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Abstract

Abstract

This dissertation investigates cleaning woven filter cloths in solid-liquid separation,
using mash filters in breweries. In this filtration system, reusable woven filter fabrics
represent the filtration’s cornerstone, separating solid spent grains from the liquid wort.
Often, the cereal-based spent grains remain after filtration on the cloths and require
extensive removal. However, filter structures are often complex and not designed for
good cleanability, as several hygienic design guidelines proposed. Thus, there is
always a serious risk of poor performance for subsequent batches and cross-
contamination. Existing cleaning methods are inflexible and highly dependent on the
operator’s experience, causing a rigid and unoptimized process. Current concepts are
time- and fluid-consuming, resulting in economic inefficiency and poor sustainability.
This thesis elaborates on these challenges through an in-depth discussion of existing
knowledge and experimental cleaning investigations. The main goal is to explore
efficient methods of cleaning filter cloths in solid-liquid separation, particularly in the
food industry.

The literature review highlights the challenges in cleaning woven filter cloths. For
instance, cloth materials have natural process limits (e.g., cleaning temperature),
narrowing potential procedures, and cleaning parameters. These filter media also
require careful treatment, as they can be damaged, resulting in costly and time-
consuming process downtime. Further, the biophysics of adhering contamination and
the fluid dynamical principles of jet cleaning are reviewed in detail. The analyses
underline the potential of pulsed jets in filter cloth cleaning for food applications.

The experimental part comprises the development of residue detection, using image
processing and cleaning experiments on several filter cloth types. The latter section
contains the development and utilization of two different cleaning devices. The
cleanability of different filter cloths is investigated on a novel developed automated
cleaning device installed in a pilot mash filter. Different cleaning procedures are
analyzed on a laboratory cleaning device, enabling precise residue detection and high
sample throughput. Here, in particular, the process modes of forward and backflush
cleaning are considered, using pulsed and continuous jets.

The thesis’s experimental results show the strong influence of several cloth
parameters, e.g., weave type and mesh sizes, on its cleanability. Filter cloths can have
complex surfaces, resulting in significant roughness. This aspect complicates cleaning
and requires well-adjusted concepts. Discontinuous jet cleaning shows significantly
better results in directly comparing the process modes. Depending on the mode and
filter cloth, pulsed jets can reach up to 30% higher levels of cleanliness in the same
cleaning time while using up to 50% less wash water than continuous jets. The
comparison of forward and backflush cleaning reveals different advantages and
disadvantages in both methods. Forward flushes have better mechanical effects on
the cloth’s surface and can remove persistent contamination better in difficult-to-clean
areas. In contrast, backflushes can generate more precise contamination transport
away from the cloth’s surface.

The findings help to understand the requirements and mechanisms of filter cloth
cleaning. They indicate ample room for economic and ecological improvements in
cleaning filter presses in the food industry. For breweries, the results represent an
essential step in finding new cleaning techniques for mash filters. Ultimately, the thesis
conclusions contribute to a new state of the art for filter presses and breweries in
particular.
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Zusammenfassung

Zusammenfassung

Die vorliegende Dissertation untersucht die Reinigung von gewebten Filtertichern im
Gebiet der fest-flissig Trennung sowie der Lebensmittelindustrie. Das Fallbeispiel
Maischefilter im Bereich Brauerei erzeugt eine grof3e Praxisndhe und schnelle
Umsetzbarkeit der Ergebnisse.

In Maischefiltern stellen  wiederverwendbare Filterticher den zentralen
Filtermechanismus dar und ermdglichen die passgenaue Trennung fester Treber von
flissiger Bierwirze. Nach der Filtration bleiben jedoch oft viele Treberrtickstande auf
den Tuchern zurlick, was eine aufwandige Reinigung notwendig macht. Filtertlicher
haben meist komplexe Oberflachenstrukturen, was speziell die Haftung von
Treberresten begilnstigt. Dies fuhrt in vielen Fallen zu einer unzureichenden
Reinigbarkeit der produktberihrenden Oberflache, was schon lange in vielen anderen
Bereichen der modernen Lebensmittelverfahrenstechnik unzuldssig ist. Die
eingeschréankte Reinigungsfahigkeit kann die Leistung nachfolgender Chargen
mindern und die Gefahr von Kreuzkontaminationen erheblich steigern. Momentan
genutzte Reinigungskonzepte fir Filterpressen sind oft unflexibel und stark
anwenderbasiert, was starre und nicht optimierte Prozesse erzeugt. Die hieraus
enstehenden Konsequenzen sind zeit- und reinigungsmittelintensive Prozesse,
welche gleichermal3en wirtschaftlich ineffizient und wenig nachhaltig sind.

Die Dissertation greift diese offenen Fragestellungen auf und kombiniert eine
detaillierte Diskussion vorhandener Literatur mit experimentellen Untersuchungen.
Das ubergeordnete Ziel ist die Entwicklung effizienter Methoden fiir die Reinigung von
Filtertichern im Bereich der fest-flissig Trennung sowie vor allem der
Lebensmittelindustrie. Die Literaturanalyse zeigt zunachst die Herausforderungen bei
der Reinigung gewebter Filtertiicher auf. So haben Tuchmaterialien beispielsweise
Prozessgrenzen (wie maximale Reinigungstemperatur), die moglich anwendbare
Verfahren und Reinigungsparameter einschranken. Filtertiicher erfordern daher in
vielen Fallen eine schonende Behandlung und gut abgestimmte Reinigungsprozesse.
Jegliche Beschadigungen fiuhren zu kostenintensiven sowie zeitaufwandigen
Prozessausfallen und missen daher bestmdglich verhindert werden. In der
Literaturstudie werden auch die Biophysik der anhaftenden Verunreinigungen und die
stromungsmechanischen Prinzipien der DUsenstrahlreinigung untersucht. Hierbei wird
ein hohes Potenzial von gepulsten Strahlen bei der Reinigung von Filtertichern fir
Lebensmittelanwendungen gesehen, welches detaillierte Untersuchungen erfordert.
Der zweite Teil der Arbeit behandelt die Entwicklung einer Rickstandsanalytik auf
Basis von Bildverarbeitung und zugehdrige Reinigungsevaluationen verschiedener
Filtertuicher. Die Reinigungsversuche werden mit zwei verschiedenen
Reinigungsanlagen durchgefuhrt. Die Reinigungsfahigkeit verschiedener Filtertiicher
wird an einer neu entwickelten automatischen Reinigungseinheit untersucht, welche in
einem Pilot-Maischefilter Anwendung findet. Die Analyse verschiedener
Reinigungsverfahren wird dagegen mit einem Reinigungssystem im Labormalfistab
durchgefuhrt. Dadurch wird eine prazise Ruckstandserkennung und ein hoher
Probendurchsatz ermdglicht.

Der experimentelle Schwerpunkt liegt auf der Forward- und Backflushreinigung mit
gepulsten und kontinuierlichen Reinigungsstrahlen. Die Ergebnisse zeigen einen
starken Einfluss verschiedener Tuchparameter auf die Reinigungsfahigkeit, welche
durch den Gewebetyp und die Maschenweiten bedingt sind. Durch die komplexen
Filtertuchstrukturen kénnen hohe messbare Oberflachenrauigkeiten entstehen,
welche in vielen Fallen mit der Reinigbarkeit korreliert. Dieser Aspekt erschwert die
Reinigung und erfordert gut abgestimmte Konzepte. Der direkte Vergleich von
diskontinuierlicher und kontinuierlicher Strahlreinigung zeigt, dass pulsierende
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Zusammenfassung

Strahlen bessere Reinigungsergebnisse erzeugen. Abhéangig vom Prozessmodus und
dem Filtertuchtyp filhren gepulste Strahlen bis zu 30% hoheren Reinigungsgraden im
gleichen Zeitintervall und verbrauchen bis zu 50% weniger Reinigungsfluid. Der
experimentelle Vergleich der Forward- und Backflushreinigung zeigt eine bessere
mechanische Wirkung von direkt auf die Tuchoberflache gerichteten Wasserstrahlen.
Die Vorteile der Reinigung im Backflush liegt in einem verbesserten und praziseren
Abtransport der Verunreinigungen von der Tuchoberflache.

Die Ergebnisse dieser Dissertation erzeugen ein besseres Verstandnis Uber die
Anforderungen und Mechanismen der Filtertuchreinigung. Durch die Verwendung
effizienter Verfahren zeigen die Resultate vor allem grol3e Potenziale von
O0konomischen und 6kologischen Verbesserungen fir die Lebensmittelindustrie auf.
Insbesondere fir Brauereien stellen die Ergebnisse einen wichtigen Schritt dar, um
neue Reinigungstechniken fur Maischefilter entwickeln zu kbénnen.



Introduction

1 Introduction

One of the food industry’s core responsibilities is to deliver hygienically excellent
products to its customers. For this purpose, the cleaning and disinfection of equipment
and respective components are critical unit operations. While cleaning removes
contamination, subsequent disinfection ensures food safety and prevents a negative
influence on customer health due to remaining microorganisms [1]. It is not only the
specific procedure and the chemical agents used in a cleaning concept but also the
characteristics of the equipment and associated surfaces that come into contact with
food [2; 3]. An essential requirement of production equipment for food applications is
easy cleanability, a cleaning-compatible layout, and additional specific features [4].

Corresponding guidelines, design features, and concepts are part of hygienic design.
This definition has been a core aspect of the modern food industry for years. Today’s
standard design features in most food production equipment are, e.g., smooth
surfaces, self-draining containers, and the avoidance of stream shades. The European
Hygienic Equipment and Design Group (EHEDG) publishes corresponding hygienic
design recommendations and certifications in Europe. In the USA, organization 3-A is
responsible for several cross-industrial guidelines concerning hygienic design [4]. With
guideline 10-04, 3-A also published a sanitary standard for filter systems using single
service filter media, mainly applied in dairy [5].

However, such guidelines and rules are not yet available for reusable woven filter cloth.
This type of filter medium represents the centerpiece in many filter systems due to the
costs of the cloth and installation and is, thus, essential in many solid-liquid filtration
processes for food products. As it always remains in the filter and is reused in large
guantities, guaranteeing product safety requires regular cleaning using well-adjusted
concepts. In most cases, filter cloths have complex geometries that naturally focus on
filtration performance rather than easy cleanability. Current cleaning concepts for filter
cloth still follow rigid and over-dimensioned techniques, wasting cleaning fluid and
being too time-consuming. Thus, new solutions must be identified in times of
increasingly growing environmental issues and scarcity of resources. The major
challenge is maintaining or even improving the current demands on product safety
while developing more resource-saving and environmentally friendly cleaning
techniques. In the future, a particular emphasis will be primarily on cleaning times and
water consumption.

For these reasons, new methods for woven filter cloth that provide state-of-the-art
cleaning while simultaneously being economical and resource-friendly are necessary
for the food sector. Regarding efficiency, the best procedure to remove contamination
from filter cloth is a water jet streamed by a nozzle. Many different cleaning parameters
(e.g., temperature, fluid mechanics, and agents) can be adjusted with this method.
Here, the critical aspect is the adjustment of properly combined parameters, enabling
high cleaning efficiency. In this context, the composition of the food or intermediate
product to be filtered requires detailed consideration.

This thesis highlights the cleaning of woven filter cloth, focusing on mash filters in
breweries. As cleaning techniques, forward and backflushing are compared using
continuous and discontinuous (pulsatile) jets. Significantly, the last technique has
already shown promising results in other applications. The brewery use case enables
a food-close application and rapid transferability to industrial practice. Here, woven
filter cloths facilitate the solid-liquid separation of mash, where the remaining spent
grains on the cloth’s surface require separate removal.

-1-
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2 State of the Art

This chapter highlights the basics of cleaning woven filter cloths. In detail, the following
subchapter gives an insight into the fundamental processes of jet cleaning and the
factors influencing an efficient cleaning process. The cleaning-targeted object, here
the woven filter cloth, is considered how it gets contaminated by the retentate of a
filtration cycle.

2.1 Filter cloths

Filter cloths are woven fabrics in a specific woven structure (see Figure 1). Exemplary
industrial applications include chemical processing, water treatment, and food
processing. They are commonly used to filtrate liquids, gasses, and solids [6].
Especially in food, filter cloths are used in solid-liquid separation and enable the
processing of food and its stabilization. The cloth’s woven pattern allows for a
reasonable flow rate and good filtration efficiency. Filter cloths are regularly
constructed structures, distinguishing them from, e.qg., fleeces. The cloth’s specific
structure is created by a particular interweaving of warp and weft threads according to
a specific weave pattern. The threads can be of different thicknesses, whether monofil
(single thread) or multifil (multiple threads twisted into a bundle). This particular weave
creates varying surface structures and mesh sizes and thus supports specific filtration
tasks to a great extent. According to Anlauf [7], the various arrangement possibilities
result in different application potentials for particle separation and mechanical stability.

:,_ wi* B fx
B ¢ i

C) Surface structure

1000,00

1000,00
0,00um

0,00pm

Figure 1: Exemplary 05-1001-K043 filter cloth in top view (A + B) and a measurement of the roughness
profile with the VW9000 digital microscope and VH-Z20R/Z20T lens (Keyence Corporation)

2.2 Residue accumulation on filter cloths

In different filter systems like filter presses, filter cloths are the primary filter medium
and enable the separation of particles (retentate) from liquids (filtrate). Filtration is one
of the basic unit operations of process engineering since, in food applications, particles
are often dispersed in liquids and gases. The term particle refers to solid particles,
droplets, and microorganisms. The particles and/or the liquid can be obtained by
separating both phases depending on the filtration task. The filtration of particles from
liquids is also called solid-liquid separation. Its main characteristic is the formation of a
surface coating or an entire filter cake on the filter medium. Most filter media follow two
principles: surface and deep bed filtration, highlighted in Figure 2 in detail.
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Figure 2: Schematic illustrations of surface and deep bed filtration — adapted from Hamatschek [8]

According to Hamatschek [8], in the case of surface filtration, the particle sizes are
larger than the pores/meshes and cannot pass through the filter medium. The
pore/mesh size must be selected according to the filtration task. The particles
accumulate and form afilter cake. This cake performs the function of a sort of additional
filter medium and consists of a distinct structure. Filter cakes can be beneficial for
filtration performance in several operations. In deep bed filtration, the particles
permeate the filter due to the size of the filter medium’s filtration channels. Here,
corresponding pore sizes or adhesion to the filter’'s material separate particles. This
filtration type is used for low concentrations and minor particle suspensions.

According to Anlauf [7], deep bed filtration operations mainly employ yarn filters, resin-
bound filter sheets, and bulk layers. Surface filtration, however, is achieved by using
porous sinter materials, microporous membranes, wedge wire screens, and woven
fabrics. Precoat layers and fleeces can work in both filtration principles.

In particular, the contamination and cleaning of woven fabrics are the experimental
focus of this thesis. Consequently, the applied contamination in Chapter 5 can always
be assumed to be a thin layer or cake formation, accumulating smaller particles
between the individual filter meshes. A blocking of the filter can arise during filtration
quickly, also called fouling. In this case, particles are deposited on the cloth and in the
mesh, possibly leading to a complete filter blockage and an associated process
breakdown. Whether and when such a case occurs, however, depends strongly on the
filtration material, the filtration method, and respective parameters.

After filtration, the remaining filter cake must be removed to ensure the subsequent
filtration is efficient. This process step is performed by mechanical separation and a
cake discharge. In the latter case, the cake detaches itself from the filter cloth by
gravitation. This aspect is particularly the case in filter presses, where the filter
chamber is opened after filtration and the cake discharges. However, in many cases,
the removal is incomplete, so extensive cleaning activities must take place.

2.3 Jet cleaning of filter cloths

At first glance, a cleaning process primarily causes work and costs, while no directly
accountable profit can be expected [9]. However, a detailed analysis casts doubt on
this statement since cleaning processes affect the production equipment positively and
enable high product quality and safety. These aspects are critical in the food industry,
so regular inspection is essential from a technical and legal perspective. Significantly,
organic residues, like microorganisms, can influence a food product negatively, leading
to severe poisoning in consumers. Furthermore, poorly cleaned production equipment
has only reduced functionality and becomes useless due to corresponding

-3-
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contamination-related damage over a certain period. In conclusion, the main targets of
jet cleaning, according to Wildbrett et al. [3], are:

- Achievement of a visually flawless and clean appearance

- Obtaining complete operability of equipment and its components
- Extending the service life of the equipment

- Enabling high product safety

Therefore, equipment and its components must be cleaned and disinfected frequently
and uniformly. In the food industry, all remaining organic substances, such as product
and raw material residues or microorganisms, and mineral deposits are defined as
contamination (unwanted substances) [1; 10]. They all require a specific cleaning
regime that considers their individual properties and behavior towards the surface
(e.g., adhesion).

It is also essential to analyze the entire operation in any cleaning process. Significantly,
the utilization of a cleaning jet requires a detailed consideration of fluid mechanics from
the nozzle until the contamination’s transport away from the cleaning zone. The
detailed division of the jet, its impact, and drainage with all specific steps help to adjust
appropriate cleaning parameters. A jet’s cleaning process can be classified into the
following steps.

- Step 1: Jet sprayed from the nozzle
¢ Fluid dynamic consideration of a free jet
e Determination of various parameters by free jet calculation models
e Key parameters: jet velocity, the distance between nozzle and cloth, the
potential core length
- Step 2: Impinging jet on the filter cloth surface
o Differentiation in forward or backflush
e Immediate impact forces with crucial initial cleaning effect
e Subsequent formation of a cleaning flow with decreasing pressure forces
o Key parameters: Impact velocity, incidence angle, cloth geometry
- Step 3: Cleaning effects in the impact zone
e The breakup of the contamination
¢ Release of cohesive and adhesive forces
- Step 4: Lateral flow off of cleaning stream on surface
¢ Diffusion and convection effects on contamination
¢ Cleaning solution enters contamination to a high degree
e Flow on the surface causes wall shear stress
- Step 5: Contamination transport and trickle flow
e Contamination is increasingly removed from the surface
e Transport of contamination depends on flow conditions (turbulent flow is
beneficial for cleaning)
e Decreasing effect with growing distance from the point of impact

2.4 Parameters with specific cleaning influence

The choice of a suitable cleaning concept depends, above all, on adjusting appropriate
cleaning parameters. The cleaning success for any surface highly depends on several
influencing factors. According to Hofmann [2], these cleaning parameters are fluid-,
contamination- or component-dependent. Tamime et al. [11] chose other descriptions
by dividing the cleaning factors into the mechanical design, cleaning process, and
product/process design, which are more specific to the conditions in the food industry,
such as the use of cleaning-in-place systems (CIP).

-4 -
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In the end, however, these influencing variables are always the same, and their proper
combination ensures an efficient cleaning process. The fluid-dependent parameters
are critical for the final cleaning planning as they are adjustable in the cleaning fluid.
These parameters are temperature, chemistry (type, concentration, water hardness),
mechanics (flow rate), time, and temperature. The Sinner circle is the most common
synopsis of all important cleaning parameters and the most common among
practitioners [3]. The success and optimization possibilities depend on the interaction
of these parameters. If one of them is increased (e.g., temperature), others can be
decreased [12].

2.4.1 Cleaning time

All cleaning parameters depend on certain application times. According to
Heiss et al. [9], chemical, thermal, and kinetic energies require a specific reaction time
with the contamination to achieve enough chemo-physical effects to diminish the
contamination. Also, mechanical cleaning components, like wash jets or pipe flows,
require time to effect enough tension on the adhering contamination. The adhesion of
cells, biomolecules, or other particles requires time, so their removal equally demands
extended time periods [13]. Regarding the time dependency, a cleaning process has
to be divided into distinct steps (e.g., swelling, diffusion), requiring different cleaning
times [14]. With standard methods, determining an exact period is challenging [9].

Hauser [4] explains cleaning using fluids and flows with the mass transfer
phenomenon. This process includes diffusion, convection, and dissolution of a relevant
contamination load from the surface in the flow. This time-dependent mass transfer ==

can be calculated with Eq. 1 [14].

dm dc

 —p.A.— Eqg. 1
dt 'BAdx a

In the equation B describes the mass transfer coefficient, A the considered exchange
surface, and — the concentration gradient of the contamination between the soil layer

and the cleanlng stream. The entire mass transfer depends on the process length, the
initial contamination quantity, and the time-dependent change of the contamination’s
adhesion behavior. Longer cleaning times will enable more contamination to be
detached and favor the final degree of cleaning.

However, each cleaning application has a natural limit where no further effect can be
observed. In food production, consistent cleaning results in small or no additional
cleaning effects after a specific time interval [15]. Time is essential, as lengthy setup
and cleaning intervals can lead to high costs. For this particular reason, efficient
cleaning processes are needed. So, the cleaning time parameter must always be
combined with the suitable composition of cleaning parameters (e.g., mechanics or
temperature) to enable efficient processes.

2.4.2 Chemistry and agents

In the context of cleaning, the term chemistry sums up the use of chemical cleaning
agents. Here, the type of cleaning agent and the respective concentration are decisive
[11]. Most of a cleaning solution, in terms of quantity, is water, which cannot be fully
classified as a cleaning agent due to its insufficient cleaning effect on certain
substances (e.g., fats) [14]. For this reason, chemical substances are added to the
water in specific concentrations, resulting in the cleaning solution and enabling an
efficient cleaning process.
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In the food industry, primarily acidic and alkaline agents are commonly utilized, strongly
depending on the targeted contamination. While removing organic deposits, such as
proteins or biofilms, requires an alkaline agent, mineral contamination is only removed
efficiently by acidic agents [11]. Due to these different cleaning impacts, no cleaning
agent can simultaneously meet all demands [3]. Commercially available cleaning
agents are often available in ready-to-use mixtures and also contain other additives
that provide an additional cleaning effect vis-a-vis other substances. An example is
tensides, which can create emulsions from the cleaning fluid water and oily
contaminants and thus make the latter removable. Another chemical component is
disinfectants, used after cleaning to enable the inactivation of remaining
microorganisms and hygienic conditions. In many cleaning applications, enzyme-
based agents are also used to remove persistent contamination [9].

Cleaning with an agent always starts with its application to the contaminated area and
subsequent soaking time. As described in 2.4.1, diffusion and convection in mass
transfer are decisive factors in transporting agents into contamination and affect their
relevant cleaning mechanisms. Subsequently, this effect also works vice versa for the
contamination to migrate into the cleaning fluid.

Diffusion is mass transfer caused by a concentration difference between the
contamination and cleaning fluid. Due to Brownian motion, particles move from a high
to a low concentration c temperature-dependent in cleaning processes [2]. The
diffusion can be calculated with Fick’s laws. Fick’s first law describes one-dimensional
diffusion and is defined in Eq. 2 [16; 17].

dc
]:—Da Eq. 2

The variable J defines the flux, while D is the diffusion constant, and % represents the

concentration gradient. Fick’s second law in Eq. 3 extends this approach and describes
the diffusion with a time-dependent and local concentration gradient [2; 17].

dc d?c
it =43

In both Fick’s laws, time t is a decisive factor, underlining the necessity of sufficient
cleaning time for chemical-dominated cleaning concepts.

For state-of-the-art cleaning and subsequent disinfection, chemical products are
indispensable. However, ecological and economic aspects often require re-evaluating
existing cleaning processes in many applications. Additionally, chemical agents can
harm the surface’s material, causing damage or corrosion [9].

2.4.3 Mechanical cleaning effects

Besides the chemical factor, most cleaning concepts in food processing also depend
on a particular mechanical effect [3]. In most applications, a cleaning utensil, such as
brushes, or the fluid mechanical forces from an applied fluid flow enable mechanical
shear stress on the contamination [9]. An essential aspect of cleaning procedures is
the mechanical release of adhesive forces between the contamination and filter
medium [3]. A microbiologically safe condition can never be achieved solely by
mechanical cleaning but increased associated cleaning effects can lead to more
optimized and resource-saving processes (e.g., of the cleaning fluid and agents). In
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the following, only the cleaning mechanics of a nozzle jet will be discussed, as this
cleaning technique is used in the experimental section of this thesis.

In characterizing a jet’s cleaning of a surface, it is essential to specify the effects that
appear during its impact and as the process continues. Most fluid mechanical
considerations, from the nozzle and impingement to contamination removal, are
detailed in 5.2 [18]. Therefore, only a few more fundamental aspects of the pressure
distribution on the surface during jet impact and trickle flow effects, which can promote
the transport of contamination, are referenced.

The overall cleaning effect can be distinguished in the impact and the subsequent
stream on the surface (see Figure 3). During impact, the jet applies a particular
pressure to the contamination in combination with a bursting of the fouling layer due to
diminishing cohesive forces. Parts of the contamination are ejected from the cloth as
the jet penetrates the surface of the cloth and gradually forms a constant overflow
stream.

Impact Subsequent stream

pdop = Pwh & Pshock ( Sﬁ@
0 A

p@ l Lateral cleaning
flow

Nozzle

T Filter cloth _—

Figure 3: Schematic drawing of the jet’s impact and the subsequent stream after a specific period —
cloth positioned vertically (e.g., in a filter press)

According to the literature [19], the pressure distribution on the filter surface, resulting
from the velocity and forces, is a critical cleaning factor. Mauermann [20] distinguished
three types of pressures: water hammer, shock/impact pressure, and dynamic
pressure. After the jet impact, compression of the fluids occurs, resulting in shock
waves against the surface and back into the jet [21-24]. The resulting pressure
between fluid and contamination is definable as the shock pressure psmax with a
maximal possible value. Along the contact zone, it decreases to the water hammer
pressure pwh in the center [19]. This dynamic pressure change was first described by
Joukowsky in 1900 [25]. According to Sigloch [26], the total water hammer originates
within 1 ms after impacting the surface. After this effect, it disappears in approximately
the same time frame. This consideration is crucial with regard to pulsed jets. Eq. 4 and
Eq. 5 enable the Cook equation to determine the water hammer pressure pwh and
shock pressure psmax [19; 20; 26].

Pwh = P " CsF " Vimpact Eq. 4
Psmax = (2..3)" Pwater_hammer Eq. 5
The variable cs,r is the wave propagation velocity and can also be equated with the

shock or acoustic wave velocity in fluids [19]. Several experiments and theoretical
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determinations elaborated the maximal possible pressure range 2...3 [27-33].
Parameter p represents the fluid’s density, and vimpact IS the impact velocity. After the
degeneration of the water hammer, the third pressure occurs. The classic dynamic
pressure poynamic IS quasi-static stress on the contamination and is determinable with
Eq. 6 and Eq. 7 [19].

1 . Eq. 6
Ppynamic = E P [Ulzmpact(]et) - v,zmpact(wall)] 4

Ulmpact(wall) = vlmpact(iet) *sin ¢ Eq- 7

Here, a differentiation in the jet vimpact(jet) velocity and the velocity at the wall
Vimpact(wall) is necessary. The variable ¢ represents the incidence angle of the jet
towards the cloth surface.

After the impact, the jet flows off laterally to all sides, influenced by the position of the
filter cloth. If the filter cloth is utilized in a filter press, the cloth is positioned vertically,
resulting in an increased flow off in a negative y-direction due to gravitation. During the
flow, other mechanical effects occur, such as wall shear stress r. The resulting
efficiency also highly depends on the flow condition, which has to be turbulent [14].
The turbulence leads to a statistically better contamination capacity of the cleaning
flow, increased mechanical stress on the contamination, and a smaller thickness of
boundary layers on the surface. Wall shear stress r, the Reynolds number Re, and the
determination of the boundary layer thickness & are explained in detail in publication 1
[18] in 5.2.

The water flows off in a trickle flow at a certain distance from the impact zone. Here,
turbulent flows are also required to achieve proper cleaning. However, a steady
decrease in the acting fluidic effects can be observed due to fluid friction. According to
Hauser [4], the velocity v(y) of the trickle flow can be described by Eq. 8.

_ 9 2 _ 2
v(y) =50 =59 Eq. 8

The variable g represents the gravitational acceleration, v the kinematic viscosity, y = 0
the velocity at the surface, and S the layer thickness (laminar flow). Further contexts
of trickle flows are explained in publication 1 [18] in 5.2. Depending on the velocity v(y)
and the value of the Re number, the flow can be even or wavy.

In conclusion, mechanical cleaning is crucial in production processes. An efficient
increase in corresponding components in the cleaning concept helps to decrease
costly and unecological components, such as cleaning agents or extensive cleaning
times. However, exaggerated mechanical influences can also damage the surface and
equipment. This aspect has to be considered in filter cloth cleaning as these textiles
can withstand only specific pressures.

2.4.4 Influence of temperature on cleaning

The influence of the fluid’s temperature has been discussed intensively for decades.
Generally, it is known that higher temperatures lead to better cleaning results.
However, Wildbrett et al. [3] explain several advantages and disadvantages of
increased cleaning temperatures. The benefits are decreased binding forces, reduced
viscosity, faster diffusion and swelling, accelerated chemical and enzymatic reaction,

better solubility and melting of fats. In contrast, the negative effects are worse protein
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removal due to denaturation, worse enzyme activity, and decreased lipid
transportability. Additionally, the adjustment to a higher cleaning temperature is
energy-consuming and costly.

Therefore, the type of contamination and the material properties are crucial in selecting
the appropriate cleaning temperature, particularly with the latter, as many polymers
can only withstand certain temperatures. Otherwise, they are damaged or deformed,
which necessitates replacement. This aspect is essential for filter cloth cleaning, as
polymers are almost exclusively used here.

2.45 Food-related contamination

In the food industry, all residues that remain in the process area after production are
considered contamination [3]. Thus, residues of raw materials or the actual food
product also become a contaminant if they remain in the equipment after production.
Also, cleaning agents and disinfectants count as contamination if they remain in the
equipment after cleaning [4]. According to Wildbrett et al. [3], food contamination and
its constituents can be categorized in the criteria of their behavior with water:

- Soluble (salts, acids, low molecular carbohydrates)
Swellable (proteins, high molecular carbohydrates)
Emulsifiable (fats, lipids)
- Suspendable (particles)

In numerous areas of the food industry, contamination is a composition of all these
components. This aspect creates a complex biological matrix, which requires individual
cleaning. In addition, the quantity and age are also decisive contamination parameters,
according to Tamime et al. [11]. Additional aging effects increase problems in cleaning
processes. Hence frequent and fast cleaning after production has to be favored in
every application [3]. Fryer et al. [34] have furthermore classified contamination in a
prototype cleaning map to quickly estimate the cleaning effort of specific contaminants
according to their properties.

Moreover, biophysical effects are another main reason influencing the degree of
contamination. Various adhesive forces between the contamination and the surface
complicate the contamination’s detachment [35]. Cohesive forces, on the other hand,
can generate strong bonding forces between the individual contamination components,
which necessitate the effects described above for the cleaning process by the cleaning
solution [16]. The biophysical principles and different influencing parameters for food-
related contamination are described in Section 5.2 or publication 1 [18].

2.4.6 Surface properties and hygienic design

The production equipment’s material, design, and geometry are decisive criteria in
cleaning processes [11]. As mentioned above, these factors can be summarized by
the term hygienic design. EHEDG [36] and 3-A [37] have published several guidelines,
standards, and recommendations for different applications in the food industry. There
are also relevant German and international standards for this industrial sector, such as
DIN EN ISO 1672-2 [10]. Corresponding guidelines include avoiding stream shades or
dead spaces in machines and transfer systems, e.g., pipes.

Firstly, the surface finish is crucial as a rough surface favors contamination adhesion.
According to the standards DIN EN ISO 21920-2 and DIN EN ISO 25178-2 [38; 39],
several methods and parameters help identify a surface’s distinct roughness. For
example, the mean roughness Ra has been a leading parameter to characterize
surface roughness for decades and can be determined using Eq. 9 [3].
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1 l
Ra=7fhi-dx Eqg. 9
0

The parameter Ra describes the roughness profile on a particular measurement line.
While the variable | describes the length of the measurement line, h;j is the distance
between the actual profile and the mean profile at measurement point i. In different
guidelines and publications, an easily cleanable surface has Ra values below 0.8 pm
[3; 40].

However, this parameter can only partly help to identify the roughness along a specific
measurement range. Thus, the mean arithmetic height value Sa helps extend the
roughness determination to an entire surface, representing the height difference
between specific measurement points and the surface's arithmetic mean. According to
DIN EN ISO 25178-2 [39], Eq. 10 can determine Sa.

1
Sa = —ff h(x,y) - dxdy Eqg. 10
Al ),

Here, A represents the regarded surface, and h is the respective height depending on
the local coordinates x and y.

Secondly, the material has a specific influence on the cleaning
success. The material-dependant wettability of a surface is
especially crucial to an efficient cleaning process. Wettability is
the ability of a surface to be coated by a liquid and how well it
will distribute and adhere to a surface. A surface with high
wettability will attract a liquid, resulting in easier cleanability.
This factor is highly affected by the surface chemistry
(interface between liquid and surface), which several
parameters can characterize. Here, an essential factor is the
contact angle 6 between a surface and the liquid (see Figure Figure 4: Determination of
4). The value of the contact angles indicates if the surface is & contactangle ©
hydrophile (small angle), hydrophobe (angle > 90°), or super hydrophobe (angle >
180°). Contact angles depend on the surface tension and are correlated by the Young
equation in Eq. 11 [41; 42].

Gas

Surface

cos 0 YLy =Vsy — Vs — Te Eqg. 11

The variable y.v is the interfacial tension between the liquid and gas phase (or
saturated vapor), also known as surface tension. Parameter ys_ is the interfacial
tension between the surface (solid phase) and liquid. Variable ysy describes the
interfacial energy between the surface and gas phase (or saturated vapor) and is also
called surface free energy [43]. The parameter 1me symbolizes the equilibrium film
pressure of absorbed vapor on the solid surface [42]. The surface free energy can be
determined using several methods with an appropriate device, such as drop shape
analysis, the Wilhelmy plate method, the Washburn method, or the top-view distance
method [44]. Ultimately, based on the studies of Fowkes [42], Owens and Wendt [43],
van Oss [45], Wu [46], and Li [47], there are several methods to determine the surface
free energy and several other parameters based on measuring the contact angle.
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The Fowkes, the OWRK, according to Owens, Wendt, Rabel, and Kaelble, and the
equation of state (EoS) methods are described in more detail in the following, as they
are standard methods in many measurement devices [43; 48-50]. According to
Fowkes [42], the interfacial tension consists of different parts, as given in Eq. 12.

Y=y +y" Eq. 12

Here, yd describes the dispersive portion of the force, whereas y" represents all non-
disperse forces (e.g., hydrogen bonds or dipole-dipole interactions). It must be
assumed that there is a geometric average between the individual components for the
solid-liquid phase boundary. Combining Eg. 12 with the Young equation of Eq. 11, the
modified Young equation in Eq. 13 is generated [43; 51].

/nd

Yiv

Eq. 13

cosf =—-1+2|yd - (—)

The OWRK method also includes the influence of any polar forces. The corresponding
experimental approach requires the use of two different liquids with a known dispersive
and polar portion of the surface tension. The surface free energy is determinable with
Eqg. 13 [43; 49; 50].

Jr /V”
L

1+cos€:2/y§1-—+2/y§’. Eg. 13
YLv YLy

Here, y.9 yiP and ys® ysP represent the disperse and polar fractions, respectively, of
surface tension yLv and surface free energy ysv. The surface free energy assesses a
surface’s wettability and cleanability using a particular cleaning fluid.

Another method is EoS, which was determined using several thermodynamical
findings by Li et al. [47; 52], using Eq. 14.

c0s0 =y + Yoy — 2</Vir Vo * e~ PBEos(YLv—Ysv)® Eq. 14

The variable Beos was determined empirically and has the value 0.0001247 (m2/mJ)2.

In conclusion, several research works have already investigated the cleanability of
woven fabrics for specific applications [53-55]. However, the respective guidelines to
improve the cleanability and hygienic design of reusable filter cloth are still missing.
Such fabrics are designed to perform efficient filtration processes and not to enable
easy cleanability.

2.5 Filter cloth cleaning - status quo

In industrial applications, the cleaning of filter cloths still follows unoptimized and rigid
cleaning regimes. They do not go along with a demand-oriented, tailor-made process
and a modern understanding of hygiene. In this context, necessary measures are the
reduction of agents and energy consumption or the shortening of cleaning and setup
times. When dimensioning cleaning processes, the filter cloths’ requirements must be
considered. Examples of existing cleaning methods are vacuum, water pressure, water
jets, ultrasonic, steam, or by hand. However, the applicability highly depends on the
industrial case and is limited by the filter cloth’s properties.

-11 -



State of the Art

Filter cloths are primarily manufactured from polymers. According to Heiss et al. [9],
polymers are generally considered less cleanable than other technical surfaces, such
as stainless steel. The reasons are less surface energy, causing worse wettability and
fat removal, and rougher surfaces. Filter cloth can be damaged more easily if excessive
mechanical forces or high concentrations of cleaning agents are utilized. It needs to
be noted that reusable filter cloths are only manufactured for a specific life cycle. The
prevailing mechanical forces during filtration and the cleaning intervals cause the cloth
to wear out. It must be replaced at certain intervals, associated with considerable costs.

Another important aspect is the geometry or structure of filter cloths. Most of them have
rough surfaces that disadvantage cleanability. EHEDG [40] defines a necessary
roughness of Ra < 0.8 um for good cleanability of smooth surfaces. However, also
higher values are possible if the cleaning process, wash fluid rate, or other features
compensate for poor surface roughness. The latter aspects must be targeted in
designing an efficient cleaning procedure for filter cloths.

There has already been research on cleaning woven filter cloths. Stahl et al. [56]
developed the first cleaning test for filter media. Weidemann [53] investigated
backflush cleaning using filter media loaded with model contamination. In a
corresponding publication [57], the W number as a dimensionless number was
introduced, helping to describe the cleaning behavior. The first study concerning
cleaning textiles in a food application was conducted by Moeller [54], where he
investigated textiles for fermentation in the baking industry. For sticky doughs, he even
favored textiles in contrast to smooth surfaces. Ultimately, Morsch [55] conducted the
first beverage-close studies, using spent grains to evaluate the functionality of an
automation concept for cleaning operations.

Overall, there is still a significant demand for further insights and research activities.
Table 1 sums up the challenges compared to modern cleaning concepts.

Table 1: Overview of the status quo of filter cloth cleaning

Technical problems Cleaning process Digitization/Sensors Contamination
Complex cleaning Rigid & conservative  No cleaning Complex residues of
necessary concepts monitoring different materials
Process limits Considerable lack of  No cleaning sensors Clogging of filter cloth
(temperature/chemistry)  optimization meshes by solids
Large contaminated Long cleaning & No residue analysis Often broad particle
area downtime for spent grains size distributions
Different materials to Often extensive use Digitalization

be cleaned of cleaning agents potentials unused

Complex equipment Often high work &

personnel effort
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3 Thesis Motivation

This thesis investigates the cleaning of woven filter cloths in the food industry with the
brewery-based case study of mash filters and the removal of spent grains from filter
cloths. Spent grains are sticky, particle-based cereal residues and often remain after
filtration on the cloths, requiring extensive effort. However, filter structures are often
intricate and not according to standard hygienic design guidelines. There is constantly
a serious risk of poor-performing subsequent filtrations and cross-contamination.
Existing cleaning methods are rigid and highly depend on the operator’s experience,
causing an uneconomic and unsustainable process. The need for novel technologies
is tremendous.

There are many open questions from a scientific point of view, such as cleaning
mechanisms or scientifically substantiated process recommendations. Detailed
consideration and discussion of possible cleaning strategies are only possible if
different disciplines are engaged. These areas are food technology (product
characteristics and hygienic requirements), biophysics (contamination adhesion),
process engineering (residue detection, cleaning parameters), material science (cloth
material), and fluid dynamics (wash jets). It is essential to involve different cloth
parameters to understand cleaning mechanisms and gain knowledge for food
applications. Further research requires the combination of contamination detection,
detailed consideration of cloth properties, and the selection of new ideas about efficient
cleaning concepts for food applications.

Subsequently, the following research hypotheses were selected for this thesis:

- RH 1: The precise detection of spent grains on filter cloths can be achieved with
contactless image processing techniques, enabling efficient residue detection in an
industrial environment.

- RH 2: The filter cloth’s structure (e.g., mesh size, weave type) significantly
influences the cleaning efficiency and requires individual hygienic design concepts.

- RH 3: Backflushing and forward flushing are beneficial cleaning methods and have
individual advantages, like releasing and transporting contamination.

- RH 4: Pulsatile jets enhance cloth cleaning significantly and enable ecological and
economical cleaning processes in mash filters.

This thesis, which comprises a series of four publications, is intended to answer these
hypotheses. The overall question with high interest for industrial application is derived
from these research hypotheses and is the following:

How can filter cloth cleaning be performed efficiently for mash filters?

The systematic analysis of the given hypotheses required the conceptualization of a
structured research plan. For this reason, the following main research topics were
clustered in the four different publications: the development of new cleaning concepts
for filter cloths in the food industry, the cleanability of filter cloths, pulsed forward flush
cleaning, and pulsed backflush cleaning.

The entire concept of this thesis, with the segmentation in the different subchapters, is
illustrated in Figure 5.
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4 Material and Methods

4.1 Experimental cleaning devices

The experiments were conducted on two different setups developed on different
scales. Both were prototyped for the experimental section and automated specifically.
The laboratory cleaning device was based on previous research works, like Ulmer [58],
where a similar system showed promising results. This setup was used to analyze
forward and backflush cleaning using continuous and pulsatile jets in detail. Further
information about the setup and the cleaning evaluation can be found in research
publications 3 and 4 [59; 60] in Sections 5.4 and 5.5.

In contrast, the automated cleaning device on the technical scale for a medium-sized
mash filter was specifically designed for this thesis. This system was necessary to
observe the cleaning mechanisms of wash jets impacting filter cloths in detail and on
a bigger surface. Further technical insights, the respective automation concept, and
possible image detection methods can be found in publication 2 (see 5.3) [61].

4.2 Applied filter cloth

The filter media used in this thesis were all textile fabrics based on their woven
structures. Filter cloths and their specific properties are also explained in more detail
in all thesis publications [18; 59-61]. In this experimental section, various filter cloths
were applied to examine different properties in their impact on cleaning processes.
Table 2 provides an overview of all filter cloth types employed. The filter fabrics were
selected based on their applicability for mash filters or on significant differences in
mesh size and thread thickness.

Table 2: Applied filter cloths and their specific properties; PP = Polypropylene; PET = Polyethylene

terephthalate, PA6.6 = Polyhexamethylene adipamide 6.6; TWL = Twill weave; PLN = Plain weave;
PRD = Plain reverse Dutch weave; STN = Satin weave

Manufacturer description  Material Weave pattern Mesh sizes [um]  Thickness [um]

05-1001-SK 020 PP STN 20 500
05-1001-K 043 PP STN 50 540
05-1001-K 70x320 PP TWL 80 & 100 530
05-1001-K 120 PP TWL 80 & 100 480
05-1001-K 215 PP TWL 80 & 100 480
PP 2436 (cal.) PP PLN (multi) <20 780
07-76-SK 022 PET PRD <20 185
07-90-SK 012 PET PRD <20 80
03-1001-SK 066 PA6.6 PLN 50 520
03-1010-SK 038 PA6.6 STN 20 470
03-1001-K 080 PA6.6 STN 80 & 100 pm 520

4.3 Surface roughness determination

The psurf mobile confocal microscope (NanoFocus AG, Oberhausen, Germany) was
used to determine the surface roughness. In addition to its large depth of field, it is
possible to determine the surface roughness and the 3D profile of the filter cloth
surface. The generated data can be evaluated with the software SensoMAP Mountain
View. Filter cloths to be measured are illuminated with a confocal point sensor through
a narrow aperture. This procedure illuminates only a small point-shaped area of the
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test surface. A detector photographs the same section with an equally large aperture
in front of it. The focus of both apertures is in precisely the same place so that both
coincide at the same point (lat. confocal = together). This aspect ensures that light is
only reflected from the surface if it is located precisely in the focal plane of the target.

4.4 Surface tension determination

The DSA25E contact angle measuring device from KRUSS GmbH (Hamburg,
Germany) was used to measure the contact angle. The main components are a
camera and a light source opposite the camera. The test liquid can be applied via
microliter needles to a height-adjustable sample table. Dosing is automatic and can be
preset to microliter accuracy. The filter cloth to be tested can be applied to the sample
table and sampled directly. The measurement and evaluation took place in real-time
with appropriate evaluation software. The software automatically recognizes the
droplet and its shape based on the contrast to the measuring environment. From this,
the contact angles can finally be determined. With the aid of the OWRK and the EoS
method, it is possible to determine the surface tension and other parameters (OWRK
can also determine the dispersive and polar fraction).

4.5 Contamination preparation

The contamination was based on spent grains. For this purpose, Pilsener malt
(Mich. Weyermann® GmbH & Co. KG, Bamberg, Germany) was prepared according
to the congress mashing method of MEBAK [62]. However, a hammer mill (Perten
Instruments GmbH, Hamburg, Germany) was utilized for the malt milling deviating from
the original method. For mash filters, hammer mills are preferred as they can generate
a finer malt grist. For the malt, the standard analysis of the properties is shown in Table
3.

Table 3: Properties of an applied Pilsener malt by Weyermann® (Batch number: T253-21110025-02)

Parameter Value
Moisture 4.4%
Extract 78.3%
Friability 89.6%
Glassy corns 1.6%
Protein content 10.3%
Soluble nitrogen 687 mg/100 g
Kolbach index 41.7%

The preparation of the congress mash was conducted in a DIMB-12 mash bath
(Altmann Analytik GmbH & Co. KG, Gablingen, Germany). In this mash bath, 200 ml
of demineralized water was warmed to 45°C and then mixed with 50 g of the malt grist.
It was then held at a temperature of 45°C at a stirrer speed of 90 rpm for 30 min. The
temperature was raised to 70°C, and 100 ml of demineralized water at the same
temperature was added. For the next 60 min, the mash was constantly stirred. The
congress mash was then cooled to room temperature and then brought up to 450 g
with demineralized water.

This method achieved a standardized fouling matrix for filter cloths, which simulated
an industrial application. This model contamination served as a uniform contaminant
and can be prepared worldwide reproducibly. Its particle sizes were measured by a
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Mastersizer 3000 (Malvern Instruments, Malvern, U.K.) and ranged from >5 um to
1,000 um, with the most significant proportion ranging from 20 ym to 225 um.

4.6 Contamination of the filter cloths

For the cleaning evaluation, filter cloth samples were moistened and prepared for the
application of the mash with a contamination stencil. Afterward, a measured mash
volume was pipetted into the stencil, resulting in a determined size and height
contamination spot. The utilized filter cloth size, preparation method, necessary mash
volumes, spot sizes, and post-treatment depended on the applied setup and are
explained further in the respective publications in Chapter 5 [59-61].

4.7 Cleaning analysis

After its standardized contamination, the filter cloth was ready for the cleaning
evaluation. For this purpose, the filter cloth sample was inserted into the corresponding
cleaning system, and the respective cleaning parameters were adjusted. For the semi-
online analysis in research publication 2 (5.3) [61], a VW9000 high-speed camera and
a VH-Z20R/z20T lens (Keyence Corporation, Osaka, Japan) were employed, allowing
time-resolved recording of the filter cloth cleaning processes.

In research publications 3 (5.4) [59] and 4 (5.5) [60], the offline cleaning evaluation
was performed via a 2000D digital microscope (Keyence Corporation V.H.X., Osaka,
Japan). This microscope enabled a detailed analysis of the achieved cleaning success
by giving a profound insight into deeper layers of the filter cloth via the magnification
of 20. A scientific conclusion about the efficiency of the selected cleaning method was
consequently achieved.

The acquired videos and images were processed via a developed algorithm (see 4.8)
to determine contaminated spots on the filter cloth. This method determined different
cleaning key figures, like the degree of cleaning G or the cleaning homogeneity H.F.

4.8 Algorithm development

The cleaning performance was analyzed with a novel algorithm based on the detection
of the contrast between contamination and filter cloth. For this purpose, MATLAB
(versions 2016a-2019b; The MathWorks, Inc., Natick, MA, U.S.A.) was used to identify
and quantify contaminated spots on the filter cloth. The algorithm was able to process
single images and videos to determine specific cleaning performance indicators, such
as the degree of cleaning or homogeneity. Further details concerning the algorithm
development can be found in the thesis-related publications in Chapter 5 [59-61].
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5 Results — Thesis Publications

5.1 Summary of the results

This chapter highlights the summary of the peer-reviewed publications and illustrates
full copies of these publications. The copies are used with the permission of the
respective authors and are open-access publications of the respective journals.

Part 1 Why can filter cloth cleaning be challenging in the beverage industry?
: What innovative concepts could enable efficient processes?

Section 5.2

Title The Challenge of Cleaning Woven Filter Cloth in the Beverage

Industry - Wash Jets as an Appropriate Solution

This literature review highlights the challenging situation of cleaning beverage-related
residues from filter cloths.

In the first step, the cleaning goals in the beverage industry are discussed in the context
of the complex geometries of the most available filter cloths. These have, in many
cases, intricate structures and rough surfaces, resulting in poor cleaning results.
Furthermore, the design of a suitable cleaning concept is also limited. Cleaning
parameters must often be limited to specific values as the cloths are made of polymers,
withstanding only certain temperatures and agent concentrations. Secondly, the
biophysics of contamination sticking to surfaces, such as filter cloths, is discussed,
highlighting adhesion and cohesion. The third part of the publication discusses the fluid
dynamical fundamentals of jet-cleaning woven filter cloths. Here, the different steps of
a nozzle-sprayed jet, streaming over a certain distance and impinging on the cloth’s
surface, are reviewed in detail. The necessary parameters and the theoretical basics
of optimal settings for jet cleaning are considered. This section also includes possible
nozzle geometries and how they influence cloth cleaning. The last part of this
publication examines potential designs for future cleaning concepts. Besides a
theoretical comparison of forward and backflush cleaning, the promising concept of
using pulsed jets is highlighted. This process design has been focused on in the last
few years as it has already shown cleaning enhancements in other areas of the food
industry.

The review’s conclusion includes the most crucial cloth cleaning parameters. Here, it
is implied that most of the available filter cloths contradict modern hygienic design
principles. Such filter cloths are designed for high filtration processes and not for
excellent cleanability. So, this paradox needs to be addressed in future research.
Additionally, jet cleaning in state-of-the-art and novel technologies is concluded as the
most efficient cleaning tool for filter cloth. Here, all necessary parameters are
adjustable, resulting in flexible and efficient cleaning procedures. The disadvantages,
like possible high water consumption, have to be countered with research studies and
new concepts, such as using pulsating jets.

Authorship contributions:

The doctoral candidate planned and structured the review article. He was responsible
for the literature reviews and final draft of the manuscript. The co-authors critically
reviewed and edited the manuscript. All authors have made a substantial, direct, and
intellectual contribution to the work and approved it for publication.
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Part 2 How does the individual filter geometry influence cleaning? What are
. the most influential cloth parameters on cleaning?

Section 5.3

Title Jet Cleaning of Filter Cloths Used in Solid-Liquid Sseparation: a High-

Speed Video Evaluation

The second publication investigated the jet cleaning of spent-grain-loaded filter cloths.
High-speed imaging techniques are used to analyze the cleaning progress of 11 filter
cloths time-resolved. The filter cloths varied in properties, such as weave, mesh size,
and material. The first two parameters, in particular, resulted in an individual filter cloth
geometry for each filter type, which was also reflected in the measured roughness
values (Ra and Sa). The filter cloths were contaminated with spent grains in a
standardized procedure in preliminary steps and then clamped in the filter cloth device
of a pilot mash filter. This device simulated the hanging of a filter cloth in a mash filter
in a practice-oriented setting. An automated cleaning apparatus was used for the
cleaning experiments. This device could precisely shoot a cleaning jet into the center
of the created contamination spot. The high-speed camera captured the complete
cleaning process in 2 s. Subsequently, the contamination state was analyzed in a time-
resolved sequence, which allowed an evaluation of the cleaning efficiency and
homogeneity at each stage.

From the results, critical cleaning points were derivable and categorized into the most
decisive cleaning parameters. The publication concluded that there were huge
influences on cleaning between different filter structures and weave types. For
example, close-mesh cloths have smoother surfaces that facilitate cleaning. On the
other hand, coarse structures, in combination with flow channels on the cloth’s surface,
can impede cleaning.

The findings allowed the cloth cleaning to be divided into three stages, each
significantly influenced by the cloth’s properties. The first phase represented the time
during the initial impact of the jet. Here, the most intense fluid forces break up the
contamination layer, creating a significant cleaning effect. Here the jet was distributed
to all sides of the impact zone resulting in the radial flow zone (RFZ) and equal cleaning
effect on all applied filter cloth types. In phase 2, the cleaning effects started to deviate
between the cloth types caused by the filter geometry. Additionally, with the growing
distance from the impact point, the cleaning effects started to decrease, caused by
fluid friction and less wall shear stress on the cloth’s surface. In phase 3, a constant
level of cleanliness was observable, indicating no further cleaning effect.

The results help to understand procedural cleaning mechanisms in cloth cleaning and
to find the principle aspects for corresponding hygienic design guidelines. The
identified cloth parameter can help to select a suitable cloth that meets the
performance demands during filtration and reasonable cleanability. Furthermore, these
findings can support the development of new cleaning concepts.

Authorship contributions:

The doctoral candidate reviewed the corresponding literature, designed the
experimental study, developed the algorithms, conducted the experiments, interpreted
the acquired data, and drafted the manuscript. The co-authors critically supported the
experimental study design and algorithm development and reviewed and edited the
manuscript. All authors have made a substantial, direct, and intellectual contribution to
the work and approved it for publication.
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Part 3 Forward flushing: What is the best concept for cleaning filter cloth
e
Section 5.4 | Y59 Jets?
Title Pulsed forward flushes as a novel method for cleaning spent grains
loaded filter cloth

The third publication focused on the forward flush cleaning of filter cloths with
parameter and method variation. To simulate real-world contamination, spent grains
were utilized with the developed standard method explained in Chapter 4.5.
Additionally, two cleaning methods were applied and compared directly with each
other. The standard method featured a continuously flowing cleaning jet with longer
process times. The second method was based on pulsed cleaning jets applied to the
filter cloth in very short sequences. The cleaning experiments were performed in a
laboratory setup, which provided a standardized cleaning environment and a high
sample throughput. Lastly, the analysis of the cleaning success was performed with a
digital microscope to detect any remaining contamination after cleaning with a high
degree of accuracy.

The results showed that pulsatile forward flushing via jets is ecologically and
economically advantageous. Applying short pulsed jets towards a contaminated filter
cloth achieved up to 30% higher levels of cleanliness than continuous flows.
Furthermore, the technique consumed up to 50% less cleaning fluid in combination
with shorter cleaning times. Pulsatile jets enhanced the mechanical cleaning effect
tremendously. The continuous renewal of the effecting forces and an increased wall
shear stress improved the cleaning efficiency. Another crucial parameter was a longer
pulse pause length which increased the level of cleanliness until a specific value. Here,
the wash fluid of the previous jet could flow off, decreasing the cushioning liquid film
and boundary layers on the contamination. Additionally, the first jet rewetted the
contamination, and during the pulse pause, diffusion of the cleaning fluid into the
contamination could occur.

The results showed the minimum cleaning settings to clean filter cloth loaded with
spent grains. Moreover, the pulsatile forward flush cleaning was economically and
environmentally advantageous. Thus, these results can help breweries identify new
mash filter cleaning technologies.

Authorship contributions:

The doctoral candidate reviewed the corresponding literature, designed the
experimental study, developed the algorithms, conducted the experiments, interpreted
the acquired data, and drafted the manuscript. The co-authors critically supported the
experimental study design and algorithm development and reviewed and edited the
manuscript. All authors have made a substantial, direct, and intellectual contribution to
the work and approved it for publication.
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Part 4 Is backflushing of filter cloth an option for efficient filter cloth cleaning
. : o : >

Section 55 | M the beverage industry? Are pulsatile backflushes advantageous”

Title Investigations on Backflush Cleaning of Spent Grain-Contaminated

Filter Cloths Using Continuous and Pulsed Jets

The fourth publication investigated the backflushing of filter cloths. Here, a parameter
variation in combination with pulsatile and continuous backflushes was utilized. The
same laboratory setup and contamination method were used as in publication 3in 5.4
[41]. This factor facilitated high comparability between both cleaning techniques. Two
different filter cloths were employed that mainly differed in the mesh sizes and weave

type.

The comparison of the two backflushing procedures for mash filters demonstrated fluid
dynamical, procedural, and economic differences in cleaning. In particular, pulsed
backflushes showed higher efficiency in achieving cleanliness faster with less cleaning
fluid consumption. In conclusion, the pulsatile cleaning method enabled higher
efficiency, improving filter cloth cleaning ecologically and economically.

In addition, the backflow factor of the two employed filter cloths was determined. This
parameter is the proportion of the water that can flow through the filter cloth and reach
the adhering contaminants on the other side of the cloth. The other proportion of the
water flows off laterally at the cloth surface and has no cleaning effect. Larger mesh
sizes allow more significant amounts of water to flow through, which thus increases
the backflow factor. It can therefore be concluded that cloths with larger meshes can
be back washed more efficiently.

In addition, the tests showed that a specific inflow speed is crucial for achieving a
sufficient cleaning effect. Thus, a certain velocity is required for significant mechanical
cleaning effects on the adhering contamination on the opposite side of the cloth. The
mesh size also plays an important role here since a comparatively higher velocity is
required for smaller meshes.

The results led to a better understanding of the cleaning effects of backflushes on
woven filter cloth soiled with simulated real-world contamination. Respective
advantages and disadvantages of backflushes were shown, and pulsed flows,
particularly, were presented as a beneficial principle for future cleaning concepts.

Authorship contributions:

The doctoral candidate reviewed the corresponding literature, designed the
experimental study, developed the algorithms, conducted the experiments, interpreted
the acquired data, and drafted the manuscript. The co-authors critically supported the
experimental study design and algorithm development and reviewed and edited the
manuscript. All authors have made a substantial, direct, and intellectual contribution to
the work and approved it for publication.
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5.2 Publication 1: The Challenge of Cleaning Woven Filter Cloth in the
Beverage Industry - Wash Jets as an Appropriate Solution

Food Engineering Reviews [2020) 12:520-545
hittps/dolongy 10, 10075 1.2 393 -020-092 28-x
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The Challenge of Cleaning Woven Filter Cloth in the Beverage Chegk for
Industry—Wash Jets as an Appropriate Solution

Roman Alejandro Werner ' (5 - Dominik Uirich Geler' - Thomas Becker'
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Abstract

Beverage pmduction requires many different and complex unit operations. One crucial procedumnl stepis fltmtion. Typical filters
ame filter presses, candle filters, membrane Glters, belt filters, and drum Glters, which requine considerable hygienic pre@mution and
the apphation of appopriate cleaning concepts, In the lest decades, the hygmenic design has become a centml design feature of
equipment in the bevempge and food industries. Today, also cormespondent concepts reganding filtercloth mcressingly come to the
fore. However, filier cloth cleaning is mpidly fieing limitations. Complex filter geometries originating from different guses and
sensitive polymeric materials hinder efficient cleanmg. Additionally, extensive biological residues adhenng to the filter surface
mereass the challenge of ceanmg. The goal of this paper s to outline the cleamng of woven filker cloths systematically with a
particular focus on beverages and comespondent biophysical interactions between filter and residue. Based on these ekemental
cleanng limits of filter cloths, this paper focuses mamly on jet cleaning as ong of the most appropriate cleaning methods. The
flow-mechanical properties are discussed in detal since these are precisely the pammeters that, on the one hand, desoribe the
undemstnding of the cleming process and, on the other hand, show how a wash jet can be adjusted precisely. In contrast to
conventional cleaning technigques, such wash jets are expeditions to adapt and offer the best prerequisites to enable demand-
onented and optmized cleaning concepts. The latest research and approaches are enhmmeing jat efficiency and highlight their
potentials for fiture process srategmes.

Keywords Clearmng - Filter madia - Filter cloth - Biophysics of adhesion - Wash jas - The bevernge mdustry
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Leta potential [V]
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Introduction

Filtratiom is a central unit opemtion in modan bevemps pm-
duction. In many relevint applications, filter media are the
centerpisce of filtration systems. Filter systems comprise a
filter medium featuring the bamer function and an apparatus
keeping the filer medium in the desired position and provid-
ing mechanical functiomality [130]. Filter media, eg.. woven
filter cloths or membranes, repulate filtmtion pocesses via
pore siees, adhesive material properties, orotherspecific char-
actenistios [145]. Inthe beverars mdustry, filter media assist in
creating interstage products or the actial final products for
consumption. They avoid unw mted trbidities or deposits that
uwsually do not fit into the general consumer pereeption of
healthy merchandise. Basides, the fltmtion of beverages re-
sults in longer siorage life and meresses beverage stability dus
to the removal of microorgmnisms and suspended solids [25].

Textile fiker cloths are present in numenus forms and have
applications in beverags production. Due to mensasing consum-
er mitersst, product safety, nd new legal raquirements, the G-
tmtion ndustry highlights research nd development of filter
cloths, Since demdes, pobpropylene polvetviens, polyesier,
or pobvamide polvmer filter cloths are state of the art [32, 66,
103]. Such filters merase Glimbon performance and svstem
durahility. However, after filration, cohesive filker cakes re-
quire a full dischargs to guamnies efficient fltration of subse-
quent batches, Unfortunately, this discharge is mostly incom-
plete, md the remaining residues need a sepamte removal [92,
166]. Production conditons (&g, temperatune, cake sieg) Bvor
residue adhesion on the flter surface, which results i filter
blinding and fouling [47]. A closer look at filter cloth ceanmng
meviedls a big dilemma During the filtmtion process, the gowth
of a filter cake on the filter surfice is nessary o penerate
sufficient filtration performance and produd vidd. However,
this desimed adhesion has a detimental effect on the ckeaning
process, Residue removal is only successful if the adhenng
forces are overcome [45, 92, 13 1], It an thus be concluded that

filter cloths ame designed for proper fikration performance and
not for optimal clemability [156]. Nevertheess, damability
determined by the combimation of the surface propertes and
the contamination type is essential in order to avoid
production-relted spoiling of bevemzes,

For decades, cleming is one of the pnmary endeavors in
food and pharmaceutical processimg plants [21, 63, 101, 106,
160]. This testimony of the htemture meorpomtes the devel-
opment of appropriate design fetures of the equipment. In
mechanial engineenng, the construction of easily clemablke
surfaces and hygenic production equipment are stmdard fea-
tures of hvgienic devign. The main goals ane safe and efficient
cleanmg in production cveles and the avoidance of cross-
contamination [114, 123, 124]. However, mespective regula-
tions or concepts for filter media are still unknown [106]. Due
to mvolved, unpredictable bevempe residues, orgmic and in-
organic foulmg decrease product safety, Altration perfor-
manees, and cleaning efficiency [160]. Especially water-
insoluble particle contamination adheres to fiker cloth dus to
adhesive forces, If located in the imner filter structune, they ane
difficult to remove using water or claming agents [45, 97,
176]. These reasons postulate the use ofrelable cleming con-
cepts. Regquirements for a suitable cleamability have to be as
high as the requirements for the process itself [167].

Consequently, it is necessary to extend efforts in cleaning
resgarch and development. In the beverage industry, water
cleaning (rinsing or mixed with cleming agents), which is
common in cleming tanks or pipe systems, removes residuss
efficiently by wash jets [52, 160]. Indeed in the future, it is
inevitable to highlight water jets for cleaning of filter cloth
mersasingly, Exemplary wash jat svstems already cary out
cleaning tasks in flter presses or belt flters. Pammeters like
nozzle geometry or opemting pressune ensure adjustable and
sufficient cleaning efficiency [101]. There is, however, still a
signmificant deficiency in the concept design, processing
knowledee, and ecolomeal and scomomic optmization, which
hawve to be surveyed by cormesponding research efforts.

The foous of this review article & the cleaning of filter cloth
with wash jets apphied in the production of bevernges, An over-
view of filter cloth and design fantures shows s potenfials and
limitations in claning processes. A review of the biophysical
properties delivers insight into interactions betwesn bevemps
contamimnants and filter cloths mmd how they have to be eueeded
by a wash jat. Finally, the application of wash jets for the
claring of filker media s part of a discussion. The datailed jat
analysis ndudes the fuid mechanical primaples while leavng
the nozle, impacting on the filter surficeand removing residues.

Goals and Importance Regarding Cleanability

Careless treatment and incormect processing of beverages
cause diseases or negatively influence health, During

&1 Springer
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prodduction, beverapss can easily absorb contaminants, micm-
organisms, or other particles, which are unfit for consumption,
unhealthy, or even toxic, In the production chaim, mdustrial
equipment nesds clkaning concepts that agree to the highest
possible hygienic standands [78, 122, 147, 178]. The signifi-
cance of cleaning processes also becomes apparent in the
numberof guidelines and configuration proposals forhvgenic
design m the food-producing industry. According to the lter-
ature [45, 47, 177], the goak of sufficient clemabiity are as
folbowes:

*  Remowal of deposits (constant equipment performancs)

*  Clerance of beverags armears (prevention of microorgn-
ism gmwth)

*  Fulfilment of consumer requirements (healthy and safe

products)

+  Achievement of secure production cveles (avodance of
Cross-comtamination )

*  Extension of equipment lifie and long-term maintenance of
val ue

In separabon processes, Alter media are i direct contact
with the product, which requirss an incressed awanness when
designing cleaning concepts. Spoiled filter media need suffi-
cient and exact adjusted cleaning concepts, which reliably
remnove residues and provide clemn conditions for subsequent
product eveles. The spea fic objectives of filter cleaningare as
follows:

= Sufficient cake dischargs

+  Sucessful removal of rssidues and fouling

*  Gentle treatment of flter media (extended hifetime)

*  Using less concentrmted chemicals (sconomic and ecolog-
it advantapes)

+  Short cleanmyg tmme (avoidance of extendad downtime)

Filtration processes in the beverage industry stabilize final
products or convert pre-stages [ 13]. After filtmtion, many sub-
stances remain as residuess on the filter cloth. Soil is
cateporizable acconding to physical, chemical, or microbio-
logmeal erteria [173, 177]. Bevermges consist of different in-
gredients like protans, catbohydrates, or faits, which form a
complex biologeal contamination matrix [ 15 1], Furthermaore,
specific fundamental removal mechanisms complicate
cleamng Table | chamctensss different residue tvpes, their
oceurrence, and cleaning as an unpredictable bottleneck in
modern beverage pmocessing.

Waowven Filter Cloth—a Hard-to-Clean Surface

Filter cloths consistmg of plastic polymers (e.z, polypropyl-
ene and nylon) mepresent the most significant market share

4] springes

amimy filter fabnics, which underlines their economic rele-
vanes [103, 130]. The main utilizations are solid—lguid sepa-
ration processes like cake Gltration and surface filtration,
which are common in the beverage industry [5, 13].
Conceming beverages, exact and sparmg filtmtion is inevita-
ble to sepamte solids from liquids while keeping vahuble or
valug-adding substances in the pmoduct. Filter cloths are
nsertable into different Alter svstems and thus guarantes fex-
ibility and precise sdectivity (see Table 2). Aperture sizes or
pore sizes—resulting from thread thickness, weave, and
construction—have to be product- and residue-specific. Due
to these rensons, filter cloths create compled and hard-to-clean

geometnes with high surfice mughness.
Filter Cake Formation and Fouling on Filter Media

Filter cakes (retentate) prow over time and ane the most used
mechanism for fltration [66]. In general, the classification of
cake filtration is possible in two catepories: cmoss-flow filtra-
tion describes a tangential product appmoach flow towand filter
media by keeping filter cake thickness constant in a defined
siog [28, 167] In contrast, dead-end fltmtion is more static
retentate particles cluster on filter suface while filter cakes
expand [39]). Large metentate frapgments genstate permeable
cakes where fluids have many passing possibilities.
However, smaller particles result in more dense, filter
perfomanes-reducing cakes. In the beverage industry, pm-
duction operators often add Glter aids (e.g., distomaceous
earth or perlite) if the product to be filtered is not capable of
satisfactory separating processes [ 13].

Durmg bevemge fltration, the fouling of flter media al-
wiys oocuns due to retentate or product contamimation [86].
Process performances (flux) will decrease with time, and
grve pore blinding is caused [17, 96, 167] Although this
problem s more sevens in membranes, it also plays an essen-
tial role in filter cloths due to production hmitations,
Consequently, after almost every filtration process, sufficient
cake discharges have to take place to ensure proper filtmtion
performances i subsequent product eveles and process cost
reduction [66]. Cake decharge occurs by gravity (e, Ailter
press ) or mechanically using cutting or vibration-based equip-
ment [173]. However, lamge amounts of residues remain on
filter cloths due to the moisture of solid-liquid opemtions
[66] In this context, water jets are the ideal cleaning option
for combining mechanical cleamng efects with chemical

additives,
Filter Materials

Besides the Alterability, cloth matenal also detenmines the
cleanability [130]. Leipert and Mirschl [92] showed that poly-
mer filter cloth showed no differences in cleanability. Since
polymers basically have similar matenial features and thus
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Table 2 Applications of filier cloths in the beverage indusiry

Application Filier aysiem Task Refenence

Waler treatment vy filier, (vacuum) belt filker Separation of solide (89

Wing Filter press Decmase of must tuyidity [44]
Clarification of polyphenols and polysace harides [Re]

Baer {pre-stage mash) Filter press, mtating disk filker  Separaie beer wort from spent grain [112]

Symups and brines Filier press Removal of unwanted particles; sugarcane juice production [13]. [B&]

Fruit and vegetable juices Belt filier, filier press, filter Detachment of suspended and colloidal particles [167], [68]

centri fuge Removal of polyvinylpelypymolidons- or bentonite-trested product  [151], [184]

Separation in pulp and (microorsniam-free) clarifled juice [28]

Prosduct recupe ration via Filter cenirifuge, filier press Removal of yeast cells (defined size) M

yead separation (beer, wine)

interface properties, the cleming dependency between differ-
ent matenals s negligible. However, the cloth material re-
quires careful considemtions regarding chemical and physical
resistivity and sensitivity. In sepamtion processes, different
pressures, tempemtune levels, or other special conditions oc-
cur. Although they are not as extreme as m the chemical m-
dustry, filter materials have to resist environmental conditions
well enough to gpusrantes acceptable lifd mes [5]. This fact is
also crucal for the cleaning and regenemtion of filter cloth by
using increased process parameters and high-concentrated
clearing agents. By the current state of scientific knowledze,
the application range of cleaning is lmited in the beverage
industry. Because of high hy mene stindard s and microbiolog-
ical safety, the use of chemical cleaning agents is, in most
cases, mevitable [160]. Mevertheless, the vanous kinds of
polymeric filter cloth are sensitive at certam processing or
cleaning conditions due to spea fic matenal properties. Also,
national or international laws, eg., FDA regulations, have to
be considersd when choosing the material. Pobmer fibnics
require sufficent dechration of conformity as mdrect food
additives, and ako corrsponding threads have to agree with
equivalmt legislation [5]. An additional coating of yams or
complete filer fabncs ako has to comply with legal require-
ments as well [130]. Table 3 mves an overview of the proper-
ties of different filter media materials (flter cloth m part ailar
and also membrmes). The averag: values of the specific ma-
teriml properties mvenin Table 3 onginate foom the scimtific
literature and the onling database CAMPUS (Computer-Aided
Material Preselection by Uniform Standards).

In most cases, these values depend on the manu facturer
(here with the example of the RIWETA 4.2 online database),
which can lead to individual deviations in the properties of
commercially available polymers, The selection mnd the appli-
cability of the material depend on the process, product, per-
formance, and desired cleming behavior. Regarding cleanmg,
the most certam characteristics are mechanicl and chemical
factoms due to their strong influence on the filter lifetime.

Additionally, a high dependency batwem material and clean-
ahility regarding surface properties like free surfaice energy is
expected [20, 21, 71, 101, 102].

In the beverage industry, most common chemical cleaning
agents are strongly akaline or acidic, which are potentially
abmsive to swnthetic yvarms [160, 167]. Novel agents, includ-
ing oxidizers or emeymes, inmease ckeaning and disinfisction
efficiency. However, they are difficult to handle (ensymes) or
considered to be the most dangerous agent type (oxidants).
Grenerally, chemicals have to be used in exact concentmtions
to guarantss sufficient cleaning and to ensume that no contam-
ination remains. Considenng the problematic cleanability of
filter cloths, incomectly concentmted agents reduce the stabil-
ity and lifetime of a filter dus to abrasive effects and resulting
vam impairment. These unwanted aspects result in more fre-
quent cloth changes, more extendad system downtime, and
higher processs costs. Regarding physical stress, abmsion is
caused by temperature gradients, filtmtion pressures, mechan-
ical cleaning, orthe product to be filterad. If thers are particles
with sharp edges, the filter cloths have to be designed robustly
and stiffly [66].

The challenge of choosing the right material beooymes appar-
ent egarding the two most common filter polvmers (see
Table 3). According to Hormoks and Anand [66], polypropyl-
eng 15 the most widely used thraad matenal m solid—liquid
separations due to its high acidic and alkaline resistance.
However, this polymer is susceptible to oxidiang agents md
has low physical resistance to mechanical stress (e.g., high em-
peratures ). In contrist, pobamide offers high abrasion resis-
tance but has weaker chamcal resistance. In conchision, thers
is a considernble need for better adjustable claning mecha-
nisms, e, via wish jets, o extend the lifstime of flter cloths.

Mesh Types

Since humans started to weave yans into textiles, a variety of
different weaves found their way into everyday life Many of

&) springer
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Table3 Owerview of differnl maierials wsed for filler media
Majierial Abbreviation Chemical cleaning M imal (Physical) Alsorbency Additional remarks References
agent resistance working awasion  for water (% Generally meferenced
emperalre  fesisanoe  wi) by the CAMPUS
Acid Allali Owidant [C] online database [27]
and with additiomal
reflerences below
Polywimylidene PVDF - + 120160 ++ fL.1-14  High [130; [135]; [1800;
Theoride hydrophobicity [@1]; [81]
inhibits fil tration
Polyethersul fne PES H o+ - 1% ++ T2 Prone to fouling [134], [55], [185],
[13%-143]
Polyamide 6.6 PAGG - ++ - 105120 ++ 6583  Common material [130], [14], [66]
for filter cloth
Polyamide 12 PAl2 - ++ - 105120 ++ 6583 High physical [17349], [66]
fesistanee
Polypropylens PP +H - 120 + 00101 Common material — [130], [66]
for filier cloth
Polyamide & PAS - L] - 1051200 ++ 6583 Low resistance v [1307, [139-143]
chemical
cleaning agenis
Polyethylene FET + - 0 106k ++ 0205 Poor to chemical — [14], [139-143]
ierephiha late cleaning agenis;
stable i
beverage
ingrediens
Polyethylene FE i - 6574 (1d; 1] i Mot whil imed [1:30], [66]
= High density (hd) G110 polymer maierial
= Lioww density (1) {hd)
Palybuwtylene FET + L] 1] 106k ++ 025-kS  Similar roperties  [66], [139-143]
ierephiha late as FET
Polyether e ther ketone  PEEE + + L] 220 ++ 0305 High-emperamre  [66], [6]
tolerance
Polyamide 11 Pall - ++ - 106k ++ 6583 High phyysical [e6]
T sianoe
Polyterafluoroethylene  FTFE +H ++ 240 L] =1 High resistance to  [66], [6]. [139-143]
agviling and
cleaning agenis;
e ey cal
resSianoe
Pobyvimylidens PV +H ++ 75 + na Agrees with FDA  [66]
chloride in packaging
materials, kess
commonly usad
for beve rape
fil ration
Polyphenylene sulfide FPS o+ 1] 19y + 0.5 Less beverage [66], [180], [6]
relevance; britle
Polyvimyl chloride PVC +H 1] 75 ++ Litde Less relevant for  [66]
beverages due i
plagicizers
Cation - - + 0 G003 nia 1622 Historic filter [1:30], [66]
maberial; nid
relevant use
Hinchary

Node: +++ = very godd, ++ = good, + = adequate, ) = average, — = bad

these developad web types ame also suitable for filer fibncs
[66, 103]. In the production of tectile fil ers, different threads

4 springes

are interweaved and form distmctive filter structures, Each
filter cloth is unigue dus to different thread diameters,
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Table 4 Influence of the yam
type o the cleambility belavior Type Lovwest cakoe moisiune Cake (Physical) ahrasion  Cleanability (via ReErences
of the filter Fabric after filiration discharge resistance wash jets)
Monodil ++ i+ + ++ [, [8]
Mol ti il ++ ++ ++ ++
Staple + + ++ +

MNate: ++ = very good, + = good, + = adequaite

materials, and mesh types that womsen the clemimg pradict-
ability [99, 130].

In the bevemge industry, woven filters maimly consist of
single monofil (one single thread) or multifil threads (com-
posad of several threads) in single or multilaver filters. The
advantages of multifil threads are enhanced safety and m-
provved lifetime by hndenng thresd breakage [130]. In terms
of clemabi iy, the thread choice is vital dus to the moistening
behavior of filter cakes or abmsion resistance, Table 4 illus-
trakes the influence of the thread on the cleanability of a whole
mesh.

Filter cloths are used singly in combimation with a second
cloth layer or interlinked with porous membranes.
Combinations of seveml filter cloths are defined as composite
fabrics and are used to adjust a different Gltembility [130].
This publication does not consider needle &lts or flesces due
tor their subordinated role in bevempe production.

The smallest particls size to be fikerad determines the choie
ofthe mesh, the pore siee of which depends on the construction
and thread thickness [5, 6, 66] The wave type forms disting
panmetnic structures by particular srmngements of chaining md
weft threads. Whik chaiming threads extend in the web dinec-
tiom, weft threads are perpendicular to this direction and enlace
the longtudinal warp thraads [ 138]. General filter doth proper-
tiess (e 2., thread diameter, porosity, or pore velocity ) are central
to determing the cleaning efficiency of different filters [173].
Especially pomsity ssems to be a possible fictor m comparning
the cleanability of various filters. With this parameter, it is pos-
sible o determing the fow mies of clening jets on or in Glter
media. Acoording to the literature [136, 173], the flter pomsity
& is caleulated acconding to Eqg. 1.

§ - szl Vyam (1)
Wigetal

Vi 18 the whole volume of the mesh, while Voo, repre-
sents the volume of weft and chaming threads, Commonly
used weave types in industrial textiles are plain, twill, and
satin weaves (see Fig. 1) [130]. There are mamy areas, stream
shadows, and dead spots that are decreasing cleanability.
Accumtely fitting particles located in these hard-to-clean ansas
are difficult to remove [97].

According to Purchas and Sutherland [130], the twill
weave mainly has more significant gaps m the meshes, which
results from the mhomogeneously woven threads. This

comstruction enhances the float in separation processes and
creates desper lavers, which ane easier to neach for wash jas,
The utilization of satin weaved cloths even enhances the float-
ing effect. Here stctures are mcressingly imegular, which
results in very smooth surfices. This filter evenness reduces
the likelihood of firmly adherng particles in desper meshes
and care for better cake discharges with fewer residues [66].
Thus, on the one hand, minor residue disposition is favoring
cleaning processes, On the other hand, hard-to-clean zones ane
mare comfortable to rach using wash jets, improving effec-
tivity. Table 5 illustrates the common weave tvpes of mdus-
trial tesctiles,

After weaving, almost every cloth undenzoes an after-treat-
ment. This condifioning is necessary for stability, surfice en-
hancement, and parmeability modification of the flter fabrc
[57]. Such treatments improve the filtmtion process but ako
increase the cleanshility of filter media. Calendenng of filter
cloth enhances the cake dischanre and thus favors cleaning
[5]. Additionally, calendering can regulate permeability,
which supports backwashing methods [66]. For calendenng,
the filter cloth nms through heated mills that smooth the sur-
face [6]. Supematant parts of yarns can hinder sufficient cake
discharge and can thus influence cleaning efficiency. Sngeing
remnoves profruding parts by contact with gas flames or hot
metal boands [66].

The Roughness of Filter Cloths

Followmng the litemture [26, 74], surface roughness has sig-
nificant adhesion mfluence on bologeal residues loabed on
surfaces. Due to their complex structures, the tansformation
of hygienic design concepts to filter medi is difficult, which
reguines neliable cleaning methods. The topogmphy of filters
strongly affects the adhesion of biomolecules [42, 111].
Therefore, sudace geometry and adhermg contamination ans
central to the strength of adhesive forces [76, 122, 175].
Binding points of adhenng particles depend on the roughness
profile. Particles located betwesn two threads cause more than
one contact point with the filter. Regrding filter cloths, we
must differentiate between thread roughness and whole
meshes. For textile filters, it is possible to desaribe the aperture
with the same mughness analysis tools as standand surfaces.
Here, the values of the mean mughness £, and the square
roughness £y are decisive. Moeller [106] developed mom

&1 Springer
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Ag. 1 Commonly uwsed weaved
typees of filier cloths a plain
weave, b iwill weave, ¢ Satin
weave

.9

precise methods to chamctenee the filter cloth roughness.
Particle residues that 6t in the roughness profile are difficult
to remove due to several contact points (see Fig 2).

Biophysics of Particle Detachment

Particles or other colloi ds adhere to surfices due to interatom-
ic or intermolecular adhesive forces [101]. According to
Weigl [175], these tvpes of forces are essential m many pro-
cesses like agplomeration, crushing, or tmnsportation of
solids. Reparding cleaning operations, these interactions and
similar effects are the ontcal aspects in removing contamina-
tion from surfaces, ez, cleming flter cloths by water flows,
Such wash jets (Fi.,) have to overcome any binding mecha-
TS {F 5 g o) A1 Telease contamination from Aler cloths
[92, 122, 175].

Fia > Fasesion (2}

The definition of Fie is given in the “Fluid Mechanical
Principle of Wash Jets® section and of Fagin, in the
“Adhesve Forces” section. As already mentioned above, suc-
cessful removal requires detachment work, Regarding the

Table 5 Exemplary types of gauee construction for filer cloths

Type name Albreviation Cake discharge References
Plain {reverse Duich) PRI + [173], [&6], [€
Twill TWL ++

Saitin STH —++

Node: +++ = very good, + = good, + = adequate

4] springer

common physicl a
linkable to the detachment work W.

ach in Eq. 3, the adhesive forces ane

W = [gF(x)dr (3)

The mnge [(a] distinguishes the particles onthe surfice (=
0) and the particles at a cetam distance from the sur-
face (= a). The acting work leads to a change in energy
balance. Thus, the enengy of the detachment has to out-
strip the adhesion energy. While the detaschment ener-
pies include the jet properties (2., lanstic energy), the
interaction energy consists mostly of the adhesion and
repulsion. Sevenl models (eg., DLVO or XDLVO) de-
terminge the mterdependency of these effects.

Furthermore, the particle has to be moved to a partioular
distance a, so that adhesive forces do not affect anvmon (see
also Fig. 3). Reparding the impact forces of a water jet, the
impact area is a decisive aspect. Here, the actinghydrodynam-
ic jet foree and the impact surfaice must cohere with effecting
pressure distributions on the filter surface. The resuling pres-
sures ans responsible for the ara-specific cleming effect and
penerate the necessary mechmical impulses on the contami-
nation as well as the wall shear stress (see “Impinging Jet—
Fomces on the Residues on the Filter Cloth™ section). Palabiyvik
et al. [125] also concluded rheology as necessary for a proper
cleaning desigm. With a certain particle distance, the preven-
tion of foree recovery and complete deportation of umvanted
residues by using ligquid films after the impact are desirable to
puarantee sufficient cleaning efficiency 47, 183]. Different
publications researched the cleaning kinetics of jets [50, 178].

Meverthekess, the type of application and soil are decisive
a5 cleaning optmization often fails due to unlmown adhesion
mechanisms or detachment kinetics. To ensure sufficient
cleaning, mamy companies in the beverage industry use exag-
pemted cleanng concepts. The following section gves an
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overview of acting adhesive forces, how they work, and how
severl models can determme ther mteraction.

Adhesive Forces

Purchas and Sutherland [130] have stated that adhesion is a
central filtmbon charadenistic depending on the application
field Its mechanism belongs to attractive intermolecular
forces like van der Waals or elactrostatic forces [69, 101].
Omee such forces arise, they ane the citical aspect of cleanmg,
Conceming cleaning with noezle, impmging jes have to af-
fect the filter surface with a minimum of energy to release
existing attractive forces [122]. Besides adhesion,

cohesion—binding forces between the residue partickes—is
also central to obtaming appropriate cleanmg degrees [47,
106, 175].

Three mnge-dependent groups classify adhesive forees.
The first group includes long-rnge forces, which ad in the
contact ame and beyond due to greater strength and mons
extendad ranges. Exemplary forces are van der Waals forces
and electmostatic forces. Short-range forces bdong to the sec-
ond group and define chemical bond forees and hydmogen
bonds (eg., Lewis acid-base interactions). The thid group
contams forces, which arse by reactions of the boundary lay-
er, ez, colloids interacting with the surfice [40, 84]. Here,
particles possess nonspecific and specific adhesve attitudes
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{overtap of adhesive van der Waal 40 _‘ H I N B s Electrostatic repulsion
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towand the filter structure. Wonspecific adhesive forces anse
from a combination of physiochemical influences,

In contmst, the specific interction betwesn particless, ey,
microorgansms, and filter surfices depend on stersochemical
interactions between comesponding subs tmees on the surfice,
ez, adhesion [108]. Besides the named adhesive influsnces,
there are other influences like capillary forces, capillary con-
densation, solid bridges, and form closurs [106, 148].
Howsver, they are neghgpble in fud systems [158), such as
the solid-fuid filtration of beverages. The following subchap-
ters illustmte the three most relevant adhesive forces.

Lifshitz-van der Waals Interactions

Centml components of particle adhesion are Lihite—an der
Waals interactions, which are boundary biver forces. The cte-
gorization of these mtemctions is in Keesom (interactions of
permanent dipoles), Debeve (magnetic induction interactions
of pemmumnent dipols), and London foress (dispersion foroes
without permanent dipoles) [69, 85]. Although these forces
arise inside solids, they are mainly acting outside of them.
They make solids cling to a suface or other particles due to
dipole interactions [98, 108]. Adoms consist of an aomic mi-
clens surmunded by eledrons in the nuclear shell. Acconding to
Heisenberg’s uncertainty principle, which states that there isno
spedfic location of the electrons around the atomic nucleus,
atoms are fluctuant dipolss [60, 69]. This fuctuabing chanze
distribubion 15 responsible for the Lifhite—vin der Waals forees
due to dipole charpe-reated attmetion. The adhssve strength
depends on the material particle diameter, and sumounding
medium [175]. Moriarty o al. [108] define Lifshite—van der
Woaals forces as the apolar enenzy component of adhesion,

Apcording to the et [171, 172, 175], there me different
approsches to determine this force. The micmscopic theory by
Hamaker [56] descnibes nfemctions between smgle atoms md
maolecules, which are additive and not influsncing mutually,
Differentiation betwemn diffrent compound peometres dus to
variows adhesion forms of contammation on flers helps o under-
stund the adhesion determimation. Here, the models of a disk to
another disk (D-1), a sphere toa disk (5-10), or a sphere to another
sphere (5-5) are commonly usad to descnbe adhesive forces,
Considermy the Lifshite—an der Waal inferactions F e, e
different models (Bgs. 4-6) are deploved [56, 85, 131]

= Disk—disk model (D-D):

—Hamalear - H
Fop™(a)= 12 = a* ®)
«  Sphere—disk model (5-D):
H=d
FHM - - 5
sp (4] 12 % a* ©)
4 Springes

+  Sphere—sphers model (551

J'.l'xd;xd-z

FHM - —
w5 (@)= (ds +dz)

(6)

The variable ff represents the Hamaker constant, whilke d,
is the sphere diameter and o the partide distance. Remrding
particulbr contarmination on the filter surface, the 5-D and the
5-5 models are most relevant. The second proposed theory—
the macroscopic theory by Lihite—does not mdude the
atomic sfructre. Furthermore, measurable properties like the
digkectric constnt are incorporated. The polarization of atoms
is additionally influenced by neighbonng atoms, which is
nezlected by Hamaker"s microscopic theory [24], Lifhite m-
cludes such effects n his approach, which is measurable with
Eq. 7 (5-D model) [94].

=

e
FI.:'f:hil:z = Tomar 7

Here, the factor fiso represents the Lifhite constant, J is the
diameter of the spherical particle, and a the particle distance.
The two theories are combimable via Eq. 8 [84, 171].

Wi = ;-.rrH (8}

(rther geometries are determinable by knowing this come-
lation. According to Rumpf [144], considering smooth
spheres with sizes below 100 um, the slectmstatic or hydm-
gen bonds are negligible in confrast to LiShitz—van der Waals
forces, The surface roughness influmces the strength signifi-
cantly and decreases the Lifshite—van der Waal mberactions at
specific mughness radii. Filter cloths possess a more complex
and mugh surface, which reduces the memingfulness of the
two theories above, However, they ane the base of further and
more precise models, which include defined surface mough-
ness [132, 133].

Electrostatic Force— Attraction and Repulsion

Electmstatic forves (EL), which anse batween two chanred
surfaces, arg essential regarding the adhesion or repulsion of
contamimants [ 106, 108, 175]. Most hquid-solved particles
have a charpe, which results in an electric double layver due
to the dissociation of fimctional groups [98]. Depending on
the pH of the sumounding fluid, particles ame positively or
negtively charged [113, 175]. Consequently, the charge de-
cides whether particles cling to a surface or repdl . Around the
particle, there is m accumulation of oppositely chanzed ons
forming a diffuse layer, which makes the particle appesr to be
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neutral [58]. For small distances between particle and surfaice, =+ Sphere—disk model (5-0):
electmstatic forces of electneal conductors are determinable
TR cLAB G 4 AGEE L B
using Eqgs. 9-11 [98, 175]. Fapla)=—-mxdx A e (13)
+  Disk—disk model (D-D): +  Spheresphers model (55):
1
Ffo(a) = gxex@xCxGxbl £6™) O pumg o TXAXd gk ()
1+dz

+  Sphere—disk model (5-D0:

1 -
FiLlal=—=s xg= & xfxdx(l x Cp % In(1 47 (10}

«  Sphere—sphers modal (5-5)

1
5 ldy = da)
FE o= —sxepxrxd

ﬁx{l % (y = Inf1+e™=) (11}

The vaniable =5 designates the electne field constint, = the
melative permittivity of the medium between the adherng com-
ponents, {; the egquivalent seta potential of sphensidisk i, s the
DebveHided parameter, o the dismeter of the spherical parti-
cle, md a the adhesion distance. Innature, the majonity of parti-
cles mnd swfaces have a negtive charge, Therefore, most elec-
trostatic migmetons are repulsive [ 108], Formedy considemtions
vielded decmstatic forees as less entical than Lifshite—van der
Waak forces. For decades, sdentific approaches regand dedm-
static forces a5 centrl in desenbing and understnding particls
adhesion due to natuml surface mughness [144]

Lewis Add-Base |nteractions

Lewis acid-hase forces (LAS) descnbe atfractive mteractions of
hydmophobicity and repulsion via hydmbon amund sudfaces
[108]). These mteractions are dominated by hydmgen bonds,
which are even up to two times stronger than Lihite—van der
Waal forces [75]. Hydmopgen bonds requine donors, which ane
atms bond to other atoms (2.2, oxyveen, nitrogen), and accep-
tors, which are additional oxvgen, nitrogen, or fluorme atoms
[835]. Adhesion arises due to the interaction o fa charged hyvdrogen
acceptor ind an electmnegative receptor. In sobd—flud flmtion
processes, this effect & centrl becuse water is both a hydmogen
donor and a hvdrogen acceptor [ 168]. The result is strong hydno-
gen bonds and firmly adhenng collods on the surface. Equations
1214 shovw the peometry-related definifons [85].

»  Disk—disk model (D-D):

Fﬂ(a}:—%x.ﬂﬂma x e (12)

The variahle d defines the equivalent diameter, Al is the
adhesion enenry, {; depicts the equilibium balmee between
the considerad adhesion partners, a 15 the adhssion distance,
and A 15 the decay rate of polar interactons,

Models of Residue Adhesion

Seveml theories are commonly used for modeling and deter-
mining collodd adhesion [76]. However, following Monarty
etal. [108], their suitability has to be discussed eritically be-
cause they are not entirely appropriate in most casss. The
majority of the models require surfaces to be as smooth as
pissible without amy measurable topography. Furthermore,
the produdt to be filtersd has to be isotropic and should be
of consistent composition. Both requirements are here hard to
achieve due to mugh filter topographies and complex bever-
age compositions. Following van Oss [168], further interac-
tions (e, Lewis add-base) are acting in biological systems,
which reduce the adhesion prediction via DLV O and thermo-
dynamic theory, However, both appmoaches have been used
fior particles (e.g, macromaolecules, microorgnisms) for vears
and are still state of the art. In addition to the thermodynamic
and the DLVO theory, the XDLVO theory that abo includes
additional mteractions (see Table 6) shows an extended
approach.

Thermodyramic Theory

This theory desoribes adhesion by changing the Gibbs fres
enagy of particle. This shift happens when the particles start
to adhers to the filter surface. Moriarty et al [108] assume that
the distance between filter and particle is zem. Consequently,
it is the total change of free enemzy which defines total avail-
able energy in closed systems. More accurate determinations
requine the incorpomation of Lewis acid-bass interactions and
Lifhitz—van der Waal forees. Furthermore, this approach as-
sumes reversible adhesive properties. Followimg the literature
[108, 109], adhesion energy is defmed by Eq. 15

(15)

Here, AT s anesion 18 the Gibbs free enenzy shift of adhesion,
MG pivaw 15 the Gibbs free energy change of acting
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Lifshitz—van der Waals imteractions, and 500 a0 a0 e 11-
cludes Lewis acid-hase forces. Adhesion takes place when the
reult of Eq. 15 15 negative due to a more stable condition by
decreasing the free energy.

DLVO Theory—the Combination of the Adhesive Forces

The most famous approach of the interction of Lifshite—an
der Waal and electmstatic foress is the DLVO theory (named
after Derjaguin, Landaw, Verwey, and Owverbesk), which de-
fines interactions between the two forces [35, 170].
Depending on the distance betwesn particle and surface, these
forees mfuenee each other and desenbe either msidue adhe-
sion or repulsion.

Considering Fig. 3, wvan der Waal forces act over small
distances, while electostatic forces affect considearable ds-
tances. Forreaching adhesion, it 15 crucial to overcome enengy

barriers. DLVO is defined by Eq. 16 [108].

Enive = Eligbin—vaW + EBlcorense (16)

Epyp e 15 the total enenzy of the adhesion, and £ i, e vaw
and Eppmomzie are the proportionate Lighite—van der Waals
forces and electmostatic interactions, respectively. The most
accurate results are determumable when the electrostatic forces
are dommant

This theory is suitable for describing bacterial adhesion [9,
12, 23]. However, other critical potential mfluences (.., ste-
ric forces) are not inchided [181]. The negled of direct surfi-
cial impacts to bind or repel electrons lmits the applicability
(mpecially with partides of biological onigin) [85].

XDLVO Theory

In contmst to the DLV theory, the extended DLV O theory
model (XDLVO) mecorpomtes the influence of polar forces
[168, 169]. Following the literature [12, 108, 126, 186], it is
the most advanced theory becass it combines aspects of ther-
modymamic and DLV theory resulting in a more accurate
adhesion prediction. There are numerous publications, which
favor this theory, especially for microomnzanism adhesion [9,
12, 76). Equation 17 defines a smple way to calculate adhe-
siom energy via the XDLVO theory [108].

Exmive = Eritievaw + Eeparonsic + Flewicacid-base

(17

Eyppve describes the total energy of adhesion, while
E iz vaws Ermamamie 800 Ep i acid mase are Lifshite—van
der Waals forces, electmstatic mteradions, and Lewis acid—
base forces, respectively [179]. The XDLVO theory is di-
tance-dependent, too,

Jet Cleaning—an Appropriate Solution
for Filter Cloths

The issue of msufficient cake discharges and the removal of
remaining residues on the filter cloth have existed for decades.
Many studies have shown suitable as well as improper tech-
nigues, Brush cleaning devices remove residues mechanically
but can irevemsibly damage the sudace [99, 106]. Scaper
blades also remove several residues by sermtching on the filter
surface [53]. Following Homocks and Anand [66], they are
jointly responsible for the abrasion of the filter cloth. The use
of chemical agents—especially in the beverage industry—
offers increased cleanimg efficency i addion to high micro-
biological safety. Apent utilization possibly damages filter
cloths, however. The most commonly applied cleaning medi-
um in the food industry is water, which adjusts agent concen-
tration or acts as m antonomows mechanical deanmg tool
[59].

Reparding the technique, jets are streamed mostly via noz-
zles onto soiled surfaces. In the beverape industry, this tech-
nology operatess in many cleaning processes, e, cleaning in
place (CIP) of tanks and pipe svsterns [52, 54, 99, 125, 160].
The cleaning of woven filter cloths includes the utilization of
wash jets, too, Cleanmy effects ane impact forces and result in
pressure distributions on the filter surface, which have to over-
come the adhesive forces betwemn the contamination and the
filter cloth. The mmovability of residues wsing wash jats de-
pends on four effects: direct residue deformation, stress wave
creation and transfer, lateral outflow jetting, and hydravlic
pemeation in the soil Lever [15, 54, 110], Another advintags
of wash jets 15 the adjustability of mechanicl properties, g,
nozzle peometry, pressure, fluid velocity, or meidencs angle.
This technique also combines the mechanical effsct (knetic
enerey) with the absomption of residues and their tmnsport
away from the contamination sone,

Agrent-fres cleaning 1 still not recommended, but cleanmg
with fewer agents and increassd mechanical energy has

Table 8 Inderactions and illustration of relevant adhesive forces and models

Force Distance [am] Swength [l] Maodel Refepences

Lifshitz—van der Waak 03-04 =12 Thermodynamic theory, DLV theory, XDLVO theory  [150], [12], [149], [95], [108]
Elecrostatic Depends on media DLV theory, XDLVO theory

Lewis acid—tase 0203 12-16 Thermodynamic theory, XDLVO theory
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become popular due to economic and ecologal advantages,
Besides, less clemmmg agents or pure waber cleanimg decreases
the risk of chemical soiling of beverages [114]. The casily
adustable combination of wash jets with specific tempemturs
levels or adjusted pH values will have a positive synerpetic
effect on cleaning [ 129]. Therefore, wash jet techniques offer
a demand-oriented setup for careful cleming of Alier cloths at
a sufficient degree of cleaning. This section outbnes the fuid
mechanical properties and determination possibilities of wash
jets and highlights their increased cleaning eficiency.

Fluid Mechanical Principle of Wash Jets

Following Frver et al. [47], the understanding of fluid me-
chanical residue removal and its different realization possibil-
ities ane vital aspects for future mesearch and deveopments for
cleaning optimization. These aspects ame also valid for wash
jets, which have the potential to shorten cleming time while
reducing costs and sparing the environment. A noeele always
15 inthe responsibility of generating a cleaning jot. Here, static,
static—dynamical, and dynamical systems are commercially
available [52]. Following Mawermann [101] regarding
cleaning pmocesses, four different nozzle geometries are

distinguishahle:

= Flat jet nozzle
*  Full'mund jet noeele

= Full cone noezle
»  Hollow cone nozde

The nozzle peometry influences the acting forces and the
comesponding area to be cleansed of the cloth (see Fig. 40 Out
of this, the resulting pressure distribution and cleaning effect
are derivable.

Cleming jets released by noezles are divisible mto three
distinct parts in terms of mechanical properties. The frst part
illustrates the noeele leaving jet and its streaming into space
(free jet). By impactng on filter surfaces, fow profiles change
entinely due to complex filter geometnes. The wash jet con-
verts from a fres jet (part ong) to an impingng jet (part twa).
At the mitial contact with the surface, wash jets distibute in
different directions, which are almost paralkel to the wall. The
thind part defines the behavior of absorbing contmimat on in
the fluid. The absorption s an essential removal mechanism of
the existing transportation streams and the flow-off of the
impact area. Cleaning standards state that devoid of soil trans-
portation by streams or jets cleaning processes would be in-
sufficient [99]. Furthermore, the jet will also run partly
thrugh the filter mesh due to the distinet fileer cloth pomsity.
Backfush deanimg uses this effect as an individoal cleaning
principle (see “The Process Design of Filter Cloth Cleaning
with Jets” section).

Although all three fluid mechanical parts form one single
Jet, they are determinable independently. Tam and Komatsiu
[163] recognized that surfaces are not effecting on free jets
ahout two jet diameters away from the surface, which is as-
sumed to be the transition from fee to impingmg jet. In further
reearch, Gauntmer etal. [49] confimm the lmk of both parts by
the defimtion of mmpimgng jets having the same properties and
behavior as free jets until the impact.

In every cleming concept of wash jets, detailed Imowledge
ahout laminar or turbukent stresm conditions is fimdamental
[52, 166] The Revnolds number Be serves as a significant
dimensionless quantity (Bg. 18) [137].

¥y ¥y Inert force

Re — -
=T Friction fome

(18}

The variable vy illustrates the average velocity, d, the char-
actenstic diameter (e.g., particle diameter), and + the kinemat-
ic viscosity. Re classifies pipe or channel streams in thres
stream areas: laminar area (fe < 23000), transition anea (2300
< Re = 107), and turbulent region (Re = 10%) [146, 157],

Free Jet—RBetween the Nozzle and the Impact Zone

Regarding sumoundimg conditions, a differentiation in one-
phase and two-phase jets is necessary, One-phase jets—
submerged jets—desaribe fuids that stream into a space filled
with the same flud. In general, wash jets, which are pune
water or water mixed with cleaning agents in most cases,
belong to the second group—the two-phase streams [64].
Here, jets exit a nozzle and impact on filter surfaces in an
air-filked space.

The surmumding fluid profoundly influsnces many proper-
ties of fres jets. Regardimg classic fres jets, the fuid streams
into fres space without any wall limitation. In the mist area
betwesn the streaming liquid and the surmunding medium,
there are different velocities causing shear forces,
Addionally, the different density and surface tension at the
boundary laver of the two phases create turbulences, friction,
and gas entraimment. The result is a jet break-up and an in-
creasmy jet decay in the axial drection. The appearance of this
phenomenon and where it occurs highly depends on the noe-
#le peometry and operating pressure, Although this approach
skips the dimect jet impact on a wall to be cleamed, it s neces-
sary to chameterzos the free jo poperties, eg., v ocity gadi-
ents. Figure 5 illustrates the free jet while leaving a noszle and
streaming into space.

The hterature [49, 105, 121, 161, 162] shows ssveral
models to determine a two-phase free jet. Especially the core
length and the velodty reduction in the axial r-direction ane
part of these approaches. In this publication, the fes jet deter-
mimations by Gauntner etal, and Hrycak et al are focused [49,
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a Filter cloth

Jet shape

Mozzle

b Filter cloth

! Jet shape

MNozzle

let shape

Jet shape

Fg.4 Different norzle geometdes and the resulting impact area on the filker cloth: a flat jet noezle, b fullfround jet noezle, ¢ full cone nozzle, and d
hollow cone nozzle; il usiration is the authors” own creation and was inspired by Mawermamn [101]

67] as it is the onginal method to determine a water jet in ar-
filled space. Acconding o this approach, a classification of the
flow profile of a jet nto thres distinet areas is necessary,
Enowledge about these areas is essential to determine vel ocity
and pressure condifions at speafic stream pomts, These pa-
rameters are crucal for caleulating the removal eneney of the
impinging jel.

Initial and Core Area—the Coherent Jet This area de-
seribes the flow of a jet fom the noezle and its dynamical
establishment. It lasts from the noezle to the apex of the po-
tential core, which is the central part of the flud. In the core
amen, v ocity and several other parameters in the flow profile
remain constant until the apex. By gaiming distnce from the
nozzle, the core is decreasing due to the entruinment of the
surmumding fluid. Miing layers originate betweesn the poten-
tial core and the surounding fuid due to primary and second-
ary mass and momentum transfer effects (e.g., Kelvin—
Helmholtz mstabihties) [54]. Ths mixture of both fluids can
be ohserved by a jet breaking up into droplets.

For complete desciptions of these two aress, the potential
core length or nominal potential core length s decisive.
Acconding to the literture [49, 100, the core length depends
on imtal conditions and s four to six noezle dameter long.
However, core lengths are strongly dependent on the
Reymnolds number: In laminar streams, the mng: is proportion-
al to the Reyvnolds number, while turbulent conditions ane
independent [67]. This aspect possibly mesults in enhanced
and optimezable cleanmg conditions. Velocibes within the po-
tential core depend on the noezle diameter. Mass conservation

&) springer

(mass M to tme f) and contmuity act betwesn the noede
H}thardmma:huip'rpﬂ m]..u (Bq. 19 [11].

A . .

—_— e 19

= = Mg MiNale (19)
Subsequently, the integral form is obtained (Eq. 200,

[op % Avamie % Voiomiedt = 3 % Apge % Vet (20}

By Imowing vip. noezle area Ay ., sectional pipe area
Apipe and reganding water as wash fluid with constant density
o over Hme, vigge (velocity of the potential core at the cen-
terineg) is determimable with Eq. 21,

Apipe % Vpipe
Aozl

Vil = (21}
Further, the relationship betwesn vy and nozde diam-
eter dygpae 18 accordng to Eq. 22 (reganding round noezles
comectad to pipes).
3 .
g % Viige (2)

VHomzlk =
a%luzzb

Main A rea—the Droplet Jet This central part of the fres ja
desenbes conditions after the potential core end. The jet
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FAg.5 The pah of a wash jet from
ithe noezle intothe free space (free
Jety; variables: v = flud
velocity in the supply pipe; v
= fluid velocity afier the nozzle;
Vi 3 = centerline velocity in the x-
direction; v, = velocity at
opprdinae x; dp‘: = p'!'s-e
dismeter; d . = nozzle
diameter; fue i lustration is the
awthors’ own creation and was
adapied from Siglch [153]

L

becomes broader and results in droplets due to the mcreased
entrminment of the sumounding fluid and the already men-
toned reasons. By momentum preservation, jet veocity de-
cremes, which is desaibable by Gaussian curves [65]. The
centerling velocity ve; of area 2 is determinable via Eqg. 23
[67].

Vioazle % f{':me X dN-uule-
X

Vo= (23)

Here, variable x defines the specific r-position, while
I are 18 the dimensionless potential core length, The
mixture of jet and surrounding fluid results m larger
droplets. The droplet size increases by mining distancs
from the nozzle. The region nearest to the radial c-axis
is named the water droplet sone, according to Guha
et al. [54], while mixing zones of both phases are called

mist areas due to the small droplet siee.

Final Area—Atomized Jot The third and final area of a fee
jet is named the diffused droplet ragion [54]. Here, wash jets
disimiegrate fully and atomize imto small droplets with negli-
gible velocities, If distancss between the noezle and Glter sur-
face are too vast, the impact zone is i the diffused dopla
region. As a result of this, contamimation on filters is merely
moistensd but not dened away, The design of a cleaning
concept has to consider a noezle posibon close to the Ailter
surface. The tmnsition fom the droplet jet to the atomieed
jet is determimable with the von-Ohnesorge number (),
fte, and the von-Ohnesonee dagram [119].

Optimally, distnces between nozeles and filter surfices
should be withn the potential cors or, at the least, the firest part
ofarea 2. On the one hind, the technical requirements do not
always permmit such close nozle mstallations. On the other
hand, too short distances betwesn noede and surface end in
jet rebounds, which result in flow blocks [54].

Initial area Core area

Frea jat

I L]

.-""'-----
e Final area

y

4
T T T

s

!
/

/2

/

Impinging Jet—Forces on the Residues on the Filter Cloth

The impinging jet defmition 15 a stream or a dopla that col-
lidess agamst a wall. A fler the collision, the jet is decelaated
and deflected, while the knetic enenery resulting fom the jet
velocity is discharged to the filter cloth. The forces that ane
derivable from the energy result in a partioular pressure distri-
bution that creates impulses as well aswall shear stress on the
filter cloth. The combination of different hydmulic efects
fimally cames for the cleaning effect. The changeover fom
the fres jet observation to the impinging part is within a short
distance from the surface. Leach et al. [90] showed that by
using surfics cutting water jets, fluid pressure became equal to
the pressure of the sumounding fluid in distances of 13 -
driopne (nuzzle diameter) from the mpact point due to less
shear stress. In newer studies, Guha et al. [534] determimed
distances up to L68  dy, .. However, this parameter is
strongly dependent on noezle and fluid properties. The im-
pingement of a jet can be categorized in different aneas, as
shown in Fig. 6.

Area of Impingement Before the collision, the jet has an ab-
solute velocity (see frae jot caloulation) and kinetic enenzy.
Here, forces result in effecting the contamination on the sur-
face. The wall shear stress + dommates direct mechamcal of-
fects on filter cloths (see Eq. 24), which has a cleanming impact
due to the inner friction of neal fuids [30, 46, 70].

F
a

(24)

F i the effecting foree, while A 1s the correspondimg area,
However, it is necessary to consider that it is not the actual
fomee that is responsible for cleaning in the impact area.
Instead, the resulting owurrence of pressures and their distri-
bution on the cloth gives the cleanimg effect [105]. By
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collsion with the filter cloth, the jat fluids are compressed,
which results in pressures affecting the surface in a time inter-
val = | ms [101]. At the boundary laver to the soiled filter
cloth, shock waves act equally to the surface and against the
jet direction [2, 3, 153], The resulting pressure distribution
undergoss a reduction in the inner part of the contact 2one to
the nomal water hammer pressure. A fler a partioular strem-
ing time, the jet stabilizes, and a dynamic pressure effect on
the filter cloth acts. For this quasistatic effect, a cohement jet
with a speafic flowing time is necessary,

Radial Flow Area—the Lateral Drainage of the Qeaning Fluid
Affter impactmg on the filter cloth, theliquid is draned off ound
the mpingement amea almest symmetrially. mpacting jets we
slowved down in the axial direction and acceleratad in the mdial
direction in the addy area. At the mmpact poimt, te fud veloaty
is evenzem [65 ] Therefore, the mdial flow is ako responsible for
detachment of soil, which can even reach higher speads than the
jet veloaty [105]. Wilson e al. [178] also defmed this area o a
radial flow zone (RFZ). Knowledge about the distribution
(backflow) of pets after impacting on filter surfaces s essential
due to deaning efigency and sufficient tansport of product
mesiduss away fom filter cloths. Sigomann and Thamsen [152]
define the back flow effedt ey with Eq, 25, Figure 6 shows the
distrnbution of the jet and the resultng mass trnsfers,

iy
Efgid — ——

i

(25)

The variable epua is the backflow coeficient, m is the
mass flow of the fluid after the nozde, and my is the mass
flow of the deflectad jet. Remrding a dstibuted stream in two
dimections, the fllowing context is valid (Bgs. 26-27).

(26)

iy = M X Efied

mz = my ¥ [ 1—=pia ) (27}

Here, ms is the second deflected jet after the impact As
can be seen, back flow is mespective of jet velocity, Herg the
mist influsncing factor is the incidence angle. If meneased,
fluids will stream in almost equal parts in both directions. It
is concludable that angled jet incidents toward the filter sur-
face are an essential parameter and abyavs require incorpora-
tion in cleaning concept planning.

Transition Area Direct after the impingement and within the
radial flow zone, Wilson et al desaibe the formation of a thin
ligquid laver [ 178]. This boundary laver is observable from the
filter choth until the layer between the liquid and the surmund-
ing pas phase (e, air). Within this small layer, the stream
along the filter cloth s laminar. A fer a certain distance, the
distinctive film jump takes place where an arching of the lig-
wid changes the flow properties to turbulent. The rason for

4] springer

this effect is denvable from the balanced outwand momentum
before the jump, which s caused by the surface tension be-
tween the two phases [ 16].

Regarding a fullhollow cone or a mund jet nozede this
jump is a circular ring around the impingement area.
Conceming filter cloths, this jump depends on the trbulence
condition and the type of fixmyg of the filter cloth in the filter
apparatus. If the cloth is not tensioned enough, the sofness
reduces this effect, as the jet may press the cloth too much.
Concluding, the boundary laver thickness § is a decisive pa-
rameter for determming the velocity decreasing effect and
frction in this laver [46). The thickness can be determmed
by Eq. 28 for laminar and turbulent conditions [83].

5 (x) = 49 wx
amirarl ¥ = —==

047 % x (28)
5‘mumleml:_'l.'} = W

Determination of Acting Forces Impinging jets are diffiault to
predict and caleubte due to existing turbukences and different
flow pmofiles. Impulse, pressure, wall, and other forees, which
are acting directly on impact areas, are discovenble via the
momentum conssrvation principle. Entering and leaving im-
pulse streams in sef-contained fuid spaces are balanced in
every coordination direction. A possible appmach to deter-
ming forces of a jet impacting on a surface s findable in the
literature [37, 61, 118, 153]. Fistly, the impulse equation
serves as a point of ongin (Eqg. 29).

pAE +TF =0 (29)

With the impulse squation, different fluid mechanical in-
flusnces become clear for Mewtonian fluids (e, wash water
in jets). The differential form is the base of the detemination
(Bg. 30).

dw dw dr,
::'(—"+ w—") _-% o + pg,;

£ = 30
dr l.:I.Tj ll'l'} li'l'] I:' }

The varmble p presents the pressune, fis the time, and g is
the gravity acceleration constnt. Integmtion over a control
violume and addition of continuity equation results in Eg. 31,

dpv
I-,-r Eid'lr’-l- Lr;;wp'}d.#, = —Lr_lrrdpﬂ’,—fk TypdA,

+lvepg AV + L F; (31)

The mpulse squation was tmns ferrad and simplified in the
Euler squation for fuid mechanical models (Eq. 32) [11, 31,
849]. Here, neglect of liquid friction, as well as viscosity, and
comsidertion of elastic Muids within the stream are necessary,
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Fg.6 Vertical impinging (=
) and tramsport jet with
ocomesponding jet aness (example:
filter cloth in a vertical, most
o poition like in filer
presaes ). n':| = entire mass flow
impacting on the swhes m, =
portion of the mass flow inthe
negative y-direction: my = portion

impinging Jet

of the mass flow in the positive -
direction: g = aceeleration of
gravity constant; the i lustration is
the auhaors " own ereation and was
adapied from S ekmann and
Thamsen [157], Wikon et al.
[178], and Bhagst and Wilson
[16]

= - (32)

dv dw
p(—”+ 1'1—") . s
The further advanced MNavierStokes equation (Eq. 33) re-
spects viscosity [ 146, 159].

&, dv d
p(—-’-+u—‘-’-) L./ (33)

dr dr,

In geneml, the assumption is necessary that high fuid pres-
sures result in high jet velocities, which will fivor the cleaning
effect. However, attention has to be paid to the damaging
effect of high pressures toward filter cloths, Furthermore,
forceful impacts also benefit agrosol distibution and the wn-
wanted re-soiling of filter cloths [157]. Acconding to the lier-
ature [41], minimum pressure has to mngs bawem 3 and 5
bar, while jat speed has tobe 3 to 4 m/s,

Transport Stream—~HRemoving Detached Residues

Cleming processes ans ineffective without complets removal
of the contamination. Therefore, it is necessary to ohserve the

liquid film that runs off. Concerming the stream condition,
turbulent flows fivor cleaning due to a considemble soil re-
tention capacity and incresal wall shear stress [166]. Due to
inconsistent axial velocty and resulting tmnsverse flows, the
fluds, whichabsorbed abready a soil quantity, are mixed in the
turbulent stream [128]. Paticular forms of the impulse equa-
tion also conduct the determination of transport streams.
Creepmyg flows descnbe streams with small Reynolds num-
beems, where viscosity forees ane more influential than acceler-
ation forces. The Navier—Stokes equation serves as the ongin
ofthe approach to determine the velocity of certain areas in the
flow pmfile of a transport stream [1 18], Equation 34 is appli-
cable when observing laminar film flows on even surfaces
[154].

(34)

In contmst boundary layer flows are valid for streams with
high Reynolds numbers. For carsful considemtions, accurate
measurements, in addition to numerical methods, have to be
performed.
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Ag.7 Concepis for cleaning
fiker madia with wash jes. a
Forward flush cleaning. b a

Ballush cleaning The
Fouling \

ilstration i the auhors” own
creation
Filter cloth

Forward flush

I
\|ill
A A

Pulsed

Continuous

Canaitinuinies

The Process Design of Filter Cloth Cleaning with Jets

The lterature concludes that cleanmg fluid velocity is one of
the most imporant pammeters [78, 160]. For cleaning oftech-
nical surfaces consisting of stainless steel or other metals, the
rmge of jet vaocity should be batween 80 and 200 m/s [54].
However, this speed is often too high for interw eved sensi-
tive textikes hike filter cloths. Furthermore, fGlter fibrics are
stretched by impacting jets that additionally ncreass pressure
and stress on the material and weave, The design of the
cleaning process also is vital in choosing the right cleaning
concept. Here, contimuous jet cleaning via forwand flush or
backflush is state of the art. Alternative ideas, eg., pulsatile
jets, have been developed in the last veans.

Pulzed

The big difference batween forward flush and backflush
is the jet direction to the filter (see Fig 7). While forward
flushes are contadmg contamination directly, backflushes
reach mesidues on filter cloths afler crossing the whole
filter cloth. Therefore, forwand fushes unfold their full
pressure completely onto adhering residues, while
backflushes reach the contamimated sreas with modified
energy and even avoid contamination i stream shadows,
On the other hand, forward technigques press residues
degper into the filter cloth, while backwashing provides
full transport—if reachable—away from the filter. The se-
lection of the right cleaning concept i terms of the suit-
ahility depends stromgly on the filter type, weave, con-
struction, material, and product.

Fg. 8 Mustration of the fid 5
velpcity of a jet with two pulses

and one pause; the ilustraton i

ithe swthors” own creation
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Eﬂ:mzﬂ“;ﬂﬁlﬁ?w General: Filter media parameter:
illstration is the suthirs” own + Temperature *  Material
i * Chemistry/detergent +  Construction
* Cleaning time *  Finish
+ Mechanical effects * Product composition
+  Soil composition +  Detergent
+ Surface + Costs (systems,
detergents, life span of
cloths)
* Technical requirements
Wash jet: Detergent cleaning:
*  Velocity + Type and amount of
*  Process type (pulsatile, s0oil
continuous) * Detergent type
* |Incidence angle = Concentration
+ Fluid pressure + Surface properties
+  MNozzle geometry = Surface Material
= MNozzle distance = Economy and costs
*  Surrounding fluid + Ecologic aspects
+ Back-/Forward flush
Continuous Wash Jet Pulsatile Wash Jet

A simple way to use wash jets for filer cloth cleaning is to
stream them continuously onto the surface or to backflush
them As aresult of this, jets are focusad on the area to be
cleansd. They have direct contact with residues, which resulis
in immediate force effects (consavation of the momentum).
Although many different applications are wsing continuous
wash jets in vanous cleaning units, there is only a little re-
search coneerning filer cloth cleaning, Initial investigations in
clearing flier media were performed by Stahl et al. [155] in
ohserving particle-loaded flter media. Furthemmore, they cal-
culated stream and wall shear stress distnbutions of woven
filter media and dentified low wall shear stressed arsas,
Weidemarn [173] observed the cleaning kinetics of different
filtercloths using model conmtarminations. The results showed a
high dependency on cleaning velocity, filter mughness, and
weave type. Ulmer [ 166] developed a claming model for filter
media, where a laver with vematile particles onginated after
residug detachment resulting in equilibrivm concentrations.
Mass transport between equilibnum laves and Auid streams
ensures contamination transport away from the surfaces.
However, the thickness of the equilibrium layers depends on
flud velocity.

Pulsatile jets depict non-continuous streams on filter media.
With this, the cleaningjet divides into several jet intervals that
subdivide into pulse length and pulse pause (Fig 8). Pulsatike
cleaning has been investigated for many different applications
in the beverge and food industries [22, 38, 43, 46, 51]. The
wdvantages of this concept were verified in cleming elbows
and straight pipes [8, 18, 19, 44]. Trials using pulsatile
cleaning for filter media were conducted with bag filters and
dust emoval [66, B8, 97, 164, 165].

Cienerally, cleanmyp efficiency increases by using higher
stream velocities due to higher wall shear stress. However,
in mis t cases, an increase in cleming speed is only reasonabl e
using pulsatile applications (e.g., fluid consumption, too
strong continuous impulses). Due to the desired reduction of
liguid mass, initial investigations in cleanmng filter media with
pulsatile jets via backflush were performed by 'Weidemann
etal. [93, 173, 174]. The cleaning results showed 1.5 higher
cleaning degress compared to contimuous wash jets, Wemer
et al. [176] extended the imvestigations on forward flush
cleaning. They showed the suitability of pulsatile jets in com-
parison to badewashing or continuous cleaning by removing
yemst cells from filter cloths, The advantiges of this promising
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concept an: the reduction of deaning fluid and higher cleaning
depres.

The increasad cleaning performance is related to higher
wll shear stress by pubsating wash jets and waviness onto
the surface, which also demeases boundary layers [8]. The
effect of acting shock waves and water hammer pressures
within the first microsecond of the jot impingement can also
b used by pulsed jet cleaning more efficently [153]. Another
effect & Muid drimage betwesen two jets and the joint removal
of cushioning ligquid layers on filter surfices. Subsequent jets
can unfold their pressure on contammation due to direct con-
tact fully. Furthemaore, pulsatile jet cleaning also enhances the
cleanability of difficub-to-clean arsas [44]. From an ecologi-
cal and sconomic point of view, as wel as regarding cleanng
efficiency, pulsati ke jet cleanimg is the most promising method
for filter fabrics. Cleaning in both directions offers appropriate
cleaning results, even if direct contact of the wash ja with
residues i preferable due to higher affecting forces,

Conclusion

This paper outhned the cleanmg challenges of woven filter
cloths in detail. Besides the cleaning limitation due to the
material properties of cloths (e.g, temperatures, cleaning
agents, and smitizers), the complexity of the filter structunes
hinders cleming. Deswmed for efficient filration processes,
the mugh topographies of filter cloth contradict any regula-
tions and design featurss in terms of hvgienic design.
Furthermone, imvolved beverage residues that adbere hetemn-
geneowsby on filter cloth increase this problamatic sitation,
For a sufficent cleanmg eficency, the cleanmg mechanism
has to overcome the adhesive forees between the soil and
surface. This paper showed here the relevant biophysical in-
teractions in order to show the necessities of a sufficient
cleaning concept. Finally, water jet cleaning highlights as
the cleaning method with the most significant and most
optimizable cleanng effect

The main advantage is the sasy adjustability and flexibility
of new products. Wash jets ane catepronizable into three differ-
ent aress: free jet, impnging ja, and the tansport stream of
remidues. Here, the distance between the nocle and filter sur-
foce and noezle peometries ane cntical aspects for the deer-
mination of optimal cleaning concepts.

Regarding the fluid mechanicl properties, strem ve ocity
and the resulting wall shear stress on the residues are central,
The imtegration of thess aspects into the design of the cleaning
process is crucial. Neglect of chemical agents is not possible
due to high hygienic standands. However, economic and eco-
logical aims negate a further increase in chemicals or temper-
ature in future resaarch, Here, the mechamcal effects of wash
jets need to be in focus. Previous studies confirmed pulsed jets
a5 a promising method and advantageous for filter cloth,

4] Springer

The amn of complete cake dischanres and a fully automated
filtmtion process is the focus of research for decades. The
goals ofefficient cleaning concepts are short filter downtimes,
prevention of cross-contamination, high product safety, and
eomomic and ecologe aspects (e.g., ckeaning agent reduc-
tion ). Besides, filter cloths require considerately and
function-retaining treatment to ensure long service life, Jet
cleaning can be a milestone that may reach these goals in
combmation with adequate sensor techniques and demand-
onented cleaning [ 107]. For finding the rght procedure, Fig.
9 illustrates possible ways for filter cloth cleaning.
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Thomas Becker Cleaning avoids cross-contamination and sustains production safety and efficien-
cy. While there have been discoveries for technical surfaces, data on activities for
filter cloth are stll in the early stages In the food industry, there is a lack of
knowledge and innovative ideas on how to clean cloths efficiently. This study
combined high-speed recordings with cleaning experiments. Cleaning of eleven
filters was captured, enabling time-resolved analysis of the cleaning degree, the
cleaning homogeneity, and insights into the mechanisms. The findings divide
cloth cleaning into three phases, each significantly infl venced by the properties of
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1 Introduction According to the European Hygienic Engineering & Design
Group (EHEDG) [7], the roughnes of a surface plays a vital
Cleaning is one of the most crucial unit operations in the food role in its cdearability. Although Mavermann et al [8] iderti-
industry. As defined by the German DIN 10516 [1], deaning fied more influence of the surface energy and less of rougher
removes all [visible) contamiration from any airface when stainless-steel surfaces, a maore significant roughness influence
ndng a sitable cleaning utendl. Cleaning success s well can be assumed for doths due to an excessively complex sur-
known to be dependent on the temperature, the chemical face. Especially here, a significant backlog demand in deaning
agents, mechanical effects, and the time [2). Furthermore, pub- exists, While the actual filtration processes are well understood,
lications in recent years have demonstrated that the targeted the regeneration of filters still adheres to rigid and exaggerated
contamination and the surface chamcteristics have a high concepts Although there are partly automated concepts, maost
cleaning impact, as well [3). Cleanability in this context refers ofthe deaning depends on the operator's experience and never
to how easily a surface can be cleared of adhering contarmina- considers the degree of contamination present. Thus, exvagger-
tion in terms of time, fluid consurnption, and the thoroughness ated cleaning is used to achieve a safe status at the cost of eco-
of the deaning. nomic and ecological aspects. There is a lack of optimization
Increasing deaning efficiency is essential for economic and and necessary approaches for enabling innovative, fully auto-
ecological reasons [2,4, 5] While deaning vessels, equipment, mated, demand-orented, or digitalized methods Finally, the
and technical surfaces were researched extensively, ather items, corresponding manufacturing recommendations for hygienic
such as filter media, have received little attention. Exemplary design can still be improved [9].
media are woven filter doths applied in filter systems, eg.,
presses These fabrics enable solid-fluid separation in food pro-
duction, eg., mash filtration in brewerles They form the bar- "Reman Alejandio Wermer (3 hittps://orcid org/0000-0002-6911-2591,
rier that keeps the retentate in place while allowing the filteate Ronny Takacs (§) httpsdford d.om/D000-0001-7629-6401,

Daminik LN ch Geder, Prof. Dr. Thom as Becker

(roman wennen@tum_de]

Tedhnical University of Munich (TUM), TUM School of Life Sdencss,
Chair of Brewing and Beverage Technology, Weihenstephamer Steig

to pass through Filter doths are textiles with warp and weft
threads imerwoven to distinct weave patterns [6). The threads
vary in diameter and can be monofil (one single thread) ar
multifll (various threads twisted into one). These doth charac- 20,85354 Freidng, Germany.

teristics determine the resulting mesh sizes. Such doth parame- e Patdek M Prof Dr. Hermarnn Mirschl

ters can be summed up to the term filter geometry, which rep- Karlwuhe Institute of Technology (KIT), Institute for Mechanical
resents the complexity of the cloth and influences the its Process Enginesring and Mechanics - Process Machines, Strasse am
cleanability. Forum & 76131 Karlsahe, Ganmany.
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Previous sudies looked at the particle-based deanability of fil-
ter dat hs and deaning efficiency test procedures [ 10-12]. Meoes-
sary cleaning parameters of wash jet deaning for model and
tood-related contaminations were studied by Morsch et al
[13, 14]. Other publications focused on alternative deaning pro-
cedures like pulsatile jet deaning [15-18). These publications
paved the way for a first underganding and optimization of
cloth deaning and the develo pment of new concepts. However,a
thorough examination of the critical cleaning mechanizms and
the influence of different doth properties iz lacking, although
being especially crucialin food applications. For instance, in pre-
vieus studies, only the status before and after the deaning proce-
dure was observed, which leaves out the critical steps of a wash
jet affecting the doth. Most notably, the effect of the filter doth
geometry on the actual food-related contamiration necessitates
extensive research. Morsch [19] already
asmumed the influence of the filter geometry
and showed wome deaning results using
coarse mesh sizes.

This paper examines the time-resolved
cleaning of various filter cloths with optical
methods. For this purpose, a high-speed
(HS) camera monitored the imipact of a wash
jet on a filter cloth and its cleaning effect.
The cleaning efficency and homogeneity
cmuld be deduced from these time-resobred
videos. Several filter doth types were tested,
with differences in weave type, thread diame-
ters, mesh sizes, and material This cloth
selection allvwed a more thorough examina-
tion of the direct deaning impact of com-
man cloth properties As model contamina-
tion, brewer's spent grains (B5G) were used
to simulatea highly practice-close case study
that is a frequent problem in breweries The

F1-PP-3TH-20

findings yielded important conclusions about different deaning
phases and the effect of the doth onits deanability.

2 Material and Methods
2.1 Filter Cloth Types

Eleven different cloth types were selected for the experiments,
varying in weave type, material, and mesh size (for the proper-
ties, see Tab. 1). The cloth manufacturers were Sefar AG ([Thal,
Switzedand) and Otto Markert & Sohn GmbH (Meuminster,
Giermany). This selection emphasized the individual impact on
cleanability and covered a wide range of doth types in this
application field. Fig. | shows top views of the samples with the

F2-PP-5TH-50 Fi-PP-TWL-B 100

FT-PET-PRO-20

FE-PPPLN-20

il

Figure 1. Top-view images of the filter doth samples with their respective designations
(magnification 20w, clustered according to the material

Table 1. Filter doth samples with spedific properties and manufacturer descri ption

Type Type (mi ) Threud Wezve pattern Mesh sizes (mb )" Thidnes (mit) R &
malerizl [ [wm]  [pm]

F1-PP-5TH-20 05-1001-5K 0X0 FF 5N 20 500 42 169
F2-PP-5THN-50 05-1001-K 043 FF 5N 50 540 a3 s
F3-PP-TWL-80/ 100 05 -1001- K 70320 FP TWL B0, 100 530 35 1346
F-PP-TWL-80/100 05-1001-K 120 FP TWL B0, 100 480 &5 15.1
5 -PP-TWL-H0/100 05-1001-K 215 FP TWL B0, 100 480 54 1546
F-PP-PLN -2 PP 2436 | alendaredy PP PIN (multifiliment) =20 7ED 338 4&B2
F7 -PET-PED-{122 07 -76-5K (22 PET FRI} < 185 155 2.
P8 -FET-FED-{112 07 -2 -5K 012 PET FRI} < B0 65 69
P9 -PA fidi- FLIN -50 05 -1001-5K (kG PAG & FIN 50 520 Gufi i
F10-PAG 6-5TH-20 05 -10 10-5E (058 PAG & 5TH el 470 5 19.1
F11-PAGG-5TH-80/100 05 -1001- K 050 PAG & 5TH B0, 100 520 123 302

“ Information source: technical data shest of the respective manufacturer
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surface geometry captured by a digital micmosope (VHX-
2000y, Keyence Corporation, Osaka, Japan) with a magnifica-
tion factor of 2

The woven cloths could be categorized into three clusters
according to their material: polypropylene (PP), polvethylens
terephthalate (PET), and polyhexamethylene adipamide
(PABS). The mesh sizes ranged from <20 to 100pm. The
weave patterns of the samples were either plin (FLN), satin
[5TH), or twill (TWLL In addition, samples with a plain
reverse Dutch (PRD) weave were used This weave sructure
differed from the standard PIN in that the warp and weft
thread diameters were different. The surface roughnes was
measured using a surf maobile confocal microscope (NanoFoos
AG, Oberhansen, Germany) in accordance with 150 4287 [20]
and IS0 35178 [21). The mean roughness index B," and the
mean arithmetic height value §, were selected to define the
individnal line and surface roughness [21). While R, described
the mughness profile on a particular measurement line, 5,
extended the measuremnents and specified the entire surface.
The value of 5 represented the helght difference between each
two points and the surface ardthmetic mean

2.2 HS5 Camera System and Video Acquisition

The camera VWM and the objective VH-Z20R/Z2HT (Key-
ence Corporation, Osaka, Japan) were used for monitoring the
cleaning process. The system recorded HS videos at 500 frames
per second for 205 with an exposure time of 1/10{)s. The
resulting videos provided high-quality slow-motion videos that
allowed tracing of the entire deaning Each wideo could be
divided into single images to show the deaning in greater detail
and for further data evaluation. Any further advantages and
disadvantages of the system are discussed in the Supporting
[nformnation (5I).

2.3  Cdeaning Setup

The experimental studies were conducted in a deaning device
developed for the pilot filter press Meura 2001 (MEURA,
Péruwelz, Belginm) in the Research Brewery Welhenstephan
(Fig.2). In this case, a traverse system allowed for an auto-
mated approach of the deaning nozzle to the filter, resulting in
a demand-oriented cleaning procedure. The applied deaning
nozzle was the full'round jet nozzle 544.300300CA 0L

Camera

LED lamp B

Figure 2. Experimental setup. [A) Process flow chart and computer-aided design (CAD) drawing of the satup.
[B) Opto-mechanical deaning unit. [C) Setup overview with the HS system and the mash filer.

1} Listafsymhbalk atthe end of the paper.
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(Lechler GmbH, Metzingen, Germany), usng a pressure of
3x10°Pa More details about the setup automation and the
nozzle can be found in the 5L

In most experiments, the deaning time was 2.0 s, which was
long enough to see the full impact of an impacting jet on the
cloth surface. According to Siekmann et al. [22] and Sgloch
[23]. the main effect of the deaning ocours within the first
1.5s, which is why the selected time frame enabled sufficient
observation of the different deaning phases In all experiments,
the digance between the deaning nozzle and the cloth surface
was 35 mm [z-axis). This value orginated from previous publi-
cations of Maorsch et al [13, 14], where this distance demaon-
strated high suitabiity.

2.4 Preparation of the Contamination

For the model contamination, the industrial example brewery
was selected. Thus, a practical method was necessary to pro-
duce a standardized BSG compaosition. According to the litera-
ture [24,25), BSG i a complex mixure of proteins, carbohy-
drates, water-insoluble components (husks), and other partially
sticky substances These variables provided a good starting
point for a model contaminant with adhesive and cohesive
binding forces.

The preparation of this B5G-based model contamination faol-
lowed the congress mash method according to MEBAK (Mitte-
leuro paische Brautechnische Analysenkommission) (see the S
[26]. Thiz practical procedure allowed the creation of a stan-
dardized fouling matrx toanalyre deaning effects in the exper-
imental runs The particle size digribution g3 of the malt par-
tides in the mash was measured with a Mastersizer 3000
[Malvern Insruments, Mabrern, UK) and ranged from >5 to
L) oy, with the most significant proportion in the range of
2p-225pm. Regarding the mesh sizes (Tab. 1), these particle
sizes could be retained by the doths to deposit in the mesh
apertures.

tioned vertically to simulate the condition of nozzle deaning in
a filter press.

3 Results and Discussion
31 Video Evaluation and Cleaning Analysis

The automated deaning device approached each prepared con-
tamination spot and fired a precise jet. This procedure pro-
duced a distinct deaning effect dependent on the properties of
the cloth. All other parameters, like the noezle, the deaning flu-
id, and the contamination, were kept constant.

In every case, the HS camera system captured a full video
and could thus monitor the cleaning, As a result of these slow-
motion videss, an amalysis method was deweloped to identify
the deaning progres time dependently. The videos were cut
into frames, resulting in sngle images in BMP format. Finally,
only the tenth image in chronological order was used for analy-
5is to reduce the complexity of the measurement results. Thus,
a spedfic image processdng algorthm was used to perform the
final residue analysis on each image.

The acquired images were analyzed by a batch evaluation
algorithm programmed usng MATLABR 201%b by MathWo rs™
(Matick, MA, USA) The code was based on a threshold analy-
sis and the contrast between the contamination and the filter
cloth. The advantage of this method was its quick amalysis
combined with high preciion Any information about the
detection procedure and the developed algorithm can be found
in the SL The analysis results were used to determmine the dean-
ing degree (¢ and the deaning homogeneity HF of each doth
Fig. 3 depicts the residue analyss by listing the required steps
and exemplary recondings.

The parameter used to determine the cleanability was
the deaning degree (r. It represented the area deaned by
the impacting jet. The deaning degree was computed by

25 S5oiling of Filter Cloths

The respective filter doth with a total size
of 297 mun <2 10mm was damped in a
frame to simulate cloth tightening similar

Acquisition of
high-spead video

to that in a filter plate. Then, an acrylic
glass pattern with six round holes (7am
in diameter] was placed on the damped
cloth, generating reproducible contamina-
tion spots. Finally, 20mL of the prepared
congress mash was poured homogeneously
into each pattern hole. Afterward, a specific
sedimentation time of 15h at 20°C was
used to alow patticles to penetrate the
meshes, form adhesive forces to the surface,
create oohesive forces and achiewve a filer
cake with defined moisture. The oontarmd-

| Man cleaning gane

1} Extenson and Lateral flow

Contamination
detection (HSV)

Clizaning Claaning
degres hemogeredy
-] =1-4 wEl-| :—

nated filter doth had been placed in the
cleaning apparatus and was ready for the
experimental trials The doths were posi-

Chem Eng Technol. 2023, 46, MNa. 5 873 -881
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Figure 3. Schematic illustration of the image-processing procedure and determined
parameters evaluating the deaning effidency.
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comparing the contamination lead in pixels before deaning
Ay, and after cleaning, A, (Eq. (1)).

— Al
Gl-]=1-3 (1)

A value of 0 means no cleaning effect was observed, while |
designated the complete residue remaoval.

However, (7 only showed the total effect on the surface with-
out specifying any locally resolved cleaning effects. During the
initial experimental runs, it became cear that each filter doth
displayed a distinct form of the cdeaned surface. As a result, a
location-based and appropriate deaning pattern calculation
method became necessary, For this purpose, the homogeneity
factor HF as a second chamcteristic was introduced, illustrated
in Eq.(2).

Iy

HF[-]=+ 2]

x

A process engineering approach to evalmte characteristic
particle forms was adapted for the determination of HE Here,
the maost extended length of the cleaned surface in y- (L) and
x-direction ([) was measured with MATLAB by MathWorks™
(USA) - the division of y to x results in HE A value of | indi-
cates that the deaning effect acted homogeneousy in a drcular
cleaning shape. Any deviation denotes a heterogeneous Cdean-
ing effect.

Fig. 4 shows the procedure for the determination of [ and [,
and the decidon critera. The selection of [, was based an the
most extended rmange within the respective quadrant of the x-y
coordinate system.

Figure 4. Exemplary cleaned filter doth with geometric decision
criteria for I, and [,.

3.2 Cleanability of the Selected Filter Cloth asa
Function of the Cleaning Time

Fig. 5 illustrates the time-resolved deaning degrees of the filker
cloths. Since Leipert et al. [10] found only a minor material
influence, the results were clustered material-dependently into
three subfigures. Following Mauvermann [27], deaning time-
resolved monitoring is crucial for analyzing occurning effects
and efficiency.
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Figure 5. Gradual development of the cleaning degree G of
11 filter doths, grouped according to the material. Cloths manu-
factured of (&) PR B) PET, {C) PAS6. CF = cleaning phase findi-
widual sections are qualitatively visualized wsing a gray-colored
area). Other constant deaning parametsrs: v = 1144ms™,
P = 3107 P, Xyomie sustuce = 35 mim, T= 22°C, n = 6. The confi-
dence intervals (@ = 0.05) ranged from 0,05 to 010 and are not
shiown in the graph for readability.
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The results showed increasing deaning degrees over time. In
most cases, the curves followed different deaning efficiendies,
resulting in different final cleaning degrees (. Howewer, in no
case did the filker doths reach a & value of 10, This can be
attributed tothe fact that the contaminated area was selected as
oversized. This size was used in all experiments as the specific
area to e deaned was the deckive citerdon. 5o, it was unim-
portant whether the specific deaning concept also deaned the
entire experimental surface. Therefore, this overdimensioning
even tumed out to be an advantage, as it enabled a high degree
of comparability between the different ceaning experiments.
Az a result, different deaning effects could occur within the
same material duster, implying that a material influence could
not be demonstrated. This aspect was remarkable as the mate-
rial specifically influences the cleaning surfaces. Here, the sur-
face energy or wettability (eg. determination via contact
angles) iz esential to condder [8). However, concerning filter
cloths, the complex structured surfaces seem to have more
influence on the deanability.

Initially, the contamination was homogeneous in each spat,
and the effecting cleaning parameters were kept constant. As a
result, the deaning succes had to depend on the filter struc-
ture, such as different weaves, meshes, and thread sizes. Indi-
vidual properties (Tab.1) revealed higher (¢ in deaning doths
with smaller mesh sizes, indicating better deanability. Signifi-
cantly, this aspect was represented by F1-PP-5THN-20, F8-PET-
FRD-012, and FL0-PAS.6-5THN-20, which showed the hest
cleanability while having the smallest meshes. The coarser
meshes almost always resulted in the lowest deaning degree.
This observation could be combined with the findings of the
roughness profiles in Tab. 1. For instance, all filters with the
best cleanability also have minor B, and, in parts, § values.

Furthenmaore, the weave type, as an additional central param-
eter, had an effect that was directly related to the mesh size and
thread diameter, When the mesh sizes were small, PLM and
5TH weaves favored cleanability. The weave pattern explained
thiz ohseration where the PLN and 5T weaves show more
homogeneous structures than TWL These parameters were
also part of other research findings in which smooth surfaces
showed an appropriate hyglenic design Consequently, a signif-
icant influence of the filter geometry on the cdeanability could
be concluded.

a) Initial impact

[ -
Filler  {orma-
elath minatbon

Hadial Fiow zone

The multiple yarn, which resulied in poor deanability, was
an exception to these findings. The previows condusion could
be undedined as the filter doth F&-PP-PIMN-20 showed the
highest B, and 5, values due to the increased roughness This
yam bunch is also thicker, resulting in deeper valleys between
the threads. At first glhnce, this conclusion contradicts the
findings of Morach et al [13], who found multifil weaves more
easily cdeamable. However, these results were based on deaning
ina small ares; 50, a detalled observation of the cleaning phases
was stlll required. The entire contamination was located in the
impact area where most of the forces of the indtial jet could
have an effect (Fig. &C).

The overall deaning progress resulted in distinet phases that
allowed for doth-specific cleaning dassification. The respective
end times are illustrated in the SL Cleaning phase | could be
oberved at the beginning where the central deaning zone
formmed All cleaning curves show the same cleaning progress,
with the zone (impact area) expanding to a doth-specific mad-
mum. This zone was visible in the related videos as white flow
zones on the cloth in the jet impact area. Wilson et al. [28]
demonstrated that this area could be equalized to the radial
flow zone (RFZ) for flat solid surfaces (Fig &), Initially, shock
waves and, later, lateral flows acted on the surrounding area,
and the jet generated enough pressure to dean all filter doths
uniformly. The impacting fluids underwent dynamic compres-
sion, decelemting untl almost zero velocity [23,27). This
impact force cansed a shock wave (also water hammer) against
the fluid jet and into the contamination, which created the ind-
tial strong claning effect by bumsting the top layer. Arising
forces overcame the cohesve forces within the contamiration
and also adhesive forces of the contamination towards the doth
surface in the impact area. Subsequently, the jet could penetrate
the contamination down to the filter cloth, forming the REZ
Flows streamed laterally to all sdes from the point of impact,
which removed the surrounding contamination and resulted in
phase .

In phasel, the cleaning degrees diverged significantly in
most cases. Here, fluid friction and reduced wall shear stress
along the surface reduce deaning. Becanse of the cohesive and
robust intermction effect of the filter cake, the reroval was
further downgraded. Any deaning flow influence required suf-
ficient pressure and wall shear stress along the surface to

k) Final cleaning jet c) Small contamination

e SN

Horls =

: []

-G‘ =

"y lulsr.ll cleaning &

Taw
I_'_I_'_l I_'_l_'_l

Fiker Comts- Filter Conts-
cloth minaton cloth. mination

Figure 6. Schematic llustration of the jet (A) atinitial impact, {B) in its final shape, and {C) at a small contam-

inated area.
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overcome the acting adhesive forces. However, the deaning
effect differed between the filter doth types in phase 2. It had to
be conduded that the different cleanability had to depend on
the filter geometry as well. After approximately 14-1.6s (PR
PET) and 18z (PA6S), the cleaning progress followed an
asymptotic trend, turning into constant & values. Here, the
final deaning phase3 was mached, and no further deaning
took place. The highest presure forces were obsrved in the
impact area of the wash jet during cleaning phase |, accom-
plishing deaning with the highest reliability and performance
here.

3.3 Cleaning Homogeneity at Selected Cleaning
Times

So far, a significant influence of the filter geometry on the
cleanability of a cloth has been determined. Significantly, the
combination of mesh sizes and weave fype, as well as the
resulting roughness profile, could be identified as essential The
previous results, however, did not determine the location-spe-
cific deaning effects. Another study [17] discovered an impact
in areas other than the RFE. However, it was undear how uni-
formly the deaning effect decreased away from the RFZ. For
these reasons, the HF homogeneity factor was created This
parameter was maonitored for all applied filkers in equal materi-
al dusters. Fig, 7 digplays the time-resolved results of the exper-
imental imvestigations.

The resulis of HF represented the homogeneity of the dean-
ing effect. Values near HF = | demonstrated a drcular deaning
effect in the range, indicating a homogeneous deaning Respec-
tive values above | and higher displayed a mare considerable
cleaning effect in the y-direction, while a score below 1 and
lower represented more deaning influence in the scoordinate.
It can be hypothesized that the lateral flow direction of the
impinging jet is associated with a particular deflection potential
af the filter daoth.

First, in all diagrams, equal curves could be observed. During
cleaning phase 1, all filker doths showed values of HF around 1,
which evidenced a very homogeneous deaning effect. The cor-
responding cloth areas only covered a small portion of the con-
taminated area In deaning phase2, a split between several
cloths could be noticed. HF remained constant untll deaning
phase 3 was reached This observation demonstrated that the
wash water distribution on the daoth is consistent. The contam -
ination outside the RFZ was constantly removed., depending on
the cloth parameters. Howewver, the weave type had to be taken
into account, particularly in terms of filter geometry. Bacause
of the homogeneous cloth structure, the PLN with monofil
threads was deaned homogeneously. It was followed by STH,
which produced reliable homogeneity in almaost all cases. Maore
heterogeneous results were observed when a TWL or a PRED
weave was applied. This was due to the typical weave structures
of the woven doths, as llustrated in Fig. 8. The structures and
resulting geometries of these weave pattemns could be assumed
to create flow. The fluid-dyramical obstacles resulted in an
inhomogeneously cdeaned area that only improved drairage in
spedific directions. In addition to the adhesive and cohesive
forces, the contamimation that adhered to the deeper doth

Chem Eng Terhnol. 2023, 48, Mo 5, 872-80
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Figure &. Weave types of the applied wowen filters with schematic weave patterns to identify the
flow stream. Black squares represent peaks and white squares represent the weave valleys. lllustra-
tion inspired by Purchas [249] and Anlauf [6].

layers required additional jet force to be transported out of the
cloth weave valleys Here, it & maore efficient for particles and
the wash sream to follow the weave-specific flow channel,
resulting in a higher deviation of HF. During the stream away
from the REZ, the fluid friction increased, resulting in declined
& and HE

Additionally, two additional exceptions required detailed
aralysis. First, it had to be discussed why F3-PP-TWL-80/ 1 ()
resulted ina condderably better and more homogeneous cean-
ability than the other TWL fabrics. This doth type, like the
others, had similar properties. However, the mesh distribution
and permeahility were different, resulting in a maore open sur-
face finish and destructured TWL.

Second, F7-PET-PRD-022 and FB-PET-PRD-012 differed
significantly in their deanability, although PRD was applied in
both cases. The solution could be found in the filter thickness.
Both types were the thinnest applied types while FR-FET-
PRO-012 was even 57 % thinner. This aspect resulted in press-
ing of the thin coth at the initial impact, explaining more het-
emgeneons ceaning and poor deaning results, as shown in
Fig. 6B. All other doths were thicker, giving them a more resis-
tant stiffness. So, thin filters require extra care.

4 Conclusion

The influence of the woven doth properties on their cleanabil-
ity was inwestigated in this experimental study using jets. HS
videos were recorded with an HS camera, allowing for precise
and time-resolved cleaning analysis. The results were applied
using B5G, which continues to canse complex deaning proce-
dures in brewerles.

First, the deaning videos showed that the deaning of filter
cloths could be distinguished into three deaning phases, Clean-
ing phase | represented the impact area, where the most in-
tense fluid forces allowed consigent contamination removal
The properties of the filter doth had less effect on the cean-
ability here. In contrast, due to friction and decreased wall

Chem Eng Technol. 2023, 46, MNo_ 5, 873 -881
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shear stress, phase 2 demonstrated decreased cleaning efficien-
<y that was highly dependent on the woven filter type. These
findings were essential as this phase comprised the longest
cleaning part and the most extensive surface range. The last
phase 3, llustrated a status quo where the maximum effect was
reached, and no further cleaning took place.

Second, the influence of the filter geometry and its respective
components on the deanabidity could be detailed. The deaning
degree (¢ and the homogeneity factor HF were used to llustrate
the ilﬂmming effects primarily in cleaning phase 2. The results
revealed a dependence on the filter roughness, as indicated by
R, and 5, Howewver, the roughness was caused primarily by the
mesh sizes in combination with the weave type, which is why
these factors required careful consideration. As a result, accord-
ing to common hygienic design principles, rough surfaces of
filter cloths will always result in complicated deaning,. In fiture
research, these findings can be further detailed with a study
concerning wettability and the surtace energy of the doth.

The presented research results help find the requirements
for deaning concepts for woven filter doths. The weave types
and mesh sizes were the most important criteria for effective
and uniform cleaning. Furthermaore, the findings can help to
develop hygienic design guidelines. The image-based residue
detection and the developed cleaning setup are suitable for
improving filter presses. Autormated and digitalized deaning, in
particular, can potentially be critical elements in this field [30].
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Symbols used

A, [m?] surface

o] -l deaning degree

HF [-] deaning homogeneity factor
I, [m] length

R, [pem) mean roughness index

5 [pem] mean arthmetic height value
Abbreviations

BSG brewer’s spent grains

HS high-speed

PAGG polvhexamethylene adipamide

PET polvethylene terephthalate

PLN phin

PP pelypropylens

PRD phain reverse Dutch

RFZ radial flow zone

5T satin

TWL twill
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Summary

This paper presents a novel method to remove spent grains effidently from filter doths via pulsed forward

flushes. In breweries, mash filters separate liquid wort from solid spent grains, a by-produoct. Thess mash
filters use woven fabrics made from synthetic materials as filter media. However, rough filter surfaces
often hinder the cdeaning process. Concerning modern hygienic design principles, filter cloths are only
designed for eficient filtration performances, in which cleanability is not considered. Henee, in combina-
tion with strongly adhesive spent grains, brewers often reject mash filters. The paper illustrates an experi-
mental parameter vanation and a comparison of pulsed with continuous cleaning in respect to their
cleaning performance. The results showed that the proposed method is suitable, reaching up to 30%
higher cleaning degrees than conventional methods. Furthermore, the technigque required up to 50% fewer
cleaning fluids and shorter cleaning times, indicating economic and ecological advantages.
Keywords claning sensory, filter cloth cleaning, forward flush, mash filter cleaning, pulssd clandvg, spent grains removal, wash jet.

intreduction

The simple cleanability of production equipment and
reliable cleaning concepls are essential parts of modern
engineering in the beverage, food, and pharmaceutical
industry (Hauser, 2012). In this context, cleaning pro-
cedures are fondamental unit operations, requiring
specific adaption to the application field. Besides exter-
nal energies (lemperature, time, chemistry and
mechanics), the cleaning concept's efficiency depends
on the conlamination type and the surface to be
cleaned (Valentas er al, 1997, Wildbrett, 2006, Hol-
mann, 2007). As multiple residues types oocur in most
applications, filtration systems require custom-fit clean-
ing concepts,

Filtration is also an elementary uwnit operation in the
brewing industry. In the brewhouse, mash filters effi-
ciently separate solid spent grains from liquid lanter
worl. The spent grains are byv-products and are no
longer necessary for the subsequent process (Mussatto
ef al., 2006; Marzih & Back, 2009). However, mash fil-
ters are currently retrogressive in terms of existing
cleaning concepts. After the filtration, operators open
the plate packs, and the spent grains cake is dis-
charged from the filter cloth. However, in most cases,
this step is performed incompletely, Accordingly, the

*Cormmpondent: E-mall: dombndk geder|@ium de
dod 100111115795
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remaining spent grains adhering to the filter cloth
reduce the performance of subsequent filtration cycles,
carry the risk of cross-contamination and result in
poor hvgiene, Currently, the brewing industry uses
rigid filter cloth washing systems, mechanical scraping
systems, and abowve all, manual removal processes.
Usnally, the breweries use these concepts with pure
water 1o remove adhering spent grains between two fil-
tration cycles. Chemical agents are applied less fre-
quently and typically take place weskly (MNarzib &
Back, 2009). However, these outdated concepts have
never been optimised, cansing high costs due to long
sel-up times and more intense regular cleaning inter-
vals. Therefore, despite its significant advantages dur-
ing filtration, the mash filler has been less attractive
for many breweries,

Following the literature (Santos ef af, 2003; Aliva
& Bala, 2011; Steiner er al, 2013), spent grains consist
of a complex composition of proteins, carbohydrates,
and many more substances. Some of these are strongly
adhesive and can complicate any cleamng process.
Moreover, common polvmers are the primary raw
material of filter cloths, limiting the operating temper-
ature and chemical concentration in the cleaming pro-
cess  (Purchas & Sutherland, 2002). Additionally,
extensive mechanical pressure can harm the cloth's
lifespan. As a result, filter cloths often do not achieve
the lifetime that the manufacturer guarantees. Thus, it

Ty QFSTIF)
This i &0 OD 87 Goced AMichs und e (e b of She Creative Commorn ARt Son Lizeres, which pemiss s,
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is vital to optimise cleaning concepts for mash filters.
This backlog also occurs in other industries, where
new techniques can perform similar enhancements.

Emploving pulsed wash jets in cleaning procedures
is state of the art in many areas of the food and phar-
maceutical industries, like in cleaning tanks or heat
exchanpers (Gillham er of, 2000; Chrstian & Fryer,
2006; Aupgustin e o, 2010) With this method, a
pulsed cleaning jet with a defined pulse length and
pulse pause (pulse frequency) removes product remains
from surfaces. The pulsing improves the cleaning effi-
ciency compared with continuously performed wash
jets  through additional mechanical effects like
increased wall shear stress (Bode er af, 2007; Blel
el al., 2009b; Foste er al., 2013). Local velocity profiles
can have a significant cleaning effect, atributed to the
periodic renewal of the boundary layers between the
cleaning stream and targeted surface (Blel & Le
Gentil-Leligvre er af ., 2009). The pulsed washing water
flows off the surface in a pulse pause, which reduces
the laminar boundary laver on the filter surface. The
following pulse can thus discharge its total kinetic
energy onto the contamination.

The present work shows the application of pulsed
cleaning to filter cloths soiled with spent grains as nat-
ural food-related contamination. Due o the complex
cloth structures and firmly adhering spent grains, the
framework conditions are challenging, making detailed
investigations necessary. Previous stwdies on pulsed
forward flushes have been carned out exclusively on
model contamination, neglecting the actual needs
(Stahl er al, 2007, Weidemann ef o, 20014; Werner
el al., 2017). In this context, Weidemann ef al., (2014)
also established the dimensionless aumber W, describ-
ing the cleaning influence of luid dynamics, the pulse
frequency, filter peometry and particle size. The W
number can also help up<scaling small-scale expen-
ments o a technical scale. First experimental trials
focussed on spent grains-loaded cloths were recently
published by Morsch er all, (2020), (2021).

In this stwdy, the pnmary experimental investiga-
tions are based on two filter cloth types that differ in
construction amd geometry. A parameter vanation of
jet velocity, incident flow angle, pulse/pawse length amd
a comparison with a continwous wash jet cleamng
highlighted the promising approach of this method. A
digital microscope and a specially deweloped analvsis
algorithin  enabled the assessment of the cleamng
depgree. This detector allowed contact-less identification
of spent prains on the cloth and in the open meshes
that mainly contributed to cleaning problems. Finally,
the novel developed method created an optimised, eco-
nomically more efficient, and resource-saving cleaning
method for woven filter cloths. The wse of spent
grains, which have a complex matrix, allows the con-
cept transfer o many other residues.

Intermational Journal of Food Ssence and Tedmaology 2022

Material and methods

Filter cloth samples

The expenmental investipations were carried out on
two different Sefar filter cloths (Sefar Holding AG,
Thal, Switzerland), illustrated in Fig. 1. These monofil
cloths possessed different materials, construction, and
mesh sizes. Thus, ransferrng pulsed cleaning and the
presented residue analysis to a broader application
area is possible. The selected cloths are mainly used in
chamber or membrane filter presses, which represent
the basic filtration structure of a mash filter. The filter
cloth G3-1001-5K 066 consisted of polyamide (nylon)
and fine aperture in a plain reverse dutch weave. In
contrast, the filter cloth 45-M1-K 120 was made of
polypropylens and had huger mesh sizes in a twill
weave. Notably, the application of these filter types is
frequent in beer mash separation.

The digital microscope VHX-200D (Kevence Corpo-
ration, Osaka, Japan) and the confocal microscope
psurl (Manofocus AG, Oberhausen, Germany) cap-
tured high-qualitative images for detailed characterisa-
tion of the filter cloths and analvsed their surface
profile. In detail, the confocal microscope could mea-
sure the broadly wsed line roughness parameters R,
and Ry according o DIN EN ISO 4287 (DIN, 2010).
R, characterises the arithmetic mean of the profile’s
height deviations from the base line, while Ry extends
this approach to the quadratic mean. Here, 05-1001-
K 120 disposed of a rougher surface than 03-1001-
SK 066, Additionally, the manufacturing of both cloth
types included a calendaring process that flattened the
threads on the top laver.

In advance, the filter cloths were cut into rectangular
samples with a length of 44 ¢m and a width of 1.4 cm
for the experimental smdies. The pieces were insertable
into object slides made of acrvlic glass that fitted accu-
ratdy in the stream channel of the measuring cell.
Additionally, the object shdes could be posibioned i an
enclosure under the digital microscope. This enclosire
enabled the exact positioning to puarantes alwavs the
saime imape section and area of interest

Preparation of spent grains contamination

The next step was developing a reproducible contami-
nation method based on the wse case mash filtration in
a brewery. Using Pilsener malt the applied spent prains
contamination orginated from beer mash, obtaned
according to the MEBAK congress mash method
{Jacob, 2016). The applied malt possessed standard
specifications  and mi&inawd from the batch Q230
001060402 Wevermann™ GmbH (Bamberg, Germany).
The malt was milled by a hammer mill Laboratory Mill
3100 (Perten, Hamburg, Germany) to a fine pgnst

& 30T The Aushoe. bracemstionad Joumel of Food Seienes & Tashnobogy
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Filter typa: 03-1001-5K 066

(b} (b2}

Magnification: 100

Mesh Size | Material | Weave | Thickness | R, R, Mesh Size | Material | Weawe | Thickness | R, R,
[pm (pm] | [am] | [pm] [pm] [pm] [
B0 & 100 PP Twill 480 849 | .07 50 PABS Plain 520 6.55 | 843

Figure 1| Dhstration of the wed filter samples with corresponding properiies A = 05-1001-K 120 B = (3-1001-5K Oa& (1) Top-view tmape
{digital microscope); (2) Side-view image (digital microscope); (3) Top-view image (confocal micmscope); and (4) Side-view image {confocal
microscope); Additional dedgmations: K = calendensd; SK = special calendered; PP = Folypropylen; PAGS = pol vhexamethylene adipamide

6.6

Compared with the MEBAK method, this mill tvpe was
an adaption as the standard procedure with more coarse
grist was exclusively designed for lanter tun mash.

The preparation of the congress mash started with
mixing a grist amount of 50 g with a volume of
200 mL demineralised water at a temperature of
45 *C. Constant stirring (90 rpm) avoided clumps that
could negatively influence the mashing and result in
inhomogenous contamination. The mash was kept at
45 °C for 30 min and afterwards increased w 70 °C.
A wlume of 100 mL demineralised water (at 70 °C)
was added and held for 60 min. Ultimately, the mash
was cooled to 20 °C, amd demineralised water was
added to a total weight of 450 g. In this case, the use
of demineralised water was an essential factor, as
cleaning processes can be strongly influenced by differ-
ent water composiions (2.2 degree of hardness).

Filter cloth contamination

The mash now served as the contamination matrx for
the spoiling of the filter cloth. In the first step, the
trimmed filter cloth samples were moistened with dem-
ineralised water for 30 min to accelerate filtration and
adhesive forces. Secondly, a crcular alurmmum pat-
tern was placed on the sample’s centre [0 penerale a
reproducible contamination spot. A well pre-mixed
amount of 20 pl. mash was pipetied into the template,
resulting in a circular contamination area with a

B DTT The Auhors, Inannaboned Sounnal of Roeod Seencs B Tehmokogy

diameter of 100 mm and a height of ca. 2.6 mm.
After a filtration and sedimentation time of 240 min at
X "C, the contaminated filter cloth sample was ready
for the experimental runs. This time frame simulated
the standard duration of industrial filtration processes,
plate packapge opemng, cake discharges and set-up
times. The particles had enough time o penetrate the
wel meshes and penerate adhesive forces to the cloth’s
surface. The spent grains-loaded surfaces with a
defined moist represented reproducible contamination
spols. Spent prains are problematic and complex con-
tamination due to different material classes and parti-
cle size distributions. The g3-distrbution for the
applied mash ranged from >5 to <1000 pm, while the
most significant proportion was from 20 to 223 pm.
The entire method of spent prains preparation until
contamination of the filter cloths is illustrated in Fig. 2.

Cleaning set-up

The equipment wsed for the cleaning experiments was
a self<developed measunng cell with a defined stream-
ing channel. Figure 3 shows the entire set-up as a
schematic drawing.

After being photographed. the contaminated filter
cloth sample was inserted into the measuring cells
flow channel. The uncleaned sample’s taken imape
helped later evaluate the respective cleaning depree.
The geometry of the noezle was cylindrical with a

Tnvier i tionsal Towrmal of Food Scence and Technology X022
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Figure 3 Schematic PLID drawing of the experdmental set-up sl an ilustration of the comesponding Mow condi tons i the measu i cell

diameter drypq. 0 2 mm, representing a close practical
design. Similar nozzle designs are commonly used in
spot-jet cleaning of varouws industrial processes. An
Arduine® NANO (Arduino® Boston, USA) micro-
controller regulated a solenoid valve for pulse-pause-
control. The developed algorithm triggered the clean-
ing nozzle’s opening time with an accuracy of 10 ms
and enabled defined pulse lengths and pawses.

International Tournal of Food Stence and Tedmology 2022
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The cleaning nozzle was adjustable with two differ-
enl nozzle angles (70°, 437) between water fow direc-
tion and surface (see Fig 3). According to the
literature (Kate er o, MW7), the possible devation
between the nozzle anple Ppyez. and the incidence flow
anple Prmpact had o be considerad. However, any devi-
ation was neglectable due to the small distance of
2mm between the nozzle outlet and cloth surface.
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Subsequently, the correlation in Equation 1 could be
assumed.

Priazle = Plmpact (1)

The nozzle received cleaning flwid (demineralised
waler) from a 50 L contaner, refilled before each mea-
surement cyvcle. The cleaning fluid was transported
constantly from this container o the nozzle uwsing a
static pressure between 0.5 and 6 bar. Before each
measurement, a pressure presefling was necessary to
enable the precise target veloGily vejmme. The velocity
adjustment was performed with a pravimetrical deter-
mination of the mass transfer through the nozzle.
Here, the released water amount during a nozzle open-
ing time of 10 s was collected in a vessel and weighed
with the scale PCB 2500-2 (KERN & Sohn GmbH,
Balingen-Frommem, Germany). The measured water
volumme rmin 10 5, helped determine the target velocity
using Equation 2.

it

(2)

¥ =
ok ANozle* Prnsa

Here, ppnag was the luid’s density, while dpaes. rep-
resented the nozzle outlet surface. As the ambient
temperafure was  kepl constant at 20 °C,
e = 998.2 kg m™ could be assumed for all veloc-
ity determinations. Thus, six different cleanng veloc-
HEes Vigoene from 15 to 4 ms™! were adjustable in total.

First experiments showed less reproducible results
due to a necessary liquid’s pre-acceleration in the hose
before the nozzle. This problem was resolved by instal-
ling a bypass valve upstream of the cleaning nozzle.
Here, a constant flow circulated and was deflected into
the nozzle by activating the solenoid valve. So, a
stream with the constant target velocity resulted.

The overall set-up created a flow channel inside the
cell, which allowed defined conditions for draimng
spent grains, cleaning fluids and standardised contami-
nation removal. Thus, any inhomogenous stream pro-
files such as isosceles triangular or the typical fish
form could be prevented (Kate er of., 2007). During
cleaning, the cell remained in a vertical position. Con-
sequently, the cleaning fluid loaded with spent grains
could drain problem-free after hitting the contamina-
tion area. This set-up design was based on industrial
scale mash filters and thus had high practical rele-
vance. The selection of the pulse frequency fpye. with
pulse length fpyse and pulse pause fpaue. Was according
to Equations 3.1 and 32.

Tpanse = fpuke = 100 i1

(3.1)

1
IPause + IPulse

This chosen pulse frequency has already been pro-
ven in previous stdies (Werner ef al, 2007).

St = 5Hz (3.2}
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After cleaming, images of each filter sample were
again laken and used o evaluate the cleaning influ-
ences. The digital microscope VHX-200D (Kevence
Corporation, Osaka, Japan) was used with a 20-fold
magnification factor to record the acquired contamina-
ion in detail. The microscope svstem took imapes of
the surface before and after cleaning with a
2180 = 1478 px resolution.

Results and discussion

Residue analysis

Foremost, it was necessary (o develop a reliable imape
analvsis tool o identily remaining residues. Here, the
choice was made for an imape-analytical method with
a before-after comparison, which could assess cleaning
results individually.

An own developed image analysis algon thm in Mat-
lab™ {MathWorks Corporation, Natick, TJSA) evalu-
ated the imapes hatch-wise. After automatically
determining the area of interest, a particular imape
conversion into the HSV colour space uncovered the
contaminated spots. Besides a colour evaluation with
the value H, this colour space also enabled the colour
saturation (5) and the light value (V). The HSV colour
space decision was based upon the variably adjustable
light value. In practice, different ambient lights can
often influence the gquality of the imape sensor.
Howewver, in these experiments, the light colour and
intensity staved constant. After the HSV imape trans-
formation, the algorithm fixed the saturation and
brightness values. The provision eénabled contamina-
tion detection and converted the overall picture into a
hinary imape (see Fig. 4).

The alporithm analysed the white areas guantita-
tivelv, calculated the number of pixels, and determined
the contaminated area in pixel. Thus, the contami-
nated areas by spent grains before cleaning A, and
after cleaning As: were ascertainable. Using BEqua-
ion 4, the degree of cleaning G was determinable,
characteristic of the cleaning process’s efficiency.

Az
G[-] =1 N 4

A disadvantage of this method was the exclusive
detectability of visible contamination on the surface.
However, the filter cloth primarily consisted of flat
structures with defined meshes (see side view in
Fig. 1). Here, hidden areas were not possible as small
particles just went through the cloth, while larper ones
remained adhering on the surface or within the meshes
with wvisibility from the top. 50 with the help of the
digital microscope, even Liny particles in the deeper
layer of the meshes were detectable. Another critical
factor was a proper contrast between cloth and spent

Inier s tiomal Jowrmnal of Food Science and Technology 2022

pubfishiad brglohn Wilkey & Soro Lad on beha of brefitne of Food, Schenos and Tashn olgy FSTTR

-61-



Results — Thesis Publications

&  Pulsed forward flush o saning of filter dloth /. A. Wemerat al.

graing, which was crocial in identifving contanm nation
quickly and precisely. Certainly, the method's signifi-
cant advantage was the contact-less detection method
that did not influence the consistency or texture of the
conlaminalion Spot.

Comparison of pulsed to continuous jet and influence of
nozae angle

When using nozzle swvstems for filter cloth cleaning,
mainly continuows procedures are applied to date
Therefore, pulsed cleaning had to prove itsell specifi-
cally towards this method. Fig. 5 compares continuous
and pulsed jet cleaning with the two applied filter
cloths and incidence angles of 43° and T0P.
Considering the results (Fig. 5 subfipures a—d). an
increase in the cleaning degrees by applying higher
pulses numbers or jet lengths was observable. Deficient
and partly constant cleaning degrees were visible at
low pulse numbers or jet lengths. An abrupl increase
until almost G = 1.0 occurred by reaching a particular
value. The change over from low G values to high
ones can be named es the transition zone (TZ). It was,
in all experiments, the most thrilling part of the curve
due to the possibility to adjust the minimal necessary
process time. TZ occurred in pulsed cleaning between
4 and 64 pulses and continwous cleaning between 0.4
and 128 5. Additionally, larger error bars were seen in
TZ, which can refer to more inconstant cleaning pro-
cedures due to probable laminar boundary lavers. In
comparing both diagrams, filter cloth 05-M07-K 120
showed increased cleanability due to higher cleaning
deprees and the same adjusted pulse number or jet

Intermational Journal of Food Sbence and Tedmology 222

Figure 4 Exemplary mmages of the thor-
owgehly contaminated and the cleaned filber
surface. (a) Onginal image before cleanng,
{b) Binary image before cleaning, (¢) Ong-
nal image after cleanng, and {d) Binary
image after cleaning.

length. The subfigures ¢ and d in Fg 5, using an inci-
dence angle of 70°, depicted similar curves. The com-
parison of both applied angles showed a difference
visible at filter cloth 05-1001-K 120, where the 70°
angle increased the cleaning degree.

Here, theoretical forces described the more powerfl
impulse penerated by a non-flat dipping angle. How-
ever, this observation was not valid regarding 03-100]-
SK (6, where no difference between both angles was
detectable. The results showed that the angle had a
subordinate significance cawsed by the roogher filter
geometry (see Fig. 1). Generally, flat dipping angles
resulted in better cleaning effects at more uneven sur-
faces due to enhanced transport away from the con-
taminated area. Additionally, the flatter jet incidence
favoured the contamination transportation at this filter
type. The respective weave resulted in more extended
flow channels that allowed better drainape of the
washing water. Reparding the thread repetition, (5-
Hal-K 120 showed the same weaving repetilion on
shorter distances, which led to smoother surfaces.

Following Fig 5, there were significant differences
between the continuwous amd pulsed cleaning proce-
dures. Generally, the pulsed jet method resulted in fas-
ter cleaning degress while using fewer cleaning fluids.
In TZ, up to 30% higher cleaning degrees by using
only 50% of the water amount simultaneously were
possible  (compare Fig. 5-a valee mark 48 pulses/
4.8 5). Although in most cases, the averapge of G in TZ
ranged between 10% and 20%.

These results illustrated a promising method for
more efficient filter cloth cleaning from an economic
and ecolopeal perspective. The reasons were the
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increased mechanical component of the impulse due to
more significant wall shear stress and increased wavi-
55 on the filter surface (Augustin ef af., 2010). Nota-
blv, higher waviness reduwced the thickness of the
laminar boundary laver. Due to the filter cloth’s verti-
cal position, the liquid sprayved on the filter surface in
the previous jet had time to drain during pulse pauses.
Any cushioning effect by an occurring liguid laver due
to the jet could be minimised or even eliminated.

S0, first, the subsequent jet could almost entirely
affect its kinetic energy on the adhering contaminant,

& DT Tha Aamhori. Inannaonsd Journal of Reod Scence & Tedhnoalogy

protecied by the laminar boundary laver with a liquid
shield. Secomd, the thickness of the laminar boundary
layer was additionally reducible due to the drainage.
The ongoing renewal of the boundary layer resulted in
local velocity gradients, contributing to the increase of
the wall shear stress.

Jet velocity and incidence angle of wash jet

The understanding of the appearing forces is essential
o adjpst the most appropriate cleaning setling.
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However, the force approach only partly leads w an
entite jet cleaning model. Following the hteratire
(Momber, 1993; Milchers, 2001), the pressure distribu-
tion on the filter surface, resulting from the velocity
and forces, is the more decisive cleaning factor.

Thus, the cleaning velocity had to be optimised for
pulsed forward flush cleaning of filter cloths. The
cleaning operator always has to balance enough per-
formance and efficiency concerning the nozzle velocity.
Higher cleaning velocities induce increased impulses on
the filter that potentiallv damage the weaving. Further-
maore, additional cleaning fluid streams on the cloth
amnd increased cleaning efforts are necessary. Thus,
from an economic and ecologic perspective, the proper
equilibrium of the parameters has to be found. Fip-
ure 6 shows the results of wsing six different velocities
ranging from 1.5 to 4 ms™' to clean both filter sam-
ples. With npye = 16, a pulse number in the TZ of
the results in Fig. 5, it became possible (o selectively
differentiate between the applied veloc tes.

The results showed a constant increase in the clean-
ing degree using higher cleaning velocities concermng
filter types and incidence angles. The comparison of
both applied angles showed a considerable difference.
Here, the applied 43° angle results depicted a slight
difference in the cleaning degree. However, the differ-
ence was insignificant; this indicated a better cleaning
result using a more angled jet.

Reparding angle 707, on the one hamd, the difference
was more significant, and on the other hand, the
better-applied angle chanped. Here, an angle of 70°
resulied in a significantly higher cleaning degree.
Reparding the results of both filter tvpes, the results

indicated a big difference in the cleanahility.
{a) 10
a
LER +
- e
o & T
LR i -
= S
a
=P
S -
m
o
o
02+ -
E I ["# 03-1001-5K 0866
. : & 051001-K 120

15 20 25 34 15 a0
Cleaning vedocily v, ..., [m's]

Additionally, 05-I00J-K 120 is more cleanable from
spent grains contamination than 03-1007-SK 064,

Weidemann et al., (2013) conducted similar investi-
gations with model contamination. Here, an increase
in the cleaning velocity significantly influenced the
cleaning degree. It was also detectable that the filter
type required an appropriate anple selection, attribut-
ing to the filter structure and material. Following the
literature (European Hygienic Engineering & Design
Group, 20018), it is evident that smoother surfaces are
better cleanable. Also, Weidemann ef al., (2013} found
a correlation between filter surface roughness and
cleanahility. Compared with the results in Figs | and
6, filter O5-I001-K 13} had higher surface roughness
values for R, and Ry and was more cleanable than 03-
N i-5K 066, On the first view, this result seemed (o
be contradictory. The twill-weave texture was the deci-
sive factor, resulting in a smoother and bigger surface
on filter 03-1001-K 120 (see Fig. 1).

In contrast, 03-101-SK 066 had a plain weave con-
sisting of more interweaved threads and created more
complex furrowed surface structures. Regarding the
gi-distribution, the most substantial proportion of the
spenl grains contamination were particle sizes of 100—
1000 pm. These particles could not permeate through
the cloth and locate in the deeper mesh areas (mesh
size of BO & 100 pm). However, smaller particles,
which did not penetrate the filter, contaminated deeper
lavers and blocked the meshes.

Concluding, the filter structure is one of the decisive
cleaning parameters. All properties require detailed
consideration because neglipence hinders cleaning opti-
misation (e.g. just regarding surface roughness param-
eters). The lierature underhines this observation, where

(b} 12
084
B oe- 4
m i
] )| 4
Eoa- -
E t - -
5]
0 - o
X ] .
- = D0Z-1001-5¥ 066
. & 081000 -K 120
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Cleaning vekacily V..., [m's]

Figure 6 Vanation of cleaning vekcity v With 2 noxde anple goe, of 20 W7 and b 437 fo = 5 Hin 2 6, confid ence intervals with

a = (05
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smooth technical surfaces alwavs required attention in
cleaning planning (Wildbrett, 2006; Hofmann, 2007;
Tamime, 2ME8).

Pause and pulse length varation

In previous studies, an increase in the pulse length
resulted in lower cleaning degrees due to the rapid for-
mation of boundarv lavers on the contaminated sur-
face (Weidemann er al., 2014). These lavers decreased
the influence of the acting forces, and the jet repre-
sented a continuous cleaning flow. However, the clean-
ing effect of longer pulse pauses required detailed
investigations. Figure 7  illustrates the correlation
between the cleaning degree and different pulse panses.

The results showed an increase in the cleaning degree
whik using longer pulse pauses. Additionally, the signif-
icant difference in the cleaning degree of both filter
tvpes was apain recognisable. The applied contamina-
tion consisted of spent grains, which mostdy involved
orgamic substances. Aocording to the method described
in 2.3, the contamination rested for a certain period to
allow small particles to penetrate the pores and form a
filter cake. This process resulted in spedfic drving pro-
cesses amd thus an increased caking of the contaming-
tion. Therefore, the advantage of lonper pulse panses
was also the enhanced rewetting of the filter cake. This
rewetting resulted in swelling processes of the contam-
nation, which facilitated the detachment.

Additionally, the pulse panse was decisive lor suffi-
cient drainage of cleaning water streamed on the previ-
ous jet’s filter cloth. The difference in the cleaning
degrees of both filter cloths depended on the cloth

1.0
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Figure 7 Inflwence of the pavse length on the cleaming degres G,
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structure. The finer meshes with simultansous uneven
geometry of 0F-I001-SK 066 retained small particles
better. First, the rewelling of contamination in larger
meshes was more comfortable due to the fuid's
enhanced lateral accessibility. Besides, small particles
had plenty of possible contact points o the filter
where higher adhesive forces affect.

Secomdly, the structure of 03-1001-K 120 improved
the cleanability. Also, the material properties are
worth a closer look. Although Leipert & Nirschl,
(2012) showed material independence in filter cloth
cleaning, the wetling behaviour may differ. Here,
minor differences could result in varied rewetting and
flmd absorption of the contamination from the sur-
rounding filter area.

Conclusion

This paper performed the jet cleaning of filter cloth
with continuous and pulsed jets. The experimental
investigations found that the filter cloth’s cleanability
significantly depended on the geometry, such as mesh
sizes and weave type. Furthermore, a residue analysis
concept was developed, which can also be applied in
industrial processes.

The experimental parameter variation confirmed that
the cloth ckeanahility also depended on the adjusted
mozzle velocity and the jet’s incidence angle under cer-
ain circumstances. Reparding the velody, an increase
will cawse a higher cleaning degree. However, increasad
velocities can also lead to higher cleaning fluid con-
sumption and possible damage to the filter cloth. In
consideration of the incidence angle, flatter angles
showed less efficiency for the impact force. However, it
was nol concludable that more vertical angles enhance
the cleaning. Due to the mentoned geometry influence,
also flatter angles contributed to the cleaning success as
the contamination transport away was more efficient

In seleding the proper cleaning procedure, pulsad for-
ward flushes were advantapeous. They resulted in similar
deaning degrees in a shorter time, reducing the cleaning
agent consumption. Additionally, they could be readily
adjusted amnd offer a promising deaning possibiity,
which results in economic and ecological benefits.

The presented conclusions showed minimal setlings
applicable to clean spent grains-loaded filter cloth.
These necessary parameters will help breweries find the
most appropriate and efficient cleaning adjustrments.
Due o applving a standard industry-scale nozzle, the
findings help to realise efficient cleaning concepts with
pulsed jets in a mash filter. The next step can be con-
structing a cleaning device on a technical scale for
direct application in a brewery. Looking at Indus-
rry 4.0, the results are also uwsable for developing
demand-oriented cleaning concepts that can pave the
way Lo better antomated cleaning.
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Abstrack This study invesbigated the conbinueus and pulsed backflush cleaning of woven fabrics
that act as Alter media i the food and beverage industoy. Especially un brewe res, they are commenly
used i mash flkers to separate sohd spent grains from hgqud wort After fAltrabion, the removal of
such ceneal feadues via self-discharge 15 necessary. However, thas Alter cake discharge = typucally
ncomplele, and varous spols remam contammaled. In additicn o the reduced filter pecformance of
subsequent batches, cross-contanmnation nak meeases sipnchcantly. A reproducble contamination
method focusing on the use case of a mash Alter was developed for thas study. Addibenally, a
residue analyss based on macroscopical image processing helped to assess cleaning efficsency. The
experumental part compared bwo backfllushang procedunes for mash Bllers and demonatrated fad
dynamical, procedural, and econcmc differences in cearung. Specifically, pulsed pets show hagher
efficency in feadhing cleanhness fastes wath fewer cleaning agents and less bune. Accordong to the
experimental pesults, the flud fow conditions depended haghly on deth geometny and mesh sizes.
Lafger mesh sizes sypmeheantly favored the cloth's cleanabahby as a larger backflush velume can
meach contamination. ¥With these fesults, cloth deaning can be wnproved, enablng the seahzation of
demand-onented cleanang concepts.

Keywords: cleammng; Alter media; flier cloth; backflush cleamng; pulsed wash jets; spent graans

L Introduction

Filter cloths are textiles widely used in many solid-liquid filtration processes. Mono-or
multifil yarns as chaining and shoot threads form a particular fabric’s weave pattern and
create different surface topographies [1]. The term filer geometry can be derived from a
specific filter structure, significantly influenced by mesh sizes and weave type. During
filtration, different apertures represent the selectivity of particle sizes [2]. In addition, the
surface properties of materials should be considered, as these can influence the selective
binding of certain substance classes on filter cloth [3]. The materials used ame mosthy
polymers such as poly propylene or polyamide. Threads of various thicknesses are produced
by technical extruders from polymer raw materials. In addition to different mesh sizes,
interwoven threads have hilly structures that form flow channels of different depths and
facilitate particle adhesion points. This intricate geometry facilitates filtration processes
and provides various application possibilities [4]. However, the complexity and material
limits (e.g., temperature and pH value) can be detrimental to the filter surface during the
cleaning process [5]. The structures of commercially available filters contradict the common
hygienic design principles. To date, no corresponding guidelines for filter cloths have been
published by corresponding organizations or assocations [6].

Filter cloths have a wide range of applications in the beverage, food, and pharmaceuti-
cal industries. In breweries, mash filters, which are chamber or membrane filter presses,

Fomis 2022, 11, 1757. https:/ /doi orgy/ 103390 foods11121757
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use filter cloths to separate solid spent grains from the liquid wort. This segregation can
also be performed using lauter tuns with a slotted plate as filter support and spent grain
as the actual filter medium. The plate is usually located close to the tun’s bottom and
facilitates dead-end filtration. Unfortunately, the lauter tun’s flexibility is limited due to
long filter times as the entire mash volume has to be separated using one single tun. Here,
mash filter systems ame often preferred because they are typically more flexible in batch
quantities and cereal variety (e.g., unmalied barley or corn) than other systems [7] Such
filter presses consist of several frames covered with large-scale filter cloths, forming filter
plates. The compression of various plates keads to multiple filter chambers in the system [5].
After filtration, the release and pulling apart of these plates produce a cake discharge of
spent grains from the filter cloth. However, this cake release is ty pically incomplete, as
spent grain-contaminated spots remain on the cloth and in its meshes.

A fter a certain batch amount, extensive cleaning must be performed toensure sufficient
spent grain removal and high product safety. In particular, the residues in the meshes
create a problem during cleaning A lack of optimization is evident in the brewing industry,
as cleaning is commonly performed manually or only with rigid cleaning systems. Dhue to
increased ecological and economic awareness over the last decades, the beverage and food
industries (especially breweries) have also highlighted the necessity toenhance cleaning
concepts. Modern cleaning research has recognized the high potential in more optimized
mechanical cleaning concepts and simultaneous chemical agent reduction [5,9-12].

One promising cleaning method for mash filter systems can be backflush cleaning,
which has already enhanced the cleaning of membranes in dairy or wastewater treatment.
Hene, this technique pushes water from the filtrate side through the filter medium. Con-
cerning cloths, the aim is to realize sufficient mechanical forces in adjusting flow rates to
mlease adhesive forces between spent grains and the filter cloth at the feed side. In addition,
the backwashing must ensune that the residues in the mesh can be reached. This may be
an advantage compared with forward flushing as backflushes can reach small particles
that blind the filler meshes more efficiently and enable direct dirt transport away from the
filler cloth. However, many aspects are still unknown and require comprehensive research.
Objects for investigation are the flow loss due to pressure drops and a possible cleaning
effect decrease during the cloth passthrough. Here, a loss of mechanical effects can occur
that needs to be compensated.

Weidemann et al. [12] and Leipert and Mirschl [14] conducted the first studies on
pulsed backflushing filter cloths using model particles. Other publications generally proved
the suitability of discontinuous streams in cleaning concepts results [15,16]. Focusing on
pulsed cleaning in an industrial context, previous publications [10,13,17-24] have shown
promising results using this cleaning method in beverage and food applications such as
pipes or heat exchangers. In dust fillers and gas filtration, pulsed cleaning is already state
of the art [25-28]. In these studies, the pulsed mode significantly increased the mechanical
component of the cleaning concept

The first studies on cleaning spent grains loaded filter cloth with forward flushes were
conducted by Morsch et al [11,12,29] and Werner et al. [30]. Their conclusions were a
promising starting point for investigating the industry applications of pulsed backflushes
and breaking down decisive mechanisms in filter cloth cleaning. An in-depth scientific
analysis was necessary as different disciplines need to be combined, such as biophy sics
(heterogenous contamination), fluid dynamics (backflush), material science (filter cloth),
and process engineering (cleaning and process design). In the end, in brewery practice, the
technical realization of this cleaning concept can be achieved either by nozzles arranged on
the back of the plate or by direct backwashing of the filter cloth with pumps.

This study aimed to use pulsed jets to enhance the mechanical cleaning effects of
backflushing filter cloth. Two different filter cloths with different mesh sizes and weave
types formed the centerpiece of the investigations. An industrial-close use case was
selected, focusing on spent grains-loaded filter cloths that appear in mash filters in a
brewery. For this purpose, a tailor- made contamination method was developed to assess
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cleaning procedures reprodudbly. This was combined with a novel residue analysis by
microscopical image processing. The experimental results illustrated the most influential
cloth cleaning parameters on backflushing and determined the most suitable cleaning
design between continuous and pulsed backtlushing. The latter used pulsed streams with
a defined ratio of jet lengths to pauses, increasing mechanical cleaning effects. In addition,
using water as the only cleaning agent significantly reduced the amount of aggressive
chemicals possible. The increase in mechanical parameters may also decrease other factors
such as temperature and time. This change in the cleaning methed can preserve cloth
materials, extend the filter lifetime, and reduce costs.

2. Materials and Methods
2.1. Filter Claths

The experimental investigations used two different types of filter cloths. Both were
manufactured by Sefar AG (Heiden, Switrerland), and their names are 05-1001-K 120 (here:
F1-TWL-80,/100) and 03-1010-5K (38 (here: F2-5TN-20). The annotation F1 represented
filter type 1 with a twill weave (TWL) and mesh sizes of 80 and 100 pm. On the other
hand, filtler type 2 was designated as F2 and had a satin weave (STN) and mesh sizes of
20 um. They are both commonly used in different filtration applications and mash filters,
in particular. Table 1 illustrates the different filter properties and design features. The
main differences between the tw o filler cloths were the material, the weave type, and the
mesh size.

Table 1. Apphed Alter cloth types with therr disbnet properbes and desygnabions.

- - Manufacturer’s - N . .
Designation Desiznation Mesh Sizes [um) Maierial Weave Type Thickness [um) Finish
F1-TWL-B0y 100 O5-1001-E 130 80 & 100 Polypropylens TWL 480 Calendamd
FLSTN-20 03-1010-5K 0GE 20 Polyamide 6.6 STN o Special calendared

K = calendared. 5K = special calendared. TWL = twill weave. ST = satin weave.

A detailed consideration of the fluid dynamics of backflushing led to the assumption
that the mesh sizes will significantly influence cleaning efficiency: Here, F1-TWL-80,100 had
mesh four times larger than that of F2-5TN-20, whereas the thicknesses of both cloths were
similar. Additionally, the filler cloths had calendared surfaces, as the fabric surface had
been smoothed by molling through heated rollers. Figure 1 shows both filter types, with
images taken using the digital microscope Keyence Corporation VHX 20000 (Osaka, Japan).
For this purpose, the filter dloth was positioned directly under the microscope lens for
frontal and side imaging. The objective was used with a magnification factor of 50 to
display a sufficient degree of detail. For the subsequent contamination process, the filters
were cut into rectangular samples with a length of 4.4 cm and a width of 1.4 cm. This size
enabled a suitable contamination area thatwas able to be deaned in the cleaning device
and examined by the digital microscope VHX 20000.

2.2 Contamination Preparation

In this study, the mash filter in a brewery served as an industry-related case study that
required a corresponding contamination type based on spent grains. Thus, a standardized
mash using the brewer’s MEBAK E-206.00.002 [31] congress mashing method provided
a suitable contamination suspension. However, a slight adaption of the method was
necessary. In the developed procedure, the cross-hammer mill PerkinElmer, Inc. LM
300 (Hamburg, Germany) was used for crushing the malt instead of a moller mill. In
general, hammer mills are the preferred type of mill in breweries to grind malt for mash
filter applications. The malt used was a Pilsener Malt of the malthouse Malzfabrik Mich.
Weyermann GmbH & Co. KGE (Bamberg, Germany), the most commonly used malt type in
Cermany. The resulting spent grains of this malt contained a wide variety of non-cellulosic
polysaccharides, proteins, cellulose, lignin, lipids, and ash that produced problematic sticky
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or insoluble contamination on filter cloths [32,33]. The particle size distribution g3 ranged
from >5 pm to <1000 pm, where the most significant proportion was from 20 pm to 225 um.
For this reason, applying simple and homogenous model contamination (e.g., particles) to
assess industrial cleaning processes has to be regarded critically.

ooveoe®

(a) (b)

Figure 1. Microscopic image as top and side view and schematic drawing of the filler doths:
(a) FI-TWI1-80/100; (b) F2-STN-20; t = length to the repetition on the cham/shoot thread;
denain/ Shoot = diameter of chain/shoot thread; Is = length straight-thread section; Iz = length slanted-
thread section

Moreover, the husks of the barley malt wer interesting for contaminating filter cloths.
Husks are insoluble parts of the barley shell that a hammer mill crushes into small particles.
Once these husk parts get stuck in filter meshes, they are difficult to remove by standard
cleaning methods (e.g., chemicals or surface rinsing).

The congress mash procedure started with mixing 50 g of malt grist and 200 mL of
demineralized water, preheated to 45 °C. The mixing was carried out with care and under
constant stirring at 90 rpm to avoid clumping. This stirring speed was kept constant by
all follow ing steps. Subsequently, the mash was held at a temperature of 45 “C for 30 min
and then heated up to 70 °C. After reaching this temperature level, another 100 mL of
demineralized water (70 °C) was added and mashed for another 60 min. In a final step,
the mash was cooled to 20 °C and weighed up to 450 g with demineralized water (see
Figure 2A).
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1. Preparation & Contamination

Figure 2 Nustration of the complete expenmental proceduse. (A) Prepased congress mash. (B) Alu-
orurrum stenal on doth sample. (C) Cloth sanyple i the obpect shde. (D) Digital sacroscope devace.
{E)} Obqect shde under nucroscope lens, identifying contamanabion. (F) Inserton of object shde into
clearung device. (G) Final vertical positioning of the cleaning device. (HI) Apphed cleaning concepl.
This illustration concludes Sections 2.2-2 4.

2.3 Contamination Application

Before the contamination suspension could finally be applied, an alumimum ring
with an inner diameter of 10 mm was placed on each filker cloth sample (see Figure 2B).
This stencil spedified the dimensions of the circular contamination and thus enabled a
standardized spent grains spot for the ceaning experiments. After prewetting the cloth
samples, a mash volume of 200 ul. was pipetted in this stencil to generate the contamination
spot. Subsequently, the filter cloths were left to mest for 4 h at 20 “C, corresponding
to an average filtration time with subsequent processing and set-up time in industrial
practice. After this defined adhesion time, the aluminum drcle was emoved, leading
to a reproducible standardized contamination spot with the same cake surface (diameter
10.0 mm} and thickness (approw. 2.6 mmy).

Thus, the reproducible contamination spots provided an ideal starting point for the
cleaning experiments. Due to the consistently equal mash volume, the contaminated
cloth areas coincided in size and height and showed similar cleaning behavior. The repro-
ducibility was mainly achieved by the standardized contamination procedure, same-time
intervals, and equal particle size distribution. In particular, the applied hammer mill
proved to be a significant advantage. In this grinding apparatus, the malt grains were
milled into small particle sizes, which in this case contributed to a more homogeneous

contamination appearance.

2.4 Cleaning Depice and Cleaning Processes

The contaminated filter cloth sample was inserted into a holed microscope slide, and
an image of the contaminated status quo was acquired (see Figure 2C-E). This procedure
was necessary to assess the cleaning degree in a later step. Subsequently, the cloth sample
in the object slide was placed directly in the cleaning apparatus (see Figure 2F). The sample
was inserted with the filtrate side towards the cleaning nozzle, which ultimately allowed
the cloth to be backwashed.

The experimental cleaning setup had a defined stream channel positioned vertically
to simulate real-world conditions in an industrial mash filter systemn (see Figure 2G). This
arrangement enabled industry-like conditions to be reflected in a filter press. Above
the filter cloth, a cell lid with an inserted cvlindrical nozzle was mounted. The nozzle
streamed vertically (incidence angle = %07) on the filtrate side of the filter cloth sample on
the microscope slide, backflushing the filter cloth. The nozzle had a pipe connected to a
solenoid valve, where cleaning streams with defined time lengths could be adjusted by
an Arduino® NANC microcontroller of Ardvine LLC (Boston, MA, USA). The adjustable
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parameters on the cleaning device can be taken from Table 2. The experimental cleaning
setup enabled the generation of pulsed jets with variable pulse lengths and pauses as well
as standard continuous cleaning. As the mechanical ceaning effect of backflush deaning
was the focus, demineralized water was used as the only cleaning agent in all ex periments.

Table . Cleamng parameters and the corresponding ranges appheable m the cleanmyg, setup.

Cleaning Parameter Range Unat
Jet veloaky 1540 mj's
Mumber of pulses 1-1000 -
Mimmum pulse length 15 ms
Standard pulse—pause ratic 100,100 s/ ms

The wash water was directly transportable from a storage tank to the cleaning device
by applying pressume to the tank. Hence, the velocity of the fluid was directly affected by
the pressure level The connected solenoid valve was connected to an upstream 3-way
system. By closing the valve, the water circulated in and out of the tank. When the valve
was open, water shot into the nos le. This jet pre-acceleration was necessary to achieve a
constant and adjustable speed. Before every measurement, it was necessary to defermine
the jet velocity. Key parameters included the mass of the emitted water Mpygy and the
corresponding time length fopen. Equation 1 theoretically calculated the desired impact
velocity by weighing the emitted fluid mass.

thﬂ'd' {1}

UNozzle =
Fopen * Apgzie * Priuig

Here, the amount of water Mg,y (measured gravimetrically) escaping from the nozzle
at the surface Aygg. (157 = 1073 m?) equaled the velocity Tz, For an exact caleulation,
the water density pryg (1.0 g-cm ™ at 20 °C) and a defined noezle-opening time of 10 5
were required. The cleaning temperature was 20 *C and kept constant in the test laboratory.

3. Results and Discussion
3.1 Resdue Analysis

A suitable detection method for the residues was the critical element in assessing the
cleaning degree of the cormesponding cleaning experiment. For this purpose, the digital
microscope VHX 20000 was used to capture images of the filter cloths. The microscope
camera (18 MP) took images of the contaminated and cleaned filter cloths with a 20
magnification. An image analysis algorithm coded in MATLAB 201%b of The MathWorks®,
Inc. (Matick, MA, USA) processed and analyzed both pictures (see Figure 3). For the image
processing, the color space H5V was used.

The algorithm generated a cut picture and converted it into hue (H), saturation (S),
and value color space (V) (see Figure 3b). The determination of the contaminated areas
depended on the desired color spectrum in H and the exclusion of white and gray tones
by setting the saturation scale. For this type of residue analysis, there had to be sufficient
color contrast between the filter cloth and contamination spots. The light conditions were
adapted to the measurement environment in the lab. The proper adjustment implied the
balanced illumination of the image while avoiding reflections on the contamination in case
of overlighting.

Furthermore, the lighting settings had to be consistent to achieve highly reproducible
measurements. In the case of spent grain-loaded filter cloths, the color values of contamina-
tion spots were brownish, ocher, and yellowish, allowing sufficient detectability on white
filter cloths. The precisely adjustable illumination of the samples was achieved with the aid
of a high-power LED} lamp installed in the Keyence microscope.
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(a) (b)

Figure 3. Ongmal image of the cleaned &lter sample (a) and its binanzed image (b). The white spots
represent the remaining contamination after cleaning, whene:as the black areas show the cleaned or
contamnated surface. The picture also illustrates the anca when the jet streamed through the filter
doth (the black spotin the middle of (b)).

Subsequently, the resulting binary image’s contaminated areas (white) were computed.
By identifying the contaminated areas be fore cleaning A and after cleaning Aj, the cleaning
degree G was determined with Equation (2)
Az .
-]=1-=2 2
= g b )
The cleaning degree reflected the amount of contamination removed from the re-
spective cleaning process. Thus, the efficiency of cleaning methods depended on the
cleaning degree.

3.2. Determination of the Backflow Factor

Before conducting the parameter variation and comparing the different cleaning
concepts, it was necessary to consider the resulting cleaning effect in detail. For this reason,
it was necessary to identify the relevant backflush volumes that can percolate the filter
cloth. Ultimately, this specific volume generated the cleaning effect.

Here, the novel introduced backflow factor {pr could represented the backflush's
volume (the portion of the total amount of water used) that could flow through the dense
filter meshes. The other portion was deflected on the cloth and flowed off laterally on the
filtrate side due to back pressures at thread bridges. {gr was the guiding parameter for the
amount of water passing through the filter. For this purpose, the filter sample was mounted
on a microscope slide and placed in front of the nozzle. A seal ensured the complete
separation between the top and bottom parts of the slide. Afterward, a jet with mass Mpyiq
was streamed onto the filter cloth. The amount of water Mg Fiees that passed through
the filter cloth was drained into a small container. The amount of fluid passing through the
filter was measured gravimetrically and helped determine {gr with Equation (3).

MEluid Fltered
{pp = ——od hitered 3)
Mrlga

Figure 4 shows the results of {gr for both filter cloth types using six different stream
velocities with an inflow time of 10 s.
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Figure 4 Backflow factor pr of a defned water volume stieaming through flter cloths, Confidenos:
intervals with o = 0.05,

Regarding FI-TWL-80/100, the results depicted a slightly decreasing g by increasing
the inflow velocity Uhyzzr. This was in contrast to the observation regarding F2-STN-20,
wheme a slight increase was visible. On the one hand, Uz, significantly influenced wash-
water consumption, increasing with higher velocities. On the other hand, the difference
was insignificant, which derived the assumption that Uy zy. had no increasing influence
on (gr when only short cleaning streams were used. This observation may result from
the free passage surface, which allowed only a certain amount of backflush to pass ina
particular time interval The passage surface depended on the mesh sizes, weave type, and
thread thickness.

However, there were significant differences in a direct comparison of both filter ty pes.
For FI-TWL-80,/100, twice as much wash water shot through the filter cloth. This result
depended on mesh sizes, which in FI-TWL-80,/100 were four times bigger. For F2-5TN-
20, there was a larger filter surface, resulting in back pressures and increased dynamic
pressumes. (herall, the measured values of F2-5TN-20 were only approximately half those
of FI-TWL-80,/100.

3.3, Comparison of Pulsed and Continuous BadfTush Oeaning

Jet cleaning can be applied either as a standard continuous or the novel pulsed dean-
ing process. Recently, the pulsed procedure has been increasingly considered for filter
cloths [10,15,14,17,30]. Figure 5 compares the continuous and pulsed backflushing tech-
niques using the velocities 2 m /s and 4 m/s for deaning both filter cloths.

Significant differences were observable in the results regarding a low velocity of 2 m/s.
Fulsed jets resulted in significantly higher deaning degrees when compared to the two
cleaning methods. Motably, the transition zone from 32 pulses /32 s to 256 pulses,/ 265 5
showed these efficiency differences. In summary, the pulsation operating mode had a high
ecological and economic potential, as comparable degrees of cleaning could be achieved ina
shorter time with considerably less cleaning fluid than the continuous operation. Regarding
the applied cleaning velocities, a difference between 2 and 4 m/ s became apparent, which
is highlighted more in Section 3.4,
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Figure 5. Companson of pulsed and contmuous deaning with two different cleaning veloaties.
Settings for pulsed deaning: tp,, = tpoe = 0.1 s in a logarithmic interval [8:265] Continuous
deamng settings: unpaused in a loganthmuc interval [8:256] s. (a) F1-TWL-80/100 and 2 m/ s (b) F2-
STN-20 and 2 m/s. (¢) F1-TW1-80/100 and 4 m/s. (d) F2-STN-20 and 4 m/s. n > 5. Confidence
intervals with a = 0.05.

The comparison of both filter cloths also showed efficiency differences. The better clean-
ability of FI-TWL-80/100 confirmed the above-stated assumptions. Fewer pulses or small
cleaning lengths did not lead to appropriate cleaning degrees, resulting in poor removal
effects. The appropriate adjustment was in the mentioned transition zone and had signifi-
cantly higher pulse numbers and washing lengths depending on the filter geometry. Pulsed
cleaning had more advantages when selecting the most suitable process design. Augustin
etal [18] also saw a higher efficiency of pulsed cleaning, resulting in higher wall shear stress
and waviness on the applied technical surfaces, favoring contamination detachment.

Furthermore, in this experimental setup, the filter cloth was positioned vertically.
Respective pulse pauses allowed improved drainage of the wash water and simultaneous
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contamination removal from the cleaning zone. A reduction of the liquid layer thickness
also oocurmed, which could have cushioned contamination from previous jets.

3.4 Influence of Cleaning Velocity

The previous results indicated an influence of the stream velocity Uygg. on the cleaning
degree. Other studies [21,34-36] also followed that the dirt-removing wall shear stress
depended on the applied flow velocity. A closer look at the transition zone needed to
be taken regarding the velocity influence: for FI-TWL-80,/100, the transition area was
32 pulses/32 5, whereas it was 128 pulses 128 s for F2-5TN-20. As adjusted velocities, a
range from 1.5 to 40 m/s was chosen as these are standard cleaning settings in the beverage
and food industry [37,38]. Figure 6 shows the influence of these average velocities on the
cleaning degree of both filter cloths,

10 -E1-TWL-B0/ 100 1g-F2STH20
T [ w Pulsed et - 32 T w Pulsed j - 128 pul
& Conbrueus jol- 32 & Conlivs - 128 &
[=X: ] [=X: ]
o o
oo % foo i i
g e T % g 0 i
i 1 i P
o i o -
(=R § i } (=R T
(=51} T T T T T T [=X1] ? T T T T T
1.5 z0 z5 0 s 4.0 1.5 Z0 28 ET 35 4.0
Valaelty {mia) Valacity (mis}
(a) (k)

Figure 6 Velocily vanation of Oyej. fegardmg the transabion area of pulsed and conbinuous cleamng,
{a} Pulsed wash et with 32 pulses and continuous wash et with a length of 32 s at FI-TWL-80,/100.
(b} Pulsed wash et with a quanbity of 128 pulses and contiuwous wash et with a length of 128 5 at
F2-5TN-20. byl = Wame = 0.1 8. 1 = 5 Confidence intervals with o = 0L05.

The results depicted in all subfigures showed increased cleaning degrees using higher
velocities 7y, ;.. The comparison of both ceaning designs showed pulsed jets reaching
similar cleaning degmees earlier. From the velocity curves in each diagram, the cleaning de-
gree 'emained constant at a small value until a particular velocity was applied. Afterward,
a linear increase in the cleaning degree could be assumed.

Of high interest was the velocity atwhich the degree of cleaning increased significanthy.
At this point, the cleaning efficiency could be related to the turbulence degree. Efficient
cleaning procedures are facilitated by turbulent flows, increasing the wall shear stress,
reducing the boundary layer, and absorbing more contamination [37]. In particular, the
results of F1-TWL-80,/100 showed a significant cleaning effect with adjusting inflow veloci-
ties of 25 to 3.0 m/s. [t could be assumed that a turbulent backflush at the contaminated
filter side only occurred with these higher velocities at the inflow side.

Thus, adjusting a higher Ty, is necessary to reach enough mechanical effect and
turbulences of the backflush, favoring the cleaning process. Regarding continuous cleaning
(32 s) of F1-TWL-80,/100, this issue became apparent at 3.5 m/s. Concerning the pulsed
method, the transition point is visible at 3.0 m/s. In addition, F2-5TN-20 showed similar
observations. Here, a four-times longer cleaning length and pulse number were necessary
to reach the corresponding transition point. Comparing continuous and pulsed backflush-
ing, the point of interest was 2.0 m/s. Hem, the pulsed jet achieved 1.5 times higher

cleaning degrees.
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In conclusion, the adjusted velocity Uygz. of backflushing was crucial to reaching
acceptable cleaning efficiency. Remarkably, the same cleaning effects on the filtrate side
could not necessarily be assumed w hen setting a turbulent cleaning jet on the feed side.
However, pulsed cleaning jets could help achieve a better cleaning result, even with lower
backflush velocities. Firstly, pulsed cleaning can compensate arising losses in the cleaning
effect and reduction of turbulent conditions. Secondly, there was a significant ecological and
economic potential in using pulsed backflushes, as cleaning time and fluid consumption in
particular could be reduced.

3.5. Comparison of Both Filter Types

In the last step, both filter cloths were compared to illustrate the differences in their
cleanability. For this purpose, two different velocities were used to examine the influence
of filter geometry. The first velocity was the lowest at 1.5 m/s, where all mechanical effects
were minimal, helping to understand the different cleanabilities. The second cleaning speed
was at a change to the turbulent condition of 3.5 m/s. All results are shown in Figure 7.
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Figure 7. Comparison of both filter cloths using pulsed and continuous deaning. (a) Pulsed cleaning
at an inflow veleaty of 1.5 m/s. (b) Continuous deaning at an mflow veloaty of 1.5 m/s. (¢} Pulsed
cleaning at an miflow velocity of 3.5 m/s (d) Continuous cleaning at an inflow velocity of 3.5 m/s.
n = 5. Confidence mtervals with a = 0.05
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A difference betw een both filers was visible in all diagrams. The abrupt increase
in the degmee of cleaning above a certain speed was again observable. In addition, the
transition zone became obvious between 16 pulses/16 5 to 128 pulses /128 5. After the
contamination application, spent grain cake discharges penetrated the meshes due to the
filtration effect and dried partly The jets rewetted the contamination in these first cleaning
steps, reducing adhesion towards the cloth surface.

Regarding the geometry, F1-TWL-80,/100 was a twill weave, whereas F2-5TN-20 was
a satin weave. According to Table 1, F1-TWL-80/100 had a simpler geometry and bigger
mesh sizes that facilitated backflush cleaning. The difference in mesh sizes had a decisive
influence on the cleaning performance. Larger mesh sizes allowed much larger quantities
of washing water to pass through. This larger volume of wash water was thus able to
remove more significant amounts of contamination and ultimately transport it away from
the contamination zone. In addition, an influence on the backflush’s velocity could also be
observed here, which was reduced to a minor degmree in the case of large-mesh cloths.

4. Conclusions

This study presented filter cloth backflushing for industrial-close contamination
memoval—in this case, spent grains in a bewery. Therefore, continuous and pulsed jets were
applied and compared. The observations help to clarify backflush cleaning and oversee
critical aspects of finding the proper cleaning procedure. The method showed satisfactory
reproducibility for industry-related food contamination based on spent grains, which was
confirmed by the determined confidence infervals. The results also show significant differ-
ences when comparing the different cleaning concepts and critical cleaning parameters.

Firstly, pulsed backflushing could be presented as a promising cleaning concept
for filter cloths and mash filters im particular. The increased mechanical cleaning effect
could enhance and optimize the cleaning process significantly. Pulsed backflushes were
advantageous in economic and ecological aspects as they cleaned mome effectively, achieving
similar cleaning degrees faster, with a reduced amount of wash water and less cleaning
time. However, at this point, it needs to be clarified that chemical agents will always be
necessary to guarantee hygienic and microbiological uneritical conditions.

Secondly, the mesh size and mespective backtlow factor (pr influenced cleanability
as larger meshes allowed more cleaning fluid to pass the filter coth. The weave type
concerning mesh sizes was decisive in a filter cloth’s cleanability in this context Other
parameters such as makerials or calendaring seemed to be less important. In addition,
the latter has to be critically discussed as it can, even mone, reduce mesh sizes by cloth
flattening. Conclusively, filtler geometry—derived from weave type and mesh sizes—is
the dedsive parameter in designing the appropriate backflushing concept. More fine
meshes and complex geometries require higher inflow velocities to achieve a sufficient
cleaning effect.

Ultimately, the deaning velodity was the third vital aspect in finding the proper
cleaning concepts. Higher inflow velocities resulted in higher cleaning degrees, although
their speed seemed to be reduced affer passing through the filter cloth. Thus, adjusting a
sufficient nozzle velocity Uyjyz), was crucial to ensure sufficient cleaning effects after the
passage. Before selecting the espective cleaning parameters, a cloth-spedific transition
zone from low to high deaning degrees had to be identified. However, higher velocities
also lead to higher impulses, damaging the cloth and demanding more cleaning liguid.

In summary; it can be asserfed that pulsed cleaning jets are preferable for mash filter
cleaning. Depending on the cloth design, applying 64 pulses in a quick sequence (clocking
100 ms) and an incident flow velocity of at keast 3.0m/s can yield good cleaning results. In
addition, a more apertured cloth favored cleaning with backflushes. However, this depends
on the application field and the required filtration properties. Since relatively large particles
are separated during mash filtration, cloths with larger mesh sizes can be used well hene.

For the food industry—especially breweries—pulsed backflush cleaning is a promising
technology to optimize filter cloth cleaning in mash filters. In addition, the knowledge
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gained can optimize filter press cleaning in particular. The results of this study can also pave
the way from rigid, operator-based cleaning procedures to demand-oriented, digitalized
concepts that enable modern cleaning in terms of Industry 4.0. For a final transter of the
results into industrial application, the backflushing has to be technically realized on a
large-scale. Here, direct backtlushing of the entire filter cloth surface with a pump system
is conceivable. It is also possible to place nozzles in the filter plate behind the filter cloth.
If appropriately arranged, they enable the targeted generation of backflushes with an
efficient cleaning effect The choice of the proper technique abways depends on the design
of the filter press, the manufacturer, and the prevailing local requirements. For an efficient
cleaning process, the cloth geometry applied should, in all cases, be taken into consideration
in the preliminary stages. This requirement largely which basic cleaning parameters must
be used.
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6 Discussion

In state-of-the-art, filter cloth cleaning in numerous industrial sectors is still backward
and often inefficient. Recently, an increasing number of research projects [53; 55; 63]
have been focusing on this issue, intending to provide more general knowledge on
efficient cloth cleaning processes that are both more economical and ecological. Above
all, more resource-efficient processes are needed in the future, reducing the use of
cleaning agents and saving valuable process water. The mentioned issues are
particular problems in the food industry, where rigid cleaning regimes still predominate.
Here, good filtration performance is focused on when selecting filter cloths, while
cleaning efficiency is of secondary importance. Based on the available literature, many
open questions require answers to enable processes in numerous industrial
applications.

This thesis focuses on the problems of filter cloth cleaning in the beverage and food
industry and reveals promising new ways with the example of mash separation in
breweries. The general problems of cloth cleaning in beverage applications are
discussed in detail in 5.2 and the literature review of this thesis [18]. For instance, it is
not only the material properties of the filter cloths that limit the results of possible
cleaning processes but also the biophysical properties of possible retentates in
combination with complex cloth geometries. The review also highlights possible
approaches to implementing efficient, fast, and demand-oriented cleaning processes
with jet cleaning. In particular, various fluid-mechanical variables are discussed in
detail with their impact on the cleaning result. Ultimately, pulsatory cleaning is identified
as a promising concept, which can be applied to the cloth by forward jets or
backflushing.

Consequently, the theoretical findings were studied in the experimental Sections 5.3,
5.4, and 5.5. Here, the corresponding publications [59-61] addressed the open
questions of the literature review by the four research hypotheses listed in Chapter 3.
The results revealed the high potential of using pulsed jet cleaning in mash filters.
Additionally, the advantages and disadvantages of forward and backflush cleaning
were investigated. Essential cloth properties with significant influence on cloth cleaning
were presented.

In the following, the results based on the research hypotheses are further discussed.
Finally, the findings are presented based on the main objectives of this thesis. The
conducted research studies are based on spent grains as model residues
contaminating the filter cloths, enabling industry-oriented application.

6.1 RH 1: Residue detection of spent grains

The precise identification of the remaining spent grains on the filter cloths was the
essential first step in the method design of this thesis. Accurate and detailed
contamination detection was one of the critical factors in developing a suitable cleaning
sensor. These aspects enable a detailed analysis of the influence of the cloth
properties on the cleaning result and the comparability between different process
modes. This subchapter, therefore, primarily addresses RH 1.

The precise detection of spent grains on filter cloths can be achieved with contactless
image processing techniques, enabling efficient residue detection in an industrial
environment.

Firstly, an analysis of existing methods for detecting contamination was necessary.

Conventional cleaning tests for surfaces and components have been published in

Europe and Germany by the EHEDG [64—-66] and the VDMA [67]. In most cases, these
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are based on model contamination with certain colorants or indicator microorganisms.
Thus, a poor cleaning result can be detected by remaining discoloration or positive
results in microbiological swab tests. Stahl et al. [56] subsequently developed the first
method based on the EHEDG test to measure the cleanability of filter media. The
developed test could determine a filter media’s cleanability based on microbiological
model contamination. A visible color reaction is caused by the remaining model
microorganisms indicating poor cleanability. However, the methods mentioned are not
suitable for the cleaning evaluation in the investigations conducted here due to the
focus on real contamination. Since invasive techniques could destroy or at least
irreversibly affect the existing contaminated areas, a non-contact measurement based
on image recognition was necessary. Such techniques are also often used in the food
industry, as they offer significant advantages regarding hygiene and food safety. They
register an actual state of the production environment and thus avoid additional
contamination through contact with an analysis instrument.

Several image analysis methods have already been published concerning filter cloth
cleaning. Weidemann [53] developed a contamination method based on fluorescent
model particles of melamine resin and a riboflavin solution. Under a fluorescence
microscope, particles remaining after cleaning could be revealed without interference
from the surrounding filter surface. Mdller [54] continued developing an analytical
method for woven cloths, which are used, in particular, in bakeries. The method was
based on a combination of periodicity detection, threshold, and outlier determination,
thus eliminating the influence of the remaining cloth properties. Morsch et al. [55; 68;
69] finally developed a more practical method, measuring contamination based on
spent grains. The gradient-reduction-threshold-reduction (GRSR) method was applied
in the study, a robust method against spontaneous changes in ambient light. Here, the
image of a contaminated cloth was iterated with a clean reference image to identify
contaminated areas in pixels. However, this method is associated with high
computational effort, resulting in long analysis times. It was only partly applicable, as
it was essential to efficiently measure a higher sample throughput with adaptability to
two different cleaning devices. Additionally, a time-efficient and precise image
recognition method enables direct application in industrial processes, such as mash
filters in breweries. In conclusion, a simpler and faster procedure was necessary for
this study.

The choice of method development thus fell on a detection method based on the color
and brightness contrast between the contamination and the filter cloth. The same
principle as in GRSR using the HSV-colorspace was applied, leaving out the more
computation-intensive iteration. This aspect allowed the measurement to be made
directly based on the specified contrast between the contamination and the cloth, thus
enabling rapid residue detection. Nevertheless, the exclusion of the iteration leaves
out the aspect of a changing cloth surface. In addition, in direct industrial applications,
cloth aging must also be taken into account, which was not considered in this study.
However, the detection of spent grains on monochrome filter cloths is mainly a matter
of detecting the coarse residues on the cloth surface and insoluble finer particles in the
mesh. In order to keep the efficiency of subsequent product batches and the overall
process at a high level, it is essential to detect these efficiently and quickly. The
analysis concept adopted here fulfills these prerequisites, which is why it was used in
all the experiments.

In comparison to the GRSR method, the H, S, and V values of the HSV color space in

these experimental runs had to be determined more precisely based on the

contamination present. For this purpose, numerous pre-studies had to be performed
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in order to be able to determine suitable values via MATLAB. The use of HSV,
especially of the S and V values, required homogeneous lighting of the experimental
setup. Excellent and continuous illumination without a flickering light enables a
standardized measurement environment. So, the lighting was achieved by using LED
ring lights in both cleaning systems. These technical installations enabled precise
determination of the necessary color space values and reproducible measurements
without needing ongoing adjustments. In industrial applications, attention has to be
paid to the light source and the wavelength when using PP filter cloths. The material
can be degraded under ultraviolet light if the illumination is too long and intense.

The residue detection was carried out by processing corresponding single images
using the algorithm described in Chapters 4 and 5 and publications 2, 3, and 4 [59—-
61]. The results showed high reproducibility and measurement accuracy, allowing a
detailed cleaning process analysis. A significant advantage was also that the images
from different sensors (microscope and high-speed camera) could be analyzed using
the same algorithm. This aspect allowed high comparability between the two systems,
enabling easy transferability into industrial applications.

A further advantage was the feasibility of analyzing high-speed videos with the help of
prior segmentation into individual images. This aspect enabled time-resolved cleaning
process monitoring of cloths for the first time. In addition, the short analysis time
compared to the existing tests in the literature made it possible to measure large
sample volumes, facilitating detailed results with high measurement resolution in the
three research publications [59-61] in Chapter 5.

In conclusion, the presented method accurately identified spent grains adhering to filter
cloths. The great advantage of the method is the fast analysis of the contamination
state, which also allows suitable conclusions to be drawn about necessary actions in
an industrial context. Another advantage of the developed procedure is the fast
adaptation to different camera systems and, thus, the wide range of possible
applications. The disadvantage that the saturation (S) and value (V) settings always
have to be adapted to the ambient light could be solved by efficient illumination of the
operating room and the surface with LED lights. In many cases, filter presses are
operated in poorly or insufficiently illuminated rooms, which is why an additional
illumination system is necessary. The fast and reliable detection of food-related
residues is critical in fully automated and optimized cleaning concepts. With the help
of such a sensor, cleaning digitalization with fast and easy storage of large datasets
becomes achievable. This aspect could enable demand-oriented and predictable
cleaning applications.

6.2 RH 2: Cleaning influence of cloth structure

Several properties of a filter cloth can influence cleaning. Besides the applied material,
the surface finish is decisive for the success of a cleaning procedure. As filter cloths
differ, especially in their weave type, mesh sizes, and thread thicknesses, a significant
influence on cleaning is hypothesized, given in RH 2.

The filter cloth’s structure (e.g., mesh size, weave type) significantly influences the
cleaning efficiency and requires individual hygienic design concepts.

All publication results in 5 showed a high dependency of the cleaning efficiency of filter
cloths on their filter structure, like weave type and mesh size. The individual filter
geometry is primarily attributed to the weave, thread thickness, and material. Their
corresponding combination leads to individual mesh sizes and filter structures, which
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are essential for forming a filter cake on the cloth’s surface and, thus, for the solid-
liquid separation and filtration of specific particle sizes.

Firstly, publication 2 [61] in 5.3 treated the cleaning of filter cloths regarding their
measured roughness values Ra and Sa. Here, most filter types ranged between a line
roughness of 2.5 and 10.0 yum. However, three filters (F6-PP-PLN-20, F7-PET-PRD-
20, and F11-PA6.6-STN-80/100) were different and showed higher Ra values. F6-PP-
PLN-20, which represented a multifilament fabric, had the highest value. The twisted
multi-thread increased the roughness of its surface with significantly thicker and more
inflexible threads, resulting in more pronounced valley-like structures. Regarding the
weaves, there were no significant differences, although STN seemed to result in
slightly higher roughness values. The mesh sizes did not exhibit specific distinctness.
In many cases, slightly narrow-meshed woven filters produced smaller roughness
profiles. The calendaring effect also seemed to play a minor role in surface roughness.
According to the EHEDG [40], the measured values exceeded the recommendation by
a factor of ten, implying that the woven filter cloth surface is challenging to clean. In
conclusion, the cleaning experiments showed that smaller meshes resulting from
thinner threads and more homogenous surfaces had better cleaning efficiency.

Secondly, publication 2 [61] (see 5.3) also highlighted the most critical cloth
characteristics. With high-speed video analysis, the cleaning progress during an
impacting jet was monitored time-resolved. The cleaning effect in the direct impact
zone was similar for all used filter types, but the surrounding area to be cleaned differed
significantly. However, the degree of detail was worse due to the system used and the
slow-motion monitoring. For this reason, the in-depth analysis of possible cleaning
concepts with a significant level of detail was carried out using static images from a
digital microscope so that differentiation could be observed between the impact area
(cleaning phase 1) and the surrounding cleaning area (phase 2). According to the
literature [70; 71], the impact area and its direct surrounding could be considered the
same as the Radial Flow Zone (RFZ) because the fluid mechanical effects on the
adhering contamination predominated over all other interfering factors. In particular,
the initial jet impact forces and pressures had a substantial effect here, which will be
discussed later. Further out from the impact zone, decelerating effects on the flow
dominated and reduced the cleaning effect. The wall shear stress r by the impacting
jet correlated with the increasing friction between the fluid and the filter surface. In
addition, the laminar boundary layer thickness é increased due to the decreasing fluid
velocity, which additionally caused a decreasing cleaning effect due to the growth of
the protective boundary layer on the contamination. Thus, it could be stated that the
cleaning effect decreased and even stopped at a certain distance from the impact point
(transition to cleaning phase 3). The equations required here for calculating the wall
shear stress and laminar boundary layer thickness can be found in publication 1 [18]
in 5.2.

Regarding the cleaning surface and the necessary contamination removal, another
cloth characteristic also had to be included in the cleaning design. In many cases, the
weave of the applied cloth created individual flow channels on the surface of the cloth,
which favored the flow of the fluid-contamination mixture alongside these canals.
However, if flows collided with the channel walls, the opposite was achieved, which
minimized the cleaning effects and impeded contamination transport. In the thesis
experiments, this aspect was visually observed in the inhomogeneous, non-circular
cleaning shapes, first described by the homogeneity factor H.F. in publication 2 [61]
(see 5.3). Twill weaves, in particular, showed heterogeneous cleaning results, while
the more uniformly woven filters in satin weaves displayed good cleaning. In addition
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to the flow channels, gravity also has to be considered in a filter press since the cloths
are often placed vertically, reducing cleaning effects above the impact zone.

Another critical aspect of filter cloth cleaning was the type of contamination targeted.
Here, biophysical effects due to adhesive forces between the contaminant and the
surface and cohesive forces between the individual contaminant components played
a significant role. According to the cleaning map of Fryer et al. [34], the applied spent
grains matrix was a type 3 contamination, reflecting a complex composition. Even after
cake removal, numerous spent grain residues usually remain on the cloth in a brewery
mash filter, which can even represent miniature filter cakes. Thus, such deposits are
adhesive and cohesive and have to be addressed with a suitable adjusted cleaning
method. However, in this thesis, no measurements were included that can directly
determine the value of specific adhesive or cohesive forces. Corresponding
measurements with contamination, such as the highly heterogeneous spent grains,
are often not reproducible in this respect. Therefore, the focus of this thesis was mainly
on a theoretical consideration of these forces in combination with the experimental
cleaning studies and cloth properties.

Ultimately, the influence of the cloth material needs to be discussed. Concerning
adhesive forces between surface and contamination, the surface’s type and properties
are essential in cleaning processes (e.g., adsorptive effects). In the experiments, all
cloth material was composed of the polymers PP, PET, and PA6.6. The results in
Section 5 showed a considerable influence of the cloth structure and surface finish on
the cleaning success. So, only a minor influence of the material could be assumed at
first glance. Leipert et al. [72] also support this assumption for filter cloth, where there
was no significant influence between PET, PAG6, and PP polymers. This study utilized
a separation method based on ultracentrifugation to determine a possible material
influence on adhesion. The measured separation forces moved within a narrow
measurement interval, with PP showing the smallest separation force from
contamination.

However, as already described in Section 2.4.6, the influence of the material generally
has to be considered as high in cleaning processes. Especially wettability and surface
tension have to be considered when choosing an appropriate material. Figure 6 shows
the experimental results of the surface tensions of several filter cloths listed and
compared to literature values, using contact angle analysis.
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Figure 6: Surface tensions, the dispersive, and polar portions of the applied materials referring to
literature values [73-75] and direct measurements of several filter cloths

In general, filter cloths are more challenging to measure in this context than smooth
surfaces due to their complex structures. Besides, PET and PA6.6 are more polar
polymers and have a higher wettability than PP, resulting in difficult measurability with
the drop shape analysis method [76]. So, cloths of PET and PA6.6 were only
analyzable using the EoS method as the unipolar measurement liquid could not create
a visible drop on the surface.

In Figure 6, the comparison of the literature data on smooth polymer surfaces and the
experimental results of the filter cloth reveal higher values for the latter. Only the value
of the PET fabric 07-76-SK 022 is minor. This aspect indicates a specific differentiation
measuring a filter cloth by observing higher contact angles that can result from the
weave or a different measurement setting. In the end, the values did not deviate
significantly between the different materials considering the standard deviation. Of
course, the influence of the wettability of surfaces on cleaning is crucial, especially with
smooth ones. However, there was also no significant difference in the corresponding
levels of cleanliness using the same cloth types with different materials in the cleaning
experiments in Chapter 5. The filter cakes (consisting of a particle suspension) had
good adhesion to the filter cloth in all cases. In the experimental results, the location
of small particles in the mesh structure, the fluid dynamical effects on the
contamination, and the number of contact points seemed to be more critical. This is
why other parameters of the filter cloth case are more influential. In principle, however,
the material surface must be expected to influence cleaning significantly. In other
applications, it is a crucial cleaning aspect whether a surface of stainless steel or
polymer is considered.
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The conclusion of the results discussing RH 2 provides several important aspects that
can improve the establishment of hygienic design guidelines for filter cloths. The most
important aspect is the structure of the filter cloth. Here, smoother surfaces due to
smaller mesh sizes, using more homogeneous weaves and uniform thread
thicknesses, plus surfaces with good wettability provide many advances. However,
these parameters can be particularly disadvantageous for the actual filtration process,
so a mutual balance has to be found. Also, durable materials must be selected that
withstand any corrosive effects of agents and mechanical pressures. In this context,
however, the list of applicable materials is limited as these have to be designed for
food contact in compliance with, e.g., Regulation (EC) No 1935/2004 [77] and
Commission Regulation (EU) No 10/2011 [78]. Here, a high potential is in easily
cleanable metallic fabrics, which should be increasingly investigated in the food and
beverage sector in the future.

6.3 RH 3: Comparison of forward and backflushes

Backflush cleaning is well-known in membrane or dust filter applications. Weidemann
[53] also applied this cleaning method for filter media using several model
contaminants. On the other hand, forward flushes are applied in various systems, such
as vessels and filter presses. Thus, there are numerous starting points for investigating
and comparing both cleaning modes for real applications in the food sector, particularly
for mash filters in breweries. The following subsection primarily addresses RH 3.

Backflushing and forward flushing are beneficial cleaning methods and have individual
advantages, like releasing and transporting contamination.

In publications 3 and 4 [59; 60], in Chapter 5, pulsatile cleaning of spent-grain-loaded
filter cloth is performed in forward and backflush modes. Additionally, relevant jet
parameters are varied to identify the most suitable configuration. Both procedures have
advantages and disadvantages, so their cleaning efficiency in mash filters has to be
more detailed. Following the results observed in this thesis, the aspects below can be
considered and discussed.

If the results of both modes are compared directly, it can be seen that the forward flush
cleaning showed more cleaning efficiency. Higher levels of cleanliness could be
achieved here with the same cleaning times dependent on the filter cloth. The
advantage of forward flush cleaning is that the contamination on the cloth surface can
be accessed directly by the jet. Thus, the fluid Filter
mechanical cleaning effects can unfold fully, leading Nozzle | clath
initially to strong pressures on the contamination by PR
shock wave pressure psr, water hammer pressure pwx, Pmpac
and subsequently to significant wall shear stress 1. .
Moreover, the results in publication 3 in 5.4 [59] also L ! g
showed that almost complete contamination removal T T TN )~
could be achieved in forward flush cleaning. However, it ' %
has to be noted that the impinging jet also has a high M%U
potential to rinse deposited contaminants deeper into the 9!
meshes. This aspect is hazardous because of the small ig%(
partiqles _already adheri_ng deeper in t_he mesh and th_us Figure 7: Forward jet ir;npacting on
contributing to substantial mesh blocking. Such clogging 5 contaminated filter cloth with
cannot subsequently be removed by jet cleaning alone. incidence angle @impact

)

For this reason, it is advantageous if the jet impinges on the fabric at an incidence
angle of @impact <90 ° (see Figure 7). Thus, particles adhering to the mesh are captured
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more laterally by the impinging flow and rinsed out of the fabric. A flatter angle also
improves the general removal of contamination, thus enabling an improved cleaning
process. However, according to the momentum equation, it has to be noted that a
flatter angle reduces the impact force and subsequent pressures on the contamination.
This aspect was also confirmed in publication 3 in 5.4 [59]. Here, flatter @impact angles
resulted in decreased levels of cleanliness as the impact effects were reduced. The
pressures acting on contamination are essential to break it up and destroy inter-particle
interactions, such as cohesive forces. Another aspect of forward flush cleaning is
sufficient contamination transport away from the cloth. The impact velocity also leads
to a certain velocity in the trickle flow.

In conclusion, a particular flow velocity is necessary to effect sufficient wall shear
stress r and remove adhering contamination. Additionally, several mechanisms like
diffusion favor the contamination’s detachment from the surface, which is why a
specific soaking time of the water on the contamination is necessary (advantages of
longer pulse pauses in publication 3 in 5.4 [59]).

The mentioned factors of forward flushing partly contrast

Filter

| cloth with backflush cleaning. The filter cloth is backwashed with
i2 a jet or a cleaning stream from the filtrate side (see Figure
-S%) 8). Thus, the cleaning fluid has to first pass through the
y. g% nozzie  Tlter cloth, i.e., the meshes. On the retentate side, the fluid
L . finally reaches the contamination and facilitates removal in

a specific sequence if the flow strength can overcome the
adhesion and cohesion forces.

The first significant disadvantage of backflushing is the
reduction in flow effects during cloth passage due to
Figure 8: Backflush impacting friction. In contrast to the forward flush method, not all
vertically on the filtrate side ofa gyajlable fluid can reach the contamination, thus
woven filter cloth contributing to cleaning. Only a certain amount can pass
through the cloth depending on the mesh size (weave type and thread thickness). A
large percentage is deflected at the thread bridges and interweaving points of the filter
cloth and flows off to the side on the filtrate side. Backflow Factor X in publication 4 in
5.5 [60] also confirmed this observation, where a very close-meshed filter cloth allowed
only 15% of the fluid applied to permeate the cloth. Another filter sample at least
reached approximately 35%, which still is low compared to forward flushes.

The second disadvantage is the flow velocity that needs to be applied. Publication 4
[60] showed that a certain inflow velocity on the filtrate side was necessary to enable
sufficient flow effects after cloth passage to the retentate side. The required inflow
velocity is usually higher than forward flush cleaning, dependent on the selected cloth
geometry. This factor is also confirmed in a comparison of publications 3 (5.4) and 4
(5.5) [59; 60], where a cleaning effect was observed with forward flow cleaning at an
incident flow velocity as low as 1.5 m/s.

The last disadvantage of backwash cleaning is the need for more complex and cost-
intensive technical installations. In order to ensure targeted cleaning, either technical
equipment with nozzle systems in the filter plate or a pump system capable of reversing
the flow is required. Compared to the positionable nozzle beams of a forward flow
cleaning system in front of the cloth, higher installation and operating costs can
undoubtedly be expected.
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Despite the disadvantages mentioned above, backflushing has advantages, which can
still generate efficient cleaning. For example, it can lead to precise cleaning effects in
a defined area if the correct cleaning parameters have been identified and adjusted.
These parameters always require detailed prior knowledge about the surface and
contamination. Another significant advantage is that particles stuck in meshes can be
flushed out of the mesh again in counterflow to the filtration direction. As mentioned
above, this aspect is a significant disadvantage in forward flow cleaning, where too
intensive cleaning can even lead to more severe blocking of the filter cloth. In addition,
the precision of the removal of detached contamination is better. Here, the
contamination is flushed away directly from the cloth, whereas in forward flow cleaning,
large quantities also have to be transported along the cloth’s surface. This aspect
requires appropriate amounts of cleaning fluid and a certain amount of wall shear
stress to ensure sufficient removal.

Both processes can efficiently clean the filter cloth between two filtration cycles. The
design of the cleaning system and the necessary cleaning parameters must be
adapted to the selected cloth geometry (surface) and the targeted contamination. In
addition, it has to be noted that due to the complex surface structures, both cleaning
types only ensure process efficiency and cannot contribute to microbiological safety
according to the current state of the art. For this purpose, a combination with a
disinfection step can be considered.

6.4 RH 4: Pulsatile jet cleaning

Cleaning with pulsed streams is already known for several other applications in the
food industry, such as pipes, dust filters, or heat exchangers [79-87]. It has also been
used to clean filter media loaded with model particles [53]. Thus, it is also a promising
technique for cleaning woven filter cloths used in the beverage industry. The
advantages of this cleaning method are highlighted in detail with RH 4 in the following.

Pulsatile jets enhance cloth cleaning significantly and enable ecological and
economical cleaning processes in mash filters.

First, the jet’s fluid dynamical cleaning effects depend on various nozzle properties and
corresponding adjustments. For instance, the nozzle geometry, the nozzle pressure,
the resulting jet velocity, and the distance from the filter cloth are vital factors.

On the other hand, the cloth’s geometry and the jet’'s impact conditions on the cloth
are decisive for the cleaning effect. Here, during the impact, it is primarily the pressure
distribution in the form of initial shock waves due to fluid compression up to the water
hammer pressure pwn [26]. After a particular time, the jet stabilizes, and dynamic
pressure on the cloth surface occurs. However, the corresponding cleaning effect is
significantly lower than the initial water hammer pressure pwh. Concerning the
experimental cleaning velocities selected for publications 3 (5.4) and 4 (5.5) [59; 60],
the pressure progression was determined qualitatively using the equations in Section
2.4.3 during the cleaning process (see Figure 9).

The results show a significant pressure increase at the beginning of the jet impact.
Here, the water hammer pressure pwn applied to the filter cloth is higher, resulting in
considerable cleaning effects. After a specific time interval, the pressure values
decreased to quasi-static dynamic poynamic, Which is substantially lower. The first
conclusion is that it can be assumed that the initial impact effect is the most decisive
cleaning factor.
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This aspect underlines the application of
% PP | pulsatile cleaning of filter cloths in food
' applications. This method relies on a pulsed jet,
which consequently renews the most efficient
cleaning effects of the jet on a cloth’s surface at
specific intervals. In publications 3 [59] (5.4)

\ pi _ and 4 [60] (5.5), pulsed cleaning was studied in
——P : detail for the forward and backflush methods.

: The results highlighted a  significant

Pressure p [Pa]
4
3
\
\

improvement in cleaning when using pulsed jets.

Hoite 6 Pres;eat;ge t F;TS]gression o For gll filter cI(_)th types and both me_thod_s,

impacting jet on the cloth’s surface |der]t|cal cleanlng results' were prlmgrlly

achieved more quickly than with continuous jets.

It should also be noted that pulsed jets consumed only half as much cleaning fluid as
the continuous modes in the same time interval.

Thus, this indicates a high potential for resource efficiency and economic advantages.
Fluid mechanically, a certain waviness occurs on the cloth’s surface due to the pulsing
impacts. With sufficient waviness, further detachment of the laminar sublayer close to
the surface ultimately takes place, improving the removal of smaller particles and other
contaminants adhering to the meshes [88]. Concerning the application in a filter press,
the vertical positioning of the filter cloths on the filter plates can also be a significant
advantage. Due to a correspondingly calibrated pulse pause, the cleaning fluid of the
previous pulse has sufficient time to flow off, which prevents the constant presence of
a liquid protective layer on the cloth surface. Thus, the following pulse jet can have the
corresponding effects of full pressure on the contamination on the cloth surface. In
addition, a higher number of pulse pauses allows the dissolved contamination to be
removed. Confirming observations have already been made by [79; 81; 83].

Some other crucial findings could be seen when comparing forward and backflush
cleaning. The difference between pulsed and continuous cleaning is most apparent
with using forward flushes. Here, the cleaning efficiency could be significantly
increased by up to 30% higher levels of cleanliness, while the cleaning time and fluid
use could be reduced [59]. In contrast, the influence on the degree of cleaning was
insignificant in backflush cleaning. Depending on the filter sample used, similar levels
of cleanliness were often achieved in pulsed and continuous modes in the same time
interval. However, it has to be noted that the pulsed cleaning mode consumed only
half as much cleaning fluid [60]. Thus, both cleaning modes are strongly advantaged
by using pulsatory cleaning.

From an ecological and economic point of view, it can, thus, be stated that pulsed
cleaning not only has significant advantages regarding cleaning efficiency but can also
significantly save cleaning time and fluid. It thus offers the food industry, especially
breweries, substantial potential for improvement in the cleaning of filter cloths in the
context of a modern cleaning process.
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7 Conclusion and Outlook

The research hypotheses of the thesis’s big picture in Figure 5 were examined
profoundly in Chapters 5 and 6. The jet cleaning of woven filter cloths was studied by
investigating the cloth’s cleanability and several cleaning concepts. Industry-oriented
applicability of the research findings was achieved by using a brewery use case by
cleaning spent-grain-loaded filter cloths. The results help to understand filter cloth
cleaning better and find new ways to clean mash filters efficiently in terms of a modern
procedural and hygiene state of the art. In the following, the results are primarily
addressing the main research question in Chapter 3.

Firstly, a cleaning sensor based on image processing was developed to quantify spent-
grain-contaminated areas. Sufficient identification of the remaining contamination on
the cloths and subsequent evaluation of the cleaning impact is crucial in the food
industry, where high hygienic standards are required to ensure high product safety and
quality. The developed sensor included a measurement rig and automated residue
detection using the contrast threshold between contamination and filter cloth surface.
The concept was selected based on its adaptability to the two cleaning systems
employed and rapid image processing with less computation time. The detection
method enabled fast identification and transferability to an industrial process. In the
next step, the developed method must be tested in a large-scale mash filter in an
industrial environment.

Secondly, several key parameters were identified that significantly influenced the
cloth’s cleanability. The weave type plus thread thickness and mesh sizes were the
decisive criteria. They facilitate different cleaning cycles that can be divided into three
specific phases. Especially in phase two, the filter cloth structure showed significant
differences in the level of cleanliness and homogeneity. Smooth surfaces depending
on smaller mesh sizes and specifically structured weaves, e.g., STN, are
advantageous. In the experiments, only a minor influence of the material was
observable. However, the material-dependant wettability of the surface always
requires consideration. Further investigations can now transfer the findings to other
application areas concerning the used contamination, such as the pharmaceutical or
mining industry. Also, the influence of the material has to be considered in more detalil,
applying different methods to identify the adhesion of contamination to the cloth
surface.

Thirdly, forward and backflush cleaning was investigated using considerable
parameter variation. Here, the advantages and disadvantages of both cleaning
concepts were discussed. While forward flush cleaning results in higher cleaning
efficiency, backflush cleaning can have advantages in specific applications as it can
better remove individual mesh-blocking particles.

Lastly, the pulsatile cleaning was examined and compared to continuous cleaning
methods that used longer flow and jet lengths. Here, the pulsed method showed
promising results in reaching higher levels of cleanliness faster while using less
cleaning fluid. The difference was significant in using forward flushes. In conclusion,
using pulsed jets is a promising concept for future cleaning technologies of woven filter
cloths. The technique should be directly tested in large-scale mash filters in the next
step. Here, more development in finding the most appropriate cleaning rig will be
necessary. Using a single nozzle will not keep cleaning times as short as possible.
One possible design concept would be a traverse equipped with several nozzles. Such
a system can be placed in front of the cloth and moved across it from top to bottom. A
pre-analysis of the contamination state can be communicated to the cleaning system,

-02 -



Conclusion and Outlook

triggering it at specific points. Combined with the pulsatory method, this enables a high
level of cleaning success and saves cleaning time and fluid.

In the end, the thesis findings provide a better understanding of the cleaning of spent-
grain-loaded complex surfaces, such as filter cloths, and the capability of various
cleaning processes. The knowledge gained can also be directly integrated into the
development of automated and demand-oriented cleaning processes, as described
above. Furthermore, the developed setup on a pilot scale with an optomechanical
cleaning device could be a starting point for enabling new equipment development to
clean filter presses, particularly mash filters. Such developments further strengthen
food equipment engineering and lead to critical enhancements in the context of a
modern understanding of hygiene, with simultaneous resource efficiency.

Digitalized cleaning concepts should be focused on in further research. The selected
residue sensors showed high potential and served as a good starting point for further
contactless and digital cleaning monitoring development. With such image sensors,
cleaning effects in individual machines or even locations on the cloth will become
visible. This aspect can optimize cleaning further and help facilitate complete
predictability of cleaning processes. Following a modern understanding of hygiene,
precise cleaning documentation has been mandatory for a long time. However,
corresponding data on the specific location and amount of contamination on the cloth
enables many more potentials. For instance, this data can also be used to optimize
cleaning processes. In the future, Atrtificial Intelligence (Al) may even be used here for
smart and autonomous control of cleaning systems. Such developments could also
replace rigid CIP rigs in other areas of the food industry and lead to more economical
and ecological processes.
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