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Summary

Suspensions with a wide particle size distribution in combination with sedimentation

effects lead to the formation of multilayered filter cakes. This is due to differences in the

settling velocity of the particles based on their size and density. A prominent example

of a multilayered filter cake is lautering in the brewing process. Larger particles of the

suspension settle first and form a compressible bottom layer on which fine particles then

form a top layer. This top layer has a high resistance to flow due to the small size of the

particles in the layer. In contrast to homogeneously layered filter cakes, the location of

the greatest pressure drop is not at the filter medium in multilayered cakes, but on the

top layer. The hypothesis is therefore that the fine particles can be viewed as a solid

layer with high resistance, which is moved downwards due to the differential pressure

during the filtration. This reduces the porosity of the compressible bottom layer, which

increases the resistance of the entire filter cake and lowers the flow rate.

The multilayered filter cake was examined in three steps using the example of the

lautering process: 1) The formation of the filter cake and the characteristics of the

different layers were determined, 2) the compression mechanism during the filtration

was examined, and 3) measures to prevent the compression were developed.

A calculation of the settling velocities confirmed the dependence of the formation

of the multilayered filter cake on the particle size. In addition to the particle size,

the high temperature during filtration in the lauter tun also influences sedimentation.

Fine particles are prevented from settling by buoyancy due to thermal convection. In

contrast, large particles settle faster at higher temperatures. These opposing effects

further promote the formation of the different layers. Different substances are present

in different concentrations in the various particles of the suspension, which is why a

filter cake with an inhomogeneous chemical composition results that affects the filtration

process.

Due to the high resistance of the fine particle layer, it compresses the filter cake

from above during the filtration. A new method of cake fixation as well as an optical

porosity determination via measuring the surface roughness were introduced to prove the

compression. The effect was confirmed by modifying the fine particles and determining
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Summary

the resulting effects on the compression. To verify the compression in multilayered filter

cakes, a model cake was used, which consisted of an inert, compressible bottom layer.

It was confirmed that the high resistance of the top layer creates a differential pressure.

The fine particles act as a stiff layer that is pulled down during the filtration and thus

compresses the bottom layer. In addition to an artificial top layer, various types of

particles were also tested as a fine particle layer. The resistances of the fine particles

were compared with the resulting change in the resistance of the bottom layer. The

compression by the top layer occurred when its resistance was higher than that of the

bottom layer.

A decrease in compression was expected by influencing the fine particle layer. Chemical

and structural analysis showed that the fine particles in the lautering process consist to

a large extent of protein and starch. In order to specifically influence these components,

physical and chemical modifications were applied in a model experiment. The resulting

effects on the particle interactions led to changes in the particle size distribution, which

influenced the filter cake resistance. The resistance is not only influenced by the mean

size of the particles; rather, a high particle uniformity is responsible for a low resistance.

To verify the effects of the uniformity on the resistance, a model filter cake consisting

of glass beads was used. In addition, the resistance of the fine particle layer could be

reduced by high temperatures. The reason for this is the buoyancy effect, which leads to

a loosely packed layer. Since modifications to the particles and increased temperatures

cannot be used for every filtration process, a technique was developed in which the fine

particles were removed before filtration. This prevented the compression of the bottom

layer. The resulting shortened process time was verified on a pilot scale.
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Zusammenfassung

Suspensionen mit breiter Partikelgrößenverteilung führen in Kombination mit Sedimen-

tationseffekten zur Ausbildung mehrschichtiger Filterkuchen. Grund dafür sind Unter-

schiede in der Sedimentationsgeschwindigkeit der Partikel basierend auf deren Größe

und Dichte. Ein prominentes Beispiel für einen mehrschichtigen Filterkuchen ist der

Läutervorgang im Brauprozess. Hier sedimentieren größere Partikel der Suspension

zuerst und bilden eine komprimierbare Bodenschicht, auf der anschließend Feinpartikel

eine Deckschicht formen. Aufgrund der kleinen Partikelgröße in der Deckschicht weist

diese einen hohen Durchflusswiderstand auf. Im Gegensatz zu homogen geschichteten

Filterkuchen findet daher bei mehrschichtigen Kuchen der größte Druckverlust nicht am

Filtermedium, sondern an der Deckschicht statt. Die Hypothese lautet daher, dass die

Feinpartikel als eine feste Schicht mit hohem Widerstand betrachtet werden können,

welche aufgrund des Differenzdruckes während der Filtration nach unten bewegt wird.

Dadurch verringert sich die Porosität der komprimierbaren Bodenschicht, wodurch der

Widerstand des gesamten Filterkuchens erhöht und die Durchflussrate verringert wird.

Der mehrschichtige Filterkuchen wurde anhand des Beispiels des Läuterprozesses in

drei Schritten untersucht: 1) Die Ausbildung des Filterkuchens sowie die Eigenschaften

der verschiedenen Schichten wurden bestimmt, 2) der Kompressionsmechanismus wäh-

rend der Filtration wurde untersucht und 3) Maßnahmen zur Vermeidung der Kompri-

mierung wurden entwickelt.

Eine Berechnung der Sedimentationsgeschwindigkeit bestätigte die Abhängigkeit der

Bildung des mehrschichtigen Filterkuchens von der Partikelgröße. Neben der Partikel-

größe beeinflusst auch die hohe Temperatur während der Filtration im Läuterbottich

die Sedimentation. Feinpartikel werden durch Auftrieb aufgrund thermischer Konvek-

tion an der Sedimentation gehindert. Große Partikel setzen sich bei höheren Tempe-

raturen hingegen schneller ab. Diese gegensätzlichen Effekte begünstigen die Bildung

der verschiedenen Schichten. Da in den verschiedenen Partikeln der Suspension einzelne

Stoffgruppen in unterschiedlicher Konzentration vorliegen, ergibt sich ein in der chemi-

schen Zusammensetzung inhomogener Filterkuchen, was sich auf den Filtrationsprozess

auswirkt.
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Zusammenfassung

Aufgrund des hohen Widerstandes der Feinpartikelschicht komprimiert diese den Fil-

terkuchen während der Filtration von oben. Für den Nachweis der Komprimierung

wurde eine neue Methode der Kuchenfixierung sowie eine optische Porositätsmessung

mit Hilfe der Oberflächenrauheit eingeführt. Durch Modifikation der Feinpartikel und

Ermittlung der Auswirkungen auf die Komprimierung konnte der Effekt bestätigt wer-

den. Zur Verifikation der Kompression in mehrschichtigen Filterkuchen wurde ein Mo-

dellkuchen genutzt, welcher aus einer inerten, kompressiblen Bodenschicht besteht. Es

wurde bestätigt, dass durch den hohen Widerstand der obersten Schicht ein Diffe-

renzdruck entsteht. Die Feinpartikel wirken dabei als feste Schicht, welche während der

Filtration nach unten gezogen wird und so die Bodenschicht komprimiert. Als Feinpar-

tikelschicht wurden neben einer künstlichen Kunststoffschicht auch verschiedene Parti-

kelarten getestet. Die Widerstände der Feinpartikel wurden der resultierenden Änderung

des Widerstandes der Bodenschicht gegenübergestellt. Die Kompression durch die Fein-

partikelschicht trat auf, wenn deren Widerstand höher als der der Bodenschicht war.

Es wurde erwartet, dass eine Verringerung der Kompression durch die Beeinflussung

der Feinpartikelschicht möglich ist. Chemische und strukturelle Analysen zeigten, dass

die Feinpartikel im Läuterprozess zu einem großen Teil aus Protein und Stärke beste-

hen. Um diese Bestandteile gezielt zu beeinflussen, wurden physikalische und chemische

Modifikationen in einem Modellexperiment angewendet. Die resultierenden Auswirkun-

gen auf die Partikelinteraktionen führten zu Änderungen in der Partikelgrößenverteilung,

wodurch der Filterkuchenwiderstand beeinflusst wurde. Nicht nur die mittlere Größe der

Partikel beeinflusst den Widerstand, auch eine hohe Partikeluniformität ist für einen

geringen Widerstand verantwortlich. Um die Auswirkungen der Uniformität auf den

Widerstand zu verifizieren, wurde ein aus Glaskugeln bestehender Modellfilterkuchen

genutzt. Außerdem konnte der Widerstand der Feinpartikelschicht durch hohe Tempe-

raturen verringert werden. Grund dafür ist der Auftriebseffekt, welcher zu einer locker

gepackten Schicht führt. Da Modifikationen der Partikel sowie erhöhte Temperaturen

nicht für jeden Filtrationsprozess angewendet werden können, wurde ein Verfahren ent-

wickelt, bei dem die Feinpartikel vor der Filtration entfernt wurden. Dadurch konnte die

Kompression der Bodenschicht vermieden werden. Die daraus resultierende verkürzte

Prozesszeit wurde im Pilotmaßstab verifiziert.
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1 Introduction

Cake filtration is a process used in many industries to separate solid particles from the

liquid phase of a suspension. It is applied, for example, in the paper industry [Mattsson

et al., 2012], in the biotechnology industry [Gözke and Posten, 2010, Sievers et al.,

2015, Rhea et al., 2017], in the dewatering of sewage sludge [Shi et al., 2020], or in

the food and beverage sector [Bayindirli et al., 1989, Salmela and Oja, 2006, Tippmann

et al., 2010]. The principle of cake filtration is the deposition of particles on a filter

medium on which a filter cake is formed. In most cases, the filter cake is compressible,

which means that its porosity and thus the resistance to flow are affected during filtration

[Alles and Anlauf, 2003]. Because a high flow rate is important to achieve efficient and

economical separation, compression of the cake must be avoided. Thus, cake compaction

plays an important role in filtration, especially with multilayered filter cakes. This

type of filter cake is a result of a wide particle size distribution of the suspension in

combination with particle settling. If a high-resistance fine particle layer settles on top

of the coarse particles of the cake, a compaction of the compressible bottom layer is to

be expected. Up to now, compression in multilayered cakes has not yet been studied in

detail. Therefore, the formation and characteristics of the multilayered filter cake are

described in this thesis. The compression mechanism is investigated and measures to

prevent the compression are presented.

Basic principles of filtration and compression of filter cakes are described in the fol-

lowing. The importance of fine particles and the influence of their particle size on the

filtration process is shown. Then, the basic knowledge about multilayered filter cakes is

summarized. An overview of the lautering process, which serves as a prominent example

of filtration with a multilayered cake, is given. Finally, the hypotheses and outline of

the thesis are presented.

1



1 Introduction

1.1 Basic Principles of Cake Filtration

The principle of filtration is the separation of a suspension into the solid and the liquid

phase using a filter medium. It can be divided into two types: depth and surface

filtration. In depth filtration, particles are retained within the filter medium, while in

surface filtration, the particles are deposited on the filter medium. Surface filtration can

be further subdivided into cross-flow, blocking, and cake filtration, the latter being of

particular interest for this thesis. In cake filtration, retained particles form a filter cake,

which then serves as filter medium for smaller particles [Luckert, 2004].

The flow through a filter cake can be described according to Darcy’s law as through

a porous medium [Darcy, 1856]. The pressure drop across the porous cake (∆p1) is

proportional to the flow rate (V̇ ) per area (A), the cake height (h), and the liquids

dynamic viscosity (η) according to

∆p1 =
V̇

A
· h · η · αh (1.1)

with the specific filter cake resistance (αh) as the reciprocal value of the permeability

(K):

K =
1

αh
. (1.2)

The height of the filter cake is often difficult to determine in filtration experiments.

Therefore, it is convenient to describe the cake height as mass of solids (m) per unit area

[Ripperger et al., 2012]. The mass-related specific filter cake resistance (αm) is then used

in a different form of Equation 1.1:

∆p1 =
V̇

A
· m
A
· η · αm. (1.3)

In addition to the pressure drop across the filter cake, there is a pressure drop in the

filter medium (∆p2) that is described by its resistance (β) [Ripperger et al., 2012]:

∆p2 =
V̇

A
· η · β. (1.4)

The combination of Equations 1.1 and 1.4 gives the total pressure drop (∆p) of the

filtration process:

∆p = ∆p1 + ∆p2 =
V̇

A
· η · (h · αh + β). (1.5)

2



1 Introduction

The resistance of the filter medium is often low compared with the cake and can be

neglected in practical processes. More importantly, the resistance of the filter cake gives

an indication of the ease with which the liquid flows through the cake. Based on the

work of Kozeny [Kozeny, 1927] and Carman [Carman, 1937], the filter cake resistance

can be approximated for a cake consisting of monosized spherical particles according to

αh = kKC ·
(1− ε)2 · 36

ε3 ·D2
3,2

. (1.6)

The resistance depends on the particles Sauter diameter (D3,2) and the Kozeny-Carman

factor (kKC), which has to be determined experimentally [Luckert, 2004]. The porosity

(ε) is the ratio of void volume (Vvoid) to total volume (Vtotal) [Stieß, 1995a]:

ε =
Vvoid
Vtotal

. (1.7)

In general, Equation 1.6 shows that the filter cake resistance can be influenced mainly

by two parameters: cake porosity and particle size. Due to the great influence of these

parameters on the resistance and thus on the filtration behavior, cake porosity and parti-

cle size effects are described in detail in the following (Sections 1.2 and 1.3, respectively).

When sedimentation is involved in filtration, the settling velocities of the particles can

be taken into account, e.g., to predict the filter cake resistance [Bockstal et al., 1985] or

the influence on the cake formation. An overview of the basic principles of sedimentation

is given in Section 1.4.

1.2 Porosity Reduction in Compressible Filter Cakes

Most filter cakes are compressible, which means that their structure compacts during

filtration [Tiller et al., 1987, Alles and Anlauf, 2003]. The compaction is based on

the flowing liquids drag force that causes a compressive pressure (pS) on the particles.

This compressive stress is transmitted via contact points from particle to particle. A

corresponding drop in the hydraulic pressure (pL) results according to [Tiller et al., 1972]

dpS = −dpL. (1.8)

At a certain height within the cake, the sum of both pressures corresponds to the total

pressure (ptot) applied [Luckert, 2004]:

pS + pL = ptot. (1.9)

3



1 Introduction

The compaction reduces the average porosity and thus increases the filter cake resistance,

which can be expressed by empirical equations according to

(1− ε) = (1− ε0) ·
(

1 +
pS
p0

)u
(1.10)

and

αm = αm,0 ·
(

1 +
pS
p0

)v
, (1.11)

where αm,0 describes the mass related filter cake resistance and ε0 the porosity at the

normalization pressure (p0, empirical parameter) [Tiller et al., 1987, Alles and Anlauf,

2003]. The exponents u and v are coefficients used to express the compressibility of the

cake. For incompressible cakes, v is equal to zero and increases to a value of one for a

slightly to highly compressible material. As a general rule, v is four times larger than u

[Tiller et al., 1987].

Hydraulic and compressive pressure vary not only in the course of filtration but also

within the filter cake. In direction to the filter medium, the pressure on the particles rises

and reaches a maximum at the filter medium [Tiller and Green, 1973, Tiller et al., 1987].

Consequently, the porosity is at a maximum at the cake surface layer and decreases in

the direction of the filter medium. As the pressure difference increases during filtration,

the cake porosity next to the filter medium continues to decrease. Consequently, a skin

layer with high filter cake resistance develops in the area close to the filter medium

[Lu et al., 1998]. The formation of this skin layer is particularly pronounced in highly

compressible cakes [Tiller and Green, 1973, Tiller et al., 1987].

In summary, a structurally inhomogeneous cake with regard to porosity and filter cake

resistance can be caused by compaction during the filtration with compressible material.

However, these concepts of compression described in the literature were developed for the

filtration of suspensions with homogeneous particle sizes. For the filtration of suspensions

with a wide particle size distribution, differences in the settling velocity of the various

particles also influence the structure of the cake. The resulting formation of structurally

inhomogeneous multilayered filter cakes is described in Section 1.4.

1.3 Influence of Particle Size on the Filter Cake Resistance

Suspensions are often characterized by analyzing the particle size distribution, which

provides information about their physical properties (e.g., resistance to flow). A de-

scription of these properties often requires a single number that identifies the relevant

4



1 Introduction

parameters of the particle size distribution [ISO, 2014]. In the following, different types

of descriptors for the particle size and the width of the particle size distribution are

described. In order to change the physical properties of the suspension, methods for

influencing these descriptors are summarized.

Percentiles are often used to describe the particle size distribution. In general, Dx

refers to the diameter at which x percent of the particles in the distribution are smaller.

The median (D50) is defined as the size at which half of the particles reside below this

point [Stieß, 1995a]. Other common percentiles are the D10 and D90, which describe the

finest and coarsest parts of the distribution, respectively.

The mode is the particle size that appears most frequently in the distribution. Dis-

tributions with two maxima are called bimodal, while multimodal distributions have

multiple maxima [Stieß, 1995a].

Another way of describing the particle size distribution are moment (or weighted)

mean values. They describe the center of gravity around which the particle size distri-

bution revolves. The general definition of moment mean sizes is

Dp,q =

[∑
i niD

p
i∑

i niD
q
i

]1/(p−q)
, if p 6= q (1.12)

with Di as the i-th size classes midpoint and ni as the number of particles in the i-th

size class. The exponents p and q can be any numerical value. For example, the De

Brouckere mean diameter (D4,3) describes the volume-weighted mean particle size. The

previously described (Equation 1.6) Sauter diameter (D3,2) is the area-weighted mean

size, which is inversely proportional to the volume specific surface area (SV ) [ISO, 2014]:

D3,2 =
6

SV
. (1.13)

The Sauter diameter is an important characteristic to describe the particles influence

on the filter cake resistance. Equation 1.6 shows that in general a large particle size is

required for a low resistance to flow.

Not only the mean size, but also parameters such as the particle shape [Li and Ma,

2011, Bourcier et al., 2016] or the particle size distribution [Kinnarinen et al., 2015,

Kinnarinen et al., 2017] can affect the resistance to flow. According to Bourcier et

al. [Bourcier et al., 2016], however, the particle shape is only important if it deviates

significantly from cubic particles (e.g., for needles). This is supported by Taylor et al.

[Taylor et al., 2019] who showed that changes in the particle size distribution are a more

relevant parameter than particle shape. In addition, particle shape is rather important

5



1 Introduction

for large particle sizes. For small sizes (<10–20 µm), particle aggregation determines

the cake porosity [Tiller et al., 1987]. Therefore, it can be concluded that the particle

size distribution is one of the most important particle characteristic (in addition to the

mean particle size) that influences the porosity and thus the filter cake resistance.

Sohn and Moreland [Sohn and Moreland, 1968] investigated the influence of the par-

ticle size distribution on the packing density (φ), which is related to porosity according

to

φ = 1− ε. (1.14)

They came to the conclusion that the packing density and thus the porosity depends

on the size distribution of the system (expressed as dimensionless standard deviation)

and is independent of the mean particle size. Hence, this influence of the particle size

distribution on the cake porosity affects the resistance according to Equation 1.6 under

the assumption of a constant mean particle size. These results are supported by Kinnar-

inen et al. [Kinnarinen et al., 2015, Kinnarinen et al., 2017] who showed that the width

of the size distribution has a strong correlation with the porosity. As a result, a lower

cake resistance was found for a narrower particle size distribution even when the mean

particle size was reduced.

Differences in the porosity for various particle size distributions can be explained

by the cavern effect [Sohn and Moreland, 1968, Hwang et al., 1997, Lu et al., 1998].

The presence of a wide range of different particle sizes (poly-disperse) results in voids

between larger particles being occupied by smaller particles (Figure 1.1, a, assuming that

no sedimentation effects occur). In contrast, a uniform particle size distribution (mono-

disperse) results in larger voids within the cake structure (Figure 1.1, b). Compared

with a mono-dispersed size distribution, the cake structure is more compact for a poly-

dispersed distribution. The resulting decrease in porosity hinders the liquid flow and

increases the resistance [Lu et al., 1998].

The cavern effect shows that not only the mean particle size but also the entire particle

size distribution must be taken into account for an evaluation of the filter cake resistance.

Therefore, descriptors are required to describe the width of the particle size distribution.

Kinnarinen et al. [Kinnarinen et al., 2015, Kinnarinen et al., 2017] used the span

span =
D90 −D10

D50
(1.15)
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Figure 1.1: Comparison of the particle size distributions of poly- (a) and mono-dispersed (b)
suspensions. Corresponding filter cakes are illustrated and the influence on poros-
ity and filter cake resistance are indicated. Figure modified from the literature
[Hennemann et al., 2021a].

and the difference between volume- and area-weighted mean size (D4,3 − D3,2) as de-

scriptors of the width. Another descriptor for a log-normal particle size distribution is

the geometric standard deviation (σg) [Papastefanou, 2012]

σg =
D84.13

D50
=

D50

D15.87
, (1.16)

which becomes

σg =

√
D84.13

D15.87
(1.17)

for bimodal size distributions. A common descriptor of the particle size distribution that

is used, e.g., in soil mechanics and for sand filters, is the coefficient of uniformity (Cu)

[Sohn and Moreland, 1968, Holtz and Kovacs, 1981, Taylor et al., 2019]:

Cu =
D60

D10
. (1.18)

The particle sizes and thus the width of the size distribution of a suspension can be

manipulated in order to affect the physical properties. This can be achieved by altering

the agglomeration or de-agglomeration behavior of the particles through chemical or

physical influences. One type of physical influence is the particle agglomeration due to

increasing temperature, e.g., via denaturation of the particles protein fraction. Bühler

et al. [Bühler et al., 1995, Bühler et al., 1996b] showed that the mean particle size of a
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biological suspension can be increased by elevated temperatures. This lowered the filter

cake resistance and improved the filtration process. On the other hand, agitation was

shown to affect the particle size by mechanical attrition [Tse et al., 2003]. The resulting

reduction of the mean particle size decreased the filterability [Bühler et al., 1995].

Chemical influences on the interparticle forces are another way to affect particle sizes.

Interparticle forces determine the stability and thus the particle agglomeration behavior

in suspensions. These forces predominate for particles smaller than 10–20 µm, where

the surface area to volume ratio is high and gravitational forces can be neglected [Tiller

et al., 1987]. A modification of the electrostatic forces to influence the stability of the

suspension can change the particle size, which then affects the porosity and resistance

of the filter cake [Roth, 1991]. This was confirmed, e.g., for inorganic powder [Hieke

et al., 2009] or biopolymers [Hofmann and Posten, 2003]. Interparticle forces can be

distinguished into repulsive and attractive forces. This effect was first described by

Derjaguin, Landau, Verwey, and Overbeek [Derjaguin and Landau, 1941, Verwey and

Overbeek, 1948]. The repulsion is based on the electrically charged particle surface and

its magnitude is quantified by the zeta potential. The electrical charge depends on the

pH value and the ion content of the surrounding liquid. With a high surface charge

(high zeta potential), strong repulsive forces prevent the accumulation of particles. If

there are no electrical charges at a zeta potential of zero (isoelectric point), there is

no repulsion and particles can agglomerate due to opposing forces of attraction. This

attraction is based on van der Waals forces and increases when the distance between two

particles decreases [Ripperger et al., 2012]. When repulsive forces prevail, the suspension

is stable and particles remain dispersed (Figure 1.2, a). In contrast, particles agglomerate

in unstable suspensions when attractive forces dominate (Figure 1.2, b) [Roth, 1991].

Unstable suspensions result in high porosity filter cakes that can be easily compacted,

while filter cakes made from stable suspensions are usually more compact (Figure 1.2).

Figure 1.2: Comparison of filter cakes from stable (a) and unstable (b) suspensions. Orange
circles indicate repulsive electrostatic forces that prevent particles (blue dots) from
agglomeration in stable suspensions.
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Another way to influence the particle size is the addition of flocculants. Due to

floc formation, the size of particle agglomerates increases, which improves the filtration

process. This is known for the water treatment process [Jiao et al., 2017] and was also

shown to be valid for the filtration of biological suspensions [Bandelt Riess et al., 2018].

The particle size distribution not only influences the porosity of the filter cake. It also

affects the cake structure due to differences in particle settling of the various size classes,

which is described in the following section.

1.4 Formation and Characteristics of Multilayered Cakes

A suspension that consists of particles with uniform size leads to a homogeneously struc-

tured filter cake when compression effects are neglected. Often, however, there are differ-

ent particle sizes present, e.g., as with a bi- or multimodal size distribution. Differences

in the size and density of the particles influence their settling velocity and can lead to

the formation of multilayered filter cakes. This effect is particularly pronounced when

there is a sedimentation rest prior to the filtration [Lu et al., 1998]. In the following, the

theoretical aspects of particle sedimentation are summarized. Afterwards, the impact

of a wide particle size distribution on the formation of the filter cake is described. The

special case of a multilayered cake and its characteristics are presented.

Three forces act on a stationary settling particle: the gravitational force, the buoyancy

force, and the frictional force [Draxler and Siebenhofer, 2014]. Equating these forces gives

the general relationship between the settling velocity (wf ) of a spherical particle and its

diameter (d):

wf =

√
4

3
·
d · g · (ρp − ρf )

cw · ρf
. (1.19)

The settling velocity also depends on the gravitational acceleration (g) as well as the

density difference between the particle (ρp) and the fluid (ρf ). The drag coefficient (cw)

is a function of the Reynolds number (Re) and can be calculated for 0 < Re < 105

according to Martin [Martin, 1980]:

cw =
1

3
·

(√
72

Re
+ 1

)2

(1.20)

with
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Re =
wf · d · ρf

η
. (1.21)

For particles with a diameter of up to about 100 µm, there is a laminar flow (Stokes

area, Re < 0.25) and the settling velocity can be calculated according to

wf =
d2 · g · (ρp − ρf )

18 · η
. (1.22)

The Reynolds number increases with increasing particle size and is then described by

the transition area (0.25 ≤ Re ≤ 2 · 103), which has to be determined analytically or

numerically. For the Newtonian area (2 · 103 ≤ Re ≤ 2 · 105), the settling velocity can

be approximated based on [Stieß, 1995b]

wf = 1.74 ·

√
(ρp − ρf )

ρf
· g · d. (1.23)

The sedimentation process also depends on the particle shape. Non-spherical particles

have a higher frictional force compared with ideal spheres, which reduces the settling

velocity [Draxler and Siebenhofer, 2014]. Correction can be made by multiplying the

settling velocity with a shape factor [Wadell, 1935]. Typical shape factors are, e.g., 0.81

for rounded and 0.61 for elongated particles [Draxler and Siebenhofer, 2014].

The concentration of the suspension can also affect the settling. For a dilute suspen-

sion, the settling of particles is independent. With an increasing concentration, small

particles impede the settling of faster moving larger particles. As a result, the point of

zone sedimentation is reached at which all particles have the same relative settling ve-

locity [Tiller et al., 1995]. The influence of the concentration can be corrected according

to Richardson and Zaki [Richardson and Zaki, 1954] by multiplying the settling velocity

with a concentration factor (δ), which depends on the suspension concentration (C):

δ = (1− C)γ(Re). (1.24)

The Reynolds number-dependent exponent (γ) has a value of 4.65 for Re < 0.5 and 2.4

for the Newtonian area [Draxler and Siebenhofer, 2014].

In summary, the sedimentation process depends on various characteristics of the sus-

pension: the difference in density between liquid and particles, the particle shape, the

suspension concentration, and the particle size. The dependence of the settling velocity

on the Reynolds number, which is a function of the particle size (Equation 1.21), shows

that the size has a great influence. This is especially important when a wide range
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of different sizes is present in the suspension, which leads to different settling rates of

the individual particles (at a low concentration in the absence of zone sedimentation).

Smaller particles settle later than larger particles. In addition, there is a relative motion

between the fine and large particles. The higher settling velocity of larger particles gen-

erates an upward flow of the liquid, which hinders the finer particles from settling [Lu

et al., 1998].

The differences in the particles settling rates play a special role when sedimentation

effects are present prior to the filtration because it impacts the structure of the filter

cake. This was investigated by Lu et al. [Lu et al., 1998], who examined the differences

in particle settling between gravity filtration and sedimentation. In sedimentation, only

the upward frictional force and the downward force based on the particle weight affect

the process. In gravity filtration, an additional frictional drag due to the flow of liquid

increases the downward movement of the particle. This reduces the relative settling ve-

locity between particles of different sizes. As a result, filter cakes are more homogeneous

in gravity filtration compared with sedimentation [Lu et al., 1998]. Consequently, sedi-

mentation processes can affect the structural composition of the filter cake if there are

different particle sizes in the suspension (Figure 1.3, a). For the ideal case when there

is no sedimentation effect, a filter cake with a homogeneous distribution of the particles

along its height results (Figure 1.3, b). If there is a sedimentation rest prior to the fil-

tration, a multilayered filter cake can result based on the differences in the settling rates

of the individual particles. In a dual-dispersed suspension, a bottom layer consisting of

larger particles is formed, on which a fine particle layer is then deposited (Figure 1.3, c).

In general, fine particles can flow through voids in a porous filter cake. Under the

assumption that the bottom layer serves as filter medium for the upper layer particles,

fine particles are retained at the top during filtration. In this case, no migration of

fine particles into the lower layer occurs according to the literature [Engstle et al., 2017,

Hennemann et al., 2021b]. The fine particles, which usually have the lowest permeability

[Tiller et al., 1987], then accumulate on the top of the filter cake. In contrast to filtration

with homogeneously layered filter cakes, the position of the highest resistance to flow

is therefore in multilayered filter cakes at the top. A highly compressed skin layer,

which leads to a high resistance next to the filter medium in homogeneous filter cakes

(Section 1.2), has therefore only a reduced impact in multilayered filter cakes.

The formation of multilayered filter cakes was confirmed in the literature, e.g., for

simulations [Lu et al., 1998] as well as suspensions of drilling fluids [Yao et al., 2014] or

alumina and limestone [Löwer et al., 2020]. Another prominent example for filtration

with a multilayered filter cake is the lautering process in beer production [Engstle et al.,
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Figure 1.3: Illustration of a homogeneous, dual-dispersed suspension (a), which forms a homo-
geneous filter cake (b) without and a multilayered filter cake (c) with the influence
of particle sedimentation prior to the filtration. Particles are assumed to be incom-
pressible and no zone sedimentation occurs. Figure prepared according to Lu et al.
[Lu et al., 1998].

2017]. In addition, not only the structure of filter cakes, but also other types of packed

beds are influenced by sedimentation effects. For example, wide particle size distributions

can lead to gradients in the packing density of chromatography columns [Carta and

Jungbauer, 2020].

The compression mechanism and the influence of the resistance of the fine particles in

multilayered filter cakes is currently insufficiently investigated in the literature. There-

fore, this work sheds light on the influence of the characteristics of the different filter

cake layers and their impact on the filtration process. The lautering process in beer

production, which is described in the next section, serves as example in this thesis to

investigate the multilayered filter cakes.

1.5 The Lautering Process in Beer Production

Beer production begins with the raw material malt. Malt is processed grain, which is

germinated and then dried by kilning in a malting plant [Narziß and Back, 2009]. In the

brewery, the first step is grinding of the malt to break up the grains. The malt grist is

mixed with water during the mashing process, in which the soluble malt components are

transferred into the liquid phase of the mash. Substances of interest from the malt are

mainly fermentable sugars but also, e.g., degradation products of proteins, non-starch

polysaccharides (β-glucan, arabinoxylan), or fatty acids. The different substances are
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extracted from the solid by means of enzymatic degradation at different temperatures.

The degradation of these substances affects the extract yield, the product quality, and

the processability in the subsequent production steps [Narziß and Back, 2009]. For

example, the degree of modification can influence the filtration rate [Muts and Pesman,

1986, Gastl et al., 2020b]. After mashing, the liquid phase of the suspension that is

used for the following production steps, the wort, is separated from the solids in a cake

filtration process: the lautering [Narziß and Back, 2009].

Lautering is usually carried out using either the lauter tun or the mash filter [Tipp-

mann et al., 2010, Tippmann and Becker, 2016]. Among these separation devices, the

lauter tun is a special type of filtration based on the presence of a multilayered filter

cake [Engstle et al., 2017]. Therefore, in this work, filtration with the lauter tun was

used as an example for investigating this type of filter cake.

A lauter tun is a filter that consists of a slotted false bottom, which serves as filter

medium to hold back the mash particles (Figure 1.4) [Tippmann and Becker, 2016]. The

housing of the lauter tun is insulated to maintain the high mash temperatures of up to

78 °C [Narziß and Back, 2009].

Figure 1.4: Scheme of filtration with the lauter tun. Mash is transferred to the filter and forms
a filter cake consisting of a top layer (fine particles) and a bottom layer (coarse
particles) on the false bottom (filter medium). After filtration of the first wort, the
cake is washed with sparging water. The spent grains are disposed at the end of
the process. Figure modified from the literature [Hennemann et al., 2019].

The procedure with the lauter tun consists of different steps [Kunze, 2004, Narziß

and Back, 2009]. Overlaying the false bottom with hot water is the first step to heat

the lauter tun. This also ensures that no air is entrapped under the false bottom,

which would lead to an inhomogeneous extraction process. Mash is then transferred

from the mash tun to the lauter tun via inlet valves from below. Immediately after

the mash transfer, a multilayered filter cake forms on the false bottom (Figure 1.4)

[Tippmann et al., 2010, Engstle et al., 2017]. The formation of the different layers is
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usually supported by a sedimentation rest. At the beginning of filtration, cloudy wort

with high turbidity is located under the false bottom and is recirculated back below the

liquid level until the filtrate is clear. Then, the filtration of the first wort starts, which

is collected in the wort kettle. The cake structure is loosened during filtration using

vertically rotating raking knives to reduce the blockage of the filter cake and maintain

a high flow rate. When the liquid level reaches the top of the filter cake, hot sparging

water is applied to wash the cake. After run-off of this second wort, filtration is finished

and the remaining solids, the spent grains, are disposed. The wort is then processed

into the final product beer in the following steps [Kunze, 2004, Narziß and Back, 2009].

Although a total processing time of around two hours can be achieved with modern

lauter tuns [Tippmann et al., 2010], lautering is usually the time-limiting step in wort

production (depending on the mashing process).

The formation of the multilayered cake in the lauter tun is due to the different particle

sizes in the mash, which depends on the grinding of the malt grain. Grinding is carried

out using a roller mill to preserve the husks of the malt that serve as filter medium

[Narziß and Back, 2009]. Consequently, there is a wide particle size distribution (nano-

to milli-meter sizes) in the mash [Tippmann et al., 2011], which consists of small fine

particles (e.g., starch granules) and larger fragments (e.g., husks) [Narziß and Back,

2009]. Compared with the particle sizes in other filtration areas [Droppo, 2006], the size

range in mash is particularly large. A filter cake with different layers parallel to the filter

medium results [Bühler, 1996, Engstle et al., 2017, Hennemann et al., 2021c]. Coarse

particles settle first and form a compressible bottom layer; fine particles settle later on

top of this bottom layer. The fine particles are retained by the bottom layer through the

cake filtration mechanism and there is no migration of small particles from the top into

the bottom layer during the filtration [Engstle et al., 2017, Hennemann et al., 2021b].

The result is a filter cake with a height of around 30–35 cm [Narziß and Back, 2009].

One has to take into account that there is no clear separation between particles in the

upper and lower layers [Bühler, 1996]. Fine particles can also be found in a concentra-

tion of around 10–20% in the bottom layer [Engstle et al., 2015]. This is due to zone

sedimentation before filtration starts based on the high concentration of mash (up to a

solid-liquid ratio of 1:2.5 [Narziß and Back, 2009]). In addition, there are already fine

particles present in the bottom layer before sedimentation begins because the mash is

pumped into the lauter tun from below. Nevertheless, the largest amount of fine parti-

cles is located within the top region of the filter cake [Engstle et al., 2015, Engstle et al.,

2017].
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Fine particles of the mash consist in a high concentration of proteins, which negatively

affect the flow rate [Barrett et al., 1975, Lewis and Oh, 1985, Muts and Pesman, 1986].

According to Moonen et al. [Moonen et al., 1987], this is due to the high molecular weight

gelproteins that form networks via disulfide bridges. The effect is even more pronounced

when the gelprotein network is expanded through oxidation [Muts and Pesman, 1986],

which is why the input of oxygen has to be avoided during mashing and lautering [Narziß

and Back, 2009]. It has been shown that removing the protein layer around the small

starch particles increases the permeability of the filter cake [Barrett et al., 1973], which

confirms the great influence of proteins on the flow rate. In addition, the high resistance

of the fine particles depends on their small size. A larger amount of small particles, e.g.,

small starch molecules, increases therefore the filtration time [Barrett et al., 1973]. The

fine particles can change in size through aggregation of proteins at high temperatures,

which leads to an increase in the flow rate [Bühler et al., 1996b, Engstle and Först,

2015]. In contrast, a decrease in the particle size through attrition decreases the flow

rate [Bühler et al., 1995]. An influence on the surface forces of the fine particles by

changing the pH value also changes the filtration behavior [Engstle and Först, 2015].

However, the reasons for the particle size-related changes in the flow rate are currently

only insufficiently investigated.

The differences in the composition between the top and bottom layer influences their

filtration characteristics. The permeability of the top layer is significantly lower com-

pared with the bottom layer [Bühler, 1996, Bühler et al., 1996a, Engstle et al., 2015].

In addition, both layers are compressible [Bühler et al., 1996a, Engstle et al., 2014]. In

combination with the location of the highest resistance to flow on the top of this mul-

tilayered filter cake, the compression of the bottom layer depends on the fine particle

layer. This effect was first suggested by Bühler et al. [Bühler, 1996, Bühler et al., 1996a].

So far, however, this has not been confirmed by experiments in the literature, neither for

lautering nor for other filtration processes. Additionally, the consequences of the cake

compression on the filtration process is unknown. Therefore, one aim of this thesis was

the investigation of the cake compression in multilayered filter cakes, which depends on

the fine particles at the top.

1.6 Hypotheses

It is hypothesized that filtration of mono-dispersed suspensions differs from those with

dual- or poly-dispersed particle sizes. In the case of mono-dispersed suspensions, a

homogeneous filter cake forms (Figure 1.5, a, t0). In this type of cake, the highest
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pressure drop occurs next to the filter medium due to the increasing compressive pressure

at this location (Section 1.2). The resulting reduction in the porosity based on this

compression increases the filter cake resistance at this skin layer (Figure 1.5, a, t1).

Therefore, the skin effect determines the flow rate in compressible filter cakes from

suspensions with homogeneous particle sizes [Tiller and Green, 1973].

Figure 1.5: Comparison of the filter cake structure of suspensions with mono-dispersed particles
that form a homogeneous (a) and dual-dispersed particles that form a multilayered
(b) compressible filter cake. Compression in the multilayered filter cake occurs
when the resistance in the top layer (αtop) is higher compared with the bottom
layer (αbot). The states before (t0) and after (t1) filtration are shown. The cake
compression is illustrated and the filter cake resistance (orange) along the height is
indicated. No migration of particles from the top layer into the bottom layer as well
as complete particle settling prior to the filtration are assumed. The compression
of the particles in the top layer is neglected in this illustration.

In contrast, a dual- or poly-dispersed suspension that is exposed to sedimentation can

lead to the formation of a multilayered filter cake because of differences in the settling

velocities of the individual particles (Figure 1.5, b, t0) [Lu et al., 1998]. The hypothesis is

that if the filter cake resistance of the top layer is less than or equal to that of the bottom

layer, the compression behavior is similar to that of the homogeneous cake. However,

if the filter cake resistance of the top layer is greater than that of the bottom layer,

the highest pressure difference is located at the top of the cake. During filtration, the
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differential pressure pulls the top layer downwards (similar to a piston in the expression of

filter cakes [Shirato et al., 1970]). This compression decreases the porosity of the bottom

layer, which increases the resistance of the entire filter cake and adversely affects the

flow rate (Figure 1.5, b, t1). Because the compressive pressure based on the liquids drag

force is low at the top of the cake (Section 1.2), the compression of the fine particle layer

is neglected. A retention of fine particles by the bottom layer is assumed [Engstle et al.,

2017, Hennemann et al., 2021b]. Hence, there is no particle migration into the bottom

layer.

The degree of compression of the multilayered filter cake depends on the resistance of

the top layer. With a high resistance of the fine particles, the top layer is assumed to act

as a stiff layer that compresses the bottom layer. A high resistance results in a higher

compression compared with a low resistance. Small sizes of fine particles at the top

generally result in a higher resistance compared with larger particles (Equation 1.6). In

addition to the mean particles size, the particle size distribution determines the porosity

and thus the resistance (Figure 1.1). This particle size effect is known for suspensions

of inorganic materials [Kinnarinen et al., 2015, Kinnarinen et al., 2017]. However, it

has not yet been confirmed for suspensions made from biological material (e.g., mash).

Differences in the filtration behavior of these suspensions were only explained by the in-

fluence of the mean particle size [Bühler et al., 1995, Bühler et al., 1996b]. Therefore, an

influence on the particle size distribution of the fine particles in the biological suspension

under investigation is expected to influence the resistance of the top layer of the mul-

tilayered filter cake. This influence can be based on agglomeration or de-agglomeration

through physical or chemical modifications of the suspension (Section 1.3).

The resistance of the top layer is further expected to depend on the particle settling

behavior. Due to the small particle size, the settling of fine particles is strongly influenced

by changes in the viscosity and density of the liquid (Equation 1.19). Both parameters

are affected by temperature. Therefore, high temperatures, which are usually applied

during lautering, influence the settling velocity and thus the resistance of the fine particle

layer. This is expected to affect the compression of the bottom layer.

It is further assumed that a removal of the fine particles at the top of the filter cake

prior to the filtration reduces the compression of the bottom layer. Thus, a higher flow

rate is expected.
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1.7 Thesis Outline

Mash separation using the lauter tun serves as an example in this thesis to investigate

the compression in multilayered filter cakes and the role of the fine particle layer on this

process. The thesis is structured as follows:

1. Formation and characteristics of the multiple cake layers

� The formation of the multiple layers of the lauter tun filter cake is revealed

in a literature review. The cake formation due to sedimentation effects is

investigated by determining differences in the settling velocities of the various

particle sizes of the suspension.

� An impact of temperature on the particle settling and thus cake formation is

investigated.

� Structural and chemical characteristics of the different filter cake layers are

described.

2. Compression effects in multilayered cakes

� The compression of the bottom layer caused by the fine particle layer dur-

ing filtration is examined. An optical method for porosity measurement is

established to determine the cake compression.

� A model is used to confirm the compression in the multilayered cake and to

investigate the underlying mechanism.

� Different types of fine particles are tested to verify the universal validity of

the compression.

3. Prevention of compression in multilayered cakes

� Structural and chemical characteristics of the fine particles are determined.

� Physical and chemical modifications to influence the resistance of the fine

particle layer are applied. Reasons for the high resistance of the fine particles

in terms of particle size effects are evaluated and a model suspension is used

for verification.

� The influence of temperature on the resistance of the fine particle layer is

investigated.

� A filtration technique is developed to avoid the compression in multilayered

filter cakes.
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2 Methods

The mashing procedures to produce the suspensions for the filtration tests were described

in Sections 3.2.2, 3.2.3, and 3.2.5. Grinding of the malt was constant in all experiments

to maintain constant conditions in terms of particle sizes, unless otherwise stated.

Filtration tests can be distinguished according to the scale of the filter. A small

scale filter was used to determine the filter cake resistance of fine particles according

to the Verein deutscher Ingenieure [VDI, 2010] (Sections 3.2.4 and 3.2.5). Flow rate,

filter cake height, cake compression, and differential pressure were determined using mid

(Sections 3.2.2 and 3.2.3) or large scale filters (Sections 3.2.3 and 3.2.4). Lab scale

lautering tests were carried out without washing the cake and the use of raking knives

to prevent an influence on the cake structure. A new filtration technique and its upscale

on a pilot plant is described in Section 3.2.3.

Fine particles were separated from the mash by wet sieving as described in Sec-

tions 3.2.2, 3.2.3, and 3.2.5. Chemical analysis of particles and filtrate were carried

out (Table 2.1).

Table 2.1: Chemical analysis of particles and filtrate.

Analysis Method/principle Sections

Arabinoxylan Douglas method [Kiszonas et al., 2012] 3.2.5

Ash Combustion 3.2.5

β-Glucan Enzymatic assay 3.2.5

Iodine value MEBAK [Miedaner, 2002] 3.2.3

Lipids, polyphenols Soxhlet extraction 3.2.5

Protein Dumas 3.2.5

Starch Enzymatic assay 3.2.5

Washable extract MEBAK [Miedaner, 2002] 3.2.3

Physical and chemical modifications of mash and fine particles as well as the use of

different malt types are described in Sections 3.2.3 and 3.2.5. Unless stated otherwise, the

same malt batch was used in all trials to maintain constant parameters of the suspension
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(e.g., density and viscosity). Structural and physical analysis of the suspension, the

filtrate, and the particles were performed (Table 2.2).

Table 2.2: Structural and physical analysis of suspension, filtrate, and particles.

Analysis Method/principle/device Sections

Fluid density Pycnometric, density meter 3.2.2, 3.2.3,

3.2.5

Particle structure Confocal laser scanning microscopy, 3.2.5

Fourier transform infrared spectroscopy 3.2.5

Particle density Pycnometric 3.2.2

Particle size distribution Dynamic image analysis 3.2.2

Laser diffraction 3.2.2, 3.2.4,

3.2.5

Settling velocity Stokes’ Law, sedimentation test 3.2.2

Turbidity Turbidimeter 3.2.3

Viscosity Rheometer 3.2.2, 3.2.5

Fixation and sampling of filter cakes are described in Sections 3.2.3 and 3.2.4. An

optical method for the determination of the filter cake porosity via the surface roughness

was developed (Section 3.2.3). Model filter cakes used for the verification experiments are

described in Sections 3.2.4 and 3.2.5. Characteristics of the filter cakes were determined

(Table 2.3).

Table 2.3: Determination of filter cake characteristics.

Analysis Method/principle Sections

Compression mechanism Compression test 3.2.4

Filter cake resistance Darcy’s law 3.2.4, 3.2.5

Carman-Kozeny 3.2.2, 3.2.4, 3.2.5

Porosity Gravimetric, volumetric 3.2.2, 3.2.3, 3.2.4, 3.2.5

Statistical analysis were performed to determine significant differences between means

using analysis of variance and t-tests. Standard deviations were calculated. Each analysis

and experiments were done in triplicates (n = 3) and particle size measurements are the

average of 30 measurement points (n = 30), unless stated otherwise.
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3 Results

3.1 Summaries of Thesis Publications

Part I: Inhomogeneity in the Lauter Tun: a Chromatographic View (pages 26–38)

This literature review gives an overview about the formation of the multiple filter cake

layers in the lauter tun. Factors that determine the layering, e.g., sedimentation effects

or the wide particle size distribution of the mash, are summarized. As a result of the

multiple layers, a structurally inhomogeneous filter cake forms. Small fine particles

are present in a higher concentration at the top of the cake; coarse particles form the

bottom layer. Due to the differences in the chemical composition of the different types of

particles, the multiple layers of the filter cake differ also in their chemical composition.

The distribution of the different components (e.g., proteins, lipids) within the filter cake

is summarized. The degrees of extraction of these substances during filtration were

shown using a novel chromatographic view. For example, the filtration-critical protein

fraction is only slightly soluble while the greatest amount of starch is extracted from the

cake.

Contribution

The doctoral candidate carried out the conception of the study, the literature research,

the analysis as well as interpretation of the data, and drafted and revised the manuscript.
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Part II: Influence of Temperature on the Filter Cake Resistance in a Lauter Tun (pages

39–45)

Filtration in the lauter tun is usually carried out at high temperatures to reduce the

process time. This affects the filtration process in two ways: First, there is an increase in

the flow rate due to a decrease in viscosity; secondly, the settling behavior of the particles

is influenced, which was assumed to influence the filter cake structure. Especially fine

particles at the top of the cake are expected to be influenced by temperature in a high

degree. The aim of the study was to investigate this temperature-dependent influence on

the structure of the multilayered cake, which then affects the filter cake resistance during

filtration. The formation of the different cake layers was investigated by calculating the

settling velocities of different particle sizes within the wide size distribution of the mash.

Temperatures in a range of 40–78 °C were tested, which revealed an increase in the

settling velocity at higher temperatures based on a reduction in viscosity and density of

the liquid. While this was confirmed for coarse particles using a sedimentation test, the

settling of fine particles was hindered at high temperatures. Because the settling of fine

and coarse particles is affected by temperature in different ways, the formation of the

multiple cake layers is favored with increasing temperature. A measurement of particle

sizes in the supernatant of the cake showed that fine particles remain in suspension due

to buoyancy by thermal convection that counteracts settling at increasing temperature.

This was confirmed by a high correlation between the buoyancy indicator of the fine

particles and temperature. In addition, a high correlation of the buoyancy indicator

with the filter cake resistance and flow rate was found, which explains the higher flow

rate at high temperatures in addition to a reduction in viscosity.

Contribution

The doctoral candidate designed the study, carried out the literature research, experi-

ments, data analysis and interpretation, statistical analysis, and drafted and revised the

manuscript.
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Part III: Optical Method for Porosity Determination to Prove the Stamp Effect in

Filter Cakes (pages 46–53)

The horizontal layers of the multilayered filter cake in the lauter tun have different

characteristics. While the fine layer on top has a high resistance to flow, the bottom

layer is highly compressible. It was assumed that the fine particles at the top act as a

stiff layer that compresses the bottom layer during filtration (stamp-effect hypothesis),

which reduces the porosity of the cake and thus decreases the flow rate. The porosity

of the bottom layers was determined as an indicator of the compression. A method

was established to preserve the cake structure by freezing. This enabled sampling at

different time points during filtration and from different horizontal cake layers. The

porosity of the cake samples was then determined via an optical method, which is based

on a measurement of the layers surface roughness. Modifications of the fine layer (e.g.,

oxidation, different raw materials) proved that the compression of the bottom layer

during filtration is caused by the top layer. The compression resulted in a reduced

flow rate. Because the cake compression has to be avoided during filtration, a filtration

technique was developed based on the new findings. Fine particles at the top were

removed by suction prior to the filtration, which reduced the cake compression and

increased the flow rate.

Contribution

The doctoral candidate designed the study, carried out the literature research, experi-

ments, data analysis and interpretation, statistical analysis, and drafted and revised the

manuscript.
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Part IV: Compression Mechanism in Multilayered Filter Cakes (pages 54–61)

The high resistance of the top layer of the multilayered filter cake results in a compression

of the bottom layer. This was previously shown for the example of the filter cake in the

lauter tun. The aim of this study was to verify the universal validity of the compression

effect and to investigate the compression mechanism using a model filter cake. The

model cake was composed of a compressible glass fiber bottom layer and an artificial

top layer. Characteristics of the cake (cake height, porosity, filter cake resistance) and

the filtration process (differential pressure) were compared between multilayered and

homogeneously layered filter cakes. A volumetric method of porosity measurement was

established to investigate the compression. The multilayered filter cake was compressed

in a higher degree compared with the homogeneous cake. Compression starts from the

top and is then transferred to the lower layers. Different types of top layer particles that

differ in their resistance were tested. This showed that if the resistance at the top layer

is higher compared with the bottom layer, a compression of the bottom layer resulted.

The compression is based on a differential pressure, which pulls the fine particle layer

down.

Contribution

The doctoral candidate designed the study, carried out the literature research, experi-

ments, data analysis and interpretation, statistical analysis, and drafted and revised the

manuscript.
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Part V: Influence of Particle Size Uniformity on the Filter Cake Resistance of Physically

and Chemically Modified Fine Particles (pages 62–72)

Fine particles at the top of the multilayered filter cake have a high resistance to flow

compared with coarse particles of the bottom layer. According to Carman-Kozeny, the

cake porosity and the mean particle size determine the resistance of this top layer. How-

ever, the porosity depends on the particle size distribution of the fines. This means

that not only the mean particle size but also the entire size distribution must be taken

into account when evaluating the resistance. This impact of particle size characteristics

on the filter cake resistance was investigated using the example of the fine particles in

lautering. Fine particles were separated from the coarse particles of the mash and the

chemical composition and structural features of these particles were determined. This

enabled the introduction of physical (heating and agitation) and chemical (prevention of

oxidation, polyphenol addition, pH adjustment, and ion concentration alteration) modi-

fications. An influence of these modifications on the interparticle interactions resulted in

an alteration of the particle size distribution and thus affected the filter cake resistance.

It was shown that not only the mean particle size but also the uniformity of the size

distribution determines the resistance. A narrow particle size distribution resulted in a

lower filter cake resistance compared with a wide distribution. The effect was verified

using a glass beads model system.

Contribution

The doctoral candidate designed the study, carried out the literature research, experi-

ments, data analysis and interpretation, statistical analysis, and drafted and revised the

manuscript.
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3.2 Thesis Publications

3.2.1 Inhomogeneity in the Lauter Tun: a Chromatographic View
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3.2.2 Influence of Temperature on the Filter Cake Resistance in a Lauter

Tun
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3.2.3 Optical Method for Porosity Determination to Prove the Stamp

Effect in Filter Cakes
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3.2.4 Compression Mechanism in Multilayered Filter Cakes
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3.2.5 Influence of Particle Size Uniformity on the Filter Cake Resistance of

Physically and Chemically Modified Fine Particles
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4 Discussion

It was hypothesized that the different characteristics of the layers affect the filtration

process in multilayered cakes: high-resistance fine particles at the top act as a stiff

layer that compresses the underlying coarse particle bottom layer during filtration. The

effect was investigated using the example of the lautering process and verified using

model systems. The following results were identified based on the outline of the thesis

(Section 1.7):

1. Formation and characteristics of the multiple cake layers

� Differences in the settling velocities of the particles depend mainly on their

size. Large particles settle earlier and form the bottom layer, smaller fine

particles settle later on top.

� A high temperature favors the formation of the different layers in the lauter

tun. The settling velocity of coarse particles increases with temperature,

while the settling of fine particles is hindered at high temperatures due to a

buoyancy effect.

� The horizontal cake layers differ not only in their particle size but also in their

chemical composition, which affects the filtration process.

2. Compression effects in multilayered cakes

� An optical method for porosity determination was established, which is based

on a measurement of the surface roughness of the cake layers after fixation

by freezing. This enabled the examination of the compression due to changes

in the cake porosity during filtration.

� The lauter tun filter cake compresses during filtration based on the high resis-

tance to flow of the top layer. A model filter cake confirmed that a differential

pressure pulls the top layer down. The resulting compression of the bottom

layer increases the resistance to flow throughout the cake. Cake compression

starts from the top and is then transferred to the bottom layers.
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� The use of different types of fine particles showed that the resistance of the

stiff top layer determines the degree of compression of the bottom layer.

3. Prevention of compression in multilayered cakes

� Structural and chemical analysis showed that fine particles consist of pro-

tein and starch in high concentrations. These substances form modifiable

complexes, which make up the largest proportion of particles.

� The application of physical and chemical modifications changed the particle

size distribution of the fine particle layer via particle agglomeration and de-

agglomeration. A high uniformity of the particle size distribution was found

to reduce the resistance, which was verified using a model suspension.

� High temperatures in the lauter tun prevent fine particles at the top of the

cake from settling due to a buoyancy effect, which decreases the resistance of

the top layer.

� A filtration technique that involves the removal of the fine particles from the

top prior to the filtration proved to reduce the cake compression and increased

the flow rate.

4.1 Formation and Characteristics of the Multiple Cake Layers

The filter cake in the lauter tun serves as prominent example for describing the formation

and characteristics of multilayered cakes, which was summarized in a literature review

(Section 3.2.1, [Hennemann et al., 2019]). The formation of the layers depends on

differences in the particle settling during the sedimentation rest prior to the filtration.

Coarse particles of the wide particle size distribution of the mash, e.g., husks of the grain,

have a higher settling velocity compared with fine particles, which can be explained by

Stokes’ Law (Equation 1.19). The high settling velocity depends mainly on the large

size of the coarse compared with the fine particles. Coarse particles settle therefore first;

fine particles settle later due to their small size. Consequently, a multilayered filter cake

results: fine particles are mainly on the top layer, coarse particles in the bottom layer

(Figure 1.3 or page 28, Figure 3). In addition to the particle size, factors like the particle

density, shape, and the concentration of the suspension affect the particle settling.

The differences in the settling rates of the various particles of the suspension, which

lead to the formation of the multilayered cake, were investigated (Section 3.2.2, [Henne-

mann et al., 2021d]). For this calculation, the concentration of the suspension as well as
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shape factors for the different particle types were considered, as described in Section 1.4.

The calculation showed that the settling velocity increases with an increasing particle

size and density (Page 42, Figure 5a). This estimation confirms that the formation of

the multiple layers depends on differences in the characteristics of the particles, with the

particle size being the main factor.

In addition to the particle-related factors that determine the settling velocity, the in-

fluence of temperature was taken into account in the calculation (Page 42, Figure 5).

With an increasing temperature, the calculated settling velocity increased for all parti-

cle sizes. This was based on a reduction in the fluids density and viscosity (Page 40,

Figure 3), which increased the settling velocity according to Equation 1.19. The temper-

ature influence was confirmed for larger particles of the bottom layer using a sedimenta-

tion test, where the settling was finished with increasing temperature in a shorter time

(Page 42, Figure 6a). For fine particles of the top layer, however, this effect could not

be confirmed. Instead of faster settling, the particles remained in suspension as the tem-

perature increased to >60 °C (Page 42, Figure 6b). This was verified using a small-scale

sedimentation test where the settling of only the fine particles was investigated. With an

increasing temperature, the particle size in the supernatant on top of the sediment was

increasing (Page 43, Figure 8), which showed that settling of fine particles was hindered

at higher temperatures.

The hindered settling can be explained by a buoyancy effect due to thermal convection,

which depends on temperature differences in the supernatant. There is an insulation at

the sides of the filter but not in the center, which means the temperature decreases at the

center and thus the density increases at this location (Page 44, Figure 10). As a result of

the density differences, a circulating motion results, as described in the literature [Gotoh

et al., 2004]. This movement prevents the fine particles from settling. Brownian motion

as an explanation of the particle motion can be ruled out due to the large size of the fine

particles [Newburgh et al., 2006]. Coarse particles of the bottom layer were not affected

by the convection, as the particle size was even higher and the resulting higher settling

velocity at high temperatures was the dominant factor (Page 42, Figure 6a).

The temperature dependence of the particle settling influences the cake structure.

High temperatures in the lauter tun favor the formation of the multiple layers of the

filter cake. On the one hand, fine particles are hindered from settling due to the buoyancy

effect and are therefore located in a larger concentration on the top of the filter cake. On

the other hand, coarse particles that form the bottom layer settle faster with increasing

temperature. The coarse particles are not influenced by the convection, which makes

the layering even more pronounced.
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When suspending the particles in water instead of wort, there was no buoyancy effect

(Page 43, Figure 8). Due to the low density and viscosity of water, the settling velocity

was already high at low temperatures and increased even more with increasing temper-

ature. Therefore, particle buoyancy at high temperature was less pronounced compared

with the high settling velocity. This shows that the high temperature in combination

with the special characteristics of the wort (high density and viscosity compared with

water) are responsible for the buoyancy effect.

In the case of the lauter tun filter cake, the horizontal layers differ not only in the sizes

and shapes of the particles but also in their chemical composition (Section 3.2.1, [Henne-

mann et al., 2019]). The literature review revealed that fine particles at the top consist

in a high concentration of proteins and lipids, while the lower parts of the cake con-

sist of non-starch polysaccharides (β-glucan and arabinoxylan) in a high concentration

(Page 33, Figure 5). This is due to the presence of a wide range of different compounds

in the malt and thus in the mash, which means that the chemical composition of the

particles that make up the top and bottom layer differs. Fine particles have a high

protein concentration, which means that also the top layer of the cake consists mainly

of protein. In contrast, coarse particles in the lower layers (e.g., husks) consist in a high

concentration of cell wall material of the aleurone cells and the endosperm of the malt.

Non-starch polysaccharides are frequently found in these particles [Gastl et al., 2020a],

which explains the high concentration of these substances in the lower areas of the cake.

The differences in the chemical composition of the cake, particularly the high protein

concentration at the top, can affect the cake structure and thus the filtration process.

For example, a decrease in the flow rate due to the influence of oxygen (Section 1.5)

affects especially the fine particle layer on the top based on the high amount of proteins.

Furthermore, proteins in these particles can be charged. This means that in particular

attractive and repulsive forces affect the fine particles, which influences the size of the

particles and thus the structure of the filter cake (Section 1.3). Agglomeration due

to increasing temperatures is another factor that affects especially the proteinaceous

particles in the top layer. Therefore, not only the small size of the particles at the top

determines the flow rate. It is also the chemical composition of the top layer that has

an influence on the resistance to flow.

The filter cake in the lauter tun is not only inhomogeneous with regard to the chemical

composition of its horizontal layers. The composition also changes during the filtration

process, as components of the cake are extracted to different degrees when the cake is

washed (Page 32, Figure 4). For example, the main component of the raw material

malt is starch, which is almost entirely transferred to the liquid phase during mashing
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and mash separation. This component, among others, is responsible for the density

and viscosity of the liquid. In contrast, there are substances such as cellulose, which

remain entirely in the solid phase of the filter cake. Proteins as important substance

that influence the flow rate remain to about 65% in the filter cake. Therefore, the

composition of the filtration critical top layer, which consists of proteins in the highest

concentration, changes only slightly in its composition during filtration.

In summary, the lauter tun is a special case of filtration with a multilayered filter

cake. Not only the wide particle size distribution of the suspension, but also the high

temperature during filtration in combination with the high density and viscosity of the

liquid phase favors the formation of the multiple layers. In these horizontal layers,

not only differences in the particle size but also in the chemical composition affect the

filtration process.

4.2 Compression Effects in Multilayered Cakes

It was hypothesized that if a high resistance to flow is located at the top of the cake,

the resulting differential pressure at this location pulls the top layer downwards. A

compression of the bottom layer results, which increases the resistance to flow of the

entire filter cake. The compression of the cake in the lauter tun was investigated using

different types of filtration tests (Section 3.2.3, [Hennemann et al., 2021e]). A mid-

scale filtration test revealed the relationship between cake compression, pressure drop,

and decrease in the flow rate (Page 50, Figure 3). At the beginning of filtration, the

resistance to flow was low. There was a constant flow rate and no differential pressure.

When the fine particles of the suspension settled at the top of the cake in higher amounts

during filtration, there was a blocking at this location and the resistance increased. Due

to the constant driving force of the pump under the filter medium, a differential pressure

resulted. This pressure difference pulled the fine particle layer downwards and thereby

compressing the lower layer. A change in the cake height served as first indicator of the

compression. At the beginning, there was only a small compression. When the blocking

started, the cake height reduced in a higher rate. After the main reduction in the cake

height, the flow rate decreased and the height reduced only to a minor degree until the

end of filtration. Compared with the starting point of the pressure drop, the decrease in

the flow rate was delayed in time. This was based on the compression of the cake from

the top. Liquid within the voids of the porous bottom layer could initially flow out of the

cake unhindered at the beginning of the compression, so that the flow rate at this point

was not impaired even when the pressure already dropped. As the compression of the
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bottom layer increased, less fluid was able to flow out of the voids without resistance and

the flow rate decreased. After this point, the flow rate depended on the high resistance

of the fine particle layer and the compressed cake.

To investigate the compression in the lauter tun filter cake, a new method of cake

fixation and an optical porosity determination was developed (Section 3.2.3, [Hennemann

et al., 2021e]). First, the cake was frozen at different time points during filtration to

fix the structure. One has to consider that slow freezing could result in the formation

of ice crystals, which can influence the particle structure. However, no ice crystals were

observed on a macroscopic scale in these experiments, which means that an influence on

the porosity values could be neglected. The fixation also made it possible to take samples

from different horizontal cake layers, which is an advantage over existing methods that

often only allow a determination of the average cake porosity. Sampling by cutting the

frozen cake must be possible without affecting the structure (e.g., particle abrasion) to

avoid an influence on the optical porosity measurement. This was possible for the cake

consisting of mash particles that could be cut without abrasion.

After the samples of the cake were thawed, the porosity of the slices could be deter-

mined by an optical method using a microscope (Section 3.2.3). The surface roughness

of the samples was determined, which correlates with their internal porosity according

to the literature [Rebollo et al., 1996, Sakai and Nakamura, 2005]. The optical method

was calibrated with a gravimetric reference method using samples with different degrees

of compression that were taken at different time points during filtration (Page 49, Fig-

ure 2). A linear correlation between surface roughness and porosity was found. After the

calibration, a rapid and reproducible method for porosity measurement was established.

The optical method proved to be applicable to the bottom layers of the cake based on

the large particle sizes, which resulted in a detectable surface roughness. The roughness

of the top layer, however, could not be determined using the microscope based on the

small particle size. Nevertheless, a measurement of only the bottom layers was sufficient

for the investigation of the compression in the lauter tun and the porosity of the fine par-

ticle layer could be neglected in these tests. For an evaluation of the top layers influence

on the filtration process, a gravimetric method (e.g., as described in Section 3.2.2) or

an estimation according to Equations 1.1 and 1.6 is necessary to evaluate the filter cake

resistance. Hence, a detailed examination of the fine particles influence on the filtration

process is described in Section 4.3.

The compression in the lauter tun was investigated using the optical porosity mea-

surement (Section 3.2.3, [Hennemann et al., 2021e]). The average cake porosity at the
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beginning of the filtration corresponded to the literature values [Bühler et al., 1996a]

and decreased during filtration based on the compression of the bottom layer (Page 50,

Figure 4). The resulting porosity values of the individual cake layers showed an un-

usual effect. Instead of a minimum porosity next to the filter medium based on the

skin effect (Section 1.2), the lowest porosity was found in the uppermost bottom layer.

This indicated that the filter cake was compressed from above by the fine particle layer

(stamp-effect hypothesis). Hence, a different porosity curve compared with homogeneous

cakes results in multilayered cakes (Page 51, Figure 6). With an increasing distance from

the filter medium, there is a decrease in the porosity instead of an increase as observed

for homogeneous cakes. Consequently, the compression from above leads to a reduction

in porosity in all layers of the cake, in contrast to the skin effect, which only reduces the

porosity next to the filter medium. This suggests that the resistance to flow across the

cake can be higher for multilayered than for homogeneous cakes.

A modification of the filtration test revealed that the degree of compression depends on

the resistance of the fine layer. When using an oxidized form of the mash, the resulting

porosity of all layers was lower compared with the standard test (Page 50, Figure 4).

This was based on the negative effect of oxygen on the filter cake resistance of the fine

particles (described in detail in Section 4.3), which increased the compression from the

top. In contrast, a higher porosity was found when the amount of fine particles in the

mash was reduced by wet sieving prior to the filtration. The lower resistance at the top

of the cake resulted in decreased compression of the bottom layers. These modifications

confirmed that it is the fine particle layer at the top and its high resistance that is

responsible for the compression of the bottom layer.

The degree of compression of the bottom layer also depended on the quality of the raw

material. Malt quality was evaluated in terms of the degree of cytolytic modification.

When using a high quality malt, there was a lower cake compression, which resulted in a

higher flow rate after blocking (Page 51, Figure 5). In contrast, a higher compression and

thus reduced flow rate was observed when using a low quality malt. This indicates that

malt quality affects the resistance to flow of the fine particles and thus the compression.

The reasons for differences in the filtration behavior of different malt types is described

in Section 4.3.

After revealing the cake compression in the lauter tun, a model filter cake was used to

verify the universal validity of the compression in multilayered cakes and to investigate

the compression mechanism in detail (Section 3.2.4, [Hennemann et al., 2021f]). The

filter cake consisted of glass fibers, which formed a compressible bottom layer, and an

artificial fine particle layer at the top (Page 56, Figure 2). The use of these inert particles
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made it possible to study the compression without the influence of chemical interactions

of the particles or differences in the properties of the liquid, as would be the case with

the use of mash.

The reduction in the cake height during filtration was examined as first indication of

the compression. In contrast to a homogeneously layered cake, the height of the multi-

layered cake reduced significantly during filtration (Page 57, Figure 3). The compression

rate was first high and reduced when a turning point was reached. This is similar to

compression effects in filter cakes [Shirato et al., 1970] and indicates that the top layer

acts as a stiff piston, as with mechanical compression. The decrease in the cake height

was directly related to a decrease in porosity (Page 58, Figure 4a). The reduced poros-

ity resulted in an increase in the filter cake resistance during the filtration (Page 58,

Figure 4b) according to Equation 1.6. A reference experiment using a homogeneously

layered cake showed that only a small reduction in porosity resulted, which means that

a compression due to the drag force of the liquid can be neglected. As a result, the

compression in the multilayered cake mainly depended on the top layer.

A measurement of the height of the individual bottom layers showed that the com-

pression in multilayered cakes starts from the top (Page 58, Figure 5). At the beginning

of compression, the height of the uppermost layer decreased in a higher rate than the

layers below. With continuing compression, the compressive force at the top increased

and was transferred to the lower layers. At a certain point, the compression was equally

distributed among the layers.

The compression from the top depended on the fine particle layer, which resulted in a

pressure drop based on the high resistance at this location. High pressure (atmospheric

pressure) was present at the top of the layer; low pressure was present under this layer due

to suction by the pump (Page 55, Figure 1). The resulting pressure difference increased

during filtration (Page 59, Figure 6a). The differential pressure on the two sides of the

stiff top layer created a tensile force that moved the layer downwards, compressing the

bottom layer. First, the bottom layer exerted no significant resistance to compression

although the height was already reduced at this point. As the filtration continued,

the bottom layer counteracted the compression, which increased the pressure difference.

Consequently, the differential pressure increased in a high rate. When the point was

reached at which the forces on the top layer and the opposing force of the compressed

bottom layer were in equilibrium, the pressure dropped in a lower degree. The minimum

pressure of the pump was reached after this point, which was in agreement with a lower

compression rate (Page 57, Figure 3).
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A modified form of the artificial top layer that served as supporting mesh to retain

particles (Page 56, Figure 2) was used to investigate the influence of different types of

fine particles on the compression of the bottom layer. Particles with a filter cake resis-

tance lower and higher than the bottom layer were tested (Page 59, Figure 7a). When

using low resistance particles (glass beads), no differential pressure resulted (Page 59,

Figure 6b). As a result, there was no compression of the bottom layer and thus no

increase in resistance, similar to that of homogeneous filter cakes (Page 59, Figure 7b).

In contrast, fine particles at the top with a higher resistance than the bottom layer (sil-

ica gel, fine particles from spent grains, calcium carbonate) resulted in a compression,

which increased the filter cake resistance of the bottom layer. In general, the higher the

resistance of the fine particles, the higher was the compression. For the spent grains fine

particles, however, there was a break in the structure. In this case, the differential pres-

sure and thus the compression was reduced although these particles showed the highest

resistance at the top layer.

Based on the compression of the bottom layer by the fine particle layer, the hypothesis

of the compression effect in multilayered cakes (Figure 1.5b) was confirmed. However, a

skin effect as it occurs in homogeneous filter cakes (Figure 1.5a) was not observed in the

model filter cake. This was based on the low resistance of the homogeneous cake, which

did not result in a significant compression (Page 58, Figure 4) and thus no skin effect.

A lower porosity next to the filter medium that indicated a skin effect was only found

for the lauter tun filter cake when an increasing amount of fine particles was removed

from the top of the cake (Page 50, Figure 4). The particle removal resulted in a more

homogeneous cake and thus compression effects were similar to these types of cakes.

However, one has to consider that the porosity in these trials was already low next to

the filter medium at the beginning of filtration due to the compressive pressure of the

upper layers.

The results also show that an increase in the differential pressure during filtration of

the multilayered cake does not result in a higher flow rate, contrary to what Equation 1.1

suggests. As the differential pressure increases, there would be a greater pull on the top

layer, compressing the lower layer and increasing its resistance in a higher degree.

It can be concluded that the compression of the multilayered filter cake depends on

the degree of resistance to flow of the top layer. This was confirmed for the lauter

tun filter cake and verified using an inert model system. For the example of lautering,

modifications of the mash showed that the degree of compression can be influenced.

Therefore, a deeper understanding is required that reveals how the resistance of the fine
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particles at the top layer can be influenced to prevent the compression in multilayered

cakes.

4.3 Prevention of Compression in Multilayered Cakes

A low resistance of the top layer resulted in a reduced pressure drop and thus decreased

the compression in multilayered cakes. Therefore, different approaches to influence the

top layer were tested using the example of the lautering process. First, physical and

chemical modifications that alter the particle size distribution and thus the resistance of

the fine particles were applied. Then, the influence of high temperatures on the particle

settling, which was expected to affect the fine particles in particular, was investigated.

Finally, a lautering technique is presented, which is based on a removal of the fine

particles at the top prior to the filtration, to reduce the compression.

Structural and chemical analysis of the fine particles were conducted prior to the

application of the modifications (Section 3.2.5, [Hennemann et al., 2021a]). The analysis

showed that fine particles consist in a high concentration of proteins (Page 66, Table 1),

which is in agreement with the literature review (Section 3.2.1). In addition to proteins,

starch is present in a high concentration. Both substances could be specifically stained

and made visible using confocal laser scanning microscopy, which revealed the structural

composition of the particles (Page 67, Figure 2). The top layer consists mainly of two

types of particles. Precipitated proteins that have small starch granules incorporated

form the largest amount of particles. Large starch granules form larger particles with

ordered and crystalline structures, which are surrounded by a protein layer.

The structural analysis revealed that the top layer consists of single particles. In

contrast to other systems that have a high protein and starch content (e.g., wheat dough

in bread making [Bernklau et al., 2016]), the particles are not connected via a protein

network that spans the entire layer. A description as a gel-like layer at the top, as is

often used in the literature [Muts and Pesman, 1986, Moonen et al., 1987], is therefore

misleading. Rather, the top of the cake can be described as a suspension of individual

particles that form a structured cake after sedimentation.

Particle agglomeration or de-agglomeration can be induced by modifications to alter

their sizes. For example, cross-links of the proteins in the mash result in larger par-

ticle complexes, as described by Bühler [Bühler, 1996]. To examine this in terms of

the fine particles, different physical (heating and agitation) and chemical (prevention

of oxidation, addition of polyphenols, pH adjustment, and ion concentration alteration)

modifications were tested to alter the particle sizes. The influence of these particle

82



4 Discussion

size changes on the filter cake resistance was investigated. Heating of the suspension

resulted in a shift of the particle sizes (Page 67, Figure 3b). Smaller particles agglom-

erated to larger sizes based on denaturation of proteins. The denaturation was verified

using Fourier transform infrared spectroscopy that showed changes in protein secondary

structure elements with increasing heating time, which were responsible for the agglom-

eration. In addition to agglomeration, larger starch agglomerates were broken up due to

the thermal energy, which reduced the sizes of larger particles. Consequently, not only

a larger mean particle size was found when heating the particles, in contrast to what is

described in the literature [Bühler, 1996, Bühler et al., 1996b]. The uniformity of the

particle sizes also increased with increasing heating time, which means that the particle

size distribution became more narrow (Page 68, Table 2). In contrast to heating, an

influence of agitation due to attrition reduced the mean particle size and also the uni-

formity (Page 68, Figure 5b). This change in the particle size distribution was based

on a mechanical breakage of the particle-particle interactions, which reduced the size of

larger particles. A reduction in the sizes of larger particles was also found when oxida-

tion was prevented using reducing agent (Page 68, Figure 6b). In contrast to agitation,

however, the reduction in the mean particle size did increase the uniformity of the size

distribution. Fourier transform infrared spectroscopy analysis showed changes in the

band region for thiol groups of the proteins, which indicates that disulfide bridges were

reduced by the reducing agent. This resulted in a breakdown of larger particles, which

was responsible for the shift in the size distribution. An alteration of the pH changed

the particle sizes only to a small degree (Page 69, Figure 7b). Large deviations from the

standard (pH 5.35) were only observed at a pH between 6.35 and 6.75. At pH 6.55, a

large change in the particle size distribution indicates the isoelectric point. Due to the

reduction in the electrical charge at the surface of the particles at this pH, the suspension

became unstable and smaller particles agglomerated (Section 1.3). In addition, larger

starch particles decreased in their size based on degradation under alkaline conditions.

Consequently, a more uniform particle size distribution was found. The influence of

polyphenols and an increase in the ion concentration were also tested but did not show

a large influence on the particle size distribution (Page 68, Table 2).

The changes in the particle sizes due to the modifications affected the filter cake resis-

tance. For example, an increase in the mean particle size and uniformity when heating

the particles decreased the filter cake resistance significantly (Page 67, Figure 3a). In

contrast, a reduction in the mean particle size and uniformity increased the resistance

(Page 68, Figure 5a). In addition to the modifications, fine particles from different malt

types were tested. The malts differed in their cytolytic degree of modification, which
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showed no correlation with the filter cake resistance. It was also the uniformity of the

particle size distribution that determined the resistance to flow when using the different

malt types. This indicates that particle size related characteristics of the suspension

are more important in evaluating the filtration process in the lauter tun compared with

cytolytic characteristics of the malt.

Not only descriptors of the mean particle size (as described by Bühler et al. [Bühler

et al., 1995, Bühler et al., 1996b]) are important to evaluate the resistance to flow. An

evaluation of all modifications as well as the use of different malt types (Page 70, Table 4)

showed that the highest correlation between filter cake resistance and descriptors of the

particle sizes were found for the uniformity (Page 70, Figure 8) and only to a minor

degree for the mean particle size. Therefore, the particle size uniformity must be taken

into account when evaluating the filter cake resistance of the fine particles in the lauter

tun. A similar effect was previously shown for inorganic particles. Kinnarinen et al.

[Kinnarinen et al., 2015, Kinnarinen et al., 2017] showed that an increase in the particle

size uniformity improves the filtration process of mineral slurries in spite of a reduction in

the mean particle size. The modification tests using the example of lautering confirmed

this and revealed that the particle size effect can be applied not only to inorganic but

also to biological particles.

The influence of the particle size uniformity on the filter cake resistance was verified

using an inert glass beads model system (Page 71, Figure 9). A filtration test showed

that a low resistance depends on a high mean particle size. However, this was only

true when the uniformity of the particle sizes was high. In contrast, using a wide size

distribution showed a higher filter cake resistance compared to a uniformity distribution,

although the mean particle sizes were similar. This can be explained with the cavern

effect (Section 1.3). Small particles fill the voids between larger particles in the wide

distribution (Page 71, Figure 10), which is responsible for a lower porosity and thus

higher resistance to flow.

The modifications showed that temperature can influence the size and thus the re-

sistance of the particles. In addition, temperature can affect the filtration process in

other ways. For example, a reduction of the liquids viscosity due to high temperatures

increases the flow rate (Equation 1.1) and is a reason why lautering is carried out at high

temperatures of up to 78 °C (Section 1.5). However, the impact of the viscosity on the

filtration in the lauter tun is controversially discussed in the literature [Barrett et al.,

1973, Greffin and Krauß, 1978, Bühler et al., 1996b, Bühler, 1996]. It was therefore

expected that temperature affects the filtration in an additional way with regard to the
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fine particles. The influence of varying temperatures was tested, in which the particle

agglomeration was kept constant (Section 3.2.2, [Hennemann et al., 2021d]).

Temperature-dependent changes in the flow rate differed between the start of filtration

and after fine particle dependent blocking (Page 42, Figure 4b). This indicates that the

flow rate after blocking is influenced by temperature in a high degree. In addition, the

flow rate had only a low correlation to the viscosity. This confirms that the temperature-

dependent viscosity (Page 40, Figure 3) has only a minor influence on the filtration

process.

The temperature affects not only the particle sizes and viscosity but also the parti-

cle settling, as described in Section 4.1. A buoyancy effect due to thermal convection

hindered fine particles of the top layer from sedimentation at increasing temperature

(Page 43, Figure 8). This not only affected the formation of the multiple layers but also

increased the porosity of the top layer due to a loose packing of the particles. The fine

particles tended to stay in suspension rather than settle on the lower layer (Page 44,

Figure 10). Hence, the filter cake resistance at the beginning of filtration was lower at

high compared with low temperatures (Page 43, Figure 7). The buoyancy indicator had

a high correlation to the temperature as well as to the flow rate and filter cake resis-

tance. This shows that the temperature-dependent buoyancy of the filtration critical

fine particles determines the flow rate during lautering. The reduction in the resistance

of the top layer at high temperature resulted in a reduced compression of the bottom

layer compared with low temperature. This confirms that a low resistance at the top

layer prevents the compression in the multilayered cake.

Modifications of the fine particles as well as high temperatures during the filtration

proved to reduce the resistance of the top layer and thus the compression in multilayered

filter cakes. However, these factors may not be effective in reducing the resistance in

any filtration process. For example, a change in the pH did not reduce the resistance

in the same way when using different types of malt. This can be due to differences

in the protein layer around the particles, which lead to different electrostatic charges.

In addition, increasing the temperature to induce particle agglomeration may not be

possible for various types of products (e.g., beer types). Therefore, to obtain an universal

solution to the fine particle problem, a procedural approach was developed.

A lautering technique was developed, which involved a removal of the top layer fine

particles prior to the filtration (Section 3.2.3, [Hennemann et al., 2021e]). The fine

particle suspension was removed either from the lauter tun or combined from the mash

and lauter tun (Page 47, Figure 1) to reduce the amount of particles in the top layer.

This decreased the compression in the multilayered filter cake significantly. Compared
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with the reference trial, a higher cake porosity after filtration was found when removing

the particles from the lauter tun (Page 50, Figure 4). The additional removal of particles

from the mash tun reduced the compression even more. Compared with the reference,

the characteristic blocking of the filter cake was reduced in the suction trials (Page 51,

Figure 5). Hence, the flow rate was significantly improved.

In addition to a higher flow rate due to a reduced cake compression, this lautering tech-

nique has further advantages. The removal of the suspension by suction in combination

with a clarification by centrifugation enabled a fast collection of filtrate. Furthermore,

the trub wort, which normally has to be re-circulated at the beginning of filtration

(Section 1.5), could be clarified directly by centrifugation. Based on a lower degree of

compression, a reduced use of the raking knives during filtration was required. These

advantages resulted in a shorter process time, as demonstrated in pilot scale experiments

(Page 51, Table 1).

Although the removed particles were not washed during filtration as in the normal

lautering process, no significant decrease in extract yield was found (Page 52, Table 2).

This was based on the only low amount of particles that were removed, which did not

contain large amounts of extract. Other critical filtrate characteristics (iodine value and

turbidity) were either constant or lower than the reference based on the efficient particle

separation by centrifugation. Only a small increase in the amount of fatty acids in the

filtrate was found [Hennemann et al., 2021c]. This was due to the removal of the particles

from the top, which contain these substances in large quantities (Section 3.2.1). The fatty

acids are in this case not retained within the filter cake by depth filtration, as described

for the standard lautering process [Engstle et al., 2017]. Hence, the concentration of

this compound was increased in the removed suspension. The resulting influence on the

entire production process (e.g., fermentation) and the final product beer (e.g., sensory)

must be checked. In addition, the practicality of the removal of fine particles by suction

and the particle separation using a centrifuge has to be verified in a further up-scale to

the industrial scale.

In summary, different factors, such as physical-chemical modifications and high tem-

peratures, can influence the resistance at the top and thus the compression of the mul-

tilayered cake. A technique, in which the particles are either removed before transfer to

the filter or from the top of the cake after the transfer, improved the filtration process.
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The findings in this thesis shed new light on the filtration with multilayered filter cakes,

which was investigated using the example of the lautering process. New insights into

the formation of the multiple layers and their characteristics enabled a subsequent in-

vestigation of the compression mechanism. It was found that the resistance of the fine

particles at the top layer determines the compression of the bottom layer.

The compression in the multilayered cake can be avoided by reducing the resistance

of the top layer. Modifications showed that a change to more uniform particle sizes

decreased the resistance. In addition, the presence of a buoyancy effect indicates that the

resistance of the top layer can be reduced when applying high temperatures. Knowledge

about these effects not only improve filtration with multilayered cakes but also other

filtration processes with biological fine particle suspensions that have a high resistance

to flow. However, the factors to reduce the resistance of the fine particle layer may not

be viable in other areas of filtration, where a temperature increase or a modification of

the particles is not possible to maintain the product quality. Therefore, a removal of

the fine particles prior to the filtration can reduce their negative effects on the filtration

process without influencing the filtrate quality. This was demonstrated for the lautering

process, but can be applied generally for different types of filtration with multilayered

cakes. A separation of the removed fine particle suspension (e.g., by centrifugation) has

to be checked when applying this new technique in the industrial scale.

The compression in multilayered cakes differs from that of homogeneous cakes. Due

to the predominant compression effect from the top, a skin effect at the filter medium

plays no relevant role in multilayered cakes. Both effects (skin effect and compression

from top) can reduce the flow rate during the filtration process and have to be avoided.

In contrast to the skin effect, however, the compression from the top can be avoided, as

shown in this thesis.
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Läuterverfahren. Brauwelt, 5-6:115–118.

Hennemann, M., Gastl, M., and Becker, T. (2022). Jedes Grad zählt: Optimierung des
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