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Abstract
Beverage production requires many different and complex unit operations. One crucial procedural step is filtration. Typical filters
are filter presses, candle filters, membrane filters, belt filters, and drum filters, which require considerable hygienic precaution and
the application of appropriate cleaning concepts. In the last decades, the hygienic design has become a central design feature of
equipment in the beverage and food industries. Today, also correspondent concepts regarding filter cloth increasingly come to the
fore. However, filter cloth cleaning is rapidly facing limitations. Complex filter geometries originating from different gauzes and
sensitive polymeric materials hinder efficient cleaning. Additionally, extensive biological residues adhering to the filter surface
increase the challenge of cleaning. The goal of this paper is to outline the cleaning of woven filter cloths systematically with a
particular focus on beverages and correspondent biophysical interactions between filter and residue. Based on these elemental
cleaning limits of filter cloths, this paper focuses mainly on jet cleaning as one of the most appropriate cleaning methods. The
flow-mechanical properties are discussed in detail since these are precisely the parameters that, on the one hand, describe the
understanding of the cleaning process and, on the other hand, show how a wash jet can be adjusted precisely. In contrast to
conventional cleaning techniques, such wash jets are expeditious to adapt and offer the best prerequisites to enable demand-
oriented and optimized cleaning concepts. The latest research and approaches are enhancing jet efficiency and highlight their
potentials for future process strategies.
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EHEDG European Hygienic Equipment Design Group
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(X)DLVO (X) Derjaguin, Landau, Verwey, Overbeek
D-D Disk–disk
S-D Sphere–disk
S-S Sphere–sphere

Variables
A Area [m2]
a Particle distance [m]
α Polarizability, A2 s4 kg−1

d Diameter [m]
δ Boundary layer thickness [m]

E Energy [J]
ε Relative permittivity, AsV−1 m−1

ε0 Electric field constant, AsV−1 m−1

ϵFluid Backflow effect [–]
F Force [N]
f Frequency [Hz]
G Gibbs free/adhesion energy [J]
g Earth acceleration [m s−2]
H Hamaker constant [J]
h Planck’s constant [J s]
ђ Lifshitz constant, J
kB Boltzmann constant [J K−1]
κ Debye–Hückel parameter [m−1]
l Length [m]
l0 Equilibrium distance [m]
λ Decay rate of polar interactions [m]
M Mass [kg]
ṁ Mass flow [kg s−1]
Oh von-Ohnesorge number [–]
μ Dipole [C m]
η Dynamic viscosity [Pa s]
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p Pressure [Pa]
Ra Mean roughness [μm]
Re Reynolds number [–]
Rq Square roughness [μm]
Φ Porosity [–]
ρ Density [kg m3]
T Temperature [K]
t Time [s]
τ Wall shear stress [kg m−1 s−2]
ΔU Interaction energy [J]
v Velocity [m/s]
ϑ Kinematic viscosity [m2 s−1]
x x coordinate [m]
ζ Zeta potential [V]

Introduction

Filtration is a central unit operation in modern beverage pro-
duction. In many relevant applications, filter media are the
centerpiece of filtration systems. Filter systems comprise a
filter medium featuring the barrier function and an apparatus
keeping the filter medium in the desired position and provid-
ing mechanical functionality [130]. Filter media, e.g., woven
filter cloths or membranes, regulate filtration processes via
pore sizes, adhesive material properties, or other specific char-
acteristics [145]. In the beverage industry, filter media assist in
creating interstage products or the actual final products for
consumption. They avoid unwanted turbidities or deposits that
usually do not fit into the general consumer perception of
healthy merchandise. Besides, the filtration of beverages re-
sults in longer storage life and increases beverage stability due
to the removal of microorganisms and suspended solids [25].

Textile filter cloths are present in numerous forms and have
applications in beverage production. Due to increasing consum-
er interest, product safety, and new legal requirements, the fil-
tration industry highlights research and development of filter
cloths. Since decades, polypropylene, polyethylene, polyester,
or polyamide polymer filter cloths are state of the art [32, 66,
103]. Such filters increase filtration performance and system
durability. However, after filtration, cohesive filter cakes re-
quire a full discharge to guarantee efficient filtration of subse-
quent batches. Unfortunately, this discharge is mostly incom-
plete, and the remaining residues need a separate removal [92,
166]. Production conditions (e.g., temperature, cake size) favor
residue adhesion on the filter surface, which results in filter
blinding and fouling [47]. A closer look at filter cloth cleaning
reveals a big dilemma: During the filtration process, the growth
of a filter cake on the filter surface is necessary to generate
sufficient filtration performance and product yield. However,
this desired adhesion has a detrimental effect on the cleaning
process. Residue removal is only successful if the adhering
forces are overcome [45, 92, 131]. It can thus be concluded that

filter cloths are designed for proper filtration performance and
not for optimal cleanability [156]. Nevertheless, cleanability
determined by the combination of the surface properties and
the contamination type is essential in order to avoid
production-related spoiling of beverages.

For decades, cleaning is one of the primary endeavors in
food and pharmaceutical processing plants [21, 63, 101, 106,
160]. This testimony of the literature incorporates the devel-
opment of appropriate design features of the equipment. In
mechanical engineering, the construction of easily cleanable
surfaces and hygienic production equipment are standard fea-
tures of hygienic design. The main goals are safe and efficient
cleaning in production cycles and the avoidance of cross-
contamination [114, 123, 124]. However, respective regula-
tions or concepts for filter media are still unknown [106]. Due
to involved, unpredictable beverage residues, organic and in-
organic fouling decrease product safety, filtration perfor-
mances, and cleaning efficiency [160]. Especially water-
insoluble particle contamination adheres to filter cloth due to
adhesive forces. If located in the inner filter structure, they are
difficult to remove using water or cleaning agents [45, 97,
176]. These reasons postulate the use of reliable cleaning con-
cepts. Requirements for a suitable cleanability have to be as
high as the requirements for the process itself [167].

Consequently, it is necessary to extend efforts in cleaning
research and development. In the beverage industry, water
cleaning (rinsing or mixed with cleaning agents), which is
common in cleaning tanks or pipe systems, removes residues
efficiently by wash jets [52, 160]. Indeed in the future, it is
inevitable to highlight water jets for cleaning of filter cloth
increasingly. Exemplary wash jet systems already carry out
cleaning tasks in filter presses or belt filters. Parameters like
nozzle geometry or operating pressure ensure adjustable and
sufficient cleaning efficiency [101]. There is, however, still a
significant deficiency in the concept design, processing
knowledge, and ecological and economic optimization, which
have to be surveyed by corresponding research efforts.

The focus of this review article is the cleaning of filter cloth
with wash jets applied in the production of beverages. An over-
view of filter cloth and design features shows its potentials and
limitations in cleaning processes. A review of the biophysical
properties delivers insight into interactions between beverage
contaminants and filter cloths and how they have to be exceeded
by a wash jet. Finally, the application of wash jets for the
cleaning of filter media is part of a discussion. The detailed jet
analysis includes the fluid mechanical principles while leaving
the nozzle, impacting on the filter surface and removing residues.

Goals and Importance Regarding Cleanability

Careless treatment and incorrect processing of beverages
cause diseases or negatively influence health. During
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production, beverages can easily absorb contaminants, micro-
organisms, or other particles, which are unfit for consumption,
unhealthy, or even toxic. In the production chain, industrial
equipment needs cleaning concepts that agree to the highest
possible hygienic standards [78, 122, 147, 178]. The signifi-
cance of cleaning processes also becomes apparent in the
number of guidelines and configuration proposals for hygienic
design in the food-producing industry. According to the liter-
ature [45, 47, 177], the goals of sufficient cleanability are as
follows:

& Removal of deposits (constant equipment performance)
& Clearance of beverage arrears (prevention of microorgan-

ism growth)
& Fulfillment of consumer requirements (healthy and safe

products)
& Achievement of secure production cycles (avoidance of

cross-contamination)
& Extension of equipment life and long-termmaintenance of

value

In separation processes, filter media are in direct contact
with the product, which requires an increased awareness when
designing cleaning concepts. Spoiled filter media need suffi-
cient and exact adjusted cleaning concepts, which reliably
remove residues and provide clean conditions for subsequent
product cycles. The specific objectives of filter cleaning are as
follows:

& Sufficient cake discharge
& Successful removal of residues and fouling
& Gentle treatment of filter media (extended lifetime)
& Using less concentrated chemicals (economic and ecolog-

ic advantages)
& Short cleaning time (avoidance of extended downtime)

Filtration processes in the beverage industry stabilize final
products or convert pre-stages [13]. After filtration, many sub-
stances remain as residues on the filter cloth. Soil is
categorizable according to physical, chemical, or microbio-
logical criteria [173, 177]. Beverages consist of different in-
gredients like proteins, carbohydrates, or fats, which form a
complex biological contamination matrix [151]. Furthermore,
specific fundamental removal mechanisms complicate
cleaning. Table 1 characterizes different residue types, their
occurrence, and cleaning as an unpredictable bottleneck in
modern beverage processing.

Woven Filter Cloth—a Hard-to-Clean Surface

Filter cloths consisting of plastic polymers (e.g., polypropyl-
ene and nylon) represent the most significant market share

among filter fabrics, which underlines their economic rele-
vance [103, 130]. The main utilizations are solid–liquid sepa-
ration processes like cake filtration and surface filtration,
which are common in the beverage industry [5, 13].
Concerning beverages, exact and sparing filtration is inevita-
ble to separate solids from liquids while keeping valuable or
value-adding substances in the product. Filter cloths are
insertable into different filter systems and thus guarantee flex-
ibility and precise selectivity (see Table 2). Aperture sizes or
pore sizes—resulting from thread thickness, weave, and
construction—have to be product- and residue-specific. Due
to these reasons, filter cloths create complex and hard-to-clean
geometries with high surface roughness.

Filter Cake Formation and Fouling on Filter Media

Filter cakes (retentate) grow over time and are the most used
mechanism for filtration [66]. In general, the classification of
cake filtration is possible in two categories: cross-flow filtra-
tion describes a tangential product approach flow toward filter
media by keeping filter cake thickness constant in a defined
size [28, 167]. In contrast, dead-end filtration is more static:
retentate particles cluster on filter surface while filter cakes
expand [39]. Large retentate fragments generate permeable
cakes where fluids have many passing possibilities.
However, smaller particles result in more dense, filter
performance-reducing cakes. In the beverage industry, pro-
duction operators often add filter aids (e.g., diatomaceous
earth or perlite) if the product to be filtered is not capable of
satisfactory separating processes [13].

During beverage filtration, the fouling of filter media al-
ways occurs due to retentate or product contamination [86].
Process performances (flux) will decrease with time, and
grave pore blinding is caused [17, 96, 167]. Although this
problem is more severe in membranes, it also plays an essen-
tial role in filter cloths due to production limitations.
Consequently, after almost every filtration process, sufficient
cake discharges have to take place to ensure proper filtration
performances in subsequent product cycles and process cost
reduction [66]. Cake discharge occurs by gravity (e.g., filter
press) or mechanically using cutting or vibration-based equip-
ment [173]. However, large amounts of residues remain on
filter cloths due to the moisture of solid–liquid operations
[66]. In this context, water jets are the ideal cleaning option
for combining mechanical cleaning effects with chemical
additives.

Filter Materials

Besides the filterability, cloth material also determines the
cleanability [130]. Leipert and Nirschl [92] showed that poly-
mer filter cloth showed no differences in cleanability. Since
polymers basically have similar material features and thus
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interface properties, the cleaning dependency between differ-
ent materials is negligible. However, the cloth material re-
quires careful considerations regarding chemical and physical
resistivity and sensitivity. In separation processes, different
pressures, temperature levels, or other special conditions oc-
cur. Although they are not as extreme as in the chemical in-
dustry, filter materials have to resist environmental conditions
well enough to guarantee acceptable lifetimes [5]. This fact is
also crucial for the cleaning and regeneration of filter cloth by
using increased process parameters and high-concentrated
cleaning agents. By the current state of scientific knowledge,
the application range of cleaning is limited in the beverage
industry. Because of high hygiene standards and microbiolog-
ical safety, the use of chemical cleaning agents is, in most
cases, inevitable [160]. Nevertheless, the various kinds of
polymeric filter cloth are sensitive at certain processing or
cleaning conditions due to specific material properties. Also,
national or international laws, e.g., FDA regulations, have to
be considered when choosing the material. Polymer fabrics
require sufficient declaration of conformity as indirect food
additives, and also corresponding threads have to agree with
equivalent legislation [5]. An additional coating of yarns or
complete filter fabrics also has to comply with legal require-
ments as well [130]. Table 3 gives an overview of the proper-
ties of different filter media materials (filter cloth in particular
and also membranes). The average values of the specific ma-
terial properties given in Table 3 originate from the scientific
literature and the online database CAMPUS (Computer-Aided
Material Preselection by Uniform Standards).

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

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

In the beverage industry, most common chemical cleaning
agents are strongly alkaline or acidic, which are potentially
abrasive to synthetic yarns [160, 167]. Novel agents, includ-
ing oxidizers or enzymes, increase cleaning and disinfection
efficiency. However, they are difficult to handle (enzymes) or
considered to be the most dangerous agent type (oxidants).
Generally, chemicals have to be used in exact concentrations
to guarantee sufficient cleaning and to ensure that no contam-
ination remains. Considering the problematic cleanability of
filter cloths, incorrectly concentrated agents reduce the stabil-
ity and lifetime of a filter due to abrasive effects and resulting
yarn impairment. These unwanted aspects result in more fre-
quent cloth changes, more extended system downtime, and
higher process costs. Regarding physical stress, abrasion is
caused by temperature gradients, filtration pressures, mechan-
ical cleaning, or the product to be filtered. If there are particles
with sharp edges, the filter cloths have to be designed robustly
and stiffly [66].

The challenge of choosing the right material becomes appar-
ent regarding the two most common filter polymers (see
Table 3). According to Horrocks and Anand [66], polypropyl-
ene is the most widely used thread material in solid–liquid
separations due to its high acidic and alkaline resistance.
However, this polymer is susceptible to oxidizing agents and
has low physical resistance to mechanical stress (e.g., high tem-
peratures). In contrast, polyamide offers high abrasion resis-
tance but has weaker chemical resistance. In conclusion, there
is a considerable need for better adjustable cleaning mecha-
nisms, e.g., via wash jets, to extend the lifetime of filter cloths.

Mesh Types

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

Table 2 Applications of filter cloths in the beverage industry

Application Filter system Task Reference

Water treatment Drum filter, (vacuum) belt filter Separation of solids [82]

Wine Filter press Decrease of must turbidity [40]

Clarification of polyphenols and polysaccharides [86]

Beer (pre-stage mash) Filter press, rotating disk filter Separate beer wort from spent grain [112]

Syrups and brines Filter press Removal of unwanted particles; sugarcane juice production [13], [86]

Fruit and vegetable juices Belt filter, filter press, filter
centrifuge

Detachment of suspended and colloidal particles [167], [68]

Removal of polyvinylpolypyrrolidone- or bentonite-treated product [151], [184]

Separation in pulp and (microorganism-free) clarified juice [28]

Product recuperation via
yeast separation (beer, wine)

Filter centrifuge, filter press Removal of yeast cells (defined size) [7]
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these developed web types are also suitable for filter fabrics
[66, 103]. In the production of textile filters, different threads

are interweaved and form distinctive filter structures. Each
filter cloth is unique due to different thread diameters,

Table 3 Overview of different materials used for filter media

Material Abbreviation Chemical cleaning
agent resistance

Maximal
working
temperature
[°C]

(Physical)
abrasion
resistance

Absorbency
for water (%
wt)

Additional remarks References
Generally referenced
by the CAMPUS
online database [27]
and with additional
references below

Acid Alkali Oxidant

Polyvinylidene
fluoride

PVDF +++ +++ + 120–160 +++ 0.1–1.0 High
hydrophobicity
inhibits filtration

[130]; [135]; [180];
[91]; [81]

Polyethersulfone PES ++ ++ − 190 ++ 0.7–2.1 Prone to fouling [134], [55], [185],
[139–143]

Polyamide 6.6 PA6.6 − ++ − 105–120 +++ 6.5–8.3 Common material
for filter cloth

[130], [14], [66]

Polyamide 12 PA12 − ++ − 105–120 +++ 6.5–8.3 High physical
resistance

[130], [66]

Polypropylene PP +++ +++ − 120 + 0.01–0.1 Common material
for filter cloth

[130], [66]

Polyamide 6 PA6 − 0 − 105–120 +++ 6.5–8.3 Low resistance to
chemical
cleaning agents

[130], [139–143]

Polyethylene
terephthalate

PET + − 0 100 ++ 0.2–0.5 Poor to chemical
cleaning agents;
stable to
beverage
ingredients

[14], [139–143]

Polyethylene
• High density (hd)
• Low density (ld)

PE +++ +++ − 65–74 (ld);
93–110
(hd)

0 0.01 Most utilized
polymer material

[130], [66]

Polybutylene
terephthalate

PBT + 0 0 100 ++ 0.25–0.5 Similar properties
as PET

[66], [139–143]

Polyether ether ketone PEEK + + 0 220 ++ 0.3–0.5 High-temperature
tolerance

[66], [6]

Polyamide 11 PA11 − ++ − 100 +++ 6.5–8.3 High physical
resistance

[66]

Polytetrafluoroethylene PTFE +++ +++ ++ 240 0 < 0.1 High resistance to
soiling and
cleaning agents;
poor physical
resistance

[66], [6], [139–143]

Polyvinylidene
chloride

PVDC +++ ++ ++ 75 + n/a Agrees with FDA
in packaging
materials; less
commonly used
for beverage
filtration

[66]

Polyphenylene sulfide PPS ++ +++ 0 190 + 0.5 Less beverage
relevance; brittle

[66], [180], [6]

Polyvinyl chloride PVC +++ +++ 0 75 ++ Little Less relevant for
beverages due to
plasticizers

[66]

Cotton − − + 0 90–93 n/a 16–22 Historic filter
material; no
relevant use
today

[130], [66]

Note: +++ = very good, ++ = good, + = adequate, 0 = average, − = bad
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materials, and mesh types that worsen the cleaning predict-
ability [99, 130].

In the beverage industry, woven filters mainly consist of
single monofil (one single thread) or multifil threads (com-
posed of several threads) in single or multilayer filters. The
advantages of multifil threads are enhanced safety and im-
proved lifetime by hindering thread breakage [130]. In terms
of cleanability, the thread choice is vital due to the moistening
behavior of filter cakes or abrasion resistance. Table 4 illus-
trates the influence of the thread on the cleanability of a whole
mesh.

Filter cloths are used singly in combination with a second
cloth layer or interlinked with porous membranes.
Combinations of several filter cloths are defined as composite
fabrics and are used to adjust a different filterability [130].
This publication does not consider needle felts or fleeces due
to their subordinated role in beverage production.

The smallest particle size to be filtered determines the choice
of the mesh, the pore size of which depends on the construction
and thread thickness [5, 6, 66]. The weave type forms distinct
geometric structures by particular arrangements of chaining and
weft threads. While chaining threads extend in the web direc-
tion, weft threads are perpendicular to this direction and enlace
the longitudinal warp threads [138]. General filter cloth proper-
ties (e.g., thread diameter, porosity, or pore velocity) are central
to determine the cleaning efficiency of different filters [173].
Especially porosity seems to be a possible factor in comparing
the cleanability of various filters. With this parameter, it is pos-
sible to determine the flow rates of cleaning jets on or in filter
media. According to the literature [136, 173], the filter porosity
Φ is calculated according to Eq. 1.

Φ ¼ vtotal−vyarn
vtotal

ð1Þ

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

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

construction enhances the float in separation processes and
creates deeper layers, which are easier to reach for wash jets.
The utilization of satin weaved cloths even enhances the float-
ing effect. Here, structures are increasingly irregular, which
results in very smooth surfaces. This filter evenness reduces
the likelihood of firmly adhering particles in deeper meshes
and care for better cake discharges with fewer residues [66].
Thus, on the one hand, minor residue disposition is favoring
cleaning processes. On the other hand, hard-to-clean zones are
more comfortable to reach using wash jets, improving effec-
tivity. Table 5 illustrates the common weave types of indus-
trial textiles.

After weaving, almost every cloth undergoes an after-treat-
ment. This conditioning is necessary for stability, surface en-
hancement, and permeability modification of the filter fabric
[57]. Such treatments improve the filtration process but also
increase the cleanability of filter media. Calendering of filter
cloth enhances the cake discharge and thus favors cleaning
[5]. Additionally, calendering can regulate permeability,
which supports backwashing methods [66]. For calendering,
the filter cloth runs through heated mills that smooth the sur-
face [6]. Supernatant parts of yarns can hinder sufficient cake
discharge and can thus influence cleaning efficiency. Singeing
removes protruding parts by contact with gas flames or hot
metal boards [66].

The Roughness of Filter Cloths

Following the literature [26, 74], surface roughness has sig-
nificant adhesion influence on biological residues located on
surfaces. Due to their complex structures, the transformation
of hygienic design concepts to filter media is difficult, which
requires reliable cleaning methods. The topography of filters
strongly affects the adhesion of biomolecules [42, 111].
Therefore, surface geometry and adhering contamination are
central to the strength of adhesive forces [76, 122, 175].
Binding points of adhering particles depend on the roughness
profile. Particles located between two threads cause more than
one contact point with the filter. Regarding filter cloths, we
must differentiate between thread roughness and whole
meshes. For textile filters, it is possible to describe the aperture
with the same roughness analysis tools as standard surfaces.
Here, the values of the mean roughness Ra and the square
roughness Rq are decisive. Moeller [106] developed more

Table 4 Influence of the yarn
type on the cleanability behavior
of the filter fabric

Type Lowest cake moisture
after filtration

Cake
discharge

(Physical) abrasion
resistance

Cleanability (via
wash jets)

References

Monofil +++ +++ + +++ [66], [6]
Multifil ++ ++ ++ ++

Staple + + +++ +

Note: +++ = very good, ++ = good, + = adequate
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precise methods to characterize the filter cloth roughness.
Particle residues that fit in the roughness profile are difficult
to remove due to several contact points (see Fig. 2).

Biophysics of Particle Detachment

Particles or other colloids adhere to surfaces due to interatom-
ic or intermolecular adhesive forces [101]. According to
Weigl [175], these types of forces are essential in many pro-
cesses like agglomeration, crushing, or transportation of
solids. Regarding cleaning operations, these interactions and
similar effects are the critical aspects in removing contamina-
tion from surfaces, e.g., cleaning filter cloths by water flows.
Such wash jets (Fjet) have to overcome any binding mecha-
nisms (FAdhesion) and release contamination from filter cloths
[92, 122, 175].

FJet > FAdhesion ð2Þ

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

common physical approach in Eq. 3, the adhesive forces are
linkable to the detachment work W.

W ¼ ∫a0F xð Þdx ð3Þ

The range [0:a] distinguishes the particles on the surface (=
0) and the particles at a certain distance from the sur-
face (= a). The acting work leads to a change in energy
balance. Thus, the energy of the detachment has to out-
strip the adhesion energy. While the detachment ener-
gies include the jet properties (e.g., kinetic energy), the
interaction energy consists mostly of the adhesion and
repulsion. Several models (e.g., DLVO or XDLVO) de-
termine the interdependency of these effects.

Furthermore, the particle has to be moved to a particular
distance ax so that adhesive forces do not affect anymore (see
also Fig. 3). Regarding the impact forces of a water jet, the
impact area is a decisive aspect. Here, the acting hydrodynam-
ic jet force and the impact surface must cohere with effecting
pressure distributions on the filter surface. The resulting pres-
sures are responsible for the area-specific cleaning effect and
generate the necessary mechanical impulses on the contami-
nation as well as the wall shear stress (see “Impinging Jet—
Forces on the Residues on the Filter Cloth” section). Palabiyik
et al. [125] also concluded rheology as necessary for a proper
cleaning design. With a certain particle distance, the preven-
tion of force recovery and complete deportation of unwanted
residues by using liquid films after the impact are desirable to
guarantee sufficient cleaning efficiency [47, 183]. Different
publications researched the cleaning kinetics of jets [50, 178].

Nevertheless, the type of application and soil are decisive
as cleaning optimization often fails due to unknown adhesion
mechanisms or detachment kinetics. To ensure sufficient
cleaning, many companies in the beverage industry use exag-
gerated cleaning concepts. The following section gives an

Fig. 1 Commonly used weaved
types of filter cloths: a plain
weave, b twill weave, c Satin
weave

Table 5 Exemplary types of gauze construction for filter cloths

Type name Abbreviation Cake discharge References

Plain (reverse Dutch) PRD + [173], [66], [6]
Twill TWL ++

Satin STN +++

Note: +++ = very good, ++ = good, + = adequate
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overview of acting adhesive forces, how they work, and how
several models can determine their interaction.

Adhesive Forces

Purchas and Sutherland [130] have stated that adhesion is a
central filtration characteristic depending on the application
field. Its mechanism belongs to attractive intermolecular
forces like van der Waals or electrostatic forces [69, 101].
Once such forces arise, they are the critical aspect of cleaning.
Concerning cleaning with nozzle, impinging jets have to af-
fect the filter surface with a minimum of energy to release
existing attractive forces [122]. Besides adhesion,

cohesion—binding forces between the residue particles—is
also central to obtaining appropriate cleaning degrees [47,
106, 175].

Three range-dependent groups classify adhesive forces.
The first group includes long-range forces, which act in the
contact zone and beyond due to greater strength and more
extended ranges. Exemplary forces are van der Waals forces
and electrostatic forces. Short-range forces belong to the sec-
ond group and define chemical bond forces and hydrogen
bonds (e.g., Lewis acid–base interactions). The third group
contains forces, which arise by reactions of the boundary lay-
er, e.g., colloids interacting with the surface [40, 84]. Here,
particles possess nonspecific and specific adhesive attitudes

Fig. 3 Interactions between a
suspended particle and the surface
(overlap of adhesive van derWaal
attraction and repellent
electrostatic potential)—
illustration is an the authors’ own
creation and was adapted from
Adair et al. [1] and Koglin [80]

Fig. 2 Exemplary roughness
profile of a filter cloth with
exemplary particles of different
sizes; mean roughness Ra = 18.8
μm, square roughness Rq = 22.4
μm; measurement of the
roughness occurred via a confocal
laser scanning microscope; the
illustration is the authors’ own
creation
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toward the filter structure. Nonspecific adhesive forces arise
from a combination of physiochemical influences.

In contrast, the specific interaction between particles, e.g.,
microorganisms, and filter surfaces depend on stereochemical
interactions between corresponding substances on the surface,
e.g., adhesion [108]. Besides the named adhesive influences,
there are other influences like capillary forces, capillary con-
densation, solid bridges, and form closure [106, 148].
However, they are negligible in fluid systems [158], such as
the solid–fluid filtration of beverages. The following subchap-
ters illustrate the three most relevant adhesive forces.

Lifshitz–van der Waals Interactions

Central components of particle adhesion are Lifshitz–van der
Waals interactions, which are boundary layer forces. The cate-
gorization of these interactions is in Keesom (interactions of
permanent dipoles), Debeye (magnetic induction interactions
of permanent dipoles), and London forces (dispersion forces
without permanent dipoles) [69, 85]. Although these forces
arise inside solids, they are mainly acting outside of them.
They make solids cling to a surface or other particles due to
dipole interactions [98, 108]. Atoms consist of an atomic nu-
cleus surrounded by electrons in the nuclear shell. According to
Heisenberg’s uncertainty principle, which states that there is no
specific location of the electrons around the atomic nucleus,
atoms are fluctuant dipoles [60, 69]. This fluctuating charge
distribution is responsible for the Lifshitz–van der Waals forces
due to dipole charge-related attraction. The adhesive strength
depends on the material, particle diameter, and surrounding
medium [175]. Moriarty et al. [108] define Lifshitz–van der
Waals forces as the apolar energy component of adhesion.

According to the literature [171, 172, 175], there are different
approaches to determine this force. The microscopic theory by
Hamaker [56] describes interactions between single atoms and
molecules, which are additive and not influencing mutually.
Differentiation between different compound geometries due to
various adhesion forms of contamination on filters helps to under-
stand the adhesion determination. Here, the models of a disk to
another disk (D-D), a sphere to a disk (S-D), or a sphere to another
sphere (S-S) are commonly used to describe adhesive forces.
Considering the Lifshitz–van derWaal interactionsFHamaker, three
different models (Eqs. 4–6) are deployed [56, 85, 131].

& Disk–disk model (D-D):

FHamaker
D−D að Þ ¼ H

12π� a3
ð4Þ

& Sphere–disk model (S-D):

FHamaker
S−D að Þ ¼ H � d

12� a2
ð5Þ

& Sphere–sphere model (S-S):

FHamaker
S−S að Þ ¼ H � d1 � d2

12a2 � d1 þ d2ð Þ ð6Þ

The variable H represents the Hamaker constant, while dn
is the sphere diameter and a the particle distance. Regarding
particular contamination on the filter surface, the S-D and the
S-S models are most relevant. The second proposed theory—
the macroscopic theory by Lifshitz—does not include the
atomic structure. Furthermore, measurable properties like the
dielectric constant are incorporated. The polarization of atoms
is additionally influenced by neighboring atoms, which is
neglected by Hamaker’s microscopic theory [24]. Lifshitz in-
cludes such effects in his approach, which is measurable with
Eq. 7 (S-D model) [94].

ð7Þ

Here, the factor ћϖ represents the Lifshitz constant, d is the
diameter of the spherical particle, and a the particle distance.
The two theories are combinable via Eq. 8 [84, 171].

ð8Þ

Other geometries are determinable by knowing this corre-
lation. According to Rumpf [144], considering smooth
spheres with sizes below 100 μm, the electrostatic or hydro-
gen bonds are negligible in contrast to Lifshitz–van der Waals
forces. The surface roughness influences the strength signifi-
cantly and decreases the Lifshitz–van der Waal interactions at
specific roughness radii. Filter cloths possess a more complex
and rough surface, which reduces the meaningfulness of the
two theories above. However, they are the basis of further and
more precise models, which include defined surface rough-
ness [132, 133].

Electrostatic Force—Attraction and Repulsion

Electrostatic forces (EL), which arise between two charged
surfaces, are essential regarding the adhesion or repulsion of
contaminants [106, 108, 175]. Most liquid-solved particles
have a charge, which results in an electric double layer due
to the dissociation of functional groups [98]. Depending on
the pH of the surrounding fluid, particles are positively or
negatively charged [113, 175]. Consequently, the charge de-
cides whether particles cling to a surface or repel. Around the
particle, there is an accumulation of oppositely charged ions
forming a diffuse layer, which makes the particle appear to be
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neutral [58]. For small distances between particle and surface,
electrostatic forces of electrical conductors are determinable
using Eqs. 9–11 [98, 175].

& Disk–disk model (D-D):

FEL
D−D að Þ ¼ −

1

2π
� ε� ε0 � ζ1 � ζ2 � ln 1þ e−κað Þ ð9Þ

& Sphere–disk model (S-D):

FEL
S−D að Þ ¼ −ε� ε0 � κ� 1

2
� d � ζ1 � ζ2 � ln 1þ e−κað Þ ð10Þ

& Sphere–sphere model (S-S):

FEL
S−S ¼ −ε� ε0 � κ�

1

2
d1 � d2ð Þ
d1 þ d2

� ζ1 � ζ2 � ln 1þ e−κað Þ ð11Þ

The variable ε0 designates the electric field constant, ε the
relative permittivity of the medium between the adhering com-
ponents, ζi the equivalent zeta potential of sphere/disk i, κ the
Debye–Hückel parameter, d the diameter of the spherical parti-
cle, and a the adhesion distance. In nature, the majority of parti-
cles and surfaces have a negative charge. Therefore, most elec-
trostatic interactions are repulsive [108]. Formerly considerations
yielded electrostatic forces as less critical than Lifshitz–van der
Waals forces. For decades, scientific approaches regard electro-
static forces as central in describing and understanding particle
adhesion due to natural surface roughness [144].

Lewis Acid–Base Interactions

Lewis acid–base forces (LAB) describe attractive interactions of
hydrophobicity and repulsion via hydration around surfaces
[108]. These interactions are dominated by hydrogen bonds,
which are even up to two times stronger than Lifshitz–van der
Waal forces [75]. Hydrogen bonds require donors, which are
atoms bond to other atoms (e.g., oxygen, nitrogen), and accep-
tors, which are additional oxygen, nitrogen, or fluorine atoms
[85]. Adhesion arises due to the interaction of a charged hydrogen
acceptor and an electronegative receptor. In solid–fluid filtration
processes, this effect is central because water is both a hydrogen
donor and a hydrogen acceptor [168]. The result is strong hydro-
gen bonds and firmly adhering colloids on the surface. Equations
12–14 show the geometry-related definitions [85].

& Disk–disk model (D-D):

FLAB
D−D að Þ ¼ −

1

λ
�ΔGLAB � e

l0−a
λ ð12Þ

& Sphere–disk model (S-D):

FLAB
S−D að Þ ¼ −π� d �ΔGLAB � e

l0−a
λ ð13Þ

& Sphere–sphere model (S-S):

FLAB
S−S að Þ ¼ −

π� d1 � d2
d1 þ d2

�ΔGLAB � e
l0−a
λ ð14Þ

The variable d defines the equivalent diameter, ΔG is the
adhesion energy, l0 depicts the equilibrium balance between
the considered adhesion partners, a is the adhesion distance,
and λ is the decay rate of polar interactions.

Models of Residue Adhesion

Several theories are commonly used for modeling and deter-
mining colloid adhesion [76]. However, following Moriarty
et al. [108], their suitability has to be discussed critically be-
cause they are not entirely appropriate in most cases. The
majority of the models require surfaces to be as smooth as
possible without any measurable topography. Furthermore,
the product to be filtered has to be isotropic and should be
of consistent composition. Both requirements are here hard to
achieve due to rough filter topographies and complex bever-
age compositions. Following van Oss [168], further interac-
tions (e.g., Lewis acid–base) are acting in biological systems,
which reduce the adhesion prediction via DLVO and thermo-
dynamic theory. However, both approaches have been used
for particles (e.g., macromolecules, microorganisms) for years
and are still state of the art. In addition to the thermodynamic
and the DLVO theory, the XDLVO theory that also includes
additional interactions (see Table 6) shows an extended
approach.

Thermodynamic Theory

This theory describes adhesion by changing the Gibbs free
energy of particles. This shift happens when the particles start
to adhere to the filter surface. Moriarty et al. [108] assume that
the distance between filter and particle is zero. Consequently,
it is the total change of free energy which defines total avail-
able energy in closed systems. More accurate determinations
require the incorporation of Lewis acid–base interactions and
Lifshitz–van der Waal forces. Furthermore, this approach as-
sumes reversible adhesive properties. Following the literature
[108, 109], adhesion energy is defined by Eq. 15.

ΔGAdhesion ¼ ΔGLifshitz−vdW þ ΔGLewis−acid−base ð15Þ

Here,ΔGAdhesion is the Gibbs free energy shift of adhesion,
ΔGLifshitz-vdW is the Gibbs free energy change of acting
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Lifshitz–van der Waals interactions, and ΔGLewis-acid–base in-
cludes Lewis acid–base forces. Adhesion takes place when the
result of Eq. 15 is negative due to a more stable condition by
decreasing the free energy.

DLVO Theory—the Combination of the Adhesive Forces

The most famous approach of the interaction of Lifshitz–van
der Waal and electrostatic forces is the DLVO theory (named
after Derjaguin, Landau, Verwey, and Overbeek), which de-
fines interactions between the two forces [35, 170].
Depending on the distance between particle and surface, these
forces influence each other and describe either residue adhe-
sion or repulsion.

Considering Fig. 3, van der Waal forces act over small
distances, while electrostatic forces affect considerable dis-
tances. For reaching adhesion, it is crucial to overcome energy
barriers. DLVO is defined by Eq. 16 [108].

EDLVO ¼ ELifshitz−vdW þ EElectrostatic ð16Þ

EDLVO is the total energy of the adhesion, and ELifshitz-vdW

and EElectrostatic are the proportionate Lifshitz–van der Waals
forces and electrostatic interactions, respectively. The most
accurate results are determinable when the electrostatic forces
are dominant.

This theory is suitable for describing bacterial adhesion [9,
12, 23]. However, other critical potential influences (e.g., ste-
ric forces) are not included [181]. The neglect of direct surfi-
cial impacts to bind or repel electrons limits the applicability
(especially with particles of biological origin) [85].

XDLVO Theory

In contrast to the DLVO theory, the extended DLVO theory
model (XDLVO) incorporates the influence of polar forces
[168, 169]. Following the literature [12, 108, 126, 186], it is
the most advanced theory because it combines aspects of ther-
modynamic and DLVO theory resulting in a more accurate
adhesion prediction. There are numerous publications, which
favor this theory, especially for microorganism adhesion [9,
12, 76]. Equation 17 defines a simple way to calculate adhe-
sion energy via the XDLVO theory [108].

EXDLVO ¼ ELifshitz−vdW þ EElectrostatic þ ELewis−acid−base ð17Þ

EXDLVO describes the total energy of adhesion, while
ELifshitz-vdW, EElectrostatic, and ELewis-acid–base are Lifshitz–van
der Waals forces, electrostatic interactions, and Lewis acid–
base forces, respectively [179]. The XDLVO theory is dis-
tance-dependent, too.

Jet Cleaning—an Appropriate Solution
for Filter Cloths

The issue of insufficient cake discharges and the removal of
remaining residues on the filter cloth have existed for decades.
Many studies have shown suitable as well as improper tech-
niques. Brush cleaning devices remove residues mechanically
but can irreversibly damage the surface [99, 106]. Scraper
blades also remove several residues by scratching on the filter
surface [53]. Following Horrocks and Anand [66], they are
jointly responsible for the abrasion of the filter cloth. The use
of chemical agents—especially in the beverage industry—
offers increased cleaning efficiency in addition to high micro-
biological safety. Agent utilization possibly damages filter
cloths, however. The most commonly applied cleaning medi-
um in the food industry is water, which adjusts agent concen-
tration or acts as an autonomous mechanical cleaning tool
[99].

Regarding the technique, jets are streamed mostly via noz-
zles onto soiled surfaces. In the beverage industry, this tech-
nology operates in many cleaning processes, e.g., cleaning in
place (CIP) of tanks and pipe systems [52, 54, 99, 125, 160].
The cleaning of woven filter cloths includes the utilization of
wash jets, too. Cleaning effects are impact forces and result in
pressure distributions on the filter surface, which have to over-
come the adhesive forces between the contamination and the
filter cloth. The removability of residues using wash jets de-
pends on four effects: direct residue deformation, stress wave
creation and transfer, lateral outflow jetting, and hydraulic
permeation in the soil layer [15, 54, 110]. Another advantage
of wash jets is the adjustability of mechanical properties, e.g.,
nozzle geometry, pressure, fluid velocity, or incidence angle.
This technique also combines the mechanical effect (kinetic
energy) with the absorption of residues and their transport
away from the contamination zone.

Agent-free cleaning is still not recommended, but cleaning
with fewer agents and increased mechanical energy has

Table 6 Interactions and illustration of relevant adhesive forces and models

Force Distance [nm] Strength [kJ] Model References

Lifshitz–van der Waals 0.3–0.4 < 2 Thermodynamic theory, DLVO theory, XDLVO theory [150], [12], [149], [95], [108]
Electrostatic Depends on media DLVO theory, XDLVO theory

Lewis acid–base 0.2–0.3 12–16 Thermodynamic theory, XDLVO theory
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become popular due to economic and ecological advantages.
Besides, less cleaning agents or pure water cleaning decreases
the risk of chemical soiling of beverages [114]. The easily
adjustable combination of wash jets with specific temperature
levels or adjusted pH values will have a positive synergetic
effect on cleaning [129]. Therefore, wash jet techniques offer
a demand-oriented setup for careful cleaning of filter cloths at
a sufficient degree of cleaning. This section outlines the fluid
mechanical properties and determination possibilities of wash
jets and highlights their increased cleaning efficiency.

Fluid Mechanical Principle of Wash Jets

Following Fryer et al. [47], the understanding of fluid me-
chanical residue removal and its different realization possibil-
ities are vital aspects for future research and developments for
cleaning optimization. These aspects are also valid for wash
jets, which have the potential to shorten cleaning time while
reducing costs and sparing the environment. A nozzle always
is in the responsibility of generating a cleaning jet. Here, static,
static–dynamical, and dynamical systems are commercially
available [52]. Following Mauermann [101] regarding
cleaning processes, four different nozzle geometries are
distinguishable:

& Flat jet nozzle
& Full/round jet nozzle
& Full cone nozzle
& Hollow cone nozzle

The nozzle geometry influences the acting forces and the
corresponding area to be cleaned of the cloth (see Fig. 4). Out
of this, the resulting pressure distribution and cleaning effect
are derivable.

Cleaning jets released by nozzles are divisible into three
distinct parts in terms of mechanical properties. The first part
illustrates the nozzle leaving jet and its streaming into space
(free jet). By impacting on filter surfaces, flow profiles change
entirely due to complex filter geometries. The wash jet con-
verts from a free jet (part one) to an impinging jet (part two).
At the initial contact with the surface, wash jets distribute in
different directions, which are almost parallel to the wall. The
third part defines the behavior of absorbing contamination in
the fluid. The absorption is an essential removal mechanism of
the existing transportation streams and the flow-off of the
impact area. Cleaning standards state that devoid of soil trans-
portation by streams or jets cleaning processes would be in-
sufficient [99]. Furthermore, the jet will also run partly
through the filter mesh due to the distinct filter cloth porosity.
Backflush cleaning uses this effect as an individual cleaning
principle (see “The Process Design of Filter Cloth Cleaning
with Jets” section).

Although all three fluid mechanical parts form one single
jet, they are determinable independently. Tani and Komatsu
[163] recognized that surfaces are not effecting on free jets
about two jet diameters away from the surface, which is as-
sumed to be the transition from free to impinging jet. In further
research, Gauntner et al. [49] confirm the link of both parts by
the definition of impinging jets having the same properties and
behavior as free jets until the impact.

In every cleaning concept of wash jets, detailed knowledge
about laminar or turbulent stream conditions is fundamental
[52, 166]. The Reynolds number Re serves as a significant
dimensionless quantity (Eq. 18) [137].

Re ¼ va � dx
ϑ

¼ Inert force

Frictionforce
ð18Þ

The variable va illustrates the average velocity, dx the char-
acteristic diameter (e.g., particle diameter), and ϑ the kinemat-
ic viscosity. Re classifies pipe or channel streams in three
stream areas: laminar area (Re ≤ 2300), transition area (2300
≤ Re ≤ 104), and turbulent region (Re ≥ 104) [146, 157].

Free Jet—Between the Nozzle and the Impact Zone

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

The surrounding fluid profoundly influences many proper-
ties of free jets. Regarding classic free jets, the fluid streams
into free space without any wall limitation. In the mist area
between the streaming liquid and the surrounding medium,
there are different velocities causing shear forces.
Additionally, the different density and surface tension at the
boundary layer of the two phases create turbulences, friction,
and gas entrainment. The result is a jet break-up and an in-
creasing jet decay in the axial direction. The appearance of this
phenomenon and where it occurs highly depends on the noz-
zle geometry and operating pressure. Although this approach
skips the direct jet impact on a wall to be cleaned, it is neces-
sary to characterize the free jet properties, e.g., velocity gradi-
ents. Figure 5 illustrates the free jet while leaving a nozzle and
streaming into space.

The literature [49, 105, 121, 161, 162] shows several
models to determine a two-phase free jet. Especially the core
length and the velocity reduction in the axial x-direction are
part of these approaches. In this publication, the free jet deter-
minations by Gauntner et al. and Hrycak et al. are focused [49,
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67] as it is the original method to determine a water jet in air-
filled space. According to this approach, a classification of the
flow profile of a jet into three distinct areas is necessary.
Knowledge about these areas is essential to determine velocity
and pressure conditions at specific stream points. These pa-
rameters are crucial for calculating the removal energy of the
impinging jet.

Initial and Core Area—the Coherent Jet This area de-
scribes the flow of a jet from the nozzle and its dynamical
establishment. It lasts from the nozzle to the apex of the po-
tential core, which is the central part of the fluid. In the core
area, velocity and several other parameters in the flow profile
remain constant until the apex. By gaining distance from the
nozzle, the core is decreasing due to the entrainment of the
surrounding fluid. Mixing layers originate between the poten-
tial core and the surrounding fluid due to primary and second-
ary mass and momentum transfer effects (e.g., Kelvin–
Helmholtz instabilities) [54]. This mixture of both fluids can
be observed by a jet breaking up into droplets.

For complete descriptions of these two areas, the potential
core length or nominal potential core length is decisive.
According to the literature [49, 100], the core length depends
on initial conditions and is four to six nozzle diameter long.
However, core lengths are strongly dependent on the
Reynolds number: In laminar streams, the range is proportion-
al to the Reynolds number, while turbulent conditions are
independent [67]. This aspect possibly results in enhanced
and optimizable cleaning conditions. Velocities within the po-
tential core depend on the nozzle diameter. Mass conservation

(mass M to time t) and continuity act between the nozzle

ṁNozzle and connected pipe ṁPipe (Eq. 19) [11].

dM
dt

¼ ṁPipe−ṁNozzle ð19Þ

Subsequently, the integral form is obtained (Eq. 20).

∫t0ρ� ANozzle � vNozzledt ¼ ∫t0ρ� APipe � vPipedt ð20Þ

By knowing vNozzle, nozzle area ANozzle, sectional pipe area
APipe, and regarding water as wash fluid with constant density
ρ over time, vNozzle (velocity of the potential core at the cen-
terline) is determinable with Eq. 21.

vNozzle ¼ APipe � vPipe
ANozzle

ð21Þ

Further, the relationship between vNozzle and nozzle diam-
eter dNozzle is according to Eq. 22 (regarding round nozzles
connected to pipes).

vNozzle ¼
d2Pipe � vPipe

d2Nozzle
ð22Þ

Main Area—the Droplet Jet This central part of the free jet
describes conditions after the potential core end. The jet

Fig. 4 Different nozzle geometries and the resulting impact area on the filter cloth: a flat jet nozzle, b full/round jet nozzle, c full cone nozzle, and d
hollow cone nozzle; illustration is the authors’ own creation and was inspired by Mauermann [101]
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becomes broader and results in droplets due to the increased
entrainment of the surrounding fluid and the already men-
tioned reasons. By momentum preservation, jet velocity de-
creases, which is describable by Gaussian curves [65]. The
centerline velocity vC,2 of area 2 is determinable via Eq. 23
[67].

vC;2 ¼ vNozzle � lCore � dNozzle
x

ð23Þ

Here, variable x defines the specific x-position, while
lCore is the dimensionless potential core length. The
mixture of jet and surrounding fluid results in larger
droplets. The droplet size increases by gaining distance
from the nozzle. The region nearest to the radial x-axis
is named the water droplet zone, according to Guha
et al. [54], while mixing zones of both phases are called
mist areas due to the small droplet size.

Final Area—Atomized Jet The third and final area of a free
jet is named the diffused droplet region [54]. Here, wash jets
disintegrate fully and atomize into small droplets with negli-
gible velocities. If distances between the nozzle and filter sur-
face are too vast, the impact zone is in the diffused droplet
region. As a result of this, contamination on filters is merely
moistened but not cleaned away. The design of a cleaning
concept has to consider a nozzle position close to the filter
surface. The transition from the droplet jet to the atomized
jet is determinable with the von-Ohnesorge number (Oh),
Re, and the von-Ohnesorge diagram [119].

Optimally, distances between nozzles and filter surfaces
should be within the potential core or, at the least, the first part
of area 2. On the one hand, the technical requirements do not
always permit such close nozzle installations. On the other
hand, too short distances between nozzle and surface end in
jet rebounds, which result in flow blocks [54].

Impinging Jet—Forces on the Residues on the Filter Cloth

The impinging jet definition is a stream or a droplet that col-
lides against a wall. After the collision, the jet is decelerated
and deflected, while the kinetic energy resulting from the jet
velocity is discharged to the filter cloth. The forces that are
derivable from the energy result in a particular pressure distri-
bution that creates impulses as well as wall shear stress on the
filter cloth. The combination of different hydraulic effects
finally cares for the cleaning effect. The changeover from
the free jet observation to the impinging part is within a short
distance from the surface. Leach et al. [90] showed that by
using surface cutting water jets, fluid pressure became equal to
the pressure of the surrounding fluid in distances of 1.3 ∙
dNozzle (nozzle diameter) from the impact point due to less
shear stress. In newer studies, Guha et al. [54] determined
distances up to 1.68 ∙ dNozzle. However, this parameter is
strongly dependent on nozzle and fluid properties. The im-
pingement of a jet can be categorized in different areas, as
shown in Fig. 6.

Area of Impingement Before the collision, the jet has an ab-
solute velocity (see free jet calculation) and kinetic energy.
Here, forces result in effecting the contamination on the sur-
face. The wall shear stress τ dominates direct mechanical ef-
fects on filter cloths (see Eq. 24), which has a cleaning impact
due to the inner friction of real fluids [30, 46, 70].

τ ¼ F
A

ð24Þ

F is the effecting force, while A is the corresponding area.
However, it is necessary to consider that it is not the actual
force that is responsible for cleaning in the impact area.
Instead, the resulting occurrence of pressures and their distri-
bution on the cloth gives the cleaning effect [105]. By

Fig. 5 The path of a wash jet from
the nozzle into the free space (free
jet); variables: vPipe = fluid
velocity in the supply pipe; vNozzle
= fluid velocity after the nozzle;
vC,2 = centerline velocity in the x-
direction; vx = velocity at
coordinate x; dPipe = pipe
diameter; dNozzle = nozzle
diameter; the illustration is the
authors’ own creation and was
adapted from Sigloch [153]
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collision with the filter cloth, the jet fluids are compressed,
which results in pressures affecting the surface in a time inter-
val < 1 ms [101]. At the boundary layer to the soiled filter
cloth, shock waves act equally to the surface and against the
jet direction [2, 3, 153]. The resulting pressure distribution
undergoes a reduction in the inner part of the contact zone to
the normal water hammer pressure. After a particular stream-
ing time, the jet stabilizes, and a dynamic pressure effect on
the filter cloth acts. For this quasistatic effect, a coherent jet
with a specific flowing time is necessary.

Radial Flow Area—the Lateral Drainage of the Cleaning Fluid
After impacting on the filter cloth, the liquid is drained off around
the impingement area almost symmetrically. Impacting jets are
slowed down in the axial direction and accelerated in the radial
direction in the eddy area. At the impact point, the fluid velocity
is even zero [65]. Therefore, the radial flow is also responsible for
detachment of soil, which can even reach higher speeds than the
jet velocity [105]. Wilson et al. [178] also defined this area as a
radial flow zone (RFZ). Knowledge about the distribution
(backflow) of jets after impacting on filter surfaces is essential
due to cleaning efficiency and sufficient transport of product
residues away from filter cloths. Siekmann and Thamsen [152]
define the backflow effect ϵFluid with Eq. 25. Figure 6 shows the
distribution of the jet and the resulting mass transfers.

ϵFluid ¼ ṁ2

ṁ1

ð25Þ

The variable ϵFluid is the backflow coefficient, ṁ1 is the

mass flow of the fluid after the nozzle, and ṁ2 is the mass
flow of the deflected jet. Regarding a distributed stream in two
directions, the following context is valid (Eqs. 26–27).

ṁ3 ¼ ṁ1 � εFluid ð26Þ
ṁ2 ¼ ṁ1 � 1−εFluidð Þ ð27Þ

Here, ṁ3 is the second deflected jet after the impact. As
can be seen, backflow is irrespective of jet velocity. Here, the
most influencing factor is the incidence angle. If increased,
fluids will stream in almost equal parts in both directions. It
is concludable that angled jet incidents toward the filter sur-
face are an essential parameter and always require incorpora-
tion in cleaning concept planning.

Transition Area Direct after the impingement and within the
radial flow zone, Wilson et al. describe the formation of a thin
liquid layer [178]. This boundary layer is observable from the
filter cloth until the layer between the liquid and the surround-
ing gas phase (e.g., air). Within this small layer, the stream
along the filter cloth is laminar. After a certain distance, the
distinctive film jump takes place where an arching of the liq-
uid changes the flow properties to turbulent. The reason for

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

Regarding a full/hollow cone or a round jet nozzle, this
jump is a circular ring around the impingement area.
Concerning filter cloths, this jump depends on the turbulence
condition and the type of fixing of the filter cloth in the filter
apparatus. If the cloth is not tensioned enough, the softness
reduces this effect, as the jet may press the cloth too much.
Concluding, the boundary layer thickness δ is a decisive pa-
rameter for determining the velocity decreasing effect and
friction in this layer [46]. The thickness can be determined
by Eq. 28 for laminar and turbulent conditions [83].

δlaminar xð Þ ¼ 4:9� x
ffiffiffiffiffiffiffi

Rex
p

δturbulent xð Þ ¼ 0:37� x
Re0:2x

ð28Þ

Determination of Acting Forces Impinging jets are difficult to
predict and calculate due to existing turbulences and different
flow profiles. Impulse, pressure, wall, and other forces, which
are acting directly on impact areas, are discoverable via the
momentum conservation principle. Entering and leaving im-
pulse streams in self-contained fluid spaces are balanced in
every coordination direction. A possible approach to deter-
mine forces of a jet impacting on a surface is findable in the
literature [37, 61, 118, 153]. Firstly, the impulse equation
serves as a point of origin (Eq. 29).

ρAc2 þ ∑F ¼ 0 ð29Þ

With the impulse equation, different fluid mechanical in-
fluences become clear for Newtonian fluids (e.g., wash water
in jets). The differential form is the base of the determination
(Eq. 30).

ρ
dv j
dt

þ vi
dv j
dxi

� �

¼ −
dp
dx j

−
dτ ij
dxi

þ ρg j ð30Þ

The variable p presents the pressure, t is the time, and g is
the gravity acceleration constant. Integration over a control
volume and addition of continuity equation results in Eq. 31.

∫VC

dρv j
dt

dV þ ∫ACρviv jdAi ¼ −∫ACpdAj−∫ACτ ijdAi

þ ∫VCρg jdV þ ∑F j ð31Þ

The impulse equation was transferred and simplified in the
Euler equation for fluid mechanical models (Eq. 32) [11, 31,
89]. Here, neglect of liquid friction, as well as viscosity, and
consideration of elastic fluids within the stream are necessary.
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ρ
dv j
dt

þ vi
dv j
dxi

� �

¼ −
dp
dx j

þ ρg j ð32Þ

The further advanced Navier–Stokes equation (Eq. 33) re-
spects viscosity [146, 159].

ρ
dv j
dt

þ vi
dv j
dxi

� �

¼ −
dp
dx j

þ μ
d2v j
dx2i

þ ρg j ð33Þ

In general, the assumption is necessary that high fluid pres-
sures result in high jet velocities, which will favor the cleaning
effect. However, attention has to be paid to the damaging
effect of high pressures toward filter cloths. Furthermore,
forceful impacts also benefit aerosol distribution and the un-
wanted re-soiling of filter cloths [157]. According to the liter-
ature [41], minimum pressure has to range between 3 and 5
bar, while jet speed has to be 3 to 4 m/s.

Transport Stream—Removing Detached Residues

Cleaning processes are ineffective without complete removal
of the contamination. Therefore, it is necessary to observe the

liquid film that runs off. Concerning the stream condition,
turbulent flows favor cleaning due to a considerable soil re-
tention capacity and increased wall shear stress [166]. Due to
inconsistent axial velocity and resulting transverse flows, the
fluids, which absorbed already a soil quantity, are mixed in the
turbulent stream [128]. Particular forms of the impulse equa-
tion also conduct the determination of transport streams.
Creeping flows describe streams with small Reynolds num-
bers, where viscosity forces are more influential than acceler-
ation forces. The Navier–Stokes equation serves as the origin
of the approach to determine the velocity of certain areas in the
flow profile of a transport stream [118]. Equation 34 is appli-
cable when observing laminar film flows on even surfaces
[154].

Δp
L

¼ μ
d2v1
dx22

þ ρg1 ð34Þ

In contrast, boundary layer flows are valid for streams with
high Reynolds numbers. For careful considerations, accurate
measurements, in addition to numerical methods, have to be
performed.

Fig. 6 Vertical impinging (α =
90°) and transport jet with
corresponding jet areas (example:
filter cloth in a vertical, most
common position like in filter

presses). ṁ1 = entire mass flow

impacting on the surface; ṁ2 =
portion of the mass flow in the

negative y-direction; ṁ3 = portion
of the mass flow in the positive y-
direction; g = acceleration of
gravity constant; the illustration is
the authors’ own creation and was
adapted from Siekmann and
Thamsen [152], Wilson et al.
[178], and Bhagat and Wilson
[16]
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The Process Design of Filter Cloth Cleaning with Jets

The literature concludes that cleaning fluid velocity is one of
the most important parameters [78, 160]. For cleaning of tech-
nical surfaces consisting of stainless steel or other metals, the
range of jet velocity should be between 80 and 200 m/s [54].
However, this speed is often too high for interweaved sensi-
tive textiles like filter cloths. Furthermore, filter fabrics are
stretched by impacting jets that additionally increase pressure
and stress on the material and weave. The design of the
cleaning process also is vital in choosing the right cleaning
concept. Here, continuous jet cleaning via forward flush or
backflush is state of the art. Alternative ideas, e.g., pulsatile
jets, have been developed in the last years.

The big difference between forward flush and backflush
is the jet direction to the filter (see Fig. 7). While forward
flushes are contacting contamination directly, backflushes
reach residues on filter cloths after crossing the whole
filter cloth. Therefore, forward flushes unfold their full
pressure completely onto adhering residues, while
backflushes reach the contaminated areas with modified
energy and even avoid contamination in stream shadows.
On the other hand, forward techniques press residues
deeper into the filter cloth, while backwashing provides
full transport—if reachable—away from the filter. The se-
lection of the right cleaning concept in terms of the suit-
ability depends strongly on the filter type, weave, con-
struction, material, and product.

Fig. 8 Illustration of the fluid
velocity of a jet with two pulses
and one pause; the illustration is
the authors’ own creation

Fig. 7 Concepts for cleaning
filter media with wash jets. a
Forward flush cleaning. b
Backflush cleaning. The
illustration is the authors’ own
creation
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Continuous Wash Jet

A simple way to use wash jets for filter cloth cleaning is to
stream them continuously onto the surface or to backflush
them. As a result of this, jets are focused on the area to be
cleaned. They have direct contact with residues, which results
in immediate force effects (conservation of the momentum).
Although many different applications are using continuous
wash jets in various cleaning units, there is only a little re-
search concerning filter cloth cleaning. Initial investigations in
cleaning filter media were performed by Stahl et al. [155] in
observing particle-loaded filter media. Furthermore, they cal-
culated stream and wall shear stress distributions of woven
filter media and identified low wall shear stressed areas.
Weidemann [173] observed the cleaning kinetics of different
filter cloths using model contaminations. The results showed a
high dependency on cleaning velocity, filter roughness, and
weave type. Ulmer [166] developed a cleaningmodel for filter
media, where a layer with versatile particles originated after
residue detachment resulting in equilibrium concentrations.
Mass transport between equilibrium layers and fluid streams
ensures contamination transport away from the surfaces.
However, the thickness of the equilibrium layers depends on
fluid velocity.

Pulsatile Wash Jet

Pulsatile jets depict non-continuous streams on filter media.
With this, the cleaning jet divides into several jet intervals that
subdivide into pulse length and pulse pause (Fig. 8). Pulsatile
cleaning has been investigated for many different applications
in the beverage and food industries [22, 38, 43, 46, 51]. The
advantages of this concept were verified in cleaning elbows
and straight pipes [8, 18, 19, 44]. Trials using pulsatile
cleaning for filter media were conducted with bag filters and
dust removal [66, 88, 97, 164, 165].

Generally, cleaning efficiency increases by using higher
stream velocities due to higher wall shear stress. However,
in most cases, an increase in cleaning speed is only reasonable
using pulsatile applications (e.g., fluid consumption, too
strong continuous impulses). Due to the desired reduction of
liquid mass, initial investigations in cleaning filter media with
pulsatile jets via backflush were performed by Weidemann
et al. [93, 173, 174]. The cleaning results showed 1.5 higher
cleaning degrees compared to continuous wash jets. Werner
et al. [176] extended the investigations on forward flush
cleaning. They showed the suitability of pulsatile jets in com-
parison to backwashing or continuous cleaning by removing
yeast cells from filter cloths. The advantages of this promising

Fig. 9 Influencing factors for
filter media cleaning; the
illustration is the authors’ own
creation
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concept are the reduction of cleaning fluid and higher cleaning
degrees.

The increased cleaning performance is related to higher
wall shear stress by pulsating wash jets and waviness onto
the surface, which also decreases boundary layers [8]. The
effect of acting shock waves and water hammer pressures
within the first microsecond of the jet impingement can also
be used by pulsed jet cleaning more efficiently [153]. Another
effect is fluid drainage between two jets and the joint removal
of cushioning liquid layers on filter surfaces. Subsequent jets
can unfold their pressure on contamination due to direct con-
tact fully. Furthermore, pulsatile jet cleaning also enhances the
cleanability of difficult-to-clean areas [44]. From an ecologi-
cal and economic point of view, as well as regarding cleaning
efficiency, pulsatile jet cleaning is the most promising method
for filter fabrics. Cleaning in both directions offers appropriate
cleaning results, even if direct contact of the wash jet with
residues is preferable due to higher affecting forces.

Conclusion

This paper outlined the cleaning challenges of woven filter
cloths in detail. Besides the cleaning limitation due to the
material properties of cloths (e.g., temperatures, cleaning
agents, and sanitizers), the complexity of the filter structures
hinders cleaning. Designed for efficient filtration processes,
the rough topographies of filter cloth contradict any regula-
tions and design features in terms of hygienic design.
Furthermore, involved beverage residues that adhere hetero-
geneously on filter cloth increase this problematic situation.
For a sufficient cleaning efficiency, the cleaning mechanism
has to overcome the adhesive forces between the soil and
surface. This paper showed here the relevant biophysical in-
teractions in order to show the necessities of a sufficient
cleaning concept. Finally, water jet cleaning highlights as
the cleaning method with the most significant and most
optimizable cleaning effect.

The main advantage is the easy adjustability and flexibility
of new products. Wash jets are categorizable into three differ-
ent areas: free jet, impinging jet, and the transport stream of
residues. Here, the distance between the nozzle and filter sur-
face and nozzle geometries are critical aspects for the deter-
mination of optimal cleaning concepts.

Regarding the fluid mechanical properties, stream velocity
and the resulting wall shear stress on the residues are central.
The integration of these aspects into the design of the cleaning
process is crucial. Neglect of chemical agents is not possible
due to high hygienic standards. However, economic and eco-
logical aims negate a further increase in chemicals or temper-
ature in future research. Here, the mechanical effects of wash
jets need to be in focus. Previous studies confirmed pulsed jets
as a promising method and advantageous for filter cloth.

The aim of complete cake discharges and a fully automated
filtration process is the focus of research for decades. The
goals of efficient cleaning concepts are short filter downtimes,
prevention of cross-contamination, high product safety, and
economic and ecologic aspects (e.g., cleaning agent reduc-
tion). Besides, filter cloths require considerately and
function-retaining treatment to ensure long service life. Jet
cleaning can be a milestone that may reach these goals in
combination with adequate sensor techniques and demand-
oriented cleaning [107]. For finding the right procedure, Fig.
9 illustrates possible ways for filter cloth cleaning.
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