cake resistance. An incompressible
system can be represented with a single master curve, regard-
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less of the pressure [1]. An example of this method for HO is
displayed in Fig. 6.
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Figure 6. Pressure-normalized representation of the HO filtra-
tion curves at differential pressures of 0.5bar (black circles),
1.0bar (blue squares), 1.5bar (green rhombuses), 2.0bar
(orange triangles).

The filtration runs with HO at different differential pressures
are indicated and compared. It can be concluded that the sys-
tem is compressed further each time, making the filter cake
resistance greater since the function values grow notably when
pressure is increased. This is reflected in the exponent of
Eq. (3) (see Tab. 3). The same representation for all systems can
be found in the Supporting Information.

Eq.(2) was employed to fit the raw filtration data to a root
function by means of a least-squares method. The obtained
function parameters were used to solve for the space-averaged
relative flow resistance of the filter cakes. The numerical results
of this study are presented in Tab. 3 for all systems.

Table 3. Relative cake resistances and global compressibilities
of all systems based on filtration data.

Parameter Ap CP AC HO
[bar]

ag [10”m™] 05 7.16 + 1.60 624+139 1.04+0.11
1.0 853+ 1.16 8.08+0.66 4.08 +0.62
15 7.86 + 1.42 9.75+0.52  4.57 +0.45
2.0 9.35+2.85 1236 +0.61  7.55+ 1.57

N, [-] - 0.14 + 0.06 0.49+0.15 1.36 +0.02

The relative flow resistances of CP do not yield a very clear
dependence on differential pressure under the given experi-
mental conditions, as expected, since the solid is relatively in-
compressible. Fitting to a power function resulted in a relative-
ly small exponent. The flow resistances of both AC and HO
exhibit a considerable increase as the pressure rises, which is
characteristic of plant-based suspended particles (see Fig.1).
While the former system is made up of deformable cellulose
fibers, the latter resembles platelets, which can collapse under
pressure. After quadrupling Ap, the flow resistance of AC
doubled and that of HO increased more than sevenfold. Fitting
ax over Ap to power functions resulted in the exponents
0.49 and 1.36, respectively, making AC much more compress-
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ible than CP, and, in turn, HO much more compressible than
AC in this framework.

According to the VDI classification for flow resistances [23],
all determined values, except AC at 2.0 bar, can be roughly con-
sidered easily separable (below 1.0x10">m™). The presented
global compressibilities provide a rather qualitative overview of
the compression behavior of the analyzed systems. The follow-
ing results section aims at quantifying this property more accu-
rately and introducing variations into the process.

3.3 Compression Behavior

The applied force was recorded simultaneously with the filter
cake height for all compressions in the testing machine. Of the
gathered data, pressures at mechanical equilibrium (compres-
sive yield stresses) are the most relevant. For all systems and
combinations, the measured values are plotted against the rela-
tive volume decrements in the network, similarly to Hofgen
etal. [7].

Fig.7 presents the different compression runs with all refer-
ence systems. A steeper slope of the curve indicates greater re-
sistance to compressive stress. Another important property of
the compression run is the abscissa of the initial value at the
lowest pressure. It indicates cake height displacement between
no force (at the origin) and the first compressive yield stress.
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Figure 7. Compressive yield stress over relative volume change
for all reference systems: CP (black circles), AC (blue squares),
HO (green rhombuses).

In this regard, CP, AC, and HO exhibit respective volume re-
ductions at the first compression of 7, 10, and 45 %. This allows
for a first comparison of the systems’ resistance to compressive
stress, which is similar to the one in Tab. 3. With these results,
however, the way networks react to a specific amount of force
can be directly seen. Some differences are also observable after
the first stage. The CP and AC curves start at similar values,
after which the different slopes become visible. The CP slope is
steeper and evidences the relative stiffness of the material
again.

Since this method allows for higher pressures, it becomes
possible to affect not just the particle arrangement but also the
material integrity of the solids. The AC slope is smaller, span-
ning over a broader compression and ending at a much higher
volume variation than that of CP. As expected, the HO curve
exhibits the characteristic compression. It takes the lowest pres-
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sure to reduce the cake height to almost half of its initial value.
After this point, the curve rises similarly to CP. Compressing
the already densified HO cake grows increasingly difficult since
its last equilibrium is almost only 10 % of the original volume.

Thus, the differences and similarities between the materials
as disperse systems and porous filter cakes have been estab-
lished through standard filtration and compression experi-
ments. The latter method is also applied to evaluate the effects
of the packings used on the above-mentioned properties.

Fig. 8 shows the different compression runs with CP. For the
reference (black), the filter cake is composed only of suspen-
sion solids. The colored curves correspond to the cakes includ-
ing a packed bed at the bottom. Regarding the first compres-
sion step, it is not possible to identify an effect of the packings.
For the tested configurations, it is necessary to overcome the
pressure required to force the solid network into the packing.
When the applied pressure grows, however, additional friction
forces come into play and, if wall support is provided to absorb
part of these forces, the resistance to stress is increased. A clear
difference between the reference and all packing curves becomes
visible at 300 kPa. In the end, three separate trends are identifi-
able, and the last reference equilibrium is at least 10 % away from
the others. The Raschig and Ralu packings manage to counteract
compression in a similar way, attributed to the fact that both are
random and can rearrange during the experiment, and the
Raflux structure has the most considerable effect.
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Figure 8. Compressive yield stress over relative volume change
for CP: reference (black circles), Raschig rings (blue squares), Ralu
rings (green rhombuses), Raflux structure (orange triangles).

In past filtration experiments [20], packings were used with
CP, AC, and HO to assess changes in cake permeability.
Although Fig. 7 proves that they counteracted compression in a
CP cake, Ralu and Raflux rings had no influence on its perme-
ability and the Raschig packing even reduced it. Since those
effects were observed in filtrations at 1.5 bar, it is arguable that
the effect of the packings was not relevant enough at such low
pressures, which should be considered for future experiments.
Additionally, it was discussed that the small rings exhibited a
void volume lower than 60 % and therefore relatively small in-
ner spaces, susceptible to clogging and lower permeability. Both
groups of experiments lead to the conclusion that counteract-
ing compressibility and improving permeability with packings
are not necessarily coupled effects, and that further considera-
tions must be made, such as material properties, to find a com-
promise.
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Fig.9 demonstrates the different runs with the more com-
pressible AC. Regarding the compression step at 50 kPa, it is
already possible to identify the influence of the packings, as
opposed to CP. All three combinations noticeably decrease the
volume reduction in a similar manner. As compression pro-
gresses, greater distances are put between the curves until the
last reference equilibrium and its nearest one are at least 20 %
away, which is a greater effect than before. The runs with
Raschig and Ralu rings are practically identical up to the last
point, where the latter counteracts compression more. The run
with the Raflux structure represents the most stable filter cake
from the start. At the end of this run, the network is even less
compressed than CP. As stated before, the void space in the
packing structure seems to be beneficial.
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Figure 9. Compressive yield stress over relative volume change
for AC: reference (black circles), Raschig rings (blue squares), Ralu
rings (green rhombuses), Raflux structure (orange triangles).

Even though the packings increased resistance to compres-
sion here, they could not improve the filter cake permeability
in previous investigations. It is proposed that the same forces
that held the solid particles together during these experiments,
opposing compressive stress and making them less compress-
ible, are the same ones, which formed denser, less permeable
cakes during the filtration experiments. Again, avoiding com-
pression could become beneficial at higher pressures than
1.5bar. Thus, it is possible to influence the compressibility of
systems like AC favorably, while simultaneously yielding less
porous networks.

Fig. 10 displays the different runs with HO. Significant differ-
ences are observed at the lowest compression step. All combi-
nations inhibit volume reduction much better than in the pre-
vious cases, due to the compressibility of the solid network.
Upon starting the experiment, the difference between the refer-
ence and its nearest curve was already approximately 6 %. As
the compression progresses, greater distances appear between
the reference and the Raschig and Raflux curves, respectively,
while the difference to the Ralu curve remains rather constant.
At the last equilibrium, four clear trends are observable in the
order of the corresponding void volume. The Raflux structure
stabilizes the filter cake to the point of becoming practically
incompressible after the first step.

In previous filtration experiments [20], HO was the only case
that exhibited permeability improvement when combined with
each packing. It was proposed that the effects were caused by
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Figure 10. Compressive yield stress over relative volume change
for HO: reference (black circles), Raschig rings (blue squares), Ralu
rings (green rhombuses), Raflux structure (orange triangles).

the material’s compressibility as well. The curves in Fig. 10 are
further evidence that the greater the network compressibility,
the greater the packings’ effects on it. Thus, with systems like
HO, it is possible to influence both the compressibility and the
permeability of the solid network favorably. It is hypothesized
that, due to the particle size distribution of this system and to
its ratio in respect of the packing elements, forming and clog-
ging a denser filter cake is not as plausible as with the other sol-
ids. This way, the solids form a rather porous network, which is
stabilized by the packing and is compressed much less during
filtration, remaining relatively porous. Hence, both compres-
sion and filtration tests were positive.

According to the results of this study, it becomes clear that
filter cake compressibility has a strong influence on filtration
performance, and that it can be dramatically reduced by using
packings during the process. It must be stressed that the exhib-
ited analyses are dependent on the chosen array, and it is espe-
cially challenging to quantify the influence of packings on com-
pressibility experimentally. Therefore, different methods may
complement this study in the future.

Nonetheless, the way solid particles accumulate within the
filter (with or without a packed bed) has an equally con-
siderable influence, if not more. Even if the filter cake has
become less compressible, permeability can still be compro-
mised and filtration is noticeably prolonged. A compromise
between the two effects must be found for each system of inter-
est. Thus far, the tests have been successful for HO, but testing
for CP, AC, and further systems should be the aim of future
investigation.

4  Conclusions and Outlook

The use of packed beds has been applied as an unconventional
strategy to accelerate the separation processes of challenging
biological suspensions. To evaluate the observed effects, pre-
vious studies focused on filter cake permeability and specific
flow resistance without analyzing system compressibility.
Different model systems were characterized using classic fil-
tration equipment as well as coupled filtration-compression
experiments with a universal testing machine. The filter cakes
were classified corresponding to their compressibility accord-
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ing to both methods, showing agreement. Further compres-
sions were conducted combining the suspended solids with de-
fined packed configurations to analyze the effect of compres-
sive stress on the systems. All packings provided structural
support, which absorbed friction and increased compression
resistance, for all systems. The greater the applied pressure or
the material compressibility, the more pronounced was the
effect. The fixed packing proved to be more beneficial than the
random packings.

It was observed that improving compressibility is not associ-
ated with enhancing permeability. It is necessary to maintain
the structure of the porous network in the process, in other
words, to find a compromise. Future work should involve find-
ing a correlation between particle size distribution and packing
influence. The mentioned transient effect of this strategy may
now be somewhat better understood, but the static impact is
just as relevant. After that, packings can be purposefully de-
signed for particular systems of interest.
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Symbols used

A [m?] filter area

K [m2Pa™N] coefficient of power function

k [-] concentration constant

N [-] global compressibility

p [bar, kPa] pressure, compressive stress

Q [%] cumulative distribution

q [mm™] normalized differential distribution

R [m™] absolute flow resistance

S [m?cm, -] specific surface, particle size
distribution span

t [s] filtration time

\%4 [mL] volume

x [pm] particle size

Greek letters

relative flow resistance
fluid viscosity

a [m™2]
n [Pas]
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Subscripts

K relative to filter cake

M relative to filter medium

\% volumetric

y vertical orientation

a respect of relative flow resistance
0 initial condition

10 10 % accumulation

3 volumetric size distribution
50 50 % accumulation

90 90 % accumulation
Abbreviations

AC Arbocel® UFC 100

CP Crosspure® XF

HO hops pellets

PSD particle size distribution
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4.3 Paper lll: Assessing the Wall Effects of Packed Concentric
Cylinders and Angular Walls on Granular Bed Porosity

This third and last paper is a case study based on validated discrete element method (DEM)
simulations. The concept was inspired by the knowledge gained in the previous papers, and the
collective author contributions remained unchanged. The simulation programming and
validation were performed by the last author, and the background research and writing lie with
the first and last authors.

Filtration is a mechanical solid—liquid separation process where porosity has a decisive role.
Compressible solids form filter cakes which exhibit a porosity gradient between the cake
surface and the filter medium, where its value is at its lowest. In opposition, it is known that the
porosity of a particle bed is at its maximum at the container wall. Considering both effects, it is
plausible that incorporating more walls to the said container would increase the particle bed’s
porosity, eventually aiding filtration processes. This train of thought is used in this work to
introduce relevant studies in matter of bulk and radial porosity changes in cylindrical beds of
randomly packed spheres. Even though the topic is well known and has been successfully
modeled by several authors, the strategy of altering wall quantity and orientation is not found
often. After exposing the advancements and benefits of DEM simulations, it is proposed that
they be used to explore the influence of wall support on bed porosity and manipulate the former
to increase the latter’s value. This would shed more light on the findings of the previous papers.

To perform the case study, numerical DEM simulations with LIGGGHTS software are set up
according to published literature data (experimental and correlation results), and determined
parameters are calibrated until the obtained values can be validated. The porosities are
determined using a Monte Carlo integration scheme. One of the calibrated models (3 mm
monodisperse glass spheres in a 120 mm-diameter cylinder) is subsequently used to simulate
sphere deposition into the container with three newly defined wall arrangements: one to seven
inner concentric cylinders, four to sixteen vertical angular walls, and combinations of these two
cases.

After comparing the simulated results with those reported in the literature through
experiments and correlations, very good agreement is observed amongst all cases. The
porosity values strongly depend on the ratio between container and sphere diameters; the
results grow with decreasing ratio. Having validated the method, the system variations are
simulated, and the results are compared to a base case.

First, the number of inner concentric cylinders is incremented, choosing the diameters so
there is a constant distance between adjacent walls. When using six cylinders, the bulk porosity
is greatly increased by 17%, and this is fitted to an equation to model the results. It is noted that
the bulk porosity is not increased homogeneously in each generated annulus, with the maximal
value always being at the arrangement center. Porosity is then analyzed as a function of
distance from the outer cylinder wall for each case, displaying the expected classical sinusoidal
behavior. It becomes clear that adding walls generates more peaks to the profile, increasing
overall porosity: the more walls, the greater the effect. For this reason, the highest value is
achieved with six cylinders and sixteen angular walls (26% increase).

Since such porosity increases could contribute to flow velocity in separation processes,
there is application potential in this strategy. Thanks to this study, it becomes clearer how
packed particles interact with walls and the observed effects in this and previous papers can be
better understood. Future research can benefit from the obtained results.
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Abstract

The effect of added wall support on granular bed porosity is systematically studied to elucidate performance enhancements
in filtration processes achieved by using inserts, as demonstrated experimentally (Bandelt Riess et al. in Chem Eng Technol
2018, 2021). Packed beds of spheres are simulated through discrete element method in cylinders with different internal wall
configurations. Three containing systems are generated: concentric cylinders, angular walls, and a combination of both.
Variations of particle size and wall friction and thickness are also considered, and the resulting granular bed porosities are
analyzed. The porosity increase is proportional to the incorporated wall support; the combination of cylindrical and angular
inserts displays the greatest effect (up to 26% increase). The sinusoidal porosity values near the walls are exhibited to clarify
the effects. The presented method can change and evaluate granular bed porosity increments, which could lead to filtration
process improvements, and the obtained behaviors and profiles can be used to explore additional effects and further systems.
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1 Introduction

Mechanical solid-liquid separation processes rely on phys-
ical principles to achieve their goal. The cake filtration
process offers the advantage of allowing multiple appli-
cations, where the collected solids can be directly post-
treated. During cake filtration, solid particles form porous,
permeable layers with millimeters up to decimeters of
thickness [1]. Porosity has a key role in filtration; hence,
it has been thoroughly described by Tiller and co-workers
in their notable works [2—4]. If solids are compressible,
filter cake porosity is reduced in the direction of the filter
medium, where the weight of all layers is supported, often
leading to complications during equipment operation.
Conversely, friction at the filter walls is known to consume
part of the applied load, which should counteract compres-
sion. These two phenomena occur simultaneously during
the process and can, therefore, be fruitfully set against
each other [5]. Thus, adding more wall support through
some random or structured packing should reduce filter
cake compressibility, increasing porosity and throughput.

The common use of such packings is in absorption
and rectification columns to increase the contact surface
between phases as much as possible. Heat and mass trans-
fers are enhanced, and equipment performs more effec-
tively as a result. At the same time, they pose the benefit of
exhibiting relatively low hydraulic pressure drops through
the apparatus [6]. For these reasons, packings are a cur-
rent topic in many investigations [7—10]. Furthermore,
the effects of column walls on packed bed porosity are
mentioned in various experimental and numerical works
[11-15], allowing for an evident parallel to cake filtration.

The azimuthally averaged porosity of a granular
medium (e.g., filter cake) contained in a cylinder changes
with the radial position. If the solid particles are consid-
ered as randomly packed, uniform spheres, considerable
amounts of data gathered in well-known works, such as
those by Sonntag [16] and Jeschar [17], become available.
Bulk porosity €, correlations are found in the following
form:

£, =€, + a%, (1)
where €, is the center porosity (no wall influence); a is
an empirical coefficient; d is the sphere diameter; D is the
container diameter. For monodisperse spheres poured into
the column, Jeschar [17] reported bulk porosities between
0.375 and 0.391. Later, Desmond and Weeks [18] realized
the importance of studying polydisperse packings because
of the tendency of monodisperse ones to crystallize near
flat walls.

@ Springer

More recently, Mueller [19] compiled the abovemen-
tioned works and several others as bases to improve exist-
ing models for predicting bulk and even local, radial
porosities in a cylindrical bed of spheres, where the high-
est possible value (1) is always found at the container wall.
However, studies regarding the strategic incorporation of
more wall support and applications thereof are still scarce.
This is understandable in the case of fixed beds for absorp-
tion and rectification, where wall effects are disadvanta-
geous, causing channeling and reducing liquid residence
time.

Nevertheless, using packed beds to incorporate more
wall effects into separation processes involving sol-
ids retention has yielded promising results. This was
approached in the case of high-performance liquid chro-
matography in Lan et al. [20] and Lan [21]. They inves-
tigated the enhancement of wall support inside a chro-
matography column packed with compressible materials
by using different cylindrical insert configurations. Con-
sequently, the compressible resins could endure a sig-
nificantly higher throughput velocity at the onset com-
pression. The results were a function of insert position,
number, and dimensions, mechanical properties of the
resins, and wall roughness.

In the field of cake filtration, Bandelt Riess et al. [5, 22]
investigated similar phenomena using random and struc-
tured packings. Their effect was proposed as twofold: (1) a
stationary effect, which, like a filter aid, provides a perme-
able structure with high porosity for the cake to accumu-
late; and (2) a transient effect, with which the packing’s
internal wall support counteracts the developing filter cake
compression. Even though the transient effect was recently
addressed in more detail [5], mechanistic explanations for
the stationary one are still missing, which is the motivation
of this study. To this end, numerical simulations based on
discrete element method (DEM) have been identified as a
useful tool for taking this systematic approach.

Modeling granular assemblies numerically employing
discrete elements has been around for some time [23].
Nowadays, it can be applied to much more complex prob-
lems, such as studying the rearrangements of non-spher-
ical particles through vibrations [24]. The investigation
of porous media has benefited from the DEM simulations
of, for example, Reboul et al. [25], who focused on the
void size distribution of a packed bed, and Dong et al.
[26], who focused on the influence of different forces on
particles while sedimenting and forming filter cakes. More
recently, Zhang and McCarthy [27] proposed a modified
modeling approach for cake filtration by implementing a
DEM-coupled method and comparing it with the classic
Kozeny—Carman model [28]. The modified model more
accurately predicted the flow rates in the case of polydis-
perse systems. McCarthy et al. [29] and Lovregio et al.
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[30] showed that porosity values of spheres confined
in annular and cylindrical cells, respectively, obtained
through DEM and experimental methods can agree well
quantitatively. Meanwhile, Gerontas et al. [31] success-
fully developed a structural mechanics model of resin
compression in a liquid chromatography column, which
used the finite element method to simulate the effect of
wall support inside the column on the process in agree-
ment with the experimental data of Lan et al. [20]. This
consequently allowed the model to predict previously
untested scenarios, thereby providing a convenient case
study method.

This work aims at elucidating how wall support manip-
ulation increases granular bed porosity in different sce-
narios. Different insert configurations are simulated to
modify the porosity of cylindrical beds of uniform spheres.
It is proposed that an insert geometry can be found, which
provides significant porosity and permeability enhance-
ments. This would support previous experimental results
[22] and could lead to improvements in industrial filtration
processes.

2 Methodology
2.1 Simulation method

LIGGGHTS software (Version 3.8.0; DCS Computing
GmbH) was used to perform the numerical DEM simula-
tions, while OVITO software (Version 3.0; OVITO GmbH)
was utilized to visualize and calculate the radial distribu-
tion function (RDF). The RDF [also called pair correlation
function g(r)] measures the probability of finding a particle
at a distance r away from an arbitrary reference particle. It
gives insight into the structure of the granular packing and is
essentially a histogram of inter-particle distances. The RDF
is given by [32]:

- Axr2Arp?’ )

where n(r) is the number of particles inside a spherical shell
located between the radial distances r and r + Ar from the
center of the specified particle, and p is the number density
of particles, that is, the total number of particles divided by
the simulation cell volume [33]. The averaging is done over
all particles in the system.

In the DEM, Newton’s equations of motion are solved for
the translational and rotational movements of all particles in
the system. Particles do not deform during collisions but are
allowed to overlap slightly instead. This overlap is given in
normal direction as follows:

£, =R +R, - j?,. - 7j|)2n, 3)

where R;, R;, 7;, and 'r'j are the radii and positions of particles

i and j, respectively. The unit vector ¢, is obtained from:

oy

¢, = { @

i

i
=

The contact force F between colliding particles is obtained
from the Hertz [34] contact law in the normal direction and
the model proposed by Mindlin and Deresiewicz [35] in the
tangential direction. This contact force can be divided into
anormal and a tangential component as:

F=F,+F, )
Fo=(F-2)=ké +ck, (©)
F,=F—F,=k& +c&, @)

where k, and k, are the normal and tangential elastic terms,
respectively, and ¢, and c, are the normal and tangential vis-
cous terms, respectively. The equivalent mass m* is calcu-
lated from the masses of particles i and j, denoted by m; and
m;, respectively, following the rule below:

L1
m; (®)

1
*
m m; ’

The elastic and viscous terms are given as follows,
respectively:

=37 VRE, ©)

¢, = —p\/5m*k, > 0 (10)
k, = 8G*\/R*E, (11)

¢, = —ﬂ\ / %m*kl >0, (12)

where R* is the equivalent radius calculated analog to
Eq. (8). The parameter f is obtained from:

§= In(e) ’

\/In*(e) + 72

where e is the coefficient of restitution; Y* is the equiva-
lent Young’s modulus obtained from Eq. (14); and G* is the
equivalent shear modulus obtained from Eq. (15).

13)
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1 1—\/2 1_\/2

i J
— = + 14
Iz Y, 7 (14)

—2 1=

1 1—v; j
— = + 15
G* G; G, (13

i J

The coefficient of friction y, is defined as the upper limit of
the tangential force through the Coulomb criterion:

F, = uF,. (16)

The tangential damping contribution is only added in time
steps without slip (i.e., the Coulomb criterion is not met).
Please refer to Di Renzo and Di Maio [36] and Antypov [37]
for a more detailed description.

The porosities were calculated using a Monte Carlo inte-
gration scheme (see Fig. 1), where 107 points were randomly
seeded in the region of interest (annular region in this case).
Increasing the number of points would have only yielded
variations in the fourth decimal. For every generated point,
it was checked if that point was inside of any of the spheres
confined in the simulation’s domain. The solid fraction in
the region of interest was obtained from the ratio between
the number of points inside spheres to the total number of
randomly generated points. Accordingly, the void fraction
was calculated as 1 minus the solid fraction. To avoid distor-
tions in the results, the top layer of the particles was leveled
according to the height of the lowest annular region. Par-
ticles above the aforementioned level were excluded from
porosity calculations.

2.2 Simulation procedure

To validate the numerical simulations, the results were
compared with the experimental data of Lovregio et al.
[30] and Sederman et al. [38], as well as with the correla-
tions of Sonntag [16], Jeschar [17], and De Klerk [39].

0.06 -0.06

Fig. 1 Schematic of the Monte Carlo scheme implemented to calcu-
late the void fraction. Points are randomly generated in the annular
region of interest. a Is a top view and b is a side view of the gener-
ated points. The location of every point is checked against the posi-
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The procedure consisted of pouring monodisperse spheres
inside a fixed-diameter cylinder and then calculating the
bulk porosity. The coefficient of friction for the DEM
simulations was initially calibrated until the simulation
results matched one experimental point. Subsequently,
further experimental and correlation data were simulated
using the same coefficient of friction obtained from the
calibration.

A cylinder with 22 mm diameter and monodisperse poly-
propylene spheres with 2.1, 3, 4, 5, and 6 mm diameters
were used for the comparison with Lovregio et al. [30].
A cylinder with 45 mm diameter and monodisperse glass
spheres of 3.2, 5, 7.5, 11.25, 15, and 22.5 mm diameters
were used for the comparison with Sederman et al. [38].

The DEM model validated through Sederman et al. [38]
was chosen to simulate the deposition of 3 mm diameter
monodisperse spheres in newly defined systems. Addition-
ally, slightly polydisperse particles with sizes ranging from
2.5 to 3.5 mm (3 mm average diameter) were used in further
cases. Their size distribution was generated as follows: 10%
of the bed mass consisted of particles with 2.5 cm diameter,
20% with 2.75 cm, 40% with 3.0 cm, 20% with 3.25 cm,
and 10% with 3.5 cm. Using polydisperse particles allowed
to avoid ordered arrangements as opposed to monodisperse
ones. Seven systems were simulated:

(a) Concentric cylinders inserted into the 120 mm-diame-
ter main cylinder: one to seven cylinders were inserted
sequentially into the main cylinder, keeping a constant
distance between adjacent cylinder walls. Figure 2
(top) depicts the cases with three and six internal cyl-
inders. The walls were defined without thickness here
to reduce variables and simplify the comparisons to the
base case.

(b) Same setup as in (a) but using polydisperse particles.

(c) Same setup as in (b) but using a higher particle—wall
coefficient of friction.

004 008

tion of all spheres in the simulation, as shown in c¢. The fraction
of points inside spheres to the total number of points results in the
solid fraction of the region of interest. The void fraction is obtained
directly from the calculated solid fraction
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(d) Same setup as in (a) but using 1 mm thick walls. Fig-
ure 2 (bottom) depicts the cases with three and six
internal cylinders.

(e) Same setup as in (b) but using 1 mm thick walls.

(f) Angular walls inserted into the main cylinder: for this
system, 4, 8, and 16 walls were used, keeping a con-
stant angular distance between the walls. Polydisperse
particles were used.

(g) Combination of systems (b) and (f): both concentric
cylinders and angular walls were inserted into the main
cylinder. Polydisperse particles were used. Figure 3
illustrates examples of systems (f) and (g).

The number of particles generated in each simulation var-
ied depending on the particle size distribution, as well as on
the number and thickness of the walls. The number of parti-
cles ranged from 37,404 to 43,500 in the different systems.

3 Results and discussion
3.1 Numerical validation

The parameter values used in the simulations for validation
with the results of Lovregio et al. [30] and Sederman et al.
[38] are shown in Table 1. The Poisson’s ratio and coefficient
of restitution for the comparison with Lovregio et al. [30]
were the ones provided in the same study. The coefficient of
friction was calibrated as described in the simulation pro-
cedure. For the comparison with Sederman et al. [38], the
Poisson’s ratio and coefficient of restitution were respec-
tively obtained from Gu and Yang [40] and Tang et al. [41].

Fig.2 Top: simulation setups
of system (a) using three and
seven inserts. Bottom: setups
of system (d) using three and
seven inserts

System (a)

System (d)

Three inserts

The walls were made of the same material as the particles,
so the values in Table 1 were valid for the walls as well.

The obtained numerical results are compared with the
experimental results of Lovregio et al. [30] and the cor-
relations of De Klerk [39], Jeschar [17], and Sonntag [16]
at defined D/d ratios in Table 2. A very good agreement
is shown among the simulation, experimental, and correla-
tion results for all the evaluated ratios. The largest discrep-
ancy with the experimental results is 3.8%. The expected
tendency of the porosity values to grow with decreasing
D/d ratios is clear.

Table 3 shows the validation results against the experi-
mental data of Sederman et al. [38]. A very good agree-
ment is found between the simulations and the correlations
for almost every investigated D/d ratio, except for the ratio
of 3. This is attributed to the spheres forming an ordered
arrangement in the simulation, as shown by evaluating its
radial distribution function (Fig. 4).

The ordered arrangement formed by the spheres in
Fig. 4a is characterized by the well-defined, isolated
peaks of the RDF. Such regular arrangements produce
denser sphere packings compared to irregular, amor-
phous ones [42]. As presented by Desmond and Weeks
[18], monodisperse systems are susceptible to wall-
induced crystallization, which modifies the structure of
the granular bed near the walls, and this is confirmed
here, justifying the need for further simulations with
polydisperse particles. A continuous RDF without iso-
lated peaks is shown for the amorphous structure is
shown in Fig. 4b.

Having validated the simulation parameters and results,
new systems and variations are introduced as noted in
Sect. 2.2.

Seven inserts

gravity
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Fig.3 Simulation setups of sys-
tem (f) using 16 angular walls
(left) and system (g) combin-
ing six inner cylinders with 16
angular walls (right)

Table 1 Parameter values used in the validations of the numerical
simulations

Parameter Validation with Validation with
Lovregio et al. [30] Sederman et al.
[38]
Young’s modulus 1x10% Pa 1x10% Pa
Poisson's ratio 0.42 0.23
Coefficient of friction 0.36 0.19
Coefficient of restitution 0.66 0.93

Table2 Bulk porosity validation using the experimental data of
Lovreglio and the correlations of De Klerk, Jeschar, and Sonntag

D/d 10.5 7 5.25 4.2 35
Simulation 0.403 0423 0443 0452 0491
Lovreglio (exp.) - 0410 0.440 0470 -
De Klerk (¢,,=0.391) 0.397 0414 0436 0459 0.480
Jeschar (e, = 0.375) 0.407 0424 0439 0456 0472
Sonntag (g, = 0.375) 0.406 0422 0437 0453 0.469

The €, values used for the correlations are also indicated

3.2 Numerical experiments

Systems (a)—(c) are discussed first. Table 4 shows the bulk
porosities calculated in the main cylinder without inserts as
areference. The D/d ratio is maximal here and equal to 40.

System (f)

System (g)

The mean porosity values were obtained from five measure-
ments in different positions of the bed. The control region
for porosity calculations was a cylinder with the diameter
of the outer cylinder and a height of 30 mm. The respective
standard deviations were also calculated. The number of
inner cylinders was then incremented to up to seven inserts,
where the D'/d ratio was equal to 2.67 in each annulus (D’
being the shortest distance between adjacent walls). The
insert diameters were previously selected such that all walls
would be equidistant.

For system (a) containing monodisperse particles, the
bulk porosity does not exhibit a very clear trend. An over-
all increase with insert number is observed. However,
inserting four, five, and seven cylinders caused poros-
ity decrements. This is due to the ordered arrangement
of monodisperse particles, which is seen in Fig. 5. The
structural arrangements in Fig. Sa, b are in sharp contrast.
It is remarked that monodispersity is an idealization.

In opposition, the polydisperse systems (closer to
reality) follow a clear trend. As shown in Fig. 5c, d such
particles did not form ordered arrangements. The most
noticeable porosity increase is by 15.5% (compared to the
reference) from five to six inserts. These results do not
correspond with the correlations for cylindrically packed
beds, which predict porosity increases of over 20% for
a D/d of 4 and over 30% for a D/d of 3. Nevertheless,
a direct transference cannot be made here because addi-
tional effects appear in these systems due to the internal

Taple 3. Bull§ porosity D/d 14 9 6 4 3 5

validation using the

exgeﬁmeﬂtalldf{ta of ?}germﬂn Simulation 0.384 0.400 0.415 0.432 0.431 0.531

and the correlations of De

Klerk, Jeschar, and Sonntag Sederman (exp.) 0.385 0.400 B B B B
De Klerk (e, =0.391) 0.392 0.401 0.425 0.465 0.500 0.551
Jeschar (e, = 0.375) 0.399 0.413 0.432 0.460 0.488 0.545
Sonntag (e, = 0.375) 0.398 0.412 0.430 0.457 0.485 0.540
Sonntag (e, = 0.359) 0.383 0.396 0.415 0.443 0.471 0.527

The €, values used for the correlations are also indicated
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Fig.4 Radial distribution 304
function calculated for the D/d 25 ] (a)
ratiosa 3 and b 6

5_4 L/\AAMWA_/\_/\_/LJ\_/L 2:
0- 0-

101 (P)

Table 4 ¢, Values for different numbers of volume-less cylindrical
inserts

Insert D'ld g, (a) g, (b) g, (0)
number

0 40 0.367+0.008  0.367+0.007  0.367+0.007
1 13.33  0.372+£0.004  0.371+0.003  0.372+0.002
2 8 0.380+0.002  0.379+0.001  0.381+0.001
3 571  0.391+0.004 0.389+0.001  0.390+0.000
4 444  0.380+0.002 0.395+0.001 0.398+0.001
5 3.64 0376+0.002 0.403+0.001 0.406+0.000
6 3.08 0428+0.001 0.423+0.001 0.425+0.001
7 2.67 0.409+0.009 0.422+0.003 0.425+0.001

walls (it is not a reduction but a division). To the best of
the authors’ knowledge, these correlations have not yet
been investigated. However, they show potential consid-
ering that merely the right number of inserts can cause
the observed effects, which would considerably increase
a packed bed’s permeability.

Table 4 also shows that a seventh insert did not affect
the bulk porosities. Effects similar to the one for the mono-
disperse case may have taken place. However, ordered
arrangements could not be identified (see Fig. 5d).

When the friction between particles and walls was
increased from 0.19 to 0.9 [system (c)], there were no
changes in bulk porosity in comparison with system (b).
This indicates that the frictional forces at the walls are dis-
sipated in the granular material, probably due to the large
granular arrangement in the azimuthal direction between
the cylinders. Therefore, very specific wall material prop-
erties would not be necessary to obtain such porosity

Fig. 5 Monodisperse particles
with a three and b seven inserts.
Polydisperse particles with ¢
three and d seven inserts

(@ (b) () (d)

004 005 0 001 002

pair separation diétance

increases in a rigid granular bed. Nevertheless, this would
likely play a role in a highly compressible one, as seen in
Bandelt Riess et al. [5].

Systems (d) and (e) evaluate the insertion of cylinders
with 1 mm thickness and the results are shown in Table 5.
Note that the D'/d ratios are different from those in the previ-
ous cases. The porosities of system (d) follow a clearer trend
than that of system (a), and porosity was greatly increased by
26% with the seventh insert. System (e) exhibits a very simi-
lar trend, and the obtained values are comparable to those
of system (b). This would mean that the porosity increases
are mainly a function of D'/d with wall thickness becoming
a rather secondary variable. Both systems (d) and (e) show
noticeable deviations from the observed tendencies when
using six inserts, which can again be attributed to ordered
arrangements.

The results of systems (b) and (e) were modeled by fitting
an equation in the form of the correlation of De Klerk [39]
for the region of interest. Figure 6 depicts the fitted curve
and the equation parameters. D'/d values up to 8 were used
to fit the curve since larger values caused only small porosity
increments. Results altered by ordered arrangements were
not considered for the fitting. The coefficient of determina-
tion (R?) for the fitted curve is 0.97.

Note that only bulk porosities of entire systems have been
discussed so far. Despite all adjacent cylinder walls being
equidistant, the porosity is mostly increased in the central
cylinder. This is due to the differences in geometry and
wall distribution between the inner cylindrical region and
outer annular regions. Figure 7 shows the porosity values
inside each annulus for system (b) using different numbers
of inserts. The porosity in the innermost region, which is
purely cylindrical, follows the correlations of De Klerk or

@ Springer



36 Page 8 of 11

P. M. Bandelt Riess et al.

Jeschar. This result is thus attributed to a higher amount
of particle—wall contact points and points towards equip-
ment designs maximizing it. However, the annular regions
of the system exhibit a lower porosity than predicted, which
behaves as a constant. In a separation process, this could
ensure a homogeneous porosity distribution in the filter cake
and become a great advantage.

The porosity results are also analyzed as a function of
distance from the outer cylinder wall. The obtained values
display the classical sinusoidal behavior in all cases. Near
the walls, the particles inefficiently pack into layers (particle
density heterogeneity) and cause the observed porosity oscil-
lations and packing behavior changes [18]. The peak poros-
ity values (nearly 1) mark the particle—wall contact region
where the inner cylinders were inserted, thereby contributing
positively to the bulk porosity. In the reference case, the
layering influence covers about two particle diameters and
decays into the bulk for ten diameters. Figure 8 shows the
results for the reference, three, and six inner cylinders.

Angular walls were inserted to change the bulk porosity
in system (f). In addition to angular walls, three and six inner
cylinders were again inserted into system (g). Table 6 pre-
sents the obtained results. For some geometries, the inner-
most region had to be removed from the calculations because
they became too small for the spheres to enter. Nevertheless,
the bulk porosities increase remarkably compared to system
(b). This happens not only for a constant number of cylinders
and a growing angular wall number but also for a constant
angular wall number and a growing cylinder number. That
is, the more walls there are, the greater is the effect, leading
to up to a 26% porosity increase, which would cause a cor-
responding permeability enhancement. Figure 9 illustrates
the porosity profile of system (f).

The sinusoidal profile is well captured near the wall (at
D/d = 40) and similar for all studied cases. At this point,
the angular walls are furthest away from each other and do
not affect the porosity significantly. In contrast, their wall
effects become clear near the center region of the system. In
particular, for the 8 and 16 inserts, the porosity is increased

Table5 &, Values for different numbers of 1 mm thick cylindrical
inserts

Insert number D'/d g, (d) €, (e)

0 39.33 0.368 +0.009 0.368 +0.008
1 13 0.373+0.005 0.372+0.002
2 7.67 0.381+0.002 0.381+0.001
3 5.38 0.386+0.002 0.390+0.000
4 4.11 0.406 +0.000 0.402 +0.000
5 3.30 0.419+0.000 0.415+0.001
6 2.74 0.380+0.003 0.415+0.001
7 2.33 0.464 +0.000 0.454 +0.001

@ Springer

0.5 T - i
O ale)
¥ &(b)
—— fitted curve
045} y = 0.385 + 0.746 * exp(-D'/d) 1
>
:%‘
o
[e]
o
0.4}
0.35 . : : :
2 4 6 8
D'/d

Fig.6 Equation fitted to the numerical bulk porosity results of sys-
tems (b) and (e)

to 1 before reaching the middle, revealing the region where
the spheres do not fit anymore.

Figures 10 and 11 show the obtained porosity profiles for
system (g), which contained three and six inner cylinders
in addition to the 4, 8, and 16 angular walls, respectively.
The sinusoidal profile is again well captured near the wall
and similar for all studied cases, regardless of the cylinder
number. Another property of these cases is the symmetrical
evolution of the porosity value between the walls. The poros-
ity again increases to 1 near the center because no particles
could be deposited in that region. The interference of the
angular walls is noticeable upon reaching that point, further
increasing the overall porosity (Table 6).

Considering the presented cases, it becomes clearer how
particles interact with different packed wall configurations,
increasing bed porosity and therefore permeability as well.

-+ -1 cylinder
-4 -2 cylinders 4}
0.5 |- & -3 cylinders Fa
- T -4 cylinders /
5 cylinders /
6 cylinders
-4 -7 cylinders /.} /

/
B o

& 4
e,
?:: :J_J@’ T

0.45 [

Porosity

04rF

035 1 1 1 1

Annuli

Fig. 7 Porosity calculated in the different annuli of system (b)
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Fig. 8 Porosity of system (b) as a function of distance from the outer
wall for the reference and with three and six inner cylinders

This would contribute to the flow velocity in a solid-liquid
separation through a structured packing and explain part of
the effects observed by Bandelt Riess et al. [22]. Moreover,
the obtained behaviors and profiles can be used to explore
further systems and additional effects.

4 Conclusions and outlook

This investigation demonstrated how using different packed
wall configurations affects the porosity of a granular bed.
The DEM simulations were set up and validated with lit-
erature data. Ordered arrangements were observed in the
monodisperse systems (as was expected, considering the
literature), which cannot be predicted with the correlations
of Sonntag [16], Jeschar [17], and De Klerk [39] (Table 3).

Adding inner concentric cylinders, angssular inserts, or
a combination of both generally increased the bulk porosity
due to the wall effects. They favorably reproduced the known
sinusoidal porosity profile, which is commonly observed
only in the near-wall region of the outer cylinder. Since the
comparison to usual porosity correlations for granular beds
confined in cylindrical containers was limited by the newly
evaluated geometries, a new specific correlation was defined.

1 T T T T T T T

—*— ref.

—e— 4 angular walls
—o— 8 angular walls
—s— 16 angular walls

0.8

o
o

Porosity

o
~

ol . 1 L . . . .
40 35 30 25 20 15 10 5 0

D'/d

Fig.9 Porosity of system (f) as a function of the distance from the
outer wall for the insertion of 0, 4, 8, and 16 angular walls

0.8

o
o

Porosity

o
~

b .. —*— 3 cylinders

021 —o— + 4 angular walls
—o— + 8 angular walls
—»— *+16 angular walls

40 35 30 25 20 15 10 5 0
D'/d

Fig. 10 Porosity of system (g) as a function of the distance from the
outer wall for the insertion of 3 cylinders and 0, 4, 8, and 16 angular
walls

A distance between adjacent walls was found at six
cylindrical inserts for system (b), which caused a signifi-
cant porosity enhancement. This elucidates the geometric
interactions needed to improve throughput in a filter cake.

Table 6 ¢, Values for the

. 0 (D'/d = 40)
systems containing 0, 4, 8, and

Cylinder no

3(D'ld =5.71) 6 (D'/d =3.08)

16 angular walls combined with Angular wallno 0 4

16 0 4 8 16 0 4 8 16

0, 3, and 6 cylindrical inserts

g, 0.367 0.378 0.389 0.410 0.389 0.400 0.413 0.429 0.423 0.435 0.444 0.462

Std. Dev

0.007 0.008 0.007 0.008 0.001

0.008 0.007 0.007 0.001 0.007 0.007 0.007
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Fig. 11 Porosity of system (g) as a function of the distance from the
outer wall for the insertion of 6 cylinders and 0, 4, 8, and 16 angular
walls

Furthermore, a homogeneous porosity distribution was
observed in the annular spaces of this system, showing
potential for applications demanding porosity control, such
as the freeze-drying of bulky solids [43] and heat transfer in
a fixed-bed reactor [44].

Additionally, variations of the coefficient of friction and
insert thickness were considered but did not show significant
effects. Future work should involve applying the variations
to highly compressible particles. Other studies could assume
the task of rigorously optimizing insert number and place-
ment for a given system and experimentally validating the
predictions. Additional control variables of interest could
be the pressure at the walls and the contact forces between
particles.

Using angular walls [system (f)] had a mild effect on the
granular bed. However, in combination with the inner cyl-
inders [system (g)], the increase in the bulk porosity was
remarkable (up to 26%), which could lead to significant
improvements in solid-liquid separation processes. In these
cases, the increasing size of the center region, where no par-
ticle can be inserted, must be considered.

System (g) can be roughly compared to the structures of a
Raflux or Pall ring, which have already been experimentally
tested [5, 22]. Future investigations should benefit from this
research to find further numerical and practical correlations.
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Chapter 5: General Conclusions and Future Work

This last chapter wraps up the discoveries made throughout the presented investigations
and proposes how the development of this process strategy could be taken even further.

On paper, it makes perfect sense to take advantage of more wall support in a vessel to
optimize the pressure drop of a liquid flowing through a compressible porous medium. Aimed
micromanipulations thereof should stabilize the solid network where it is most needed.
However, those theories had not yet been systematically turned to practice before this thesis.
Since so many industrial applications benefit from cake filtration processes, this was the
chosen context to put the new optimization strategy to the test. To simplify the first approach,
the macroscopic method of using standard packed bed components was selected, transferring
a concept from one of the fundamental unit operations in chemical engineering to another one.
Thus, the thesis goal of observing and understanding the interplays between the chosen
systems was established and divided into three hypotheses, which were correspondingly
addressed in three research papers.

Initially, it was postulated that, since packed beds are so beneficial for thermal separation
processes, they could also pose advantages for mechanical ones, especially cake filtration, by
reducing flow resistance. Even though the whole theoretical base exhibited above was already
behind the claim, the main objective of Paper | was merely to observe and record the appearing
effects. The investigation was based on permeability changes caused by determined packings
when filtering three different model systems. The used packings indeed had a remarkable
effect on the separation, decreasing flow resistance and considerably accelerating the whole
process without losing filtrate quality. This was a hint at the packings effectively increasing filter
cake porosity and counteracting compression. Nevertheless, this only applied to the system
with the highest compressibility and biggest particles; the packing’s benefits were not
omnipresent. Using the packings for the separations of the other two systems, which were
approximately incompressible, caused the opposing effect, increasing flow resistance and
process duration. This correlation between cake compressibility and packing support was not
considered in detail during the first investigation but was the main motivator of the second one.

Under the premise that using the walls of packings to provide more structural support
counteracts the compression of a solid network, Paper Il aimed to find correlations between the
key process parameters operating pressure, filter cake compression factor, and packing type.
To prove this, the same previously studied systems and combinations were analyzed in further
developed filtration and compression experiments to directly quantify the observed effects
using the compressive yield stress. The compressibility results obtained through the new
method were validated by showing good agreement with the predictions of the standardized
method. As expected, the additional packing support did significantly increase the compression
resistance of all systems. Moreover, the greater the applied pressure or the material
compressibility, the more pronounced was the effect. However, considering these first two
investigations, it became evident that reducing compressibility did not necessarily mean
improving overall permeability as well. Most likely, the compression-countering effect of the
packings was indeed present during the first filtrations, but their porosity-enhancing effect was
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not. This was attributed to the dimensions of packings and solids not being compatible for
exhibiting the expected behavior. Consequently, the need of performing case studies to find the
sweet spot between particle size distribution and wall support amount arose, becoming the
objective of Paper .

The third and final hypothesis formulated that, if appropriately manipulated, the wall support
inside a vessel will greatly increase the bulk porosity of the contained particulate network. To
be able to test several different wall arrangements and closely study their effects, the method of
using discrete element method simulations to generate cylindrical beds of monodisperse
spheres was chosen. This also allowed to better understand the particle—particle and particle—
wall interactions due to the set parameters derived from mechanical laws, which were validated
with well-known literature data. Thus, the investigation showed how the granular bed porosity
evolved when progressively adding more wall support in the form of concentric cylinders,
angular inserts, and combinations thereof. The general effect was a bulk porosity rise with each
additional wall, making the most intricate geometry the most effective one. It was also shown
that the greatest changes appear when a specific dimensional ratio is reached, which was
probably not the case in Paper |, causing the observed negative effects. Nonetheless, the
combined discoveries of the three research articles make clear that this process strategy is one
with considerable application potential due to its simplicity and versatility and should therefore
be explored further.

As mentioned before, the investigations helped to corroborate the hypotheses and answered
some questions but also originated other follow-up ones. Many of them concern the future
applicability of the strategy in industrially scaled processes. What happens with the packing
during and after its use? However, it should not be long until that goal is achieved. As a matter
of fact, the first systematic studies regarding the development of a support structure to enhance
the wort lautering process in the beer industry have already been performed, yielding very
promising results (Bandelt Riess et al. 2019). This should be one case of many since the
ultimate objective of this research would be to eventually enable the manufacture of tailored
packings which have been adapted to a specific system, making its mechanical separation
much more efficient.

To achieve this, many more scenarios would have to be tested and understood; the
interactions between further materials and packings with different properties should be studied.
This thesis showed that the technology to design, manipulate, and manufacture porous media
is already available. Even a functionalization of the packed bed components, analog to the
smart gating membranes, is thinkable. Hence, this research has begun to fill the needed know-
how gap to take advantage of the discussed effects and techniques and transfer them to
various cake filtration processes. However, there is still much to be done as the strategy has to
be validated with each system of interest.

Regarding the presented methodology, the available equipment could be enhanced with
further automation and additional sensors. For instance, in situ measurements of localized
liquid pressure and porosity inside the filter cake during the process would help to detect
transient structural network changes and packing effects, accelerating the gathering of more
crucial data. The conceptual work to achieve this has already been started. Besides validating
the previously performed DEM simulations with real-life experiments, further case studies
should assume the task of systematically optimizing the amount and form of wall support in a
vessel for any given granular system. Some observed geometric effects still need to be cleared.
Moreover, additional physical parameters of interest, such as the pressure at the walls and the
contact forces between patrticles, could be analyzed.
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Future investigation projects should benefit from this research and carry on with the topic to
find further practical and numerical correlations between packed beds and mechanical
separations. After that, the purposeful design of support structures for the optimization of many
applications should become a reality. Only then will the potential of this process strategy be
completely... unpacked.
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