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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. 
  



Zusammenfassung 

- VIII - 
 

Zusammenfassung 

Die vorliegende Dissertation untersucht die Reinigung von gewebten Filtertüchern im 
Gebiet der fest-flüssig Trennung sowie der Lebensmittelindustrie. Das Fallbeispiel 
Maischefilter im Bereich Brauerei erzeugt eine große Praxisnähe und schnelle 
Umsetzbarkeit der Ergebnisse. 
In Maischefiltern stellen wiederverwendbare Filtertücher den zentralen 
Filtermechanismus dar und ermöglichen die passgenaue Trennung fester Treber von 
flüssiger Bierwürze. Nach der Filtration bleiben jedoch oft viele Treberrückstände auf 
den Tüchern zurück, was eine aufwändige Reinigung notwendig macht. Filtertücher 
haben meist komplexe Oberflächenstrukturen, was speziell die Haftung von 
Treberresten begünstigt. Dies führt in vielen Fällen zu einer unzureichenden 
Reinigbarkeit der produktberührenden Oberfläche, was schon lange in vielen anderen 
Bereichen der modernen Lebensmittelverfahrenstechnik unzulässig ist. Die 
eingeschränkte Reinigungsfähigkeit kann die Leistung nachfolgender Chargen 
mindern und die Gefahr von Kreuzkontaminationen erheblich steigern. Momentan 
genutzte Reinigungskonzepte für Filterpressen sind oft unflexibel und stark 
anwenderbasiert, was starre und nicht optimierte Prozesse erzeugt. Die hieraus 
enstehenden Konsequenzen sind zeit- und reinigungsmittelintensive Prozesse, 
welche gleichermaßen wirtschaftlich ineffizient und wenig nachhaltig sind. 
Die Dissertation greift diese offenen Fragestellungen auf und kombiniert eine 
detaillierte Diskussion vorhandener Literatur mit experimentellen Untersuchungen. 
Das übergeordnete Ziel ist die Entwicklung effizienter Methoden für die Reinigung von 
Filtertüchern im Bereich der fest-flüssig Trennung sowie vor allem der 
Lebensmittelindustrie. Die Literaturanalyse zeigt zunächst die Herausforderungen bei 
der Reinigung gewebter Filtertücher auf. So haben Tuchmaterialien beispielsweise 
Prozessgrenzen (wie maximale Reinigungstemperatur), die möglich anwendbare 
Verfahren und Reinigungsparameter einschränken. Filtertücher erfordern daher in 
vielen Fällen eine schonende Behandlung und gut abgestimmte Reinigungsprozesse. 
Jegliche Beschädigungen führen zu kostenintensiven sowie zeitaufwändigen 
Prozessausfällen und müssen daher bestmöglich verhindert werden. In der 
Literaturstudie werden auch die Biophysik der anhaftenden Verunreinigungen und die 
strömungsmechanischen Prinzipien der Düsenstrahlreinigung untersucht. Hierbei wird 
ein hohes Potenzial von gepulsten Strahlen bei der Reinigung von Filtertüchern für 
Lebensmittelanwendungen gesehen, welches detaillierte Untersuchungen erfordert. 
Der zweite Teil der Arbeit behandelt die Entwicklung einer Rückstandsanalytik auf 
Basis von Bildverarbeitung und zugehörige Reinigungsevaluationen verschiedener 
Filtertücher. Die Reinigungsversuche werden mit zwei verschiedenen 
Reinigungsanlagen durchgeführt. Die Reinigungsfähigkeit verschiedener Filtertücher 
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 Labormaßstab 
durchgeführt. Dadurch wird eine präzise Rückstandserkennung und ein hoher 
Probendurchsatz ermöglicht. 
Der experimentelle Schwerpunkt liegt auf der Forward- und Backflushreinigung mit 
gepulsten und kontinuierlichen Reinigungsstrahlen. Die Ergebnisse zeigen einen 
starken Einfluss verschiedener Tuchparameter auf die Reinigungsfähigkeit, welche 
durch den Gewebetyp und die Maschenweiten bedingt sind. Durch die komplexen 
Filtertuchstrukturen können hohe messbare Oberflächenrauigkeiten entstehen, 
welche in vielen Fällen 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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Strahlen bessere Reinigungsergebnisse erzeugen. Abhängig vom Prozessmodus und 
dem Filtertuchtyp führen gepulste Strahlen bis zu 30% höheren 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 Tuchoberfläche gerichteten Wasserstrahlen. 
Die Vorteile der Reinigung im Backflush liegt in einem verbesserten und präziseren 
Abtransport der Verunreinigungen von der Tuchoberfläche. 
Die Ergebnisse dieser Dissertation erzeugen ein besseres Verständnis über die 
Anforderungen und Mechanismen der Filtertuchreinigung. Durch die Verwendung 
effizienter Verfahren zeigen die Resultate vor allem große Potenziale von 
ökonomischen und ökologischen Verbesserungen für die Lebensmittelindustrie auf. 
Insbesondere für Brauereien stellen die Ergebnisse einen wichtigen Schritt dar, um 
neue Reinigungstechniken für Maischefilter entwickeln zu können. 
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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 
quantities, 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.  
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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.g., 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. 

 

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 a filter 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 
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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 

• Determination of various parameters by free jet calculation models 

• Key parameters: jet velocity, the distance between nozzle and cloth, the 
potential core length 

- Step 2: Impinging jet on the filter cloth surface 

• Differentiation in forward or backflush 

• Immediate impact forces with crucial initial cleaning effect 

• Subsequent formation of a cleaning flow with decreasing pressure forces 

• Key parameters: Impact velocity, incidence angle, cloth geometry 
- Step 3: Cleaning effects in the impact zone 

• 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 

• Flow on the surface causes wall shear stress 
- Step 5: Contamination transport and trickle flow 

• Contamination is increasingly removed from the surface 

• Transport of contamination depends on flow conditions (turbulent flow is 
beneficial for cleaning) 

• 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). 
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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 𝑑𝑚

𝑑𝑡
 

can be calculated with Eq. 1 [14]. 

𝑑𝑚

𝑑𝑡
= 𝛽 ∙ 𝐴 ∙

𝑑𝑐

𝑑𝑥
 Eq. 1 

In the equation, β describes the mass transfer coefficient, A the considered exchange 

surface, and 
𝑑𝑐

𝑑𝑥
 the concentration gradient of the contamination between the soil layer 

and the cleaning 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-à-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]. 

𝐽 = −𝐷
𝑑𝑐

𝑑𝑥
 Eq. 2 

The variable J defines the flux, while D is the diffusion constant, and 𝑑𝑐
𝑑𝑥

 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

𝑑𝑡
= 𝐷

𝑑2𝑐

𝑑𝑥2
 Eq. 3 

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. 

 

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 pS,max 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 pS,max [19; 20; 26]. 

𝑝𝑤ℎ = 𝜌 ∙ 𝑐𝑆,𝐹 ∙ 𝑣𝐼𝑚𝑝𝑎𝑐𝑡 Eq. 4 

𝑝𝑆,𝑚𝑎𝑥 = (2…3) ∙ 𝑝𝑊𝑎𝑡𝑒𝑟_ℎ𝑎𝑚𝑚𝑒𝑟 Eq. 5 

The variable cS,F 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 ρ 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 pDynamic is quasi-static stress on the contamination and is determinable with 
Eq. 6 and Eq. 7 [19]. 

𝑝𝐷𝑦𝑛𝑎𝑚𝑖𝑐 =
1

2
∙ 𝜌 ∙ [𝑣𝐼𝑚𝑝𝑎𝑐𝑡

2 (𝑗𝑒𝑡) − 𝑣𝐼𝑚𝑝𝑎𝑐𝑡
2 (𝑤𝑎𝑙𝑙)] 

Eq. 6 

𝑣𝐼𝑚𝑝𝑎𝑐𝑡(𝑤𝑎𝑙𝑙) = 𝑣𝐼𝑚𝑝𝑎𝑐𝑡(𝑗𝑒𝑡) ∙ sin𝜑 Eq. 7 

Here, a differentiation in the jet vImpact(jet) velocity and the velocity at the wall 
vImpact(wall) is necessary. The variable φ 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 τ. 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 τ, the Reynolds number Re, and the 
determination of the boundary layer thickness δ 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. 

𝑣(𝑦) =
𝑔

2 ∙ 𝜈
(𝑦2 − 𝑆2) Eq. 8 

The variable g represents the gravitational acceleration, ν 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. 

2.4.5 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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𝑅𝑎 =
1

𝑙
∫ ℎ𝑖 ∙ 𝑑𝑥

𝑙

0

 Eq. 9 

The parameter Ra describes the roughness profile on a particular measurement line. 
While the variable l describes the length of the measurement line, hi 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 µm 
[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. 

𝑆𝑎 =
1

𝐴
∫∫ ℎ(𝑥, 𝑦) ∙ 𝑑𝑥𝑑𝑦

𝐴

 Eq. 10 

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 θ between a surface and the liquid (see Figure 
4). The value of the contact angles indicates if the surface is 
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]. 

𝑐𝑜𝑠 𝜃 ∙ 𝛾𝐿𝑉 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿 − 𝜋𝑒 Eq. 11 

The variable γLV is the interfacial tension between the liquid and gas phase (or 
saturated vapor), also known as surface tension. Parameter γSL is the interfacial 
tension between the surface (solid phase) and liquid. Variable γSV describes the 
interfacial energy between the surface and gas phase (or saturated vapor) and is also 
called surface free energy [43]. The parameter πe 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. 

Figure 4: Determination of 
a contact angle ϴ  
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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. 

γ = γ𝑑 + γ𝑛 Eq. 12 

Here, γd describes the dispersive portion of the force, whereas γn 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 Eq. 12 with the Young equation of Eq. 11, the 
modified Young equation in Eq. 13 is generated [43; 51]. 

cos 𝜃 = −1 + 2√𝛾𝑆
𝑑 ∙ (

√𝛾𝐿
𝑑

𝛾𝐿𝑉
) 

Eq. 13 

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 
Eq. 13 [43; 49; 50]. 

1 + cos 𝜃 = 2√𝛾𝑆
𝑑 ∙

√𝛾𝐿
𝑑

𝛾𝐿𝑉
+ 2√𝛾𝑆

𝑝 ∙
√𝛾𝐿

𝑝

𝛾𝐿𝑉
 

Eq. 13 

Here, γL
d γL

p and γS
d γS

p represent the disperse and polar fractions, respectively, of 
surface tension γLV and surface free energy γSV. 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. 

cos 𝜃 = 𝛾𝐿𝑉 + 𝛾𝑆𝑉 − 2√𝛾𝐿𝑉 ∙ 𝛾𝑆𝑉 ∙ 𝑒
−𝛽𝐸𝑂𝑆(𝛾𝐿𝑉−𝛾𝑆𝑉)² Eq. 14 

The variable βEOS 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. 
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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 µm 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 
necessary 

Rigid & conservative 
concepts 

No cleaning 
monitoring 

Complex residues of 
different materials 

Process limits 
(temperature/chemistry) 

Considerable lack of 
optimization 

No cleaning sensors Clogging of filter cloth 
meshes by solids 

Large contaminated 
area 

Long cleaning & 
downtime 

No residue analysis 
for spent grains 

Often broad particle 
size distributions 

Different materials to 
be cleaned 

Often extensive use 
of cleaning agents 

Digitalization 
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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Figure 5: The thesis’s big picture with segmentation into the individual subchapters with a specific 
content summary 
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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 [µm]  Thickness [µm]  

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 µm 520 

4.3 Surface roughness determination 

The µsurf 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 KRÜSS 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 μm to 
1,000 μm, with the most significant proportion ranging from 20 μm to 225 μm. 

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 

Section 5.2 

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

  

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 

Section 5.3 

How does the individual filter geometry influence cleaning? What are 
the most influential cloth parameters on cleaning? 

  

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 

Section 5.4 

Forward flushing: What is the best concept for cleaning filter cloth 
using 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 

Section 5.5 

Is backflushing of filter cloth an option for efficient filter cloth cleaning 
in 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 3 in 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 
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5.3 Publication 2: Jet Cleaning of Filter Cloths Used in Solid-Liquid Separation: 
A High-Speed Video Evaluation 
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5.4 Publication 3: Pulsed forward flushes as a novel method for cleaning spent 
grains loaded filter cloth 
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5.5 Publication 4: Investigations on Backflush Cleaning of Spent-Grain-
Contaminated Filter Cloths Using Continuous and Pulsed Jets 
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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. Möller [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 μm. 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 τ by the impacting 
jet correlated with the increasing friction between the fluid and the filter surface. In 
addition, the laminar boundary layer thickness δ 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, PA6, 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 
mechanical cleaning effects can unfold fully, leading 
initially to strong pressures on the contamination by 
shock wave pressure pS,F, water hammer pressure pWH, 
and subsequently to significant wall shear stress τ. 
Moreover, the results in publication 3 in 5.4 [59] also 
showed that almost complete contamination removal 
could be achieved in forward flush cleaning. However, it 
has to be noted that the impinging jet also has a high 
potential to rinse deposited contaminants deeper into the 
meshes. This aspect is hazardous because of the small 
particles already adhering deeper in the mesh and thus 
contributing to substantial mesh blocking. Such clogging 
cannot subsequently be removed by jet cleaning alone. 

For this reason, it is advantageous if the jet impinges on the fabric at an incidence 
angle of φImpact < 90 ° (see Figure 7). Thus, particles adhering to the mesh are captured 

Figure 7: Forward jet impacting on 
a contaminated filter cloth with  
incidence angle φImpact 
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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 φImpact 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 τ 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 
with backflush cleaning. The filter cloth is backwashed with 
a jet or a cleaning stream from the filtrate side (see Figure 
8). Thus, the cleaning fluid has to first pass through the 
filter cloth, i.e., the meshes. On the retentate side, the fluid 
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 
friction. In contrast to the forward flush method, not all 
available fluid can reach the contamination, thus 
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. 

Figure 8: Backflush impacting 
vertically on the filtrate side of a 
woven filter cloth 
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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 pWH [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 pWH 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 pDynamic, 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 
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) 
and 4 [60] (5.5), pulsed cleaning was studied in 
detail for the forward and backflush methods. 
The results highlighted a significant 
improvement in cleaning when using pulsed jets. 
For all filter cloth types and both methods, 
identical cleaning results were primarily 
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. 

  

Figure 9: Pressure progression of an 
impacting jet on the cloth’s surface 
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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 detail, 
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, 
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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, Artificial Intelligence (AI) 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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