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Abstract 

The interest in low pressure membrane filtration, i. e. micro- and ultrafiltration (MF 

and UF) increased rapidly in recent years, particularly due to the extremely high 

requirements for potable water quality with respect to hygiene aspects. However, 

some limiting factors exist, especially when applying MF or UF for the direct 

treatment of surface waters without any pretreatment. Particularly dissolved organic 

matter (DOM) can be very problematic due to the formation of hardly reversible 

and/or irreversible fouling layers and due to its general contribution in formation of 

disinfection by-products (DBP). To get these problems under control, different 

pretreatment processes are conceivable and available, whereas this work is focused 

on the hybrid process coagulation and UF. Coagulation is an established technology 

for the removal of DOM and, from an engineering perspective, can easily be 

combined with membrane processes.  

To achieve an appropriate operation performance of hybrid process with respect to 

economic and procedural engineering aspects, it is necessary to understand what 

the limiting factors are, when they are of importance and how their effects may be 

avoided by design and the chosen operating parameters. The most important point in 

this respect is to understand how fouling layers are formed, because these layers will 

limit the efficiency of the entire process. Therefore, the objective of this work was to 

contribute to the understanding of formation of fouling layers by porous floc 

aggregates during filtration of coagulated raw waters in inside-out driven capillary UF 

membranes. 

A computational fluid dynamics (CFD) model was developed for the description of the 

complete fluid flow field in inside-out driven UF capillaries of arbitrary cylindrical 

geometry, alignment and physical properties of the membrane and chosen operation 

condition. This was done by numerical calculations of the Navier-Stokes and 

continuity equations. Based on the fluid flow field, floc velocities and trajectories were 

derived by balancing the forces and torques acting on the flocs in the flow field. They 

were used to determine places of preferential floc deposition for flocs of different 

properties, considering floc volume concentration derived from numerical calculations 

of the convection and diffusion equation and the influence of the membrane wall. 
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The models were coupled and eventually used to account for the growing fouling 

layer height and its influence on the resulting fluid flow field, floc volume distribution 

and floc trajectories, delivering a dynamic fouling layer formation over time. It was 

shown that the local resistance of the fouling layer increases at surface areas of 

preferential deposition, whereupon the fluid rather flows through uncoated or less 

coated areas. Hence, fouling layer formation over time and eventually clogging 

behaviour for longer filtration times could be investigated theoretically for different 

cylindrical capillary geometries, alignments, operation conditions and physical 

properties of the flocs and the membrane. 

New aspects could be derived qualitatively to understand the formation of fouling 

layers by porous floc aggregates in inside-out driven capillary membranes from which 

recommendations for appropriate operation conditions were concluded. Under these 

are, e. g. top-down dead-end or cross-flow operation for the filtration of flocs, 

ballasted with micro sand. 
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1 Introduction 

1.1 Problem description and objectives 

Potable water treatment of surface waters involves most commonly the removal of 

particulate and dissolved matter by combinations of coagulation, flocculation, 

sedimentation or flotation and filtration processes along with disinfection prior 

distribution of the finished water. Hence, filtration processes for particle removal are 

the basic part of the multi barrier principle in potable water treatment, conventionally 

in form of granular multi media depths filters. 

Even though filtration by granular media filters can produce high quality water, the 

process generally represents a probabilistic rather than an absolute barrier and 

consequently, pathogens can still pass through the filters and may pose a health risk, 

especially if anthropogenic influenced surface waters are to be treated. Disinfection 

processes provide an additional measure of public health protection by inactivating 

these pathogens. However, some microorganisms like parasites, such as Crypto-

sporidium or Giardia or their resistant dormant bodies oocysts and cysts respectively, 

are resistant to common processes of potable water disinfection using chlorine, 

chlorine dioxide or ultraviolet (UV) irradiation. These disinfection processes will be 

ineffective not only in the control of parasites but also where viral and bacterial 

agents are present in particles of faecal origin. Furthermore, potable water 

regulations have established maximum contaminant levels for disinfection by-

products (DBP) that may create incentive for water utilities to minimise the 

application of some disinfectants. As a result of the concern over chlorine-resistant 

microorganisms and DBP formation, the potable water industry is increasingly 

utilising alternative treatment technologies in effort to balance the often-competing 

objectives of disinfection and DBP control. One such alternative technology that has 

gained broad acceptance is membrane filtration. 

Although the use of membrane processes has increased rapidly in recent years, the 

application of membranes for water treatment extends back several decades. 

Reverse osmosis (RO) membranes have been used for desalination of water since 

the 1960s, with more widespread use of nanofiltration (NF) for softening and removal 
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of total organic carbon (TOC) dating to the late 1980s. The commercialisation of 

backwashable capillary microfiltration (MF) and ultrafiltration (UF) processes for the 

removal of particulate matter, i. e. turbidity and microorganisms, in the early 1990s 

has had the most profound impact on the use, acceptance and regulation of all types 

of membrane processes for potable water treatment. MF and UF can be used to 

retain particulate matter and are therefore able to retain bacteria and parasites, like 

Escherichia coli, Giardia cysts or Cryptosporidium, which have been in discussion 

worldwide due to public health issues, accompanied by recent outbreaks of 

waterborne diseases as e. g. in Walkerton, Ontario, (HUCK ET AL. (2001)) and North 

Battleford, Saskatchewan (STIRLING ET AL. (2001)) in a row with others (CRAUN (1979) 

and CRAUN ET AL. (1998)). Since then, membranes in potable and industrial water 

production, in recycling and reuse have emerged as a cost competitive and viable 

alternative to conventional methods due to a dramatic decrease in membrane 

filtration costs as a result of innovations in membrane manufacturing and process 

conditions (BOERLAGE (2001), GIMBEL AND HAGMEYER (2003), PANGLISCH ET AL. 

(2004)). This is reflected for instance in the exponential increase of the production 

capacity of low pressure membranes (MF/UF) plants installed worldwide (LERCH ET 

AL. (2005B)). Especially the interest in UF increased due to the extremely high water 

quality with respect to hygienically relevant parameters. Compared to conventional 

treatment processes, UF provides two main advantages. First, UF is a complete 

barrier against all kind of microorganisms and particles, integrity presumed, and 

second, the filtrate quality is independent of raw water quality regarding colloidal and 

particulate matter. Further advantages are for instance the possibility of fully 

automatic operation, compact system design with efficient space utilisation and 

flexibility in system enlargements, modernisations and new installations. 

However, one limiting factor in membrane filtration is fouling. Generally, fouling can 

be defined as the gradual accumulation of water components, i. e. foulants or/and 

scalants, on the membrane surface or within the porous membrane structure that 

inhibits the passage of water, see chapter 2.1.5. Particularly dissolved organic matter 

(DOM) like humic substances can cause severe problems due to formation of hardly 

reversible or even irreversible fouling layers on the membrane surface. In order to 

target these problems and to utilise the advantages of membrane filtration, hybrid 

processes were developed and established, see chapter 2.2. The hybrid process 
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considered in this work is the combination of coagulation and membrane filtration. To 

achieve an appropriate operation performance of coagulation and MF/UF with 

respect to economic and procedural engineering aspects, it is necessary to 

understand what the limiting factors are, when they are of importance and how their 

effects may be avoided by design and chosen operating parameters. The main factor 

limiting performance considered here is the increase of transmembrane pressure 

(TMP) necessary to maintain constant flux operation due to fouling layer formation 

during filtration of coagulated raw waters with inside-out driven capillary membranes. 

Hence, the objective of this work is to answer the following questions: 

• How are fouling layers formed by porous floc aggregates? 

• What are the main influencing parameters? 

• What are the appropriate operation conditions? 

The approach is to develop a model based on finite element method (FEM) and 

computational fluid dynamics (CFD) models for the description of the flow field in 

inside-out driven membrane capillaries and on models for floc transport and 

deposition. The developed model will then be used to describe and predict at least 

qualitatively the loss in permeability as function of the floc and membrane properties 

and the chosen operating conditions. 

1.2 Description of the work procedure 

PANGLISCH (2001) showed that solid particles with a size smaller than a certain 

limiting diameter will settle homogeneously on the surface along the total length of a 

capillary driven in dead-end and inside-out mode. Larger particles occupy preferential 

places and do not deposit until they are at a certain distance from the inlet. If the 

particle is larger than a so called „plug forming diameter“, then it is transported to the 

dead-end which may cause complete clogging of the capillary. Thus, while filtering 

particle suspensions it comes to the formation of zones of different composition, 

porosity and thickness. 

In principle, the described fouling layer formation is applicable for the filtration of floc 

suspensions too. Flocs are always thought of being aggregates consisting of iron or 
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aluminium hydroxide with embedded primary particles and colloids, being rigid and 

ideally spherical and of constant shape, but reveal basic floc properties such as inner 

porosity, low density and low zeta potential. However, in contrast to the work of 

PANGLISCH (2001) the homogeneous distribution on the membrane surface and the 

preferential deposition of smaller and mid sized particles will decrease or vanish, 

depending on coagulation efficiency of those particles. For smaller and mid sized 

primary particles it applies that they are embedded into the formed flocs in significant 

number during coagulation. It is hypothesised, depending on operational as on 

geometrical boundary conditions, porous flocs formed behave like solid particles of 

similar hydraulic size and are transported likewise to the dead-end of the capillary. 

The consequence is that smaller and mid size particles are transported also more 

deeply into the capillary by the flocs as they would actually do due to their own size 

and density. This hypothesis will be confirmed with following work steps: 

• Modelling of the complete flow field for inside-out driven membrane capillaries of 

arbitrary cylindrical geometries and membrane operation conditions like cross-

flow or dead-end in CFD. This will be done by numerical calculations of the 

Navier-Stokes and continuity equations for stationary and transient flows. 

• Modelling the floc volume concentration distribution for inside-out driven 

membrane capillaries of arbitrary geometries and membrane operation conditions 

by numerical calculations of the convection and diffusion equation, based on the 

modelled flow field and parallel calculated floc velocities. 

• Modelling of floc trajectories and velocities by balancing the forces and torques 

acting on the flocs under the previously modelled flow field and parallel modelled 

concentration distribution, considering arbitrary floc properties like porosity, 

density, size and surface charge etc.  

• Derivation and discussion of fouling layer formation under consideration of the 

derived transport and deposition behaviour. 

• Examination and discussion of the theoretical model results by experimental 

investigations. 

• Description and discussion of the engineering and scientific relevance. 
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2 State of the art 

2.1 Membrane processes in potable water treatment 

2.1.1 Mechanisms 

Membrane processes have been subject to a considerable strong increased 

technical development in recent decades and are nowadays established in different 

areas like potable water and wastewater treatment, chemistry -, environmental- and 

medical technology. They became irreplaceable for blood cleaning and are nearly 

unrivalled for the concentration of proteins, for the production of beverages and 

seawater desalination for instance. MULDER (1991) characterised membrane 

processes by the use of a membrane to accomplish a particular separation of 

components. Herein, the membrane itself can be considered as a permselective 

barrier between two phases, transporting one component more readily than others 

because of differences in physical and/or chemical properties between the 

membrane and the permeating components. This transport through the membrane 

takes place due to driving forces, i. e. concentration c, pressure p, temperature T or 

electrical potential E (chemical or electro-chemical respectively), acting on the 

individual components in the feed (see Figure 2.1). 

 

Figure 2.1: Schematic representation of a two phase system separated by a 
membrane (adapted from MULDER (1991)) 

The permeation rate, the so called permeate or filtrate flux J denotes the flow through 

the membrane and is generally reported as the fluid volume flowing through the 
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membrane per unit surface area of the membrane and time. Hence, permeate or 

filtrate flux has the dimension of velocity (m/s), often expressed as (L/m²/h). 

The proportionality between the flux and the driving force is presented by MULDER 

(1991) with the general phenomenological equation 

dx
dXAJi −= , Equation 2.1

where A is called the phenomenological coefficient and (dX/dx) the driving force, 

expressed as the gradient of X along a coordinate x perpendicular to the transport 

barrier (compare Figure 2.1). Regarding a pure water flux through a membrane or 

more generally through a porous medium, Equation 2.1 delivers the Darcy law 

pkuJW ∇
η

−== . Equation 2.2

Herein, u  denotes the velocity vector of the fluid flow, η denotes the dynamic fluid 

viscosity and p the applied driving force, here pressure or geodetic height 

respectively. The permeability coefficient k of the porous media is a measure of the 

ability of the material, here the membrane, to transmit fluids. 

According to MELIN AND RAUTENBACH (2004), membranes can be characterised on the 

one hand by size or molar mass of the biggest component in the feed still able to 

pass the membrane and on the other hand by the acting driving force, the separation 

mechanism (size exclusion (sieving) and sorption and diffusion) or by the state of 

aggregation of feed and permeate (liquid or gaseous). The membrane filtration 

process discussed in this work is described in its simplest form as a pressure driven 

separation process, primarily through a size-exclusion mechanism which utilises the 

membrane as a sieve to retain suspended components from the liquid feed, 

producing a solid-free liquid filtrate. 

2.1.2 Classification of membrane processes 

According to the characterisation of a membrane filtration process given above, the 

common membrane technologies applied in the field of potable water treatment are 
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microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). 

Figure 2.2 illustrates schematically the areas of application covered by membrane 

processes and indicates their abilities to retain certain water components according 

to their approximate pore size given in nanometer (nm) or molecular weight (Dalton, 

Da) respectively. Furthermore, Figure 2.2 indicates the ability of the different 

membrane technologies to remove drinking water pathogens, i. e. viruses, bacteria 

and parasites, which are of special interest in the potable water industry due to public 

health concerns and risks. 

 

Figure 2.2: Schematic areas of application for pressure- or vacuum driven 
membrane processes with respect to the size of water components to be 
retained (adapted from PANGLISCH (2001) and SMITH (2003)) 

All represented membrane processes use pressure as the driving force but can be 

divided by the main separation mechanism applied, as indicated on the left hand side 

in Figure 2.2. In each case the separation of dissolved and particulate substances is 

due to physical mechanisms. Consequently, there is no chemical change of the water 

components in membrane filtration processes. However, by exceeding the solubility 

equilibrium of individual components in the feed water, agglomeration, precipitation 

or crystallisation may occur. Depending on the membrane processes with their 



2 - State of the art 

 8 

different mass transport mechanisms, different resistances opposed by the 

membrane, i. e. hydraulic resistance for convective mass transport and/or osmotic 

pressure for diffusive mass transport, have to be overcome by the applied 

transmembrane pressure (TMP) necessary to operate the membrane process. 

Furthermore, operation and raw water condition etc. influence the TMP. Typical 

applied TMP are indicated as pressure ranges in Figure 2.2 for each membrane 

technology. 

The membranes used in UF and MF are exclusively porous membranes. Whether 

particulate matter will be retained by the membrane depends particularly on its size 

and structure relative to the size and structure of the membrane pores, i. e. the 

retention is based on size exclusion. Contrary to the dense membranes of RO a 

primarily convective mass transport takes place in the porous membranes of UF and 

MF. Pore size and pore size distribution of the membrane used determine the 

retention characteristics. Pore size distribution will vary according to the membrane 

material and manufacturing process. When a pore size is stated, it can be presented 

as either nominal, i. e. the average pore size, or absolute, i. e. the maximum pore 

size, usually in terms of microns (µm). MF membranes are generally considered to 

have a nominal pore size in the range of 0.1 to 0.2 µm, although there are 

exceptions, as MF membranes with pore sizes of up to 10 µm are available on the 

market. A typical MF water flux is about 150 L/m²/h or higher with an applied TMP up 

to 2 bar. Figure 2.2 indicates that MF can be used to retain particulate matter to great 

extent and that it is even able to retain bacteria and parasites. However, UF provides 

more reliability and safety when it comes to retention of colloids and viruses to the 

greatest possible extent. For UF, pore sizes generally range from 0.1 down to 

0.05 µm or less, decreasing to an extent at which the concept of a discernable ‘pore’ 

becomes inappropriate. Though, in terms of pore size, the lower cut off for UF 

membranes is approximately about 5 nm. Because tight UF membranes have the 

ability to retain larger organic macromolecules, they have historically been 

characterised by the molecular weight cut off (MWCO, expressed in Daltons) rather 

than by a particular pore size. MWCO is a measure of the retention characteristic of a 

membrane in terms of atomic weight (or mass) rather than size, determined by the 

retention of at least 90% of a specific compound with a certain molecular weight. 

Thus, UF membranes specified by MWCO are presumed to act as a barrier to 
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compounds of molecules with a molecular weight exceeding the stated MWCO. 

Typical MWCO levels for UF range from 300 to 500,000 Da, with most membranes 

used for potable water treatment at approximately 100,000 Da (USEPA (2003)). UF 

usually excites fluxes of 40 to 100 L/m²/h at a TMP up to 5 bar. 

2.1.3 Membrane materials, structure and modules 

2.1.3.1 General remarks 

There are a number of different types of membrane materials, modules, and 

associated systems that are utilised in pressure driven membrane processes. While 

several different types of membrane modules may be employed for any single 

membrane filtration technology, each class of membrane technology is typically 

associated with only one type of membrane module. This is in general, MF and UF 

use mainly tubular and capillary membrane modules, and NF and RO use mainly 

spiral-wound membrane modules. This chapter will give a brief overview and 

descriptions on MF and UF membranes, as well as the materials from which the 

membranes are made and the systems into which they are configured. However, 

explanation will mainly be given for capillary, organic UF and MF membranes, driven 

in inside-out mode, since these kinds of membranes were used in the experimental 

and theoretical part of this thesis. Further detailed descriptions and additional 

information about other materials, modules and processes etc. can be found in 

CHERYAN (1998), MELIN AND RAUTENBACH (2004) and MULDER (1991) 

2.1.3.2 Membrane materials 

Only synthetic membranes are employed in water treatment processes. They can be 

made from a large number of different materials, which can be divided further into the 

groups of organic and inorganic membranes. The material properties of the 

membrane may significantly impact the design and operation of the filtration system. 

Its selection is crucial in deciding the membranes porosity and pore size distribution, 

as it is essentially an intrinsic property of the polymer selected (MULDER (1991)) and 

also determines the mechanical and surface properties of the membrane. The 

polymers used in MF are not inevitably the same as used in UF due to differences in 

the applied production techniques for polymeric membranes. Commonly used 
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polymers in MF are polycarbonate (PC), polysulphone (PS), polyvinylidene fluoride 

(PVDF), polypropylene (PP) and polytetrafluoroethylene (PTFE). Organic UF 

membranes are mainly prepared by a phase inversion process and may also be 

constructed from a wide variety of materials, including cellulose acetate (CA), PVDF, 

polyacrylonitrile (PAN), PS, polyethersulfone (PES), polyimide (PI) and aliphatic 

polyamide (PA). Ceramic MF and UF membranes are based mainly on the materials 

alumina (Al2O3), titania (TiO2) and zirconia (ZrO2). Each of these materials used in 

MF and UF membrane production has different properties with respect to surface 

charge, degree of hydrophobicity, pH and oxidant tolerance, strength and flexibility. 

Some properties of membranes used in potable water treatment are shown in the 

appendix, Table A.1. 

2.1.3.3 Membrane structure 

The selection of the membranes, either polymeric or ceramic, in reference to their 

structure is closely associated with its separation mechanism and therefore with its 

application to be used in. Two types of membranes can be distinguished by the 

structure of the cross sectional area of the membrane wall. This structure is used to 

describe the level of uniformity throughout this area, i. e. symmetric and asymmetric. 

MF and UF membranes usually are either symmetric or integral asymmetric 

membranes. Symmetric membranes (porous or homogeneous) are roughly about 10 

to 200 µm thick. The resistance to mass transfer is hence determined by the total 

membrane thickness. Asymmetric membranes are more or less about the same 

thickness but there is a change in density of the membrane material across the cross 

sectional area and the resistance to mass transfer is linked to the resistance of the 

top or active layer. In some asymmetric membranes the porous structure gradually 

increases in porosity from the feed to the permeate side of the membrane. They can 

be subdivided further into integral asymmetric, i. e. from a single (polymeric) material 

or blend, and composite asymmetric, i. e. composed from different (polymeric) 

materials or blends. Figure 2.3 shows exemplarily some scanning electron 

microscopy (SEM) pictures of integral asymmetric membrane wall cross sections. 
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Figure 2.3: Exemplary SEM pictures of membrane wall cross sections (adapted from 
PANGLISCH (2001) and BENKHALA ET AL. (1995)) 

2.1.3.4 Membrane modules 

Basically, membranes are manufactured in two configurations: flat or tubular, and 

then configured into one of several different types of membrane modules. Tubular 

membranes are used in hollow fibre, capillary and tubular modules. Most capillary 

modules used are manufactured to accommodate porous MF or UF membranes. 

They are comprised of capillaries which are long (1 – 1.5 m) and very narrow (0.5 – 5 

mm) tubes, being constructed of any of the various membrane materials and 

structures described above. The capillaries are bundled together and one or both 

free ends of the capillaries are potted with agents such as epoxy resins, 

polyurethanes or silicone rubber and encased in a pressure vessel or into some other 

housings, e. g. inserts or cartridges. A typical commercially available capillary module 

may consist of several hundred to over 10,000 capillaries and packing densities of 

about 600 – 1,200 m²/m³ are obtained (MULDER (1991)). 

Capillary membrane modules may be operated in either “inside-out” or “outside-in” 

mode. In inside-out mode, the feed water usually enters the capillary lumen at one or 

both fronts of the module and is filtered radially through the capillary membrane wall. 

The filtrate is collected from outside of the capillaries in the module and exits through 

an outlet at the centre or the end(s) of the pressure vessel, compare Figure 2.4. 

During backwashing, the flow direction of the filtrate is reversed; i. e. the filtrate is 

pressed through the membrane capillary into the direction of the active layer and 

hence detaches the accumulated components from the membrane surface. This 

concept is used by a multiplicity of the membrane manufacturers, e. g. Infilco 
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Degremont, Inc. (AquasourceTM), inge AG (Dizzer), Koch Membrane Systems Inc. 

(ROMICON®), Microdyn-Nadir GmbH (MOLPURE® and MOLSEP®), and NMT with 

X-Flow B.V. (AquaFlexTM). 

 

Figure 2.4: Schematic drawing of inside-out operated modules applied in MF/UF 
with exits through an outlet at the centre (left) or the end(s) (right) of the 
pressure vessel 

Another alternative inside-out operation concept possesses many similarities to the 

one mentioned above and is known as the XIGATM concept (BLUME ET AL. (1997)). 

Differences can be found only in the filtrate extraction method, since the filtrate is 

collected in a central filtrate manifold in the axis of the module (see Figure 2.4 right 

hand side). One or more of these cartridges can be placed in pressure vessels that 

are independent of the module itself, similar to spiral-wound modules used in RO and 

NF. Some manufacturers, e. g. Infilco Degremont, Inc. (AquasourceTM), Hydranautics 

Corp. (HYDRAcap®) and Koch Membrane Systems Inc. (PMPWTM and TARGA®), 

offer modules with only one cartridge, where special end caps, which include feed 

inlet and retentate or backwash water as well as filtrate outlets, are fitted to the front 

sides of the cartridge. Differences in modules and cartridges are drawn by the 

manufacturers in the alignment, in diameter and length, in the used fittings, end caps 

and adaptors for the integration of the module or cartridge into installed systems and 

of course in the used capillary membranes. Modules and cartridges are typically 

mounted vertically, although horizontal mounting may also be utilised. 

2.1.4 Hydraulic configuration 

The simplest hydraulic configuration, i. e. the operation mode a membrane module 

can be driven in, is the dead-end mode, which often is also called deposition mode. 

Here, all feed water is forced through the membrane, which implies that the rejected 
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components of the feed are accumulated (deposited) at the membrane surface in a 

so called fouling layer along the capillary. Furthermore, dead-end mode implies that 

there is one point in the capillary where the longitudinal velocity of the feed water flow 

through the capillary becomes zero. If the feed water enters the capillary only from 

one side, this point will be on the opposite end of the capillary. If the feed water 

enters the capillary from both sides, e. g. in membrane cartridges applied in the 

XIGATM concept, this point will be somewhere within the capillary length, depending 

on inlet pressure on both sides of the capillary and membrane resistance. However, 

even if there is a feed water flow tangential to the membrane surface inside the 

capillary, the velocity is much smaller than in cross-flow mode, which will be 

described next. 

In cross-flow mode, which is also often called suspension mode, the feed flows 

tangential to the membrane surface inside the capillary with the inlet feed water flow 

entering the module at a certain composition. In both configurations the feed 

composition inside the module changes, i. e. gets more concentrated as a function of 

distance in the module. The feed flow will be separated in cross-flow mode into two: 

a filtrate and a retentate flow. Common cross-flow velocities of the retentate flow at 

the outlet of the capillary applied in potable water and wastewater treatment are in 

the range of 1 – 6 m/s (KOLLBACH ET AL. (1997)). Both, cross-flow and dead-end mode 

are illustrated schematically in Figure 2.5.  

 

Figure 2.5: Schematic drawing of the two basic hydraulic configurations applied in 
MF/UF 

Dead-end configurations are often used in potable water treatment due to the 

considerable lower energy consumption compared to cross-flow systems. Here, the 

higher energy consumption is due to the pressure drop on the feed side in the 
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capillary, aroused by the necessary cross-flow velocity. The energy demand of dead-

end operated processes is in the range of about 0.1 – 0.5 kWh/m³Filtrate (MELIN AND 

RAUTENBACH (2004), PANGLISCH ET AL. (1997)), which is much lower than in cross-flow 

operated processes with about 1 – 7 kWh/m³Filtrate (MELIN AND RAUTENBACH (2004), 

KOLLBACH ET AL. (1997)). However, with increasing content of solids in the feed water, 

dead-end operation becomes more and more inappropriate because of the higher 

risk to clog the capillaries, or membrane module respectively, and because of the 

loss of filtrate due to distinct higher backwashing frequencies, which themselves 

consume high amounts of energy. 

Capillary membrane filtration systems are designed and constructed in one or more 

discrete water production units, also called racks, trains or skids. A unit consists of a 

number of membrane modules that share feed and filtrate valving, and the individual 

units can usually be isolated from the rest of the system for testing, cleaning or 

repair. A functional diagram of a typical pressure driven capillary membrane filtration 

system is shown in Figure 2.6.  

 

Figure 2.6: Functional diagram of a pressure driven MF/UF module 

In the example shown, the system can be operated in dead-end or cross-flow 

hydraulic configuration, with and without recirculation of the retentate, depending on 

the valve settings. 

2.1.5 Operation of membrane processes 

Generally, the permeability P of a porous system is defined as the volume flow V per 

unit system area A and unit driving force, here the pressure difference Δp with: 
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pA
VP
Δ⋅

=  Equation 2.3

If the porous system is a UF or MF membrane, then the permeability of the 

membrane PM is defined as the fluid flow V  per unit membrane surface area AM – 

which delivers the filtrate flux J - and transmembrane pressure difference TMP. 

Hence, permeability is also often called specific flux and is calculated as shown in 

Equation 2.4 with: 

TMPA
V

TMP
JP

M
M ⋅

== . Equation 2.4

According to Darcy’s law, compare Equation 2.2, PM is inversely proportional to the 

dynamic viscosity of the fluid η and the total resistance RTot acting against the 

transport of fluid through the membrane as shown in the following Equation 2.5: 

Tot
M R

1P
⋅η

= . Equation 2.5

The TMP can be calculated according to its hydraulic configuration, which, in cross-

flow mode, is the arithmetic mean of the inlet and outlet pressure pin and pout minus 

the filtrate pressure, commonly called the backpressure pFiltrate as: 

Filtrate
outin p

2
ppTMP −

+
= . Equation 2.6

In dead-end mode the TMP is generally approximated by use of Equation 2.6. Here, 

it is assumed that the outlet pressure pout at the dead-end of the capillary equals the 

inlet pressure pin, which is in fact not true, even for clean membranes. This is 

because the pressure along the membrane surface and at the dead-end of the 

capillary depends significantly on membrane resistance and on length and inner 

diameter of the capillary and therefore varies more or less, see also chapter 3.5.1. 

The resistance acting in opposition to the driving force, inhibiting the transport of 

water across the membrane, can be generally quantified according to the resistance 
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in series model. The model divides the total resistance RTot into two components: the 

intrinsic resistance of the membrane RM and the resistance attributed to the coating 

layer RCL due to fouling. Generally, fouling can be defined as the gradual 

accumulation of water components, i. e. foulants and/or scalants, on the membrane 

surface or within the porous membrane structure that inhibits the passage of water, 

resulting in an increased necessary pressure difference to let the water pass the 

membrane. Depending on kind of water components three types of fouling can be 

distinguished, i. e. organic fouling, colloidal particulate fouling, scaling due to crystal 

growth and biological fouling. Usually all types may occur during membrane filtration 

of surface waters and combinations of them are possible and probable. 

To account for concentration polarisation, which is the gradual increase in 

concentration of accumulated substances at the membrane surface forming a 

boundary layer, an additional resistance term RCP can be added to the total 

resistance equation as: 

CPCLMTot RRRR ++= , Equation 2.7

where RCP is a function of operating parameters and physical properties. At low 

pressures, the RCP term will be small compared to RM and RCL. At high pressures, the 

resistance of the boundary layer will increase and the RCP term will be relatively 

large. RM and RCP should remain constant under constant operating conditions, the 

latter one after a given period of time when steady-state conditions are established. 

The increase in fouling during operation and the decrease in fouling as a result of 

backwashing and chemical cleaning causes RCL to fluctuate. RM can be 

experimentally determined by measuring the filtrate flux of pure water at constant 

TMP and temperature, hence at constant dynamic viscosity, and applying a known 

membrane area. With Equation 2.4 and Equation 2.5 the membrane resistance of the 

clean membrane can then be calculated with: 

V
TMPAR M

M ⋅η
⋅

= . Equation 2.8

The pure water flux as a measure of hydraulic permeability of the clean membrane 

depends on temperature. This temperature dependency equals the dependency of 
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the dynamic water viscosity on temperature. Hence, the membrane resistance itself 

is not significantly temperature dependent. Generally, the membrane permeability is 

normalised on a reference temperature, typically 20°C, for the purpose of monitoring 

the system productivity independent of changes in water temperature: 

C20M
C20

M PP °
°

η
η

= . Equation 2.9

The dynamic fluid viscosity η of the filtrate as a function of temperature T can be 

approximately expressed by following polynomial Equation 2.10: 

0.0001*)T0.000134-T0.01299+T0.6003-(17.9098 32 ⋅⋅⋅=η , Equation 2.10

whereas the dynamic viscosity η of the filtrate at 20°C is approximately 
° −η = ⋅20 C 31 10  kg/m/s. The given polynomial Equation 2.10 was derived by regression 

of listed values in VEREIN DEUTSCHER INGENIEURE (1988) and PERRY ET AL. (1984). It is 

important to note that the normalised permeability or flux does not represent an 

actual operating condition. This term simply represents what the flux or permeability 

would be at 20°C for a certain TMP and total membrane resistance RTot. Thus, 

changes in the value of flux during course of normal operation are indicative of 

changes in pressure and/or total resistance due to fouling and not temperature. While 

filtering the feed water, foulants are retained and accumulated, causing the fouling or 

cake layer build up on the membrane surface. The consequences of fouling in dead-

end and cross-flow systems are shown schematically in Figure 2.7. In dead-end 

filtration the cake grows with time and, consequently, the flux decreases with time at 

constant TMP. Though, in practise it is more usual to have a constant flux operation 

and an increasing TMP over time due to the fouling layer growth as considered in this 

work. In relation to dead-end, flux decline is relatively smaller with cross-flow filtration 

and can be controlled and adjusted by proper module choice and cross-flow velocity, 

i. e. the velocity of the retentate flow when it leaves the capillary. But, an increased 

cross-flow velocity leads to an increased energy consumption due to the associated 

high pressure drop on the feed side of the membrane. 
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Figure 2.7: Flux decline (arbitrary scale) in dead-end (left) and cross-flow (right) 
operation and cake-layer build-up at constant TMP (arbitrary scale), 
(adapted from CHERYAN (1998) and MULDER (1991)) 

Typically, the accumulated foulants are removed by periodic mechanical cleaning 

procedures, usually conventional backwashing. This means in inside-out operated 

systems the filtrate is pressed from the outside to the inside of the capillary. Figure 

2.8 shows the effect of backwashing and chemical cleanings schematically.  

 

Figure 2.8: Effect of backwashing and chemical cleaning on filtrate flux (adapted 
from PANGLISCH (2001)) 

Reversible fouling layers can be removed by conventional backwashing, whereas 

irreversible fouling layers need a chemical cleaning. With each filtration interval the 

rate of irreversible fouling increases, i. e. the maximum filtrate flux after conventional 

backwashing decreases. At a certain limiting point, which may be reached after 

weeks or months of operation, a chemical cleaning has to be performed to achieve 
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the desired filtration flux again. This shows that the rate of irreversible fouling is not 

only a function of the feed water quality and operation conditions but also a function 

of the quality of the conventional backwashing procedure. A chemical cleaning which 

may be performed in-situ, i. e. cleaning in place (CIP) usually recovers the initial state 

of the filtration performance of the system completely but can be labour and chemical 

intensive and causes longer production downtimes. Chemicals used for chemical 

cleanings are often different cleaning solutions, oxidants like sodium hypochlorite, 

hydrogen peroxide as well as citric acid, hydrochloric acid, sulphuric acid or sodium 

hydroxide. Often, a conventional backwashing procedure is enhanced by dosing 

chemicals into the filtrate flow during backwashing, followed by soaking of the 

membrane with the chemical-dose water for some minutes before the chemicals are 

flushed out by an additional conventional backwashing. This kind of backwashing 

procedure is called chemical enhanced backwashing (CEB) and is usually performed 

fully automated several times per week of operation. Chemicals used are usually 

acids and bases like citric acid, hydrochloric acid, sulphuric acid or sodium hydroxide. 

A further improvement of conventional backwashing efficiency may be achieved by 

use of a so called forward flush. Here, the capillaries are cleaned by flushing water, 

which may be feed water or filtrate, along the membrane surface. For inside-out 

operated processes it could be shown that the high shear forces achieved by forward 

flushing could be used to increase flux recovery (GIMBEL ET AL. (1996), FUTSELAAR 

AND WEIJENBERG (1998), FUTSELAAR ET AL. (1998)). If the modules are mounted 

vertically, this effect can be further improved by applying a two phase-flow, i. e. 

adding air to the flushing water flow (FUTSELAAR AND WEIJENBERG (1998), FUTSELAAR 

ET AL. (1998), POSPÍSIL ET AL. (2004)). But, the efficiency of an air-flush strongly 

depends on the diameter of the tubes; hence the air flush is best used in tubular 

membrane modules (VERBERK (2005)). 

2.2 Hybrid membrane processes 

In water, natural organic matter (NOM) is a complex mixture of particulate and 

dissolved components of both inorganic and organic origin that varies from one 

source to another (HOWE ET AL. (2002), WONG ET AL. (2002) and LEEUWEN ET AL. 

(2002)). NOM is a heterogeneous mixture with wide ranges in molecular weight (MW) 
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and functional groups (phenolic, hydroxyl, carbonyl groups and carboxylic acid). In 

water it is formed by autochthonous input such as algae and allochthonous input 

such as terrestrial and vegetative debris (ZULARISAMA ET AL. (2006)). Among these 

components, dissolved organic matter (DOM) is found to have the most detrimental 

effect on membrane performance as it can result in the formation of hardly reversible 

and/or irreversible fouling layers on the membrane surface and/or within the 

membrane pores (see chapter 2.1.3.2) due to direct adsorption onto the membrane 

material. DOM is a ubiquitous constituent in natural waters and is generally 

comprised of humic substances: polysaccharides, amino acids, proteins, fatty acids, 

phenols, carboxylic acids, quinines, lignins, carbohydrates, alcohols, resins, and 

inorganic compounds such as silica, alumino-silicates, iron, aluminium, suspended 

solids and microorganisms (bacteria and fungi) (ZULARISAMA ET AL. (2006)). Retention 

of DOM by porous membranes is generally determined by its molecular weight and 

structure, charge density and hydrophobicity. Furthermore, specific solution 

parameters including pH-value, ionic strength and presence of other solutes such as 

calcium and additionally membrane characteristics including hydrophobicity, charge 

and surface morphology play a decisive role (SCHÄFER (1999), HOWE (2001)). Hence, 

clear statements of retention efficiencies of DOM cannot be found in literature and 

published results vary strongly and are mainly given from the quantitative point of 

view. For instance, HOWE (2001) and HOWE AND CLARK (2002) showed that the 

majority of DOM does not foul MF and UF membranes and identified small colloidal 

matter as the primary foulant, as did CARROLL ET AL. (2000) and FAN ET AL. (2001) for 

instance. GRAY ET AL. (2004) showed for different raw waters that the hydrophobic 

components were the major foulant for the one and the hydrophilics for the other 

water. Yet, a good review is presented in the work of HOWE (2001) and AMY (2007), 

considering all aspects mentioned above. 

As a result of degraded operation performance caused by NOM fouling layers, 

membrane processes can not be driven economically caused by a necessary 

increase of the backwash frequency and intensity, i. e. duration of backwashing or 

use of chemical enhanced backwashes (CEB) for example. Beside the retention of 

NOM additional interrelated treatment aims may arise depending on raw water 

quality. Those aims might be the reduction of colour, odour and trace organic 

compounds and cannot be solved by UF or MF alone. To get those challenging 
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problems and treatment tasks under control but still being able utilising the 

advantages of membrane filtration as treatment step, hybrid processes were 

developed and established. 

Generally, hybrid processes are combinations of two or more separately and usually 

independently working processes like filtration, coagulation, sedimentation or 

adsorption. The feature of a hybrid process is that both processes already represent 

independent solutions, but develop additional new desired characteristics by their 

combination. Nevertheless, the terminology hybrid membrane process is often used 

in literature for the combination with different pre-treatment steps too. Depending on 

raw water quality, processes integrated with membrane processes in water treatment 

are most often such as coagulation/flocculation, sometimes followed by 

sedimentation, flotation or rapid sand filtration prior membrane filtration, often 

adsorption on powdered activated carbon, on particulate iron oxides or on ion 

exchange resins, but also biofiltration, oxidation and softening. The hybrid process 

considered in this work consists of the combination of coagulation and membrane 

filtration due to the increasing interest as outlined in Figure 2.9, illustrating the 

exponential development of production capacity and number of plants applying 

coagulation prior membrane filtration for the production of potable water, mainly from 

surface waters, until 2005. About 14 % of worldwide installed MF/UF plants are used 

in combination with coagulation and produce about 22 % of the total potable water 

produced by MF/UF plants, whereas the biggest plant is located in the Chestnut 

Avenue Water Works (Chestnut, Singapore) with a production capacity of 

11,375 m³/h (JANSON ET AL. (2006)). 
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Figure 2.9: Cumulative production capacity (worldwide) and number of installed 
MF/UF plants > 8 m³/h with coagulation/flocculation prior membrane 
filtration (*Sources: Memcor, NMT, Pall, Zenon; 2005) 

Dosing coagulants at adjusted coagulation pH-values into the raw water stream can 

be of high advantage for the upstream membrane process in terms of flux 

improvement and fouling reduction. This could be shown by several authors, for 

instance CARROLL ET AL. (2000), HOWE (2001), HAGMEYER ET AL. (2001),  GUIGUI ET AL. 

(2002), LERCH ET AL. (2003), HAGMEYER ET AL. (2003), PIKKARAINEN ET AL. (2004), VAN 

LEEUWEN ET AL. (2005), LERCH ET AL. (2005B), JUNG ET AL. (2006), KABSCH-

KORBUTOWICZ (2006), and  CHEN ET AL. (2007) and references therein. 

The intention of the process combination is that dispersed colloids, particles and 

other inorganic and/or organic water contaminants in stable suspension, may be 

transmuted into a preferable form for retention in the subsequent membrane step by 

dosing a suitable coagulant at certain coagulation conditions. Especially organic 

colloids such as humic substances and polysaccharides should be embedded into 

the formed flocs and retained by the subsequent membrane filtration step. As a 

result, those contaminants can neither adsorb onto nor interact otherwise with the 

membranes surface directly and therefore do not contribute to organic fouling. 

Instead they will be eliminated extensively from the membrane surface together with 

the flocs using an optimised backwashing procedure. Further, the flocs will build 
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highly permeable fouling layers, giving less resistance to fluid flow than layers build 

from smaller particles and colloids (LAHOUSSINE-TURCAUD ET AL. (1992), LEE ET AL. 

(2000), HOWE AND CLARK (2002), NGUYEN AND RIPPERGER (2002), KENNEDY ET AL. 

(2002), NGUYEN (2004), CHO ET AL. (2006)). Thus, performance will be improved and 

an economical process is possible, even if high coagulant dosages are necessary 

due to high contaminant loads. Especially for new installations or modernisation of 

water works it is a promising and cost-efficient alternative. Moreover, coagulation can 

be performed and optimised within the hybrid process as ‘enhanced coagulation’, 

whereas the term enhanced coagulation refers to the process of improved removal of 

disinfection by-product precursors (USEPA - DBPR (1999)). Hence, beside the 

advantage of achieving stable operation conditions, the hybrid process coagulation 

and membrane filtration will lead to an increased retention of NOM. 

2.3 Modelling 

Investigations on colloidal and particulate fouling were performed by several authors, 

e. g. PORTER (1972B), PORTER (1972A), GREEN AND BELFORT (1980), ALTENA AND 

BELFORT (1984), BELFORT AND NAGATA (1985), DREW ET AL. (1991), considering first 

more basic or simplifying models. The main emphasis here was usually set on 

calculating particle trajectories based on the thin-film or gel polarisation model, i. e. 

balancing filtration drag and a (solute) back-diffusive flow described by the 1st Fickian 

law for mass transport, combined with inertia induced lateral migration of matter, 

which was first observed by SEGRÉ AND SILBERBERG (1962A), SEGRÉ AND SILBERBERG 

(1962B) and investigated theoretically by KARNIS ET AL. (1966), COX AND BRENNER 

(1968), HO AND LEAL (1974) and VASSEUR AND COX (1976). The authors assumed that 

non-hydrodynamic forces between the particles and the surface are negligible. 

Further, the authors considered cross-flow filtration only, but different geometries like 

ducts, capillaries, tubes and/or channels with one or two permeable walls, non-

interacting particles in the free solution, i. e. diluted suspensions at some distance 

from the membrane wall and filtrate flux being constant and independent of the axial 

coordinate. The used description of the velocity profiles for laminar flow in porous 

ducts was often based on the work of BERMAN (1953) and YUAN AND FINKELSTEIN 

(1956), whereas the used boundary condition at the boundary between the 

permeable wall and the free fluid was first presented by BEAVERS AND JOSEPH (1967). 
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A good review of research related to steady, single phase, two dimensional, 

isothermal, incompressible and internal laminar flow in porous walls, considering 

different flow regimes, boundary conditions and geometries was given by CHELLAM ET 

AL. (1995). FANE ET AL. (1982) postulated an alternative or additional mechanism for 

larger solids, founded on shear-induced transport or scour of the polarised layer by 

tangentially flowing feed suspensions. The model based on the analogy between 

suspension flow across a filter cake and the motion of a sediment-laden stream over 

a layer of settled sediment. DAVIS AND LEIGHTON (1987) introduced the shear-induced 

hydrodynamic diffusion mechanism to describe the lateral migration of particles away 

from the porous wall as the layer is sheared. At steady state, the effective particle 

diffusion within the layer is balanced by the convective flux of particles toward the 

porous wall due to the fluid flow into the wall. Though, FANE (1984) could show for 

stirred, i. e. cross-flow, and unstirred, i. e. dead-end filtration experiments that if the 

mechanisms are considered as simultaneous, a minimum in flux across porous 

membranes could be found at some particle diameter. Also WIESNER ET AL. (1989) 

and LAHOUSSINE-TURCAUD ET AL. (1990) showed that the minimum in particle transport 

with respect to particle size should result in a preferential deposition of particles of a 

certain diameter that correspond to this minimum. Their experiments showed further 

that the removal of submicron materials, i. e. colloidal organics and inorganics, by 

coagulation to form larger flocs may improve the performance of membrane filtration 

units. The maximum floc size was found for cross-flow and dead-end batch 

experiments when the zeta potential of the flocculated suspension was near zero. 

However, interactions between the coagulant and the membrane were not 

considered. Later, CHELLAM AND WIESNER (1992) extended the theory developed by 

ALTENA AND BELFORT (1984) to include the effects of sedimentation, London-van der 

Waals attraction, double layer repulsion and added mass of entrained fluid. However, 

these effects were discussed even earlier, e. g. by HUNG AND TIEN (1976), but not 

introduced as significant effects into the models, as it was done afterwards by several 

authors, e. g. SONG AND ELIMELECH (1995), ALTMANN AND RIPPERGER (1997), HARMANT 

AND AIMAR (1996), BACCHIN ET AL. (1995), PANGLISCH (2001) and NGUYEN (2004). 

It becomes clear that accurate modelling of flow and particle or floc trajectories 

leading to deposition and fouling layer formation in pressure driven membrane 

processes is inhibited by the complex couplings in the flow equations along with any 
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added effect of variable particle, floc and membrane properties. Due to the rapid 

computer development in the last decade, accompanied with improved computational 

capacity, increasingly more complex computations can be accomplished nowadays. 

While models of fluid flow in porous ducts, particle deposition and fouling with varying 

degrees of complexity have been developed as described above, reports of the use 

of CFD have only recently appeared. For instance, WILEY AND FLETCHER (2002) and 

WILEY AND FLETCHER (2003) developed a general CFD model of concentration 

polarisation and fluid flow in pressure driven membrane processes, which has been 

tested and validated against semi-analytical solutions and shown to perform correctly 

from quantitative and qualitative perspective. They stated that one advantage of CFD 

models is that they contain specific equations for the cases to be investigated, but 

that they can be readily modified to encompass any combination of variations in the 

parameters of interest. Another model was published by KROMKAMP ET AL. (2005), 

who developed a model for suspension flow and concentration polarisation in cross-

flow MF with shear induced diffusion as back-transport mechanism. Here, a more 

realistic approach was found to be especially significant for the calculation of the 

fouling layer profile at the beginning and the end of the membrane. A good prediction 

of a three-dimensional CFD model for calculating the flux through a cross-flow driven 

MF was presented by RAHIMI ET AL. (2005). Even here, the results and validation with 

laboratory experiments showed that flux predictions were more accurate in 

comparison with simple models. BACCHIN ET AL. (2006B) published the results of a 

CFD model accounting for colloidal phase transition leading to the formation of a 

deposit from the accumulated concentration polarisation phase in cross-flow MF. The 

model was used to determine the critical flux, predicting filtration conditions where 

particle accumulation occurs or where it is avoided. The predicted values were about 

4 times larger than observed experimentally. This discrepancy was explained by 

heterogeneities of the membrane material which effected the local permeate flux and 

was not embedded into the CFD code. Even if such reports have only recently 

appeared, CFD is arising more and more interest and is increasingly applied also in 

other fields in water research (DO-QUANG ET AL. (2000), SCHWINGE ET AL. (2004), 

RANADE AND KUMAR (2006), SUBRAMANIA ET AL. (2006), KOUTSOU ET AL. (2007)). 
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3 Theoretical considerations and modelling 

3.1 Velocity and concentration profiles in capillaries with 
permeable walls 

3.1.1 Verification of the flow regime and start-up length 

The axial flow regime inside the porous capillary is assumed to be laminar according 

to the general accepted transition between laminar and turbulent flow in a non-

porous tube at a critical Reynold number Re ≤ 2300. Additionally, BELFORT AND 

NAGATA (1985) found that the onset of turbulence was delayed to critical Reynold 

numbers of about Re ≤ 4000 for flows in porous tubes when compared to flows in 

non-porous tubes. The capillary Reynold number ReC can be calculated as shown in 

Equation 3.1: 

ν
⋅

= C
C

dv
Re , Equation 3.1

where v denotes the axial fluid flow velocity, dC denotes the capillary diameter and ν 

denotes the kinematic fluid viscosity. For the largest considered capillary diameter of 

5 mm the critical Re number will be exceeded at an average axial flow velocity of 

about 0.8 m/s and at about 8.0 m/s for the smallest capillary diameter of 0.5 mm. 

Figure A.1 in the appendix illustrates calculated capillary Re numbers for porous 

tubes for different capillary diameters vs. the average axial flow velocity in the 

capillary lumen at a temperature T = 20°C. For example, in dead-end operation mode 

driven 1 m long capillaries with a capillary diameter of 0.5 mm could thus theoretically 

be operated in laminar flow regime up to a flux of about 3600 L/m²/h in porous 

capillaries as shown in Figure 3.1. The shown values are quite far from reality for 

dead-end driven UF and even MF membrane systems. Considering a common flux of 

up to 100 L/m²/h for a dead-end driven UF capillary of 1 m in length at T = 20°C, an 

average axial flow velocity up to 0.25 m/s is achieved depending on the capillary 

diameter. Hence, the capillaries will always reveal laminar flow as indicated in Figure 

A.2. Therefore, a laminar flow regime inside the capillary lumen will be considered 

throughout this work. 
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Figure 3.1: Average axial flow velocity in the capillary lumen vs. flux for capillaries 
of 1 m in length for different capillary diameters 

However, when the fluid flows into one of the numerous of capillaries in a membrane 

module at one front side, the velocity of the flow at the capillary inlet can be regarded 

as constant over the whole single capillary diameter, because the capillary diameter 

will be very much smaller than the module diameter. Then, after the fluid entered the 

capillary, a laminar flow profile will be developed immediately in it. Hence a so called 

start up length for the development of the complete laminar flow profile in the 

capillary has to be considered theoretically. HÄNEL (1992) presented an estimated 

start up length with: 

CCsu dRe03.0l ⋅⋅= . Equation 3.2

Relating lsu to the capillary length lC = 1 m delivers Figure 3.2 for different capillary 

diameters and common operative Re numbers in logarithmic scale. In case of 

capillaries operated with fluxes generally smaller than 100 L/m²/h, which corresponds 

to an inlet Reynolds number of about ReC ≤ 111, the start up length was calculated to 

be shorter than 0.23 % of the total capillary length for capillaries with a diameter of 

dC = 0.8 mm. For the largest capillary diameter of dC = 5 mm, this start up length was 
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calculated to be shorter than 1.67 %. Hence, a capillary of 1 m in length will show a 

start up length of about 0.23 cm for capillaries with 0.8 mm and 1.67 cm for 

capillaries with 5 mm in diameter respectively. 
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Figure 3.2: Start up length lsu/lC vs. ReC number for different capillary diameters 
logarithmic scale 

All capillaries used in the experimental part of this work were potted at the capillary 

inlet over a length of about 1 to 3 cm, similar to capillaries in membrane modules. 

Here, the flow in the potting represents a real Poiseuille pipe flow. Due to this, a 

complete developed laminar flow profile can usually be assumed when the fluid 

enters the part of the capillaries where filtration occurs. However, the developed 

model can cope with both, developed and undeveloped laminar flow profiles. 

3.1.2 The Navier-Stokes equations for laminar flow 

Fundamental solutions for the hydrodynamics of flow through a membrane capillary 

with porous walls start from the Navier-Stokes (NS) equations which for a constant 

property fluid of density ρ and kinematic viscosity ν in presence of an external volume 

force F reads in vectorial notation (BIRD ET AL. (2002)): 
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( ) p1uFuu
t
u

∇
ρ

−Δν+=∇⋅+
∂
∂

. Equation 3.3

Here, u  denotes the velocity vector, F  the external force vector (such as gravity), p 

the pressure and t the time. Together with appropriate boundary conditions and the 

mass conservation law, also known as the equation of continuity, as: 

0u =⋅∇ , Equation 3.4

this leads to a complete description of the isothermal fluid motion in the capillary. 

Due to the given symmetry of the capillary it was chosen to use cylindrical 

coordinates in this work as indicated in Figure 3.3. Here, z denotes the longitudinal or 

axial distance coordinate and r denotes the radial distance coordinate of the capillary. 

Figure 3.3 shows the coordinate system of the considered 2-D cylindrical capillary 

membrane whose porous walls are separated by a distance dC, the diameter of the 

capillary. 

 

Figure 3.3: Coordinate system of the capillary membrane 

Generally, the NS equations describe the flow in viscous fluids through momentum 

balances for each of the components of the momentum vector in the different spatial 

dimensions, i. e. the r, ϕ and z direction in cylindrical coordinates. Hence, the velocity 

vector and the external force vector are defined as [ ]Tzr u,u,uu ϕ=  and [ ]Tzr F,F,FF ϕ=  

respectively. For the chosen coordinate system the NS equations can be generically 

expressed for each direction as presented by BIRD ET AL. (2002) for instance, given in 

the appendix, chapter A.3. 
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3.1.3 The convection and diffusion equation 

Mass or concentration distribution arising from the flow of matter in the membrane 

capillary can be generally described by mass balances, applying the convection and 

diffusion equation, based on Fick’s 1st law and the continuity equation, together i. e. 

Fick’s 2nd law, written in vectorial notation as  (BIRD ET AL. (2002)): 

( ) jjjj
j RuccD

t
c

=⋅+∇⋅−⋅∇+
∂

∂
, Equation 3.5

where cj denotes the concentration of species j, Dj denotes its diffusion coefficient of 

this species, u  denotes generally for a velocity vector and Rj denotes the reaction 

term. In the latter, arbitrary kinetic expressions of reactants and products can be 

introduced, for example the consumption or production of cj by chemical reaction. 

The velocity vector can be generally obtained by coupling the differential diffusion 

and convection equation with the momentum balance as described in the previous 

chapter 3.1.2. Considering only one diffusive species without any chemical 

reaction, i. e. neglecting the reaction term R, Equation 3.5 can be written as: 

( ) 0uccD
t
c

=⋅+∇⋅−⋅∇+
∂
∂

. Equation 3.6

The expression within the brackets represents the mass flux vector N, where the first 

term describes the transport by diffusion and the second represents the convective 

flux with: 

uccDN ⋅+∇⋅−= . Equation 3.7

Using cylindrical coordinates and assuming a constant diffusion coefficient D, 

Equation 3.6 can be written as (BIRD ET AL. (2002), COMSOL AB (2006B)): 

⎥
⎦

⎤
⎢
⎣

⎡
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Equation 3.8
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3.2 The flow of porous floc aggregates 

While filtering floc suspensions in an inside-out driven capillary membrane, 

concentration and therefore effective suspension viscosity will change depending on 

the axial and radial coordinates in the capillary. An increased concentration leads to 

a change of the fluid velocities in longitudinal and radial direction. Additionally, 

hydrodynamic forces, such as drag forces, acting on the flocs in the suspension are 

influenced by the fractal structure and inner porosity of the flocs. This is, because the 

fluid flow is around and through the porous aggregates. Both points will be briefly 

discussed in the following subchapters and correction functions will be derived and 

introduced to be used for the calculation of the acting forces and torques on the flocs 

in chapter 3.3. However, the flow through the fouling layer formed by deposited flocs 

is for the flow of the permeating fluid, i. e. water, through porous media only. Hence, 

the viscosity of water will be used without any correction functions within the formed 

fouling layers, compare chapter 3.4.6. 

3.2.1 Effective floc suspension viscosity 

LEIGHTON AND ACRIVOS (1987) presented the ratio of the dynamical or effective 

suspension viscosity and dynamical fluid viscosity depending on the particle 

concentration in suspension with: 

2

max

S

1
5.11

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

φ
φ

−

φ
⋅+=

η
η

, 

Equation 3.9

where φ  denotes the particle volume concentration in the suspension, η the dynamic 

fluid viscosity and Sη  the dynamic suspension viscosity. maxφ  is called the limit or 

maximum particle volume concentration in the suspension and was given by 

LEIGHTON AND ACRIVOS (1987) with 0.58 for rigid, spherical particles after fitting 

empirically for latex particles of diameter 46 µm and a shear velocity gradient of 

about G = 24 s-1. A more general relationship was given by LIU AND MASLIYAH (1996), 

cited in LIU (1999), which is valid for both diluted and concentrated suspension flows 

of mono-sized spherical particles with: 
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S 6k2k1 . 
Equation 3.10

Here, kE = 2.5 denotes the Einstein constant and kH the Huggins constant, the latter 

one depending on flow strength. At low velocities kH is set to kH = 6.0 and at high 

velocities kH is set to kH = 7.1. However, LIU (1999) did not give exact ranges for the 

flow velocities to be used. He showed that the experimental results could be best 

fitted for values of maxφ = 0.71, which is close to the theoretical maximum particle 

volume concentration of spherical particles with maxφ  = 0.74, when the suspension 

flow was strong. The reason for this was found to be that the particles could fill into 

the gaps which were inaccessible in weaker suspension flows where the particle-

particle alignment is more or less at random, leading to 64.0max ≈φ . If the particle 

concentration was high, i. e. up to values larger than φ  > 0.54, it could be shown that 

Equation 3.10 could be simplified to: 

2

max

S 1
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
φ

φ
−=

η
η

. 
Equation 3.11

Considering now the filtration of floc suspensions some assumptions have to be 

taken to contribute for the porosity of the floc aggregates and its effect on viscosity of 

the bulk flow. It is assumed that the floc concentration in the bulk may vary from low 

to high concentrations. The maximum floc volume concentration was chosen to 

be max,Fφ  = 0.74, independent of flow strength and the Huggins constant was chosen 

to be kH = 7.1. However, the maximum floc volume concentration in the concentration 

polarised layer and the coating layer at the membrane wall will be probably higher for 

real deformable, compressed and overlapping flocs than for spherical rigid particles 

(STRENGE (1993), PARK ET AL. (2004)). Further it is assumed that the effective 

viscosity in the porous floc is equal to the viscosity of the bulk flow as it is often 

assumed by several authors as stated by VEERAPANENI AND WIESNER (1996). 
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VAINSHTEIN AND SHAPIRO (2006) calculated the effective viscosity of porous 

aggregates in dilute suspension ηS and generalised the Einstein equation by 

introducing a correction factor cβ (β) with: 

( )β⋅φ⋅+=
η

η
βck1 E

S . Equation 3.12

cβ (β) is a function of the Brinkman parameter β, defined as   

k
aF=β , 

Equation 3.13

where k denotes the permeability coefficient of the porous floc and aF the floc radius. 

VAINSHTEIN AND SHAPIRO (2006) presented extended equations for the calculation of 

the correction factor cβ (β), see appendix chapter A.4. The result is illustrated in the 

following Figure 3.4. 
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Figure 3.4: Correction factor cβ (β) as function of the Brinkman parameter β 

(VAINSHTEIN AND SHAPIRO (2006)) 
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If β becomes infinity then cβ (β) becomes unity, which corresponds to the flow around 

an impermeable particle. This limit will be approached for a decreasing permeability 

coefficient k of the aggregate. VEERAPANENI AND WIESNER (1996) and PARK ET AL. 

(2004) presented different models for the description of the permeability of porous 

aggregates as functions of the aggregates porosity εF and the primary particle radius 

aP. A selection of the presented permeability models is given in the appendix, chapter 

A.5 and is illustrated in Figure 3.5. The primary particle radius aP = 12.25 µm was 

derived from particle size measurements as described in the experimental part of this 

thesis, see chapter 4.2. Since Happel’s model agrees with the Kozeny-Carman 

model at low porosities and with the Brinkman and the Howells, Hinch, Kim and 

Russel model at high porosities, the Happel model was used to evaluate the 

hydrodynamics of the porous flocs. However, assuming that a porous floc consists of 

a number of solid spherical primary particles of radius aP, the maximum packing 

density in the porous floc can be likewise chosen to be max,Fφ  = 0.74. Hence, a 

minimum porosity of the flocs with min,Fε  = 0.26 can be defined (see Figure 3.5). 
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Figure 3.5: Permeability coefficient k of a floc as a function of the aggregates 

porosity εF based on different models presented in VEERAPANENI AND 

WIESNER (1996) and PARK ET AL. (2004) (not to scale) 
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Considering now the influence of the porosity on floc volume concentration, the 

correction factor cβ (β) can be introduced with: 

( )β⋅φ=φ βcF . Equation 3.14

Hence, Equation 3.10 becomes: 
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Equation 3.15

Figure 3.6 shows the calculated ratio of suspension and fluid viscosity, i. e. the 

effective floc suspension viscosity normalised by the fluid viscosity over particle and 

floc suspension volume concentration to illustrate the different influences of solid 

particles and porous flocs. 
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Figure 3.6: Effective particle and floc suspension viscosity normalised by the fluid 
viscosity over particle and floc volume concentration in [m³/m³], adapted 
from LIU (1999) and VAINSHTEIN AND SHAPIRO (2006) 

With increasing particle and floc volume concentrations the influence of the 

correction factor cβ (β) becomes more important and the effective suspension 
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viscosity resulting from solid particles will be increasingly higher than the effective 

suspension viscosity of a floc suspension. 

For the calculation of the corrected floc volume concentration based on the work of 

VAINSHTEIN AND SHAPIRO (2006), cβ (β) was calculated using the Happel model. As for 

the primary particle radius aP, the floc radius aF was derived from particle size 

measurements as described in the experimental part of this thesis, see chapter 4.2. 

The influence of the floc volume concentration profile has to be considered for the 

calculations of the forces acting on the flocs by embedding a correction term to 

account for this concentration gradient in chapter 3.3. This additional influence is due 

to interparticle hindrance in the concentration profile, e. g. hindered settling or flow of 

the flocs due to the increasing floc concentration in direction of the membrane wall. 

LIU (1999) stated that the conventional Richardson-Zaki equation, normally used to 

characterise the settling velocity for arbitrary systems, can be used to account for this 

effect with: 

( ) 3
16

FF 1)(f φ−=φ , Equation 3.16

where )(f Fφ  denotes the hindrance factor and is a function of the floc volume fraction 

Fφ . The correction by Richardson-Zaki can be expressed by using the dimensionless 

floc volume concentration as: 

,maxF

F
F φ

φ
=φ∗ , Equation 3.17

with 74.0,maxF ≅φ  as the maximum floc volume concentration. Introducing Equation 

3.17 into Equation 3.16 yields: 

( ) 3
16

,maxFFF
t 1)(f φ⋅φ−=φ ∗∗
φ . 

Equation 3.18

This correction function, called the floc hindrance factor, will be used throughout the 

thesis to account for the floc concentration profile leading to a lowered floc velocity at 

higher floc concentrations. Figure 3.7 illustrates the hindrance factor and the 

dimensionless floc volume concentration versus floc volume concentration. 
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Figure 3.7: Hindrance factor and dimensionless floc volume fraction vs. floc volume 

fraction with a maximum floc volume fraction of φF,max = 0.74, adapted 

from LIU (1999) 

3.2.2 Drag coefficient of permeable flocs 

Generally, the structural character of flocculated aggregates can be related to the 

mass fractal dimension, dF, of the floc aggregate by setting its mass linear 

proportional to the size to the power of the mass fractal dimension, where dF = 3 

defines a sphere and dF = 2 a sheet as in Euclidean dimensions. Typically, flocs have 

dF values in the range 1.7 to 2.5, LEE ET AL. (2003). This means, for higher fractal 

dimensions the shape and structure of a floc aggregate will be more similar to a solid 

sphere, whereas for smaller fractal dimensions, the structure of the floc aggregates 

becomes more open and voluminous, more plane and cliffy, LERCH ET AL. (2004). 

The floc aggregates porosity εF can be related to the primary particle radius aP, the 

floc radius aF and the mass fractal dimension dF with: 

3d

P

F
F

F

a
a1

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=ε  

Equation 3.19
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However, because the mass fractal dimension dF could not be measured throughout 

the experimental work of this thesis, the hydrodynamic properties of fractal 

aggregates are evaluated by modelling them as porous aggregates governed by the 

Happel model as described above. Resistance to the fluid flow through the aggregate 

is predicted to increase with increasing fractal dimension, i. e. lower inner porosity. 

VEERAPANENI AND WIESNER (1996) showed that a reasonable estimate of the fluid 

drag force on a fractal aggregate may be obtained by assigning a constant volume-

averaged porosity to the aggregate and using any of the expressions available in the 

literature for aggregates with uniform permeability. Therefore, VEERAPANENI AND 

WIESNER (1996) introduced an additional hydrodynamic parameter, the 

homogeneous drag coefficient Ω. The drag coefficient is defined as the force exerted 

by the fluid on a permeable aggregate of radius a, normalised by the force exerted by 

the fluid on an impermeable sphere of radius a. However, even water entering the 

inner parts of the floc may be immobilised and trapped within while the rest is flowing 

through the interior of the floc (STRENGE (1993)). 

Assuming only flocs with homogeneous permeability, Ω can be calculated with: 

β⋅
⋅

=Ω
3

B2
h  Equation 3.20

where B is a factor used for the calculation of Ωh, as presented by MASLIYAH ET AL. 

(1987), cited in VEERAPANENI AND WIESNER (1996) and given in the appendix, chapter 

A.6. Figure 3.8 shows the homogeneous drag coefficient Ωh illustrated versus floc 

porosity. 
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Figure 3.8: Homogeneous drag coefficient Ωh versus floc porosity εF, adapted from 

VEERAPANENI AND WIESNER (1996) and MASLIYAH ET AL. (1987) 

To account for the inner porosity of the flocs in suspension while calculating the 

acting forces and torques on the permeable flocs in the following chapter 3.3, an 

equivalent hydrodynamic floc radius hFa  can be introduced as proposed by 

VEERAPANENI AND WIESNER (1996) with: 

FhhF aa ⋅Ω= . Equation 3.21

Including Ωh, the hydrodynamic radius of the floc becomes smaller than the physical 

radius aF of the floc but accounts for the inner porosity of the flocs and will be used 

for further calculations as far as hydrodynamic aspects are concerned. Calculations 

of distances, for example dimensionless parameters, and physical or electrochemical 

aspects are not effected by this adaptation of floc size. Please note further that flocs 

larger than aF = 12.25 µm are generally considered to be formed from primary 

particles with radius aP = 12.25 µm and therefore posses a smaller hydrodynamic 

radius ahF < aF. Flocs smaller than aF = 12.25 µm are always modelled with aF = ahF. 
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3.3 Forces and torques acting on flocs 

3.3.1 General remarks 

At first, some thoughts have to be stated about the chosen notation used in the 

following for single particles and flocs and their suspensions in water. The referred 

authors usually applied rigid, solid and spherical particles in their experimental setup 

and in their theoretical considerations and derived equations. Consequently, the 

notations are often ‘particle’ or ‘sphere’ and will be introduced as such. Because this 

thesis is about fouling layer formation due to floc transport and deposition, the 

behaviour of floc aggregates is discussed in this work. Flocs are always thought of 

being aggregates consisting of iron or aluminium hydroxide with embedded particles 

and colloids. Particles and colloids are always considered as single primary particles 

and colloids, not being embedded in agglomerates. However, flocs are considered to 

be rigid and ideally spherical and of constant shape, but reveal basic floc properties 

such as porosity, low density and low zeta potential. This approach is reasonable as 

a first approximation because of the more macroscopic model investigated in this 

work. Hence, the presented equations are used for flocs without further adaptations if 

not stated otherwise.  

Nevertheless, the coating layer build-up by floc deposition can be described by 

trajectory calculations. The floc trajectories can be derived from balances of the 

acting forces and torques according to the calculated and CFD modelled 

hydrodynamic conditions inside the capillary lumen and to physical properties of the 

flocs, usually dominant in the far-field region, and due to electrochemical properties 

of the flocs and the membrane, usually dominant in the near-field region. The acting 

forces and torques are introduced and discussed in the following. Various forces and 

torques act on flocs, which are supposed to be in continuous motion under the 

influence of these various forces and torques until they get deposited, or in case of 

cross-flow filtration mode until they get out of the system, i. e. the capillary. Figure 3.9 

illustrates the acting forces and torques. Please note that the shown modelled floc 

and capillary are not illustrated to scale. 
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Figure 3.9: Forces and torques acting on a floc in the laminar fluid flow (schematic) 

3.3.2 Drag 

For a solid object moving through a fluid, drag is the sum of all hydrodynamic forces 

in the direction of the external fluid flow. For a sphere, here a floc with radius aF, 

moving through a viscous incompressible and Newtonian fluid with velocity uF, the 

drag force is dependent on the fluid properties, i. e. kinematic fluid viscosity ν or 

respectively the dynamic fluid viscosity η and fluid density ρ. 

The relative velocity Slipu  between the fluid velocity u  and the floc velocity Fu is 

termed the slip velocity and calculated as: 

FSlip uuu −= . Equation 3.22

The floc Reynolds number ReF can be defined as: 

ν

⋅
= hFSlip

F
a2v

Re , Equation 3.23

where vSlip denotes the slip velocity component of Slipu  in longitudinal direction. The 

frictional drag force DF  acting in both, longitudinal and in radial flow direction on a floc 
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of hydrodynamic radius hFa , is, at low Reynold numbers, linearly proportional to the 

floc velocity relative to the surrounding fluid, Slipu  with: 

SlipD uF ⋅ξ−= , Equation 3.24

where ξ  is the friction coefficient given by: 

hFa6 ⋅η⋅π⋅=ξ . Equation 3.25

Since the theoretical treatment of this subject has grown out of the early work of 

Stokes, the above equation is often referred to as Stokes' law (ELIMELECH ET AL. 

(1995)). Stokes showed that the relation provided good agreement with his 

experimental results obtained at low Reynolds numbers, i. e. ReF < 1 representing 

creeping flow (see Equation 3.23). This expression can be derived from the so called 

Stokes equation. The Stokes equation is a special, steady state case of the NS 

equation, given in Equation 3.3, where the inertia of the fluid, i. e. the left-hand side 

terms are neglected, assuming further that external forces are absent or negligible. 

Hence, the Stokes equation for creeping flow can be written as: 

up1
Δν=∇

ρ
. Equation 3.26

An extension to account for inertia effects at large distances from the obstacle, here 

the floc, has been made by OSEEN (1910) (cited in ELIMELECH ET AL. (1995)) which 

has been shown to be valid for ReF ≤  5 (SCHLICHTING (1955) cited in ELIMELECH ET AL. 

(1995)). However, both expressions given above apply only to flocs moving in an 

undisturbed, i. e. unbounded flow field of the fluid. Because this case is not given in 

capillary membrane filtration the presence of the boundary, i. e. the permeable 

membrane wall at finite distances, necessitates a modification to Stokes' law. Usually 

such modifications are given in the form of a dimensionless correction factor λ  so 

that the drag force becomes: 

sliphFD ua6F ⋅λ⋅⋅η⋅π⋅= . Equation 3.27
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However, a more detailed description of the various hydrodynamic forces arising 

from a moving particle or floc in a fluid flow field in the vicinity of a (porous) wall can 

be derived by superposition of three thresholds of the arising interactions between 

the sphere and the flow (GOLDMAN ET AL. (1967B), GOLDMAN ET AL. (1967A) and 

GOREN AND O'NEILL (1971), cited in MULDER (1990) and NAHRSTEDT (1999)). The 

effect of the so called hydrodynamic retardation, i. e. the parasitic drag due to the 

asymmetric flow field in the vicinity of a (porous) wall, will be corrected by correction 

functions )(f *
FMδ  for the acting forces and )(g *

FMδ  for the acting torques as discussed 

in the following. The finite distance FMδ  between the moving floc surface and the 

membrane wall is given by: 

FCFM arr −−=δ , Equation 3.28

where aF denotes the radius of the floc as illustrated in Figure 3.10. 

 

Figure 3.10: Determination of the finite distance δFM between the moving floc surface 

and the membrane wall, (not to scale) 

The dimensionless distance between the moving floc and the membrane wall *
FMδ  is 

defined as: 

F

FM*
FM a

δ
=δ . Equation 3.29

The dimensionless correction functions )(f *
FM

t
r δ , )(f *

FM
t δϕ , )(f *

FM
t
z δ , )(g *

FM
t δΦ , )(f *

FM
r
Z δ , 

)(g *
FM

r δΦ , )(f *
FM

m
r δ , )(f *

FM
m
z δ  and )(g *

FM
m δΦ  account for the hydrodynamic retardation 
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excited by the membrane wall. PANGLISCH (2001) mentioned that )(f *
FM

t
r δ  and )(f *

FM
t δϕ  

describe the same wall effect in a capillary, because the velocities in direction of the 

coordinates r and ϕ are perpendicular and both are orientated to the membrane wall. 

Hence )(f *
FM

t
r δ  equals )(f *

FM
t δϕ  and just )(f *

FM
t
r δ  will be used in the following. It has to 

be pointed out that the used approximations and interpolations derived by MULDER 

(1990) are valid only for the motion of particles in the direct vicinity of just one plane 

and not for a two dimensional Poiseuille flow in a capillary. However, PANGLISCH 

(2001) showed for the translatory velocities that the dimensionless functions given by 

MULDER (1990) could be validated also with correction functions for a two 

dimensional Poiseuille flow presented in literature, e. g. HO AND LEAL (1974). 

Furthermore, PANGLISCH (2001) stated that these correction functions are valid over 

the whole cross section of a capillary, except for )(f *
FM

t
r δ . GOREN (1979) showed for 

particles approaching a permeable wall, that the dimensionless function )(f *
FM

t
r δ  did 

not become infinite at the permeable wall as it should for impermeable walls but aims 

a finite value depending on size and resistance given by the permeable wall, i. e. the 

membrane resistance RM. Hence, )(f *
FM

t
r δ  at the membrane wall becomes: 

FM
t
,maxr

t
r aR

3
2f)0(f ⋅⋅== . 

Equation 3.30

The drag force increases as the gap between the approaching floc and the wall is 

reduced but the increase becomes significantly less pronounced as the permeability 

of the wall increases. For finite wall permeability, a finite hydrodynamic force on the 

floc is expected even for the floc coming into contact with the permeable wall. This is 

in contrast to the infinitely large drag force predicted for impermeable walls as can be 

seen in Figure 3.11. PANGLISCH (2001) introduced an approximation to calculate the 

correction function )(f *
FM

t
r δ . On the one hand, his approximation accounts for the 

influence of the permeable wall at short dimensionless distances *
FMδ  but on the 

other hand for the negligible influence of the permeable wall for larger dimensionless 

distances *
FMδ . Hence, his approximation will be used to calculate the correction 

function )(f *
FM

t
r δ  at permeable walls. If impermeable walls have to be considered, 
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e. g. when modelling pottings as done in the experimental part, see chapter 4, the 

dimensionless function given by MULDER (1990) was applied. All used equations for 

the calculation of the correction functions discussed above are listed in the appendix, 

chapter A.6, and illustrated for flocs of radius aF = 29.47 µm and permeable walls 

with membrane resistance RM = 5.24·1011 1/m. 
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Figure 3.11: Hydrodynamic wall effect of an impermeable wall (MULDER (1990)), a 
permeable wall (GOREN (1979)) and the approximation given by 
PANGLISCH (2001) 

Because the correction functions introduced above are valid for diluted suspensions 

only, the concentration profile in direction of the membrane wall has to be considered 

by superposition of the wall effects and floc concentration effects for the translatory 

forces and torques. Hence, these forces and torques acting on a spherical floc, 

moving with the velocities uF in radial direction, wF in direction of the angular 

coordinate ϕ and vF in longitudinal direction in stationary fluid, are given with: 

)(f)(fua6F F
t*

FM
t
rFhF

t
r,D

∗
φ φ⋅δ⋅⋅⋅η⋅π⋅−= , Equation 3.31

)(f)(fva6F F
t*

FM
t
zFhF

t
z,D

∗
φ φ⋅δ⋅⋅⋅η⋅π⋅−= ,  Equation 3.32
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)(f)(fwa6F F
t*

FM
t
rFhF

t
,D

∗
φϕ φ⋅δ⋅⋅⋅η⋅π⋅−=  and Equation 3.33

)(f)(gva8T F
t*

FM
t

F
2
hF

t
,D

∗
φΦΦ φ⋅δ⋅⋅⋅η⋅π⋅= , Equation 3.34

where the subscript Φ denotes the rotation axis of the spherical floc.  

The rotation of a spherical floc with angular velocity ω in stationary fluid creates a 

tangential force and torque component in the vicinity of a wall as: 

)(fa6F *
FM

r
Z

2
hF

r
z,D δ⋅ω⋅⋅η⋅π⋅=  and  Equation 3.35

)(ga8T *
FM

r3
hF

r
,D δ⋅ω⋅⋅η⋅π⋅−= ΦΦ . Equation 3.36

Considering a stationary spherical floc in a fluid flow, following forces and torques are 

acting on it as: 

)(fua6F *
FM

m
rhF

m
r,D δ⋅⋅⋅η⋅π⋅= , Equation 3.37

)(fva6F *
FM

m
zhF

m
z,D δ⋅⋅⋅η⋅π⋅= and Equation 3.38

)(gva8T *
FM

m2
hF

m
,D δ⋅⋅⋅η⋅π⋅= ΦΦ , Equation 3.39

depending of the fluid flow velocities u in radial and v in longitudinal direction. 

Balancing the torques arising from the drag acting on the flocs delivers: 

0TTT m
,D

r
,D

t
,D =++ ΦΦΦ . Equation 3.40

This balance can be used to calculate the angular velocity ω as: 

)(ga
)(gv)(f)(gv

*
FM

r
hF

*
FM

m
F

t*
FM

t
F

δ⋅

δ⋅+φ⋅δ⋅
=ω

Φ

Φ
∗

φΦ , 
Equation 3.41

to be introduced into Equation 3.35. Balancing the drag forces delivers the following 

set of equations: 
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( ))(f)(fu)(fua6FFF F
t*

FM
t
rF

*
FM

m
rhF

t
r,D

m
r,Dr,D

∗
φ φ⋅δ⋅−δ⋅⋅⋅η⋅π⋅=+= , Equation 3.42

)(f)(fwa6F F
t*

FM
t
rFhF,D

∗
φϕ φ⋅δ⋅⋅⋅η⋅π⋅−= . Equation 3.43

( ))(fa)(f)(fv)(fva6

FFFF
*
FM

r
ZhFF

t*
FM

t
zF

*
FM

m
zhF

r
z,D

t
z,D

m
z,Dz,D

δ⋅ω⋅+φ⋅δ⋅−δ⋅⋅⋅η⋅π⋅=

++=
∗

φ

 
Equation 3.44

3.3.3 Virtual mass 

The expressions for the viscous drag are valid only for constant slip velocities. If an 

unbalanced force exists, the particle or floc mass accelerates and a finite mass of the 

fluid immediately surrounding or being within the floc will be accelerated too. Hence, 

an extra drag or virtual mass force has to be considered. CHELLAM AND WIESNER 

(1992) stated that the extra fluid mass is proportional to the floc volume and the fluid 

density. To account for this added mass force, which opposes the motion, the 

following force acting on a floc has to be considered in the force balances: 

dt
uda

3
4kF F3

hFvmVM ρ⋅⋅π⋅⋅−= . Equation 3.45

Here, kvm is a proportionality constant presented by CHELLAM AND WIESNER (1992) as 

a function of the dimensionless distance of the floc to the membrane wall *
FMδ  with: 

...k
256
3k

16
3

2
1k

6

*
FM

3

*
FM

vm +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

δ
⋅+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

δ
⋅+=

∗∗

. 
Equation 3.46

The factor ∗k  is called the dimensionless floc radius, i. e. the floc radius aF 

normalised with the channel width or capillary diameter dC respectively as: 

C

F

C

F

r2
a

d
ak

⋅
==∗ . Equation 3.47

Hence, in an unbounded fluid flow kvm becomes 0.5 and for a flow bounded by the 

membrane wall kvm increases to infinity when the floc approaches the membrane wall 

as illustrated in Figure 3.12.  
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Figure 3.12: Proportionality constant kvm as function of the dimensionless distance 
*
FMδ  of the floc to the membrane wall (adapted from CHELLAM AND 

WIESNER (1992)) 

However, the proportionality constant is valid for impermeable walls only and has to 

be adapted to account for permeable walls. This will be done by an approximation to 

account for the influence of the permeable wall at short dimensionless distances *
FMδ  

as previously shown for the correction function )(f *
FM

t
r δ , see Figure 3.11. Considering 

this approximation, the membrane wall and floc concentration, the added mass 

forces in longitudinal, angular and radial components can be calculated as: 

)(f)(f
1

t
v

a
3
4kF

F
t*

FM
t
z

F3
hFvmz,VM ∗

φ φ⋅δ
⋅

∂
∂

⋅ρ⋅⋅π⋅⋅−= , Equation 3.48

)(f)(f
1

t
wa

3
4kF

F
t*

FM
t
r

F3
hFvm,VM ∗

φ
ϕ φ⋅δ

⋅
∂

∂
⋅ρ⋅⋅π⋅⋅−= , Equation 3.49

)(f)(f
1

t
u

a
3
4kF

F
t*

FM
t
r

F3
hFvmr,VM ∗

φ φ⋅δ
⋅

∂
∂

⋅ρ⋅⋅π⋅⋅−= , Equation 3.50

Whereas estimations were given by CHELLAM AND WIESNER (1992) in case the floc 

velocities are not known with: 
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)(f)(f
1

l
v

a
3
4kF

F
t*

FM
t
zC

2
max3

hFvmz,VM ∗
φ φ⋅δ

⋅⋅ρ⋅⋅π⋅⋅−= , Equation 3.51

)(f)(f
1

r2
ua

3
4kF

F
t*

FM
t
rC

2
3
hFvmr,VM ∗

φ φ⋅δ
⋅

⋅
⋅ρ⋅⋅π⋅⋅−= . Equation 3.52

Here, vmax denotes the characteristic fluid flow velocity at the flow centre line. 

3.3.4 Buoyancy and sedimentation 

Balancing buoyancy and gravity as acting forces on a spherical floc, the resulting 

force will be the so called sedimentation force. Considering just spherical flocs arising 

torques can be neglected. The sedimentation force can be subdivided into acting 

components in radial and longitudinal direction r and z respectively, depending on the 

direction of the acting gravity force. This force can be calculated as the difference of 

buoyancy and gravity as: 

( ) z
3
hFFz,BS ga

3
4F ⋅⋅π⋅⋅ρ−ρ= , and Equation 3.53

( ) r
3
hFFr,BS ga

3
4F ⋅⋅π⋅⋅ρ−ρ= . Equation 3.54

Here, g denotes the gravitational acceleration constant, ρ denotes the fluid and ρF the 

floc density respectively. Depending on the direction of the acting gravity, fluid flow in 

horizontal and vertically orientated capillaries can be described.  

3.3.5 Brownian diffusion 

In all cases of diffusion, the net flux J of the transported quantity (atoms, energy, or 

electrons) is equal to a physical property (diffusivity, thermal conductivity, electrical 

conductivity) multiplied by a gradient (a concentration, a thermal or electric field 

gradient). According to the general phenomenological Equation 2.1, the 1st Fickian 

law describes the steady state diffusion flux of matter. The diffusive flux JBD is 

proportional to the diffusion coefficient DBD and driven by a concentration gradient 

r
c

∂
∂  in the system. It is given by: 
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r
cDJ BDBD ∂

∂
⋅−= . Equation 3.55

Diffusion of matter, i. e. submicron or Brownian particles or micro flocs, suspended in 

water originates from an incessant, sometimes chaotic movement, whereby it comes 

to a constant but coincidental change of position. If no concentration gradient exists, 

then the changes of position will be compensated in the statistic mean and no 

directed transport occurs. For instance, in thermal diffusion, if the temperature is 

constant, thermal energy will move as quickly in one direction as in the other, 

producing no heat transport and change in temperature. With presence of a 

concentration gradient, the coincidental change of position turns into a directed 

movement in opposite direction of the gradient. Hence, a directed diffusion flux will 

be developed. A measure for the flexibility of submicron matter was given by the 

Stokes-Einstein relationship (EINSTEIN (1905)) for the diffusion coefficient with: 

F

B
BD a6

TkD
⋅η⋅π⋅

⋅
= , Equation 3.56

where kB denotes the Boltzmann constant. 

The effective lateral velocity due to the action of Brownian diffusion in the presence 

of a concentration gradient of suspended flocs can be expressed by (HO AND LEAL 

(1974)): 

dr
dDu F

F

BD
BD

φ
⋅

φ
−= . Equation 3.57

For the calculation of uBD neither floc-floc nor floc-wall interactions are considered 

(PANGLISCH (2001)). Hence, the acting force in radial direction r,BDF  can be calculated 

using the Stokes-equation without using correction terms as: 

hF
F

F

BD
r,BD a6

dr
dDF ⋅η⋅π⋅⋅

φ
⋅

φ
−= . Equation 3.58
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3.3.6 Shear induced diffusion 

Larger flocs or particles are able to develop a strong, directed motion if they are 

present in a sufficiently high concentration and if shearing forces exist (LEIGHTON AND 

ACRIVOS (1987)). Hence, a fluid moving across a membrane initiates floc migration 

and at a critical point overcomes the advective force of fluid moving through the 

membrane. ZYDNEY AND COLTON (1986) proposed that particles in a shear flow are 

displaced as the result of complex particle-particle interactions arising from the 

rotation of the particles, the resultant drag force exerted on neighbouring particles 

and the interception of particles moving along different streamlines. Each 

displacement is a product of a random configuration of particles and so the motion of 

an individual particle should behave as a random walk and is characterised by an 

effective diffusion coefficient DSiD. The frequency or probability of particle-particle 

interaction will be greater for higher concentrations of particles. ECKSTEIN ET AL. 

(1977) found that the effective diffusivity of particles in shear flow increased with 

square of particle diameter and linearly with shear rate. Based on these 

observations, DAVIS AND LEIGHTON (1987) and LEIGHTON AND ACRIVOS (1986) 

proposed an expression for the approximation of the effective, or ‘shear induced’ 

diffusivity of particles, here written to denote for flocs as: 

⎥⎦
⎤

⎢⎣
⎡ +φγ= φ⋅ F8.82

F
2

FSiD e
2
11a

3
1D , Equation 3.59

where γ  denotes the local shear rate of the Newtonian fluid, considering the limiting 

influence of the floc suspension with: 

Srd
vd

η
η

⋅=γ . Equation 3.60

In contrast to Brownian diffusion, the shear induced diffusion coefficient increases 

with increasing floc size. Further, the shear induced diffusion coefficient will increase 

with increasing floc concentration until it suddenly decreases strongly for values 

larger than φF = 0.58 and smaller than the maximum concentration of φF, max = 0.74, 

see also PANGLISCH (2001). However, for the acting force in radial direction FSiD,r due 

to shear induced diffusion, the concentration profile in the capillary has to be 
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recognised and hence, the correction function )(f F
t ∗
φ φ  will be encountered into the 

formula as: 

)(fa6
dr

dDF F
t

hF
F

F

SiD
r,SiD

∗
φ φ⋅⋅η⋅π⋅⋅

φ
⋅

φ
−= . Equation 3.61

3.3.7 Lateral migration 

Lateral migration, i. e. migration or lift of a free floc perpendicular to the streamlines 

in the flow field, is driven by the fluid motion or its shear flow respectively. If there is 

no shear, there is no lift. As shown in chapter 3.1, the flow inside the capillaries is 

Poiseuille pipe flow. Here, there is not only a shear, but a shear gradient (curvature) 

which produces lateral forces acting on the flocs. SEGRÉ AND SILBERBERG (1962A), 

SEGRÉ AND SILBERBERG (1962B) were the first who experimentally studied the 

behaviour of neutrally buoyant rigid spheres in Poiseuille pipe flow. They observed 

that the spherical particles in the flow through a pipe of radius R migrated to an 

equilibrium radial position located at r* = 0.63 R. Due to the tube-like shape of the 

annular region to which the spheres migrate, this effect was called the 'tubular pinch 

effect'. These results were confirmed by several studies, often in the case of neutrally 

buoyant spherical particles in vertical Poiseuille pipe flow, e. g. COX AND BRENNER 

(1968), KARNIS ET AL. (1966) and VASSEUR AND COX (1976). However, the authors 

investigated beside the effect on neutrally buoyant rigid spherical and discoidal 

particles further the effect of density differences between the particles and the fluid 

on lateral migration, i. e. nonneutrally buoyant spherical particles. They found that the 

equilibrium position for those particles may be moved either towards the axis if the 

particle lags the flow or towards the wall if the particle leads the flow, depending upon 

their relative densities. In case of neutrally buoyant deformable particles such as 

elastomer fibres or blood cells, KARNIS ET AL. (1966) and ZHAO AND SHARP (1999) 

found in experimental studies that those particles migrated always to the axis. As 

stated in MATAS ET AL. (2004), HO AND LEAL (1974) and later VASSEUR AND COX (1976) 

eventually predicted most of the experimental observations for neutrally and 

nonneutrally buoyant particles in linear and quadratic flow fields. Both studies show 

that there will be in general a competition between an inwards and an outwards 

directed force, leading to an equilibrium position of about 60 % from the centre to the 
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walls at small Re numbers. VASSEUR AND COX (1976) presented different lateral 

migration velocities of spherical particles in Poiseuille flow between two walls, 

depending on whether the particle is neutrally buoyant or not, whether it is free to 

rotate or not or if it is sedimenting in a quiescent or a very slowly moving fluid. They 

presented further cases intermediates among them by superposition. Their 

considerations assume that the boundary conditions 1ReF <<  and 1k <<∗  are 

satisfied. Further it is also required that the sphere should not be too close to the 

wall, i. e 1/a C
FMF <<δ , with C

FMδ  as the finite distance between the floc centre and the 

membrane wall.  

Considering at first separately, i. e. without transition within both cases, neutrally and 

nonneutrally buoyant spherical particles, rotating in the fluid flow, the following 

equations for the lateral migration velocity were presented by VASSEUR AND COX 

(1976). The lateral migration velocity uLM,b of a nonneutrally buoyant spherical particle 

can be expressed as:  

)(fvvau *C
FM2max

ShF
b,LM δ⋅⋅⎟

⎠

⎞
⎜
⎝

⎛
ν
⋅

−=  Equation 3.62

and the lateral migration velocity of a neutrally buoyant spherical floc as: 

)(fkvau *C
FM3

2
2
maxhF

c,LM δ⋅⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ν
⋅

= ∗ . 
Equation 3.63

Here, vmax denotes the characteristic fluid flow velocity at the flow centre line, vS 

denotes the (Stokes) sedimentation velocity of the moving floc in quiescent fluid, 

derived from Equation 3.53 or Equation 3.54 respectively and k* is the dimensionless 

floc radius as introduced with Equation 3.47. The functions f2 ( *C
FMδ ) and f3 ( *C

FMδ ) are 

functions of the dimensionless distance of the floc centre from the wall, given by: 

C

C
FM*C

FM r
δ

=δ . Equation 3.64
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They can be considered as dimensionless inertia induced velocities. The equations 

for the calculation of f2 ( *C
FMδ ) and f3 ( *C

FMδ ) are given in the appendix, chapter A.8. 

ALTENA AND BELFORT (1984) showed that the considerations of VASSEUR AND COX 

(1976) may be adapted for particle behaviour in the flow through a slit with one 

porous wall as well. They extended the work of VASSEUR AND COX (1976) to include 

the effect of porous boundaries on inertia induced transport for rigid, spherical and 

neutrally buoyant particles. When superposing permeation drag forces and lateral 

migration forces they found for a very small relative permeation drag force, that the 

particle trajectories converge at an equilibrium position reminiscent of flow in a 

nonporous pipe as described above. As the relative permeation drag force is 

increased, the equilibrium position moves closer to the porous wall and finally 

resulting in particle capture. PANGLISCH (2001) mentioned that the dimensionless 

inertia induced velocity only has one radial component, being constant for all ϕ in a 

capillary or pipe flow respectively and substituted the dimensionless particle distance 

with the dimensionless radial particle distance r*. The derived equations and 

illustrations of the substituted functions are given in chapter A.8 too. 

However, in real world problems, one is unlikely to encounter flocs which are 

precisely neutrally buoyant, nor flocs which are much lighter or heavier than the fluid. 

For this reason both cases were superposed which delivers a lateral migration 

velocity of: 

⎟
⎠
⎞⎜

⎝
⎛ ϕ⋅⋅−ϕ⋅⋅⋅⋅⋅⎟

⎠
⎞

⎜
⎝
⎛

ν
= ∗ )cosr(fv)cosr(fvkvau *

2S
*

3max
2

max
hF

LM . Equation 3.65

In case of small density differences, irrespective of whether the floc is lighter or 

heavier than the fluid, the theory presented by VASSEUR AND COX (1976) is in good 

accordance to those found by FENG ET AL. (1994). FENG ET AL. (1994) and later HUANG 

ET AL. (1997) found in case of lighter particles that when the density difference is 

large enough (5 % to 15 %), the equilibrium position shifts back again toward the 

centreline, i. e. particles being repelled near the wall at an equilibrium stand-away 

distance. Especially interestingly, FENG ET AL. (1994) and HUANG ET AL. (1997) found 

that the restrictions, which apply to perturbation theories as used by HO AND LEAL 
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(1974) and VASSEUR AND COX (1976) do not apply to direct numerical simulation, 

which was used in their studies. Hence, the effects of the wall on hydrodynamic 

induced rotations, the lift force, the lateral velocities and equilibrium positions for the 

particles, here for the flocs could be obtained from direct numerical simulations 

without compromising assumptions. Summarising the above, inertia induced lateral 

migration of flocs is caused by the acting inertia force FLM,r. Accounting for the 

presence of the membrane walls the correction function )(f *
FM

t
r δ  and for the floc 

concentration profile the correction function )(f F
t ∗
φ φ  have to be included for the 

calculation of FLM,r, acting in radial direction, with: 

)(f)(fua6 F F
t*

FM
t
rLMhFr,LM

∗
φ φ⋅δ⋅⋅⋅η⋅π⋅= . Equation 3.66

3.3.8 DLVO interactions 

Within the framework of the DLVO theory, named after the work of DERJAGUIN, 

LANDAU, VERWEY and OVERBEEK, the total colloidal interaction forces acting on the 

particles or flocs can be calculated as the sum of the van der Waals and the electrical 

double layer interactions operating between charged spherical surfaces, i. e. flocs 

and plane surfaces, i. e. membrane wall, at short distances. Both interactions will be 

described in the following. Chapter A.9 in the appendix will give a brief overview of 

how surface charges are developed in aqueous media and about the resulting 

electrical double layer, based on STUMM AND MORGAN (1996) and NAHRSTEDT (1999). 

Graphical illustrations of calculated DLVO forces for the investigated systems iron 

hydroxide floc/membrane wall and latex particle/membrane wall can be found in the 

appendix, chapter A.10. 

3.3.8.1 van der Waals attraction 

Due to the motion of electrons around their atomic nuclei, temporary asymmetries of 

the charge distribution will arise, delivering a fluctuating electromagnetic field around 

the atoms. For two closely separated atoms or surfaces, their electromagnetic fields 

will interact, leading to a spontaneous electrical and magnetic polarisation resulting in 

a synchronised electromagnetic field. The arising force is generally called the van der 

Waals force and is typically attractive. Van der Waals forces have only small ranges 
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but are significant when surfaces are very close to each other, i. e. in the nanometer 

range. GREGORY (1981), cited in NAHRSTEDT (1999), expanded the work of Hamaker 

and derived the radial acting van der Waals force under consideration of retardation 

as: 
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Equation 3.67

where H is the Hamaker constant, δ is the dimensional distance between a floc and a 

collector, either floc or membrane wall, and λc is the characteristic wavelength of 

interaction and is close to 100 nm for most particles (GREGORY (1989) cited in 

CHELLAM AND WIESNER (1992)) and was used to account for flocs too. The effective 

radius aeff can be expressed as: 

Feff a a = , Equation 3.68

for the system floc / membrane or as: 

2F1F

2F1F
eff aa

aaa
+
⋅

= , Equation 3.69

for the system floc / floc or particle / particle as presented by NAHRSTEDT (1999). 

The range of Hamaker constants of suspended solids of material 1 (index 1) in water 

(index 3) is in between H131 = (0.1 ... 10)*10-20 J (GREGORY (1975), Cited in 

NAHRSTEDT (1999)). The lower range represents polymers, the middle range 

crystalline solids and the upper one metallic solids and graphite. Elaborate libraries 

can be found in VISSER (1972), LYKLEMA (1991) and BERGSTRÖM (1997). However, 

depending on the accuracy of the measurements and the used experimental 

equipment, the values may vary significantly. PANGLISCH (2001) presented two 

Hamaker constants for typical membrane materials with 1.0·10-19 J (polysulfone) and 

1.8·10-19 J (cellulose acetate). BEHRENS AND BORKOVEC (1999) used a Hamaker 

constant of H131 = 6·10-20 J and VISSER (1972) of about H131 = 2·10-19 J for iron 

hydroxides across water and H131 = 1.26·10-19 J for aluminium hydroxides 

across water. To account for two different materials (index 1 for material 1 and index 
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2 for material 2) in the system of interest, fitted Hamaker constants, based on the 

specific Hamaker constant of each involved material can be calculated using different 

correlations as presented by VISSER (1972). For instance, PANGLISCH (2001) 

calculated a Hamaker constant of H132 = 1.54·10-20 J for the combination 

polystyrol / water / polyethersulfone, representing the system of suspended latex 

particles in the vicinity of the membrane. Based on the values mentioned above, 

fitted Hamaker constants were calculated for the system iron hydroxide floc and 

membrane across water with H132 = 2.63·10-19 J and with H132 = 6.51·10-20 J for 

aluminium hydroxide flocs and membrane across water respectively. These values 

were used throughout the thesis if not indicated otherwise. 

3.3.8.2 Double layer repulsion 

Solids like particles, flocs or membranes located in aqueous media may develop an 

electric charge at their surface. This electric charge is depending on the pH value of 

the aqueous media and is typically negative for the interesting particles or flocs at the 

pH range of natural waters. The values obtained in the experimental part of this work 

are described in chapter 4.1 and 4.2.  

As elucidated by NAHRSTEDT (1999), the theoretical description of the potential 

distribution in the diffusive double layer, introduced by GOUY and CHAPMAN, is based 

on a combination of the Poiseuille equation for charge densities and the Boltzmann 

expression, giving the charge density depending on the local concentration of anions 

and cations and these depending on the local potential. A more detailed description 

can be found in ELIMELECH ET AL. (1995) for instance. The force arising by 

superposition of single potential distributions of two solids may be calculated by using 

the so called linear superposition approximation (LSA) method. For two approaching 

solids, the LSA method represents a good compromise for the limiting cases of a 

constant surface charge on the one hand and the constant potential of the outer 

Stern plane on the other hand, compare Figure A.13 in the appendix. Using the LSA 

method, following force distribution for small distances between a collector and a floc 

or particle in a symmetrical electrolyte is given by GREGORY (1975), cited in 

NAHRSTEDT (1999), with: 
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( ))(expaTkn128F 021eff
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−= . Equation 3.70

Here, the number concentration of ions per unit volume n is considered either for 

anions or cations. 1Γ and 2Γ can be written as: 
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Equation 3.72

In Equation 3.70 to Equation 3.72 kB denotes the Boltzmann constant, T denotes the 

absolute temperature, κ denotes the Debye-Hückel parameter, δ denotes the 

distance between the surfaces, δ0 denotes the minimum possible adhesion distance 

between two surfaces, ΨS,i denotes the stern potential of the interacting 

surfaces i, i. e. 1 and 2 respectively, z denotes the valency of the counterions and n 

denotes the number concentration of all counterions (approximately also valid for 

asymmetrical electrolytes (GIMBEL (1984), cited in NAHRSTEDT (1999)). The effective 

radius aeff can be derived analogous as introduced in chapter 3.3.8.1 with Equation 

3.68 and Equation 3.69. The Debye-Hückel parameter is given with: 

∑εε
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ii

B0r

2
)zn(

Tk
e

, 
Equation 3.73

where e denotes the electron charge, ε0 denotes the electrical permittivity, εr denotes 

the relative dielectric constant, i. e. 78 for water, ni denotes the number concentration 

of counterions of species i and zi denotes the valency of the ions of species i. 

3.3.9 Force balances 

The balances of the forces acting on the moving floc in the capillary membrane 

during filtration deliver the following set of equations in r-, ϕ- and z-direction with: 

0FFFFFFFF r,BDr,SiDr,DLr,vdWr,LMr,BSr,VMr,D =+++++++ , Equation 3.74
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0FF ,VM,D =+ ϕϕ , and  Equation 3.75

0FFF z,BSz,VMz,D =++ . Equation 3.76

Arranging the equations given above to solve for the resulting floc velocities in r-, ϕ- 

and z-direction following expressions were found: 
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Equation 3.79

The forces and velocities will be used to derive the floc concentration distribution 

within the capillary and the trajectories of flocs of certain diameter in capillaries of 

arbitrary size. The transformation into the model will be shown and discussed in the 

following chapters. 

3.4 CFD/FEM Modelling 

3.4.1 Brief introduction into COMSOL 

The physical aspects of any flow are generally governed by the following three 

fundamental principles: 1. mass conservation, 2. Newton’s second law amF ⋅=  and 

3. energy conservation. These fundamental principles can be expressed in terms of 

mathematical equations, which in their most general form are usually partial 

differential equations (PDE). CFD is, in part, the art of replacing the governing partial 

differential equations with numbers, and advancing these numbers in space and/or 

time to obtain a final numerical description of the complete flow field of interest 
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(ANDERSON ET AL. (1992)). The numerical procedures can be used to approximately 

solve different equations of a certain flow problem under the compliance of defined 

boundary and start conditions without encountering too serious simplifications and 

assumptions. Hence, these methods can be normally used for the calculation of 

technical flows for complex and arbitrary geometries, e. g. describing the fluid flow in 

entire membrane modules or single capillaries. COMSOL Multiphysics is an 

advanced software environment for modelling and simulation of physical processes 

in scientific and engineering problems based on partial differential equations, 

developed and distributed by the company COMSOL AB (Sweden). The software 

can be used for linear and nonlinear stationary, transient, i. e. time dependent and 

eigenvalue analyses of arbitrary models. The analyses are initially performed for 

dimensional systems but can be manually rearranged for dimensionless analyses 

too. The software package can handle systems of first and second order partial 

differential equations in one, two and three space dimensions, i. e. 1D, 2D and 3D. 

They are discretised by FEM using unstructured elements on triangles (in 2D) and 

tetrahedrons (in 3D), or structured elements on quadrilateral (in 2D) and hexahedral 

(in 3D) elements, respectively. Mapped quadrilateral mesh elements can be used for 

geometries fairly regular in shape. A graphical user interface allows for an efficient 

graphical design of rather complex geometries in one, two and three dimensions. 

COMSOL 3.3a was used to model the fluid flow field, the floc concentration 

distribution, the floc trajectories within the capillary, the fouling layer build-up and 

resulting pressure drop increase. The flow and the floc concentration distribution 

inside the capillary were modelled by using the application modes ‘incompressible 

Navier-Stokes’ and ‘convection and diffusion’ of the ‘Chemical Engineering Module’ 

provided by the COMSOL software. The fouling layer build-up was modelled by a so 

called PDE general form, a framework offered by the software to implement and 

calculate user defined nonlinear PDE. Here, extrusion coupling variables were 

additionally used, which maps values from the source domain, subdomain or 

boundary to the destination domain, subdomain or boundary. For additional 

information refer to COMSOL AB (2006B). 
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3.4.2 Geometry of the model, constants, parameters and mesh 

The membrane capillary was modelled in 2D, but the independent variables were 

chosen to be r, ϕ and z for the radial, angular and longitudinal cylindrical coordinates 

in a 3D flow field respectively. An axial symmetry is naturally given at the capillary 

centre axis, i. e. at r = 0, which was used to save computational memory 

consumption during modelling. However, the obtained 2D geometry, mesh and 

results can be transformed into 3D using a general transformation technique of the 

software for coupling variables as illustrated later in chapter A.13 in the appendix and 

chapter 3.5.1. 

The geometry of the model was adapted to the capillaries geometry as used in the 

experimental part, see chapter 4, and could be determined in dimensional or 

dimensionless form. In order to analyse the model in dimensional form, the capillary 

radius was set to rC = 0.4·10-4 m and the length of the modelled capillary was set to 

lC = 1 m if not stated otherwise. In order to analyse the model in dimensionless form, 

the geometry was normalised by some scaling factors SR and SZ. The scaling factor 

SR was chosen to be rC, denoting the parameters in radial direction and the scaling 

factor SZ was chosen to be lC, denoting the parameters in longitudinal direction, 

respectively. However, the dimensionless approach was primarily used within this 

work. The dimensionless geometry and definition of the model subdomains and 

boundaries are illustrated in Figure 3.13. The boundaries of the 2D model were 

chosen to be: boundary 1 as the capillary centre axis, representing the axial 

symmetry; boundary 2 and 5 as the capillary inlet; boundary 3 and 6 as the capillary 

dead-end or outlet in cross-flow mode respectively and boundary 7 as the membrane 

wall. An interior boundary 4 was introduced to account for the fouling layer formation, 

see red dashed line in Figure 3.13, dividing the domain into two subdomains. The 

distance of boundary 4 to the membrane wall was always set to the physical radius of 

the flocs to be modelled, hence representing the distance when contact occurs, while 

compaction of the flocs was neglected.  
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Figure 3.13: Geometry and definition of the modelled subdomains and boundaries 

Constants, for instance membrane resistance RM, capillary diameter rC and length lC, 

were used for modelling the flow field and the concentration distribution in the 

membrane capillary as given in Table A.3 in the appendix. Additionally, some initial 

parameters at time t0 = 0 were defined for the numerical analysis of the Navier-

Stokes equations. As presented by PANGLISCH (2001), the initial inlet pressure p0 and 

velocity v0 of the fluid at the capillary entry can be calculated with: 
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Equation 3.80
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The parameter a was introduced by PANGLISCH (2001) as a parameter depending on 

membrane resistance RM and capillary radius rC with: 
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Equation 3.82
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Further, the membrane surface area AM and the inlet volume flow 0V  were calculated 

with: 

CCM lr2A ⋅⋅π⋅= , and  Equation 3.83

JAV M0 ⋅= . Equation 3.84

The dynamic fluid viscosity η0 at the capillary inlet could be calculated using a 

polynomial approximation as function of temperature, compare Equation 2.10. The 

initial fluid density ρ0 can be approximated with following polynomial equation as: 

0.0001)T0.000134-T0.01299+T0.6003-(17.9098 32
0 ⋅⋅⋅⋅=ρ , Equation 3.85

derived by regression of listed values in VEREIN DEUTSCHER INGENIEURE (1988) and 

PERRY ET AL. (1984). The determined values for different initial parameters, for 

instance fluid inlet velocity in radial and longitudinal direction, u0 and v0, and fluid inlet 

pressure p0 at time t0 = 0 are listed in Table A.4. Please note that the gravitational 

forces Fr and Fz were defined to account for gravitation in a horizontally orientated 

capillary. 

As mentioned above, the software is able to work with triangular, quadrilateral, 

tetrahedral, brick, and prism meshes using fully automatic and adaptive mesh 

generation. However, some general remarks and limitations of quadrilateral elements 

are given in chapter A.13 while all conditions were met in the existing case of the 

capillary. Especially for numerical calculation of the fluid flow quadrilateral elements 

were usually used, because less element numbers were needed to meet the high 

convergence criteria, chosen to be 1·10-6. The mesh was always set up to account 

for a sufficient high resolution especially at boundary 4 where interacting forces 

between fluid flow, moving flocs and membrane wall will be likely highest and where 

the fouling layer formation occurs. Nevertheless, the mesh has to be adapted for 

each model. For example, one chosen mesh used for modelling the velocity profile 

within a capillary consists of 78.750 elements over the whole modelled capillary, with 

1.380 elements directly at the boundaries, delivering 1.644.941 degrees of freedom 
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(DOF), i. e. a finite number of coefficients used to describe the variables with a 

function for numerical calculations. 

Figure 3.14 shows the resulting mesh, becoming increasingly finer at closer 

distances to the membrane wall, with extremely fine meshed areas directly at the 

membrane wall and the capillary inlet and coarser meshed areas at the capillary 

centre and the capillary lumen at some distance from the membrane wall. Each 2D 

mesh can be transformed into 3D by using extrusion coupling variables, which maps 

values from the source domain, here in 2D, to the destination domain in 3D. This 

mapping is explained more detailed in chapter A.13 in the appendix.  

 

Figure 3.14: Structured (mapped) mesh of a dimensionless model in 2D 

Once a mesh is established, one can introduce approximations to the dependent 

variables of interest. The idea is to approximate the variables with a function that one 

can describe with a finite number of coefficients, the DOF, whereas the 

approximation generates a system of equations for each DOF. Hence, the mesh 

determines the number of DOF to be solved. Generally, the number of DOF able to 

be used for the simulation is limited by the used hardware configuration with its 

available memory. This implies that a given mesh cannot always properly resolve 
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small-scale effects. The used computer was equipped with a Windows XP64 and a 

SUSE Linux 10.1 system, two Intel Xeon Dual Core CPUs 5160 with a frequency of 

3 GHz and 16 GB RAM plus 30GB virtual memory. The number of DOF usually 

solved for was approximately 400,000. 

3.4.3 Determination of the flow field 

As introduced in chapter 3.1.2 the Navier-Stokes equations are used for the 

description of the fluid flow in the capillary lumen. The software uses a generalised 

version of the Navier-Stokes equations to allow calculations of variable viscosity too, 

i. e. non-Newtonian fluids (COMSOL AB (2006B)). The generalised equations as 

used in the incompressible Navier-Stokes application mode, denoted as the total 

stress tensor formulation are defined by Equation 3.86 and Equation 3.87 as given 

below:  

( )( )[ ] ( ) FuuuuIp
t
u T =∇⋅ρ+∇+∇η+⋅−⋅∇−

∂
∂

ρ  and  Equation 3.86

0u =⋅∇ . Equation 3.87

where I is the identity matrix or unit diagonal matrix. The incompressible Navier-

Stokes equations were solved for the pressure p and the velocity vector components 

of u  in stationary and transient analysis. The solver applied was the so called ‘Direct 

(UMFPACK)’ solver for nonlinear, stationary or transient flow problems and the 

convergence criteria was chosen to be 1·10-6. For more detailed information about 

the numerical analysis refer to COMSOL AB (2006B) and COMSOL AB (2006A). 

However, some additional terms and parameters related to the Navier-Stokes 

equations used in the software will be introduced in the following. The viscous stress 

tensor τ is defined as:  

( )( )Tuu ∇+∇η=τ . Equation 3.88

Due to the fluid pressure p, internal stresses can arise in addition to the stress due to 

viscous forces. Hence, the total stress tensor σ is introduced and defined as: 
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( )( )TuuIpIp ∇+∇η+−=τ+−=σ . Equation 3.89

From these stress tensors, one can further define the viscous boundary force K , 

which is per unit area as: 

nK τ= , Equation 3.90

and the total boundary force BT , also per unit area as:  

nTB σ= , Equation 3.91

where n  is the outward normal vector on the boundary.  

The equation system form was chosen to be set to ‘General’ in case of dimensional 

models, using generally the equations as presented above, and to ‘Weak’ for 

analysing dimensionless models. In the latter one, the provided equations of the 

software were adapted by normalising the r and z derivates of the fluid velocity vector 

u  by the scaling factors SR and SZ respectively as introduced in chapter 3.4.2. 

Additionally, the radial variable r was adapted by multiplication with the scaling factor 

SR too. If internal variables of the software were needed for modelling the fluid flow 

and the floc movement, they were treated in the same way as described. All following 

model information are valid for both, the dimensional as well as the dimensionless 

case. Further, all variables and parameters are always introduced as dimensional 

values if not stated otherwise.  

3.4.3.1 Model boundaries 

The software package offers several predefined boundary conditions, but only those 

are discussed here which were applied in the flow field model. For additional 

information about the boundary conditions refer to the software users guides, i. e. 

COMSOL AB (2006A) and COMSOL AB (2006B), for instance. The governing 

equations of the chosen boundary conditions and the chosen calculation of the 

expressions are discussed in the following. Boundary 1 represents the axial 

symmetry of the capillary. Hence, the radial coordinate was set to: 
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0r = . Equation 3.92

For the imposed fluid velocity at boundary 2 and 5, together representing the 

capillary inlet, the velocity vector normal to the boundary can be specified by: 

0unu =⋅ . Equation 3.93

This boundary condition is called the inflow/outflow boundary condition. For 

modelling the fluid flow at the capillary inlet just the longitudinal velocity component 

has to be considered. Hence, the radial component u was set to u = 0 m/s and the 

longitudinal velocity v was set to v = v0 as introduced in Table A.4. 

Boundary 3 and 6 represent the dead-end of a capillary driven in dead-end mode and 

the slip or symmetry condition was used. A slip condition means that the normal 

component of the velocity equals zero with: 

0nu =⋅  Equation 3.94

and that the tangential component of the viscous force vanishes with: 

0Kt =⋅ . Equation 3.95

Hence, the chosen condition states that there are no velocity components 

perpendiculars to that boundary. However, for a capillary driven in cross-flow mode 

operation boundary 3 and 6 have to be set as the so called outflow/pressure 

condition to: 

npT 0B −= . Equation 3.96

This boundary condition states that the total force on the boundary is a pressure 

force defined by p0, where the pressure can be set to the outlet pressure pout of the 

capillary, compare Equation 2.6. If the outlet pressure is not known, boundary 3 and 

6 can be set to a fixed outflow velocity as given by Equation 3.93. This flow velocity 

can be represented by a laminar flow profile too. 
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The interior boundary 4 is set to neutral. The software treats a neutral boundary as if 

there were no boundary, which means that the total or viscous force vanishes, i. e.  

0K = , and Equation 3.97

0TB = . Equation 3.98

Boundary 7 represents the membrane wall where the filtrate leaves the modelled 

geometry. The so called normal flow/pressure or straight-out boundary condition is 

applied to set the velocity components in the tangential direction to zero with: 

0ut =⋅ , Equation 3.99

and further, to set the pressure to a specific value with: 

0B pTn −=⋅ . Equation 3.100

This boundary condition is usually provided to simulate channels that are long in 

length where flow is assumed to have stabilised so that all velocity occurring in the 

tangential direction is negligible. The equation used for boundary 7 is given with: 

FiltrateM pRup +⋅η⋅= . Equation 3.101

Please note that η is denoted to the local dynamic fluid viscosity. Equation 3.101 

could be derived from Darcy’s law as introduced with Equation 2.2 when considering 

radial outflow of the filtrate only, i. e. perpendicular to the boundary. Here, the 

pressure drop in radial direction through the membrane has to be considered. The 

radial pressure drop depends on the active membrane thickness δM, but can be 

mathematically cancelled after introducing the permeability coefficient kM with:  

M

M
M R

k δ
= . Equation 3.102

Solving Equation 3.101 within the model will deliver the initial fluid flow field. Please 

note, if different membrane resistances were used within one capillary, as it was 

done in the experimental part of this work, the actual local membrane resistance was 
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used. As it will be described later in chapter 3.4.6, the boundary condition will be 

changed to account for the additional resistance of the formed fouling layer when 

solving the transient suspension flow problem, i. e. over time, to 

FiltrateTot pRup +⋅η⋅= . Equation 3.103

Another boundary condition has to be introduced as the no-slip condition, which is 

normally used at walls. For no-slip conditions, all components of the velocity vector 

are eliminated by:  

0u = . Equation 3.104

This boundary condition will be used in the experimental part of this thesis as 

described in chapter 4 when modelling pottings for example. 

3.4.4 Determination of the floc trajectories 

Generally, the software generates trajectories by solving the fundamental equation of 

motion:  
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for x  (t) being the trajectory. Here, mF is the flocs mass, F equals the force 

component acting on the floc as introduced in chapter 3.3, and t is time. This delivers 

a system of ordinary differential equations (ODE) for x , which COMSOL Multiphysics 

solves using a pair of Runge-Kutta methods of orders four and five, compare 

FINLAYSON (2006), which are iterative numerical methods for the approximation of 

solutions of ODE systems. The solver advances the algorithm with the solution of 

order five and uses the difference between the order-five and order-four solutions to 

obtain the local error estimate. For the used 2D axis-symmetric model all three force 

components were used. Hence, the algorithm solves for a trajectory in 3D in 

cylindrical coordinates, but only the projection on the axis-symmetry plane is plotted 

in 2D. For neutrally buoyant particles, the equation of motion is given by: 
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. Equation 3.106

3.4.5 Determination of the concentration distribution 

For modelling mass balances in the convection and diffusion application mode of the 

Chemical Engineering Module two mass balance formulations are available: a so 

called conservative and non-conservative formulation. The conservative formulation 

was given by Equation 3.5 in chapter 3.1.3. The non-conservative formulation 

removes the convective term from the divergence operator in Equation 3.5, which 

gives more stability to systems coupled to momentum balances. It should only be 

applied to systems that contain incompressible or slightly compressible fluids, 

because the continuity equation, as introduced with Equation 3.4, is already satisfied 

for such coupled systems. However, this validity of the continuity equation is only 

given for fluid elements when coupled to the momentum balance and therefore for 

dissolved species in the fluid. Considering now the flow of flocs, u  has to be chosen 

to denote the actual floc velocity vector Fu , as introduced in chapter 3.3.9. 

Accordingly, the continuity equation has to be solved again for the velocity 

components of flocs to achieve mass conservation. Hence, the conservative form 

was used as presented with Equation 3.5. For additional information refer to 

COMSOL AB (2006A) and COMSOL AB (2006B), for instance.  

Accounting for the floc volume concentration φF, the floc velocity vector Fu  as 

introduced in chapter 3.3.9 and neglecting any reaction Equation 3.5 becomes: 

( ) 0uD
t FFF
F =⋅φ+φ∇⋅−⋅∇+

∂
φ∂

. Equation 3.107

For stationary analysis the term with the time derivative gets dropped. As introduced 

in chapter 3.4.3, the equation system form was set to ‘General’ in case of 

dimensional models, using generally the equation as presented above, and to ‘Weak’ 

for analysing dimensionless models. In the latter case, adoption was performed as 

described in chapter 3.4.3. The used diffusion coefficient was derived by 

superposition of the Brownian diffusion coefficient as introduced in chapter 3.3.5 and 
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the shear induced diffusion coefficient as introduced in chapter 3.3.6 to account for 

the diffusion of flocs. This superposition delivers: 

⎥⎦
⎤

⎢⎣
⎡ +φγ+

⋅η⋅π⋅
⋅

=+ φ⋅ F8.82
F

2
F

F

B
SiDBD e

2
11a

3
1

a6
TkDD . Equation 3.108

3.4.5.1 Model boundaries 

The software package offers several boundary conditions, but only those are 

discussed here which were applied in the model. For additional information about the 

boundary conditions refer to the software users guides, i. e. COMSOL AB (2006A) 

and COMSOL AB (2006B), for instance. Boundary 1 still represents the axial 

symmetry of the capillary and the condition was set to: 

r 0= . Equation 3.109

At the inlet, boundary 2, the boundary condition was chosen to account for an 

imposed mass flux condition with:  

0i NnN =⋅ , Equation 3.110

where N0 denotes the boundary source term. The condition at boundaries 3, 5 and 6 

were set to the so called insulation/symmetry condition, given with: 

0nNi =⋅ . Equation 3.111

Here, no particulate and colloidal matter will be transported perpendicular to the 

boundary to the inside nor the outside but is allowed to move along the boundary. 

This condition was chosen for the dead-end and for boundary 5. The latter one 

defines that no floc will enter the capillary at radial coordinates smaller than the 

dimensionless distance *
FMδ  between the flocs centre of mass and the membrane 

wall. If the capillary will be driven in cross-flow mode, boundary 3 and 6 will be set to 

convective flux with: 

( )FD n 0− ∇φ ⋅ = . Equation 3.112
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The condition at boundary 4 was set to continuity, i. e. there is no change in transport 

of matter along boundary 4 from subdomain 1 into subdomain 2, compare Figure 

3.13. This condition can be expressed as: 

( ) 0NNn 2,i1,i =−⋅ , Equation 3.113

whereas 1,iN  and 2,iN  represent the mass flux vectors of species i in subdomain 1 

and subdomain 2 respectively. The condition at boundary 7 was set to convective 

flux with: 

( )FD n 0− ∇φ ⋅ = . Equation 3.114

This condition was chosen to account for the high Péclet numbers in the modelled 

domains. The Péclet number is a dimensionless number, defined as the product of 

the Reynold and Schmidt numbers as: 

D
dvScRePe CF ⋅

=⋅= , Equation 3.115

and describes the ratio of convective to diffusive transport. Due to the high velocities 

and the low diffusion coefficients used in the model, convective transport of the flocs 

is far more dominant than diffusive transport. Calculated Pe numbers are in the range 

of 30,000 to 30,000,000. Initially it was intended to choose the boundary condition at 

boundary 7 to be insulating as well to account for a 100 % retention efficiency of the 

membrane wall for flocs. However, this could not be realised due to major problems 

in using FEM to solve the problem numerically. Here, discretisation of convection-

dominated transport problems can introduce instabilities in the solution. Instabilities 

might be detected as oscillations in the studied fields, primarily where steep gradients 

are present. These oscillations can even be large enough to prevent the solution 

from converging. All of these problems result from the poor (mesh) discretisation of 

the continuous equations and are not general properties of the equations 

themselves. As long as any diffusion is present in the problem, there is - at least in 

theory - a mesh resolution beyond which the discretisation is stable. However, in 

most cases the mesh size is determined by available memory in the computer used 
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for the simulation, which implies that a given mesh cannot always properly resolve 

small-scale effects. As a rule of thumb for sizing the initial mesh in dimensionless grid 

scale one should use 1/Pe (email correspondence with Prof. Will Zimmerman). 

Inserting the Pe numbers mentioned above, this would result in extremely fine 

meshes, not able to be dealt with by the used computer hardware. To address this 

problem, COMSOL Multiphysics offers several stabilisation techniques, available to 

handle local numerical instabilities without the need for mesh refinement. These 

techniques can all be grouped under the name artificial diffusion (artificial viscosity or 

numerical diffusion/viscosity are also commonly used terms). However, in this work 

stabilisation was usually done where needed by using the build-in function of the so 

called compensated Petrov-Galerkin method, which introduces artificial diffusion 

along the streamlines. It operates on the test functions of the variables solved for, 

and, theoretically, does not change the original problem. This is all true in theory, but 

in practice the solutions might be somewhat smeared out along the streamlines. For 

more information about stabilisation techniques please refer to the software users 

guides, i. e. COMSOL AB (2006A) and COMSOL AB (2006B), for instance. However, 

the condition of convective flux was chosen to minimise numerical instability during 

the calculations and to find convergence during modelling. Physically, particulate and 

colloidal matter will not be modelled to accumulate after being deposited, but to leave 

the capillary at the membrane wall. Because the interest is set in describing 

accumulation of flocs at the membrane wall, the resulting mass flux will be integrated 

along boundary 4 to calculate the accumulated mass of particulate matter through 

this boundary. The accumulation can then be used to calculate the height of the 

fouling layer, see chapter 3.5.3. 

3.4.6 Determination of fouling layer formation 

While filtering the feed suspension, foulants are retained and accumulated at the 

membrane wall. This causes the formation of a concentration polarisation layer and 

of a coating layer as illustrated in Figure 3.15. 
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Figure 3.15: Schematic diagram of the concentration polarisation and fouling layer 
inside the capillary lumen (capillary driven in dead-end mode) 

Here, δCP and δCL represent the thickness of the concentration polarisation and the 

coating layer, respectively. Particles or flocs with a bulk volume concentration φ0 are 

carried from the bulk to the membrane surface, initially establishing a concentration 

polarisation layer. The coating layer is characterised by a vanishing gradient of the 

volume concentration (or porosity) with respect to rC-r and forms between the 

membrane surface and the concentration polarisation layer. Generally, both layers 

will act as resistance, i. e. RCP and RCL, in opposition to the driving force, inhibiting 

the transport of water across the membrane. The combined resistance can be 

described together with the intrinsic membrane resistance RM by the resistance in 

series model as the total resistance RTot as introduced in chapter 2.1.5. However, it is 

difficult to determine the coating layer resistance independently of the concentration 

polarisation resistance, making it easier to lump these into one, i. e. fouling layer 

resistance RFL in the following. Further, in the presence of a coating layer, the 

concentration polarisation layer resistance is assumed to become negligible and 

transient flux decline mainly results from the increasing thickness of the cake layer. 

Hence, considering long term operation Equation 2.7 satisfies to characterise the 

resulting total resistance, even if RCP vanishes. The thickness of the fouling layer δFL 

can be expressed as the integral of the mass flux, which is the deposition rate of the 

flocs due to their convective transport onto the membrane wall with: 
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( ) ( ) tdzzu F

t

0
FFL φ⋅=δ ∫ . 

Equation 3.116

Integration of Equation 3.116 over filtration time delivers the fouling layer thickness. 

As mentioned in chapter 3.4.5, this will be realised by integrating the convective floc 

flux through boundary 4 over time. A user specified PDE was introduced in the model 

to account for this additional step by solving numerically Equation 3.116 as 

FF
FL u
t

φ⋅=
∂
δ∂

. Equation 3.117

The PDE is calculated over the entire domain and linked to boundary 4 by 

introducing a so called boundary extrusion coupling variable, see chapter 3.4.1. The 

deposited fouling layer will increase with time and therefore, flux will decrease as the 

thickness of the layer increases. The resulting resistance RFL of this layer can be 

calculated as the ratio of its thickness and permeability coefficient kFL with: 

( )
FL

FL
FL k

tR δ
= . Equation 3.118

Assuming a homogeneous fouling layer structure, the fouling layer permeability 

coefficient kFL can be calculated based on the Happel model as introduced and 

discussed in chapter 3.2.1, using the hydrodynamic floc ahF size as primary particle 

size. Other authors, e. g. ALTMANN AND RIPPERGER (1997), SONG (1998), KIM AND 

HOEK (2002), HOEK AND ELIMELECH (2003) and LEE ET AL. (2003) often apply the 

Carman-Kozeny model to describe the permeability coefficient of the formed fouling 

layer. Figure 3.16 shows the difference between both models over the investigated 

fouling layer porosity range from 0.26 to 0.74. The results delivered by the Happel 

model will be larger than the results delivered from the Carman-Kozeny model up to 

a fouling layer porosity of ε = 0.58 and smaller for larger porosities. At the minimum 

porosity of ε = 0.26 the difference was calculated to be approximately 11.5 % and at 

the maximum porosity of ε = 0.74 approximately 24.6 %. 
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Figure 3.16: Permeability coefficient kFL based on the Happel and the Carman-Kozeny 
model respectively vs. porosity of a layer of flocs of radius aF = 29.47 µm 

However, the total resistance RTot can be expressed as: 

( )
FL

FLM
Tot k

t
V

pAR δ
+

⋅η
Δ⋅

= . Equation 3.119

If the system is driven at constant flux operation, then the applied pressure needs to 

be increased as the thickness of the fouling layer increases to maintain constant flux. 

To account for this, the flow field can be recalculated, delivering a new fluid flow field 

influenced by the actual fouling layer thickness. Hence, the fluid flow field will be 

calculated in parallel to layer formation, delivering transient solutions for the 

influenced fluid flow field, resulting in different floc trajectories, accompanied with 

changes in formation of the fouling layer as will be shown and discussed in 

chapter 3.5.3. Please note that the model does not account for compressibility of the 

formed fouling layer nor single floc aggregates, even this was observed within this 

work and others, LEE ET AL. (2003) or GITIS ET AL. (2005) for instance. This will be 

briefly discussed in chapter 3.5.3 too. 
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3.5 Results of the theoretical considerations and modelling 

The delivered results of the numerical calculation for the determination of the initial 

steady state fluid flow field, the floc transport and fouling layer formation and resulting 

transient flow field are shown and discussed in the following. Furthermore, different 

flow fields and different capillary alignments, i. e. horizontal or vertical, etc. are 

compared to visualise the influence of some parameters, like different fluxes, floc 

porosities and sedimentation effects for instance. In the following, the type of 

illustration used for presenting the floc trajectories was chosen to be in 2D at a 

certain section plane within the capillaries geometry. The section plane considered 

here is spanned by the complete capillary length and radius at ϕ = 270°, i. e. below 

the symmetry axis at r = 0 as indicated in Figure 3.17.  

 

Figure 3.17: 2D section plane for illustration of trajectories 

Generally, horizontal aligned capillaries are considered. If other alignments of the 

capillaries are discussed, it will be additionally mentioned. For purposes of clarity, the 

direction of the acting gravity was introduced in the figures too. However, the 

considered section plane in these cases is similar to the one shown above. In the 

figures, the dimensionless capillary radius is usually considered as abscissa. Hence, 

the floc trajectories usually start at the bottom line and will end at the right hand side, 

i. e. the membrane wall, in the following 2D plots.  

3.5.1 Initial fluid flow field 

The initial fluid flow fields discussed in the following are generally from dead-end 

operated single capillaries, driven with a flux of 80 L/m²/h if not stated otherwise. The 

flow fields base further on constants and parameters as introduced in chapter A.11 in 
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the appendix. Figure 3.18 presents the initial 2D axial symmetric flow field and fluid 

streamlines in a single membrane capillary driven in dead-end mode. The colour-bar 

at the right hand side represents the fluid flow field velocity from blue to red with 

increasing values.  

  

Figure 3.18: Axial symmetric velocity field and fluid flow streamlines 

For example, the minimum velocity of 0 m/s, indicated with ‘Min’, will be found at the 

end of the capillary axis at the dead-end, i. e. z/SZ = 1 and r/SR = 0. The maximum 

velocity of 0.222 m/s, indicated with ‘Max’, will be found at the capillary axis at about 

z/SZ = 0.0049 and r/SR = 0. Figure 3.18 indicates further some constriction of the 

fluid flow streamlines directly after entering the capillary. In this example, the fluid 

enters the capillary with constant fluid velocity over the complete capillary radius and 

a laminar flow profile will be developed as introduced in chapter 3.1. The start up 

length for the development was found to be smaller than 0.5 % of the total capillary 

length as shown in Figure A.16, approximately 6 times smaller than predicted by 

Equation 3.2. For this reason it was decided to model the flow into the capillary with a 

laminar flow profile in the following, giving the numerical model more robustness. 

Min

Max
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The calculated flow field velocity can be further used to validate the accuracy of the 

numerical model by integration of the velocity on boundary 2 and 5, i. e. the capillary 

inlet and boundary 7, i. e. the capillary membrane wall. The integration of the surface 

integrals deliver the volume flow through the boundaries and can be used to control if 

no volume of the fluid is ‘lost’. Integration of the surface integral on boundary 2 and 5 

delivers 5.585054·10-8 m³/s and 5.585529·10-8 m³/s on boundary 7. Because the 

difference of the result is smaller than 0.009 % mass conservation can be assumed. 

If coarser meshes are used the difference may increase but is usually much smaller 

than 0.1 %. 

Figure 3.19 and Figure 3.20 show the radial and axial fluid velocity, u and v 

respectively, within the capillary, represented as contour plots of the dimensionless 

model. The colour-bar at the right hand side of the figures indicates the velocity 

isolines, i. e. lines of equal velocity, which are also indicated at the isolines 

themselves. As illustrated in Figure 3.19, the radial velocity u increases with closer 

distances to the wall. The radial velocity u at the capillary centre was found to be 

zero. Further, a line of local maxima develops as function of the axial coordinate z at 

about r/SR = 0.8. The values of these maxima are higher at the capillary inlet rather 

than at its end. This was found for different fluxes at the same radial position r/SR 

too, whereas the values of the maxima increased with increased fluxes and 

decreased with decreased fluxes. Figure 3.20 indicates the developed laminar flow 

profile inside the capillary lumen. The axial velocity is highest at the capillary centre 

and decreases with capillary length until it becomes zero at the dead-end of the 

capillary. The velocities are always twice as high at the capillary axis as the average 

longitudinal velocity as is typical for laminar pipe flow. 
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Figure 3.19: Radial velocity contour plot 

  

Figure 3.20: Axial velocity contour plot 
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The laminar flow profiles and velocities at a flux of 80 L/m²/h are illustrated in Figure 

3.21 on the left hand side too, presenting the axial velocity vs. dimensionless 

capillary radius at different axial length coordinates. The right hand side of Figure 

3.21 shows the axial velocity v at the capillary symmetry axis for different modelled 

fluxes vs. the dimensionless capillary length z/SZ. The fluxes were chosen to vary 

from 60 to 120 L/m²/h in steps of 20 L/m²/h. Of course, the axial velocity at capillary 

inlet increased with increasing flux. A flux increase of 20 L/m²/h will lead to an 

increase of 5.56 cm/s for the axial velocity at capillary inlet. 
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Figure 3.21: Axial velocity v in [m/s] at flux of 80 L/m²/h vs. dimensionless capillary 
radius r/SR at different axial coordinates (left) and at the capillary axis 
along the capillary length z/SZ for different modelled fluxes (right) 

Figure 3.22 shows the radial velocity u and pressure p of the fluid flow at the 

membrane wall vs. length of the capillary for different fluxes. Both are in good 

correlation and there is a 2nd order decrease of them along capillary length, as could 

be derived from regressions of the calculated values. Additionally, there is a very 

small linear change in pressure over the radius, corresponding to static pressure due 

to the dimension of the capillary. The pressure was about 4 Pa, i. e. about 0.04 cm 

water column, higher at the membrane wall than at the capillary axis over the whole 

capillary length. It is further shown, that the generally used TMP approximation, given 

with Equation 2.6, is just quite rough, where it is assumed that the outlet pressure pout 
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at the dead-end of the capillary equals the inlet pressure pin, which is in fact not true, 

even for clean membranes. 
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Figure 3.22: Radial velocity u in [m/s] and pressure p in [bar] of the fluid flow at the 
membrane wall vs. dimensionless capillary length z/SZ 

After transformation of the geometry and velocity components, see chapter A.14, 

additional 3D figures can be plotted, e. g. as given with Figure 3.23 and Figure 3.24 

for the visualisation of the fluid flow inside the capillary. Figure 3.23 shows the 3D 

fluid flow field, comparable to Figure 3.18, combined with an arrow plot in two 

quadrants, representing velocity and direction of the flow magnitude. The flow is from 

the left to the right as indicated by the colour of the axial velocity, which increases 

from blue to red, showing again the typical flow pattern for laminar pipe flow. Figure 

3.24 shows a streamline plot inside the capillary to visualise the trajectories of certain 

fluid flow elements. The flow is from the rear left to the front right, length and radius 

of the capillary are dimensionless. It is shown that fluid elements entering the 

capillary at the neighbourhood of the capillary axis will be transported towards the 

dead-end and leaves the system close to it. Further, no gravity effects are visible, 

hence assuming only negligible influence of gravity on the flow of the fluid elements.  
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Figure 3.23: Velocity flow field and arrow-plot of the velocity inside the capillary 

 

Figure 3.24: Fluid flow streamlines inside the capillary 
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3.5.2 Floc transport 

The forces and velocities derived and presented in chapter 3.3 can be used to 

determine the floc trajectories. The used constants and initial parameters are 

summarised in Table A.2, Table A.3 and Table A.4 in the appendix if not stated 

otherwise in this work. Furthermore, the alignment of the capillaries is always 

horizontal if not stated otherwise. The trajectories can be calculated starting from any 

position within the capillary, even backward integration is possible. Floc 

agglomeration along the trajectories is not considered but will be discussed in 

chapter 3.5.2.4. Further, there is initially no affection on the modelled flow field by 

motion of the flocs. Therefore, the results shown here are neither influenced by floc 

concentration at the membrane wall nor inside the lumen, hence representing initial 

conditions at start of operation. The influence of increasing floc concentration within 

the capillary and floc deposition, resulting in change of the acting resistance against 

fluid flow, on the trajectories of following flocs will be considered and discussed later. 

However, the discussed points are valid for both, initial and dynamic transport 

behaviour. Generally, the findings obtained by the developed model are in strong 

agreement with findings shown by CHELLAM AND WIESNER (1992), SONG AND 

ELIMELECH (1995) and PANGLISCH (2001) for instance. 

The convective transport of dissolved and colloidal matter up to particulate micro 

sized flocs can be generally described according to the transport of fluid elements 

and will therefore follow the fluid streamlines as shown in chapter 3.5.1. Figure 3.25 

illustrates the trajectories of micro flocs with radius aF = 0.5 µm inside the capillary, 

driven in dead-end mode. Due to this flow behaviour, the complete inner surface of 

the capillary will be fouled by micro flocs, if the membrane is able to retain them. 

However, the resulting fouling layer may vary in height over the capillary length and 

estimation will be discussed in the following. The imposed mass flux of micro sized 

flocs into the capillary depends on the fluid flow rate and the floc volume 

concentration. The latter one was assumed to be constant over the capillary cross 

section area, whereas the flow rate depends on the radial position due to the laminar 

flow profile and hence on velocity and considered cross section area. The flow rates 

can be obtained by boundary integration as introduced in chapter 3.5.1. 
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Figure 3.25: Floc trajectories of micro flocs of size aF = 0.5 µm inside the capillary 
driven in dead-end mode 

Considering exemplarily the inlet sections spanned by trajectory pairs starting at the 

radial position of r/SR = 0 and r/SR = 0.1 as well as r/SR = 0.5 and r/SR = 0.6, the 

boundary integration delivered volume flow rates of 1.1·10-9 m³/s and 8.5·10-9 m³/s, 

respectively. It has to be mentioned that the distances in between the radial starting 

positions of the trajectory pairs were equal but not their spanned area of the front 

section as illustrated in Figure 3.26, which were found to be 1 % and 11 % of the 

complete available front section of the capillary. Further, the different fluid velocities 

due to the laminar flow profile were considered, being approximately 30 % higher at 

the front section area 0 - 0.1 than at the front section area 0.5 - 0.6. Nevertheless, for 

an estimation of the formed fouling layer height the mass flux towards the membrane 

wall has to be approximately determined. Therefore, it is necessary to know the floc 

volume concentration and the floc velocity at the membrane wall. Again, the fluid 

volume flow could be determined by boundary integration over certain areas. The 

area chosen was the projected surface ring area, indicated in red in Figure 3.26, 

spanned by the pairs of floc trajectories. It can be seen that the surface ring section 

area 0 - 0.1 is much smaller than the surface ring section area 0.5 - 0.6. However, 

boundary integration delivered values for the fluid volume flow through the section 

ring areas of about 1.14·10-9 m³/s through area 0 - 0.1 and 8.43·10-9 m³/s through 
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area 0.5 - 0.6, respectively. Hence, the radial fluid velocities were calculated with 

2.06·10-5 m/s at area 0 - 0.1 and 2.19·10-5 m/s at area 0.5 - 0.6, respectively. The 

floc volume concentrations were estimated by a simple mass balance of the mass 

flux within the outlined areas. They were found to be approximately 10 m³/m³ at area 

0 - 0.1 and 6.7 m³/m³ at area 0.5 - 0.6, respectively. Please note that no restrictions 

with respect to packing density etc. were used within this estimation. Considering the 

above, it can be estimated that the formed fouling layer height will be approximately 

30 % higher at the surface ring section area 0 – 0.1 than at area 0.5 – 0.6. Generally, 

assuming a (developing) laminar flow profile at the capillary inlet, the formed fouling 

layer will be higher for longer distances to the inlet. This effect is due to the curvature 

of the velocity profile with its highest velocity at the centre line. Hence, the mass flux 

brought into the system will be also highest at the centre line, assuming constant floc 

volume concentrations. However, influences caused by floc transport over time, e. g. 

increase of TMP and resulting fluid flow, were not included in this estimation. These 

effects may essentially influence floc transport and deposition and possibly causing a 

more homogenously formed layer height, compare chapter 3.5.3.  

 

Figure 3.26: Resulting surface ring areas, indicated in red, and front section areas, 
indicated in shaded blue, spanned by pairs of floc trajectories at a radial 
starting position of r/SR = 0 and r/SR = 0.1 as well as r/SR = 0.5 and 
r/SR = 0.6  



3.5 - Results of the theoretical considerations and modelling 

 87  

If the floc size is increased to radii larger than a certain ‘limiting radius’, the transport 

behaviour will change even under the same flow conditions and physical properties 

and an equilibrium trajectory will be developed where individual trajectories merge 

into one, compare Figure 3.27. At the equilibrium trajectory, the acting forces directed 

towards the membrane are equalised by forces directed away from the membrane 

wall towards the capillary axis. The corresponding limiting floc radius can be 

determined by balancing the radial velocity component of the floc. For being 

deposited all-over the capillaries membrane wall, the radial velocity has to be always 

larger zero along the complete capillary length. The first radius which does not fulfil 

this inequality is called the limiting radius and was calculated to be aF = 3.27 µm for 

the given flow conditions and physical properties. This effect is due to the acting 

repulsive forces, which usually increase with increasing floc sizes, closer distances to 

the membrane wall and increasing longitudinal flow velocities. The developed 

theoretical model shows that this is mainly caused by lateral migration.  

Figure 3.27 illustrates calculated floc trajectories of small flocs with radius aF = 5 µm, 

just a bit larger than the limiting radius, whereas the right hand side of Figure 3.27 

shows a display detail at the membrane wall of the same trajectories. It has to be 

pointed out that the shown trajectories represent the moving centre of mass of the 

flocs. The dashed red line at the right hand side indicates the distance of the centre 

of mass to the membrane at contact as explained in chapter 3.4.2. For smaller floc 

sizes this equilibrium trajectory can be usually found at closer distances to the 

membrane wall, approaching the wall only slightly until deposition occurs. This is due 

to the arising floc wall interactions such as repulsive double layer forces and lateral 

migration as described in chapter 3.3. In case of dead-end mode this equilibrium 

trajectory is usually much closer to the wall than in cross-flow mode operation, as 

shown by CHELLAM AND WIESNER (1992), likely due to the higher local maximum 

longitudinal fluid flow velocities. In contrast, fluid elements are not exposed to those 

interactions and additional forces, and hence their streamlines are approaching the 

membrane wall directly as indicated by the blue dotted lines in the figures. Due to the 

equilibrium trajectory, flocs of radius 5 µm will be deposited at the membrane only 

after passing approximately the first 61 % of its length; i. e. only 30 % of the 

membrane area is used for deposition of flocs of this size. 
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Figure 3.27: Floc trajectories of small flocs (aF = 5 µm, black lines) and fluid 
streamlines (blue dotted lines) inside the capillary driven in dead-end 
mode (left) and display detail (right) 

The effect of an increased floc radius can be seen in Figure 3.28, where the 

modelled floc radius was increased to aF = 10 µm (left) and 29.47 µm (right) 

respectively. The front contact point, i. e. the longitudinal coordinate where contact 

between the equilibrium trajectory and the membrane occurs is shifted more inwards. 

Further, due to the increased floc size the equilibrium trajectory is moved away from 

the membrane wall towards a position closer to the capillary axis, eventually towards 

a position at approximately two thirds of the capillary radius for flocs of 30 µm in 

radius. For further increased floc sizes, this position will be located eventually 

at r/SR = 0.622, which is in very good agreement to the findings of SEGRÉ AND 

SILBERBERG (1962A), see chapter 3.3.7. Figure 3.28 right hand side shows that all 

flocs entering the capillary, independent of their starting radial position at the inlet, 

will merge a final equilibrium trajectory and travel along it until deposition occurs at 

the rear lumen end. Hence, most of the membrane area is initially not affected by floc 

deposition of larger flocs.  
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Figure 3.28: Floc trajectories of flocs with radius aF = 10 µm (black lines), (left) and 
with radius aF = 29.47 µm (black lines), (right) and fluid streamlines (blue 
dotted lines) inside the capillary 

An additional effect occurs at the dead-end of the capillary. Flocs entering the 

capillary at its axis will not reach the rear end of the capillary but will contact the 

membrane wall at closer distances to the inlet, called rear contact point in the 

following. The developed theoretical model shows that this behaviour is mainly 

caused by lateral migration, because larger flocs will be exposed to lateral forces 

towards the membrane wall in the neighbourhood of the capillary axis, compare 

chapter 3.3.7. Additionally, sedimentation forces acting towards the membrane wall 

play a decisive role with increasing floc size too, see chapter 3.5.2.2. However, the 

distance between dead-end and rear contact point increases with increasing floc 

radius, see Figure 3.28 (left), until all incoming flocs will be forced to merge the 

equilibrium trajectory as can be seen in Figure 3.28 (right). This is also illustrated in 

Figure 3.29, which shows the axial distances from the capillary inlet of modelled front 

and rear contact points vs. increasing floc radii. Hence, Figure 3.29 illustrates a 

summary of calculated expectations for the front and rear contact points of the floc at 

the membrane wall. The difference between rear and front contact point gives the 

length of capillary area theoretically available for initial deposition for flocs of certain 
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size. But, the loss in membrane area available for deposition is mainly governed by 

the front contact points. Immediately after exceeding the limiting floc radius of 

aF = 3.27 µm the available length for deposition will decrease and the front contact 

points will be shifted towards the capillary end. 
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Figure 3.29: Front and rear contact points at dimensionless axial distance to capillary 
inlet vs. floc radius aF in [µm] 

If the flocs are larger than 10.55 µm in radius, all flocs will be merged together and 

only one equilibrium trajectory will come into contact with the membrane wall, of 

course under the given flow conditions and properties. This means that all flocs 

entering the capillary, independent of their radial starting position at capillary inlet, will 

be deposited theoretically at one single point at the membrane wall. This expected 

point will be shifted towards the dead-end with increasing floc size. 

Considering not only a section plane in 2D but the 3D geometry of the capillary, the 

calculated expectations will form a ring at this certain point or area. If gravity acts 

perpendicular to the length coordinate, i. e. a horizontal aligned capillary, 

sedimentation effects will deform this ring to a ring section as discussed later in 

chapter 3.5.2.2 
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3.5.2.1 Influence of DLVO forces 

Beside floc radius and dimensionless distance to the membrane wall, the values of 

the acting DLVO forces are mainly influenced by the surface potential of the 

membrane materials and flocs, the ion concentration present in the water and the 

Hamaker constants between the flocs and/or the flocs and the membrane as shown 

in chapter 3.3.8. The influences by the mentioned parameters are very complex and 

values are not always exactly known, making it nearly impossible to derive accurate 

quantitative predictions. Furthermore, crucial information like surface roughness of 

the membrane and shape of the floc are usually not available and are substituted by 

simplified considerations and assumptions. For example, a spherical, rigid particle or 

floc interacting with a flat plate has a well defined area of interaction and minimum 

separation distance, see chapter 3.3.8. However, a floc, which is usually not ideally 

spherical, approaching a rough surface, such as a porous membrane, may interact 

with a roughness peak, a flat planar area or a roughness valley. This leads 

unavoidably to local variations of the interaction energy, which might be locally 

smaller or higher than the expected sphere-plate interaction profile, whereas the 

magnitude of the average interaction energy profile is reduced (HOEK AND AGARWAL 

(2006)). Nevertheless, influences caused by variations of the above mentioned 

parameters, by coagulation for instance, can be considered and discussed 

qualitatively, which will be done briefly in the following. 

Considering DLVO forces between an interacting floc and membrane wall it will not 

come to deposition as long as repulsive forces are dominant and higher than the 

local flow forces including lateral migration forces acting on the floc towards the 

membrane wall, resulting in formation of an equilibrium trajectory close to the 

membrane. Theoretically, this would lead to a transport of the floc to the rear end of 

the capillary, see Figure 3.30 (right) and Figure 3.31, nearly independent of its size 

(PANGLISCH (2001)) under favourable conditions. The equilibrium trajectory runs 

through the centre of mass of the considered flocs and will be therefore closer to the 

membrane wall for smaller flocs than for larger flocs, even if the distance between 

the flocs outer surface to the membrane wall is identically for all floc sizes. Hence, in 

case of attractive DLVO forces, the limiting radius will not be significantly heightened 

because DLVO forces are genuine short distance forces and larger flocs will not 
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come into any interaction with DLVO forces until they are just to be deposited at the 

membrane wall. In comparison to hydrodynamic flow forces, values of the DLVO 

forces are independent of the distance to the capillary inlet, depending on the radial 

distance of the surfaces only. Deposition will only occur if the flow forces are high 

enough to overcome repulsive Double-Layer forces, transporting the floc into ranges 

where attractive van der Waals forces are dominant. Hence, low surface potentials 

and high Hamaker constants are favourable for deposition of flocs on the membrane 

surface, as can be seen in Figure 3.30. Here, the effect of different floc surface 

potentials is illustrated, whereas the surface potential of the membrane and the 

Hamaker constant was kept constant with – 15 mV and H132 = 2.63·10-19 J 

respectively, representing the interaction of iron hydroxide and PES across water. 

0.618

0.6181

0.6182

0.6183

0.6184

0.6185

0.6186

0.6187

0.6188

0.98725 0.98730 0.98735 0.98740 0.98745 0.98750

dimensionless capillary radius r/SR

di
m

en
si

on
le

ss
 c

ap
ill

ar
y 

le
ng

th
 z

/S
Z

Stern potential floc 0 mV
Stern potential floc -12 mV
Stern potential floc -20 mV
Stern potential floc -60 mV

 

0.6188

0.618805

0.61881

0.618815

0.61882

0.98725 0.98730 0.98735 0.98740 0.98745 0.98750

dimensionless capillary radius r/SR

di
m

en
si

on
le

ss
 c

ap
ill

ar
y 

le
ng

th
 z

/S
Z Stern potential floc 0 mV

Stern potential floc -12 mV

Stern potential floc -20 mV
Stern potential floc -60 mV

 

Figure 3.30: Floc trajectories of flocs with radius aF = 5 µm for different floc surface 
potentials (left) and display detail (right)  

Considering the surface potentials and Hamaker constants as system immanent, 

deposition will be facilitated by higher ion concentrations present in the water due to 

compaction of the double layer as illustrated in Figure 3.31. The amount of ion 

concentration is represented as hardness of the water, whereas the chosen values 

range from very soft to very hard waters, theoretically from 1.121 °dH (20 ppm 
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CaCO3) to 112 °dH (2000 ppm CaCO3). In practice, the hardness of potable water 

should be in the range between 0.89 mmol/L (5 °dH) and 4.46 mmol/L (25 °dH). For 

the lowest ion concentration shown, an equilibrium trajectory will be developed and 

the floc will not be transported towards the membrane because the repulsive double 

layer forces could not be exceeded by the acting flow forces. With increasing ion 

concentration the double layer will be compressed, hence its effective range of 

interaction is reduced and the flow forces will be able to bring flocs into positions 

where attractive van der Waals forces become dominant, finally resulting in 

deposition. 
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Figure 3.31: Floc trajectories (display detail) of flocs with radius aF = 5 µm for 
different ion concentrations, indicated as hardness and indication of 
range of the characteristic wavelength of interaction floc/membrane wall  

The qualitative influences discussed above are of course also applicable considering 

coagulation. Due to coagulation, primary particles were embedded into (iron) 

hydroxide flocs, accompanied by a change of their surface potential and Hamaker 

constant to values describing the chemical-physical properties of the formed floc 

agglomerate, see chapters 4.1 and 4.2 and Table A.2. The primary particles used in 

the experimental part of this work showed always repulsive DLVO forces as 

illustrated in Figure 3.32. The calculated double layer and van der Waals forces are 
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given in Figure A.14 in the appendix. After coagulation, the formed hydroxide flocs 

showed always attractive DLVO forces, making floc deposition more favourable by 

their lower surface charge and higher Hamaker constants if compared to the values 

of the primary particles. This is additionally enhanced due to the accompanied 

increase of the ion concentration present in the water and therefore double layer 

compaction. Furthermore, the average radius of the formed flocs will be 2.4 times 

larger than the radius of their primary particles, see chapter 4, increasing the 

affective radius and therefore DLVO forces, making deposition even more favourable 

as illustrated in Figure 3.32. 
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Figure 3.32: DLVO force between floc and membrane wall and between primary 
particle and membrane wall vs. distance of the surfaces for different and 
equal sized floc and primary particle radii (Left: aF = 29.47 µm, 
aP = 12.25 µm; Right: aF = aP = 5 µm) 

3.5.2.2 Influence of sedimentation 

Floc agglomerates in this work are usually considered to be slightly denser than the 

fluid with a relative density of 1.05, comparable to activated sludge flocs (SEARS ET 

AL. (2006). In case of flocs, gravity effects are existent and relatively small but will 

become more significant for increasing floc sizes, see Figure 3.33, Figure 3.34 and 

Figure 3.35 (left). As a result, the trajectory field is not rotation-symmetric along the 
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capillary axis anymore within the horizontal aligned capillary, especially not in longer 

ones. This asymmetry will be faster developed and more pronounced if the flocs or 

particles to be modelled become much denser than the fluid, for example quartz 

particles. For comparison see Figure 3.35 (right), here modelled with a relative 

density of 2.65. Depending on the radial position of the flocs, gravity effects will 

amplify or dampen the effects caused by lateral migration. Smaller flocs, here of 

radius 5 µm, will still be deposited at the upper part (r/SR from 0 to -1), i. e. above the 

symmetry axis of the horizontal aligned capillary, compare Figure 3.17, because the 

density difference is small and because the flow field is strong enough. This can be 

seen in Figure 3.35, left hand side, where gravity acts from the left to the right and 

the rotation-symmetry axis is indicated as red dotted line at r/SR = 0. Further 

calculation showed that this behaviour declines with increasing floc size. For an 

increasing floc size more and more flocs will not be able to stay in the upper part, 

being transported into the lower part (r/SR from 0 to 1), i. e. below the symmetry axis 

of the horizontal aligned capillary, and will be deposited there. It was found that 

nearly no flocs will be retained by the upper part of the membrane capillary for flocs 

with a radius larger than approximately 14.75 µm under the given flow conditions, 

compare Figure 3.33. Here, the flow is from the rear to the front and gravity acts from 

top to bottom. The diameter of the tubes was scaled to the modelled floc radius 

aF/SR and the colour bar at the right hand side of each plot indicates the floc velocity. 

Due to repulsive DLVO forces and sedimentation, the flocs will slide close to the 

membrane wall along its surface to the bottom. If the floc radius is increased further 

even areas of the lower capillary part will not be available for floc deposition and the 

flocs will finally merge for deposition at the rear end into one trajectory at the bottom 

of the capillary.  
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Figure 3.33: Floc trajectories of flocs with radius aF = 14.75 µm (scaled to floc radius 
aF/SR) 

 

Figure 3.34: Floc trajectories of flocs with radius aF = 29.47 µm (scaled to floc radius 
aF/SR) 
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The influence of increasing density is illustrated in Figure 3.35, right hand side, where 

trajectories of spherical quartz particles of radius aQP = 5 µm are modelled. Here, the 

trajectories indicate that nearly no particle will be collected at the upper part of the 

capillary. The particles will be transported into in the lower part (r/SR from 0 to 1) of 

the capillary, being deposited along the membrane wall. Nevertheless, equilibrium 

trajectories close to the membrane wall will be developed in both cases, whereas an 

equilibrium trajectory will be found only at the lower capillary part for high densities.  
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Figure 3.35: Floc trajectories of flocs with radius aF = 5 µm, rel. density of the flocs 
set to 1.05 (left) and trajectories of quartz particles with radius 
aQP = 5 µm, rel. density of the quartz particles set to 2.65 (right) 

Hence, even particles with high densities will be transported deeper into the capillary, 

here approximately to a position of the front contact point of z/SZ = 0.51, as indicated 

by the blue dot in Figure 3.35, but due to the higher density and resulting 

sedimentation force not as far as flocs. The front contact points for flocs are indicated 

at the left hand side, whereas the front contact point at the lower part of the capillary 

was calculated to be z/SZ = 0.61 and at the upper part z/SZ = 0.62. The effect shown 

in Figure 3.35 is due to the increased sedimentation force, supported by an 

increased lateral migration, whereas the influence of the acting DLVO forces was 

kept constant to account for floc properties for comparison reasons. For denser 
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particles there will be a larger shift of the rear contact point towards the capillary inlet 

too, which was found in this calculation to be about z/SZ = 0.74, whereas the shift of 

the rear contact point for flocs was not significant to a position of z/SZ = 0.993.  

Considering a vertical aligned capillary, all forces, including sedimentation will be 

axially symmetric along the axis of rotation, here the z axis, so the trajectory field will 

be axially symmetric as well. The influence of sedimentation is shown in following 

Figure 3.36 and Figure 3.37. Here, floc trajectories are illustrated for flocs with a 

relative density of 1.05 and spherical quartz particles with a relative density of 2.65 of 

the same sizes aF = aQP = 5 µm (left) and aF = aQP = 29.47 µm (right). The symmetry 

axis is on the left hand side of each plot of Figure 3.36 and Figure 3.37 at r/SR = 0. 

Furthermore, the contact points are indicated by blue and red dots, representing flocs 

and quartz particles respectively. Figure 3.36 shows ‘bottom-up’ operation, i. e. 

gravity acts from top to bottom and the fluid enters the capillary at the bottom.  
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Figure 3.36: Trajectories of flocs (rel. density of 1.05) and quartz particles (rel. density 
of 2.65) with radius aF = aQP = 5 µm (left) and aF = aQP = 29.47 µm (right) in 
a vertical aligned capillary, bottom-up operation 

All radially acting forces still play a dominant role, especially lateral migration and 

DLVO forces will cause the development of an equilibrium trajectory, but the effects 

are superposed by sedimentation, acting perpendicular to the radial forces. Denser 
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particles will be transported closer and deposited earlier at the membrane wall, but 

the difference is small for smaller sized flocs/particles and will increase with 

increasing floc/particle size as illustrated in Figure 3.36. The resulting equilibrium 

trajectories of flocs are comparable as in horizontal aligned capillaries, whereas for 

denser particles the area available for deposition would be increased by the use of 

vertical aligned capillaries, because the whole inner circumference of the lumen can 

be used for deposition. 

Figure 3.37 shows ‘top-down’ operation and the plots here are shown as in real 

alignment, i. e. gravity also acts from top to bottom and the fluid enters the capillary 

at the top. In contrast to bottom-up operation, less dense particles will now be 

transported closer and deposited earlier at the membrane wall. The difference is 

quite small for smaller sized flocs/particles but will increase strongly with increasing 

floc/particle size as illustrated in Figure 3.37.  
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Figure 3.37: Trajectories of flocs (rel. density of 1.05) and quartz particles (rel. density 
of 2.65) with radius aF = aQP = 5 µm (left) and aF = aQP = 29.47 µm (right) in 
a vertical aligned capillary, top-down operation 

After exceeding a certain size, which was here found for quartz particles to be 

aQP = 18.04 µm, the particles will still be collected on an equilibrium trajectory but 
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now further transported towards the capillary axis and not towards the membrane 

wall. Finally, they will be retained at the dead-end of the capillary. This behaviour is 

caused by lateral migration and sedimentation as described above. Especially lateral 

migration has a major impact if gravity and flow are acting in the same direction and 

are superposed, compare chapter 3.3.7. Hence, considering less dense flocs, 

transport is comparable as in bottom-up operation of vertical aligned capillaries and 

in horizontal aligned capillaries. However, with increasing density or floc size the 

differences will consequently increase and the transport behaviour will eventually be 

similar as for the denser quartz particles. For example, flocs of size aF = 29.47 µm 

will merge to an equilibrium trajectory but not being transported towards the 

membrane wall for relative densities larger than 1.72. The same behaviour was found 

for flocs larger than aF = 83.9 µm with a relative density of 1.05. 

3.5.2.3 Influence of floc porosity 

The influence of floc porosity on transport behaviour is illustrated in Figure 3.38, 

where just the inner- and outermost floc trajectories and resulting equilibrium 

trajectories within the capillary are shown for flocs of size aF = 29.47 µm with different 

porosities. It can be seen that the resulting equilibrium trajectories are comparable for 

all investigated floc porosities, at least after longer distances to the capillary inlet, 

here after approximately 30 %, where the influence of floc porosity will get small. 

Considering the development of the equilibrium trajectory it can be seen that it is 

developed more slowly if the floc porosity is increased. Flocs starting at a radial 

position close to the capillary axis will merge the equilibrium trajectory faster for lower 

porosities. When the flocs approach the membrane wall, flocs with smaller porosities 

will travel a bit closer along it and are being deposited earlier. This is due to 

sedimentation and lateral migration forces combined with the porosity model as 

introduced in chapter 3.2.2. According to Equation 3.21, the effective hydrodynamic 

radius of the flocs ahF becomes smaller if the porosity is increased. Therefore, high 

porosity flocs behave hydrodynamically like smaller spherical particles. In the shown 

example, the hydrodynamic radii were calculated to be 29.12 µm, 25.76 µm and 

18.66 µm for the shown porosities 0.26, 0.7 and 0.9, respectively. 
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Figure 3.38: Floc trajectories and resulting equilibrium trajectories of flocs 
(aF = 29.47 µm, aP = 12.25 µm) with different porosities (left) and display 
detail (right) 

3.5.2.4 Influence of floc growth 

Within the capillary lumen one should consider further floc agglomeration during 

transport. This effect was neither measured nor modelled but observed during 

experiments within this work and others, HAGMEYER ET AL. (2003) for instance, and 

will be discussed qualitatively in the following. Flocs with radii larger than the limiting 

radius will be forced to travel along merging trajectories and finally in a resulting 

equilibrium trajectory until being deposited. With increasing floc size this will lead to a 

point where all incoming flocs, independent of their radial starting position at the 

capillary inlet, will be forced to merge this trajectory. Furthermore, the larger the size 

the faster all flocs will be forced to merge, but as shown above in Figure 3.38, this will 

be postponed for higher porosities. As a result, flocs will be brought into very close 

and assumably unavoidable contact to each other, being exposed to moderate shear 

rates concomitantly with an increased concentration of flocs on this trajectory. 

PANGLISCH (2001) showed that the concentration on the equilibrium trajectory 

depends on size of the particles. Higher concentrations were found for smaller sized 

particles, whereas even larger sized particles will be concentrated along the 
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trajectory up to the maximum packing density with increasing bulk concentration. If 

contact occurs and larger floc aggregates are formed, they will be immediately 

exposed to the same hydrodynamic conditions as before when they have been 

individual and smaller, resulting in stronger forces acting on the new and larger 

aggregate. This will lead to an additional lateral shift, whereas the direction depends 

on the new size and local position in the capillary. Eventually, the floc aggregates will 

be moved towards the final position of the equilibrium trajectory at approximately 

r/SR = 0.62, resulting in transport downwards towards the dead-end of the capillary 

and in an increased floc concentration in the equilibrium trajectory at this limiting 

radial position. Furthermore, considering a polydisperse size distribution of flocs 

accompanied with their different trajectories during transport, an increase in collisions 

rate, i. e. the number of collisions of flocs, can be furthermore assumed due to 

crossing and/or constriction of trajectory bundles as shown in Figure 3.39. 
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Figure 3.39: Floc trajectories of different sized flocs within the capillary 

According to the conventional coagulation theory and considerations above this 

should lead to floc aggregation by some kind of orthokinetic aggregation (IVES (1978), 

ELIMELECH ET AL. (1995)). The calculated shear rates are illustrated in Figure 3.40 and 

were found to be highest with G = 1100 s-1 at the capillary inlet, directly at the 
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membrane wall due to the no slip condition for the inflowing fluid at this boundary. 

Due to the moderate and axially decreasing shear gradients floc growth will be 

probably more dominant than floc destruction. For longer travelled distances of the 

flocs, this will be especially true for larger floc aggregates, which will be transported 

in areas of lower shear rate, compare Figure 3.39 and Figure 3.40. 

  

Figure 3.40: Shear gradients G in [1/s] within the capillary, driven in dead-end mode 
at a flux of 80 L/m²/h 

3.5.3 Fouling layer formation and resulting transient flow field 

When calculating the fouling layer formation and corresponding layer thickness as 

function of time it came to major convergence problems as previously discussed, 

especially if larger flocs were modelled. This is because of locally arising very high 

floc volume concentrations along the equilibrium trajectory compared to areas in the 

vicinity. Flocs were actually not distributed within the capillary lumen but accumulated 

along the developed single equilibrium trajectory. From FEM point of view, resolution 

of the applied mesh could not be adapted to resolve the sharp gradients to deliver 

acceptable results. Even when artificial diffusion was used to reasonable extent, no 

convergence could be achieved when calculating the dynamic model. Additionally, 

intensified use of artificial diffusion would falsify the results furthermore, compare 
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chapter 3.4.5.1. Figure 3.41 shows exemplarily the stationary solution of the 

calculated floc volume concentration of flocs of radius aF = 29.47 µm at different 

longitudinal coordinates. The position of the peaks depends on the characteristics of 

the resulting equilibrium trajectory, compare Figure 3.28. The floc volume 

concentration increases along the trajectory and gets highest when approaching the 

membrane wall. The contact distance for this floc size is indicated as red dashed line 

at the right in Figure 3.41.  
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Figure 3.41:  Floc volume concentration φF of flocs of radius aF = 29.47 µm vs. 

dimensionless capillary radius r/SR at different dimensionless capillary 
lengths z/SZ (display detail) 

Generally, the floc volume concentration will get highest when the floc velocity 

decreases to its local minimum. Here, a floc will be closer to its neighbouring floc in 

front of its trajectory than to its following neighbour. In radial direction, repulsive 

hydrodynamic forces will increase with decreasing distances to the wall and therefore 

decelerate the floc velocity. Coming into the range of acting DLVO forces, the radial 

floc velocity will be further slowed down or accelerated, depending on the relevant 

algebraic sign. When a floc approaches the membrane wall, the floc volume 

concentration and the concentration gradient will increase first linearly and at closer 

distances exponentially (PANGLISCH (2001)). Concentration will be constant and 
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maximal as soon as the floc is deposited in the fouling layer and the gradient 

vanishes. 

If the floc volume concentration distribution was modelled for smaller flocs, 

convergence could eventually be achieved. Even here, the quality of the modelled 

results is not very high because the applied meshes were still quite coarse for this 

modelling purpose. However, the following will give an overview of results for smaller 

floc aggregates, chosen to illustrate and discuss transient fouling layer formation and 

the according flow field. 
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Figure 3.42: Fouling layer height δFL in [mm] (left) and transmembrane pressure (TMP) 

in [Pa] (right) vs. dimensionless capillary length after different filtration 
times of flocs of radius aF = 5 µm 

Figure 3.42, left hand side, shows the calculated fouling layer thickness δFL at the 

membrane wall after different filtration times resulting from transport of 5 µm flocs. 

The fouling layer starts to develop at a dimensionless capillary length z/SZ of about 

0.75, later than expected by the trajectory analyses with about 0.61, compare Figure 

3.29. This might be due to the mesh quality too, delivering somewhat oscillating 

results, especially in the vicinity of boundary 4 where the largest concentration 

gradients will arise. The illustration in Figure 3.42 indicates further that the modelled 
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maximum height after 30 minutes of filtration was modelled to be δFL = 3.32 mm, 

which is 8.3 times higher than the physical radius of the capillary. According to the 

shown results, the formed fouling layer would have led to a fast formation of a porous 

plug at a dimensionless capillary length z/SZ of about 0.9 after approximately 300 

seconds of operation. With ongoing filtration, additional flocs would be transported 

towards this plug and finally being captured in it, letting the plug grow and probably 

compressing it. Over time, the porosity would therefore decrease and the resistance 

to flow would increase. Finally, this would end after potentially long filtration times in 

a complete clogging of the membrane at this part of the capillary, making the 

membrane area further downstream towards the dead-end unavailable for further floc 

deposition (LERCH ET AL. (2005B)). In reality, this clogging may occur close to the 

dead-end as expected due to the size of the flocs to be filtered, but may also happen 

somewhere else further upstream within the capillary. Both were often experienced in 

laboratory experiments. If the plugs were located at the beginning or middle of the 

capillary it came to a sudden release of the blocked membrane area in most cases 

and it was assumed that the formed plug was pushed towards the dead-end due to 

the increasing pressure (GITIS ET AL. (2005)). However, the model was neither 

equipped to account for compaction of the flocs nor of the fouling layer and further 

not bounded by some geometrical values like the capillary radius. The uncompressed 

height of the layer, as can be seen in Figure 3.42, was utilised as an easy to use first 

estimation for probably occurring layer compaction, assuming that the uncompressed 

layer will offer a comparable resistance to flow than a compressed layer with a 

maximum height equal to the capillary radius. 

The right hand side of Figure 3.42 shows the corresponding TMP along the 

membrane wall, presenting a maximum pressure increase of 0.59 kPa after 30 

minutes of operation. Surprisingly, the results obtained for the TMP are indicating an 

increase over the complete length of the capillary. However, larger differences 

between the initial TMP and the TMP after some filtration time were found to start at 

approximately two thirds of the dimensionless capillary length, corresponding to the 

outcomes of the trajectory analyses. Hence, the results were used for qualitatively 

interpretations. 
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Generally, a fluid will flow through those surface areas of the membrane giving the 

least resistance to its flow. Due to the local pressure increase at surface areas used 

for deposition of floc aggregates of certain size, the fluid will flow through uncoated or 

less coated surface areas. Accordingly, different floc trajectories will be developed 

over time, exemplarily illustrated for certain time steps in Figure 3.43. Here, the 

resulting transient flow field over 30 minutes of filtration of flocs of radius aF = 5 µm is 

presented. The trajectories will be shifted towards the capillary inlet, i. e. towards 

areas less fouled, whereas this shift is larger at areas with increased fouling layer 

height and resulting higher pressure drop, compare Figure 3.42. These findings 

correspond very well with general experiences made in experiments with constant 

flux operation, where the flow rate through upstream surface areas was increased if 

the resistance due to fouling layer formation was increased (GITIS ET AL. (2005)). 
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Figure 3.43: Floc trajectories of flocs with radius aF = 5 µm at different times of 
filtration (left) and display detail (right) 

The influence on the developed equilibrium trajectory was found to be small and the 

front contact point is shifted only very slightly towards the capillary inlet, see Figure 

3.43 (right). Combining the results of the transient model as discussed above with the 

findings and discussions of the previous chapter, one can conclude that fouling layer 

formation will theoretically take place from the end towards the inlet and from the 
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bottom to the top of the capillary in a horizontal aligned capillary. However, this will 

not lead to immediate clogging of the capillary due to the inner porosity of the formed 

fouling layers until this inner porosity is lost due to further added flocs or 

compression. 

Considering the formation of the fouling layer and its porosity one has to consider the 

floc properties such like inner porosity, size and surface charge too, because they will 

have an decisive influence on the resulting fouling layer, not only on the place of 

deposition but also on its formation and porosity. As described in chapter 3.4.6, 

applying the Happel model with Equation A.17 and Equation A.18, the permeability 

coefficient kFL of the formed fouling layer will be generally higher for larger flocs of 

identical porosity, resulting in lower specific resistance of the formed fouling layer. 

This specific resistance will be further reduced for increasing inner floc porosities, 

leading to more constant fluid flow field and therefore floc transport conditions over 

filtration time. 

However, the porosity of the formed fouling layer will be further influenced by near-

field forces between two flocs of equal size approaching each other to form the layer. 

Among other forces, the resulting final distance in this layer will be determined by 

their interacting DLVO forces too. This effect is much more significant for very small 

flocs, such as micro flocs, because all other hydrodynamic forces acting on the flocs 

will be of the same magnitude due to the comparatively same position. If repulsive 

forces are dominant, then there exists a limiting distance where no additional 

approach will be possible, resulting in a porous fouling layer. If the repulsive forces 

are overcome and maybe become attractive, then the flocs might be brought into 

closer contact and form a denser fouling layer, whereas the final porosity is mainly 

influenced by the inner floc porosity. Overcoming repulsive forces is more likely if 

larger floc aggregates are involved, because the difference in their local position 

might be significant and therefore the difference in hydrodynamically acting forces 

might be very large, especially in the neighbourhood of the membrane wall. If the 

acting hydrodynamically forces are higher than the maximum repulsive forces 

between the flocs within the layer, i. e. for higher flux operation for example, the 

distance between the deposited flocs will be minimised and therefore the layers 

porosity too. If the repulsive forces cannot be overcome by hydrodynamic flow forces, 
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then the final limiting distance between two flocs will be independent of their size. 

The resulting free volume, hence porosity, in the layer is then relatively smaller for 

large flocs than for smaller flocs (PANGLISCH (2001)). For instance, PANGLISCH (2001) 

stated that the porosity of a fouling layer formed by 0.1 µm sized particles, with a final 

distance between the particles surfaces of about 10 nm, will be about 0.36, while the 

porosity of a layer formed by 35 µm sized particles and same distance between them 

will be about 0.26. However, due to relatively high flow forces repulsive forces are 

usually overcome, especially due to the lowered double layer forces after coagulation 

and formation of floc aggregates. 

If the flow forces are large, compression of the formed fouling layer will be possible 

and probable. LEE ET AL. (2003) confirmed with their investigations on dead-end MF 

that there is an interaction between floc size and structure and that layers formed of 

smaller flocs are more sensitive to floc structure effects than layers of larger flocs. 

The compressibility of the formed layer was found to be strongly related to the 

applied TMP, particularly for smaller floc sizes. The deposition of porous aggregates 

onto the membrane resulted in the formation and maintenance of porous fouling 

layers, provided a low TMP (< 10 kPa) was applied. At higher TMP (> 60 kPa) rapid 

compression of the layer occurred, indicated by the significantly lower porosity. 

Under high TMP conditions, the layer porosity exhibits strong size dependence with 

larger floc sizes yielding higher porosities. This result may indicate formation of 

relatively impermeable layers with flow around the compressed flocs at higher TMP, 

rather than through them at low TMP. 

Further, large floc aggregates are usually looser, more open in structure than smaller 

flocs, whereas looser flocs are likely to form layers with higher porosities and 

therefore lower resistances than layers made of compact flocs of similar size (LEE ET 

AL. (2003)). From a practical perspective with respect to highly porous fouling layers, 

one can summarise that large, porous flocs, low Hamaker constants, high surface 

potentials, low ionic concentrations and filtration at low TMP will be favourable. 
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4 Experiments 

4.1 Used materials 

4.1.1 UF capillaries 

Single UFC M5 ultrafiltration capillaries of the company X-Flow B. V. with an inner 

diameter of di = 0.8 mm and an average length of about 1 m were used throughout 

the experiments. The capillaries are micro porous and reveal an asymmetric 

structure, are hydrophilic and composed of a blend of polyvinylpyrrolidone and 

polyethersulfone. The company nominates a MWCO of 200 kDa determined on 

dextrans. The established zeta potential of the membrane in water was not measured 

but estimated to be about - 15 mV in the neutral pH range, which is in good 

agreement to values found in literature for polyethersulfone membranes, e. g. ZHAO 

ET AL. (2002), CHO ET AL. (2002) and SOFFER ET AL. (2005). However, the membrane 

structure and/or material revealed some inhomogeneities as observed in the 

experiments by recording high deviations of the initial membrane resistance as 

described in chapter 4.4. 

4.1.2 Primary particles  

Latex particles, i. e. polymer microspheres, were used as primary particles in this 

work. The particles had a nearly ideal spherical shape as exemplarily shown in the 

optical microscope photograph given in Figure 4.1. 

 

Figure 4.1: Optical microscope photographs of the used ABS latex microspheres  
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The used microspheres were made of acrylonitrile butadiene styrene (ABS), a 

thermoplastic which is a copolymer made by polymerising styrene and acrylonitrile in 

the presence of polybutadiene. The average density was measured with about 

1050 kg/m³. The diameters were found to be in the range of 1 - 40 µm as illustrated 

in the cumulative and distributive size distribution in Figure 4.3. The zeta potential 

was measured to be about - 60 mV at neutral pH-values and determined by 

electrophoretic mobility measurements using a Zetasizer 3000 of the company 

Malvern Instruments GmbH. The measured zeta potential of the ABS latex is 

illustrated in Figure 4.2 according to the data provided by NAHRSTEDT (1999). It has to 

be noted that the measurement was performed using Mülheim a. d. Ruhr tap water, 

see NAHRSTEDT (1999) for details. Due to the high negative potential, particle 

agglomeration without coagulation can be essentially neglected and the ABS 

particles were considered as primary particles. 
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Figure 4.2: Zeta potential ζ of the used ABS latex microspheres at different pH-

values (NAHRSTEDT (1999)) 

4.2 Coagulation and floc formation 

Trifloc S, an iron-III-chloride of the company BK Giulini GmbH was used as coagulant 

for the coagulation of the latex suspension with ABS microspheres. The solution 

contains 13.8 weight-% of Fe3+ and 0.3 mmol Fe3+/L were dosed throughout the 
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experiments if not stated otherwise. A concentration of 1 g/L of ABS microspheres 

was used as primary particle concentration and dosed into 1.8 L of Duisburg tap 

water. Coagulation and floc formation was achieved in a 2 L jar equipped with stators 

according to DVGW-ARBEITSBLATT W 218 (1997). After dosing the coagulant, rapid 

mixing and distribution of the small coagulant volume in the jar and fast 

destabilisation was achieved at G values > 1000 s-1 for 30 s using a high 

performance disperser T 25 ULTRA-TURRAX® and S 25 G as dispersing element of 

the company IKA®. The coagulation pH value was set to pH 6 and adjusted with 

0.1 M HCl. Floc formation was achieved by stirring the coagulated suspension with a 

two blade stirrer in the jar at temperature corrected G values of 40 s-1 for 25 minutes. 

Figure 4.3 shows the floc and primary particle size distribution of the suspension at 

the capillary entrance, directly after passing the inlet adapter and the capillary cross 

section area (see also Figure 4.5). 
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Figure 4.3: Distributive q3(x) and cumulative Q3(x) percentage volume distribution of 
the primary particles (ABS) and the floc suspension at capillary entrance 
(error bars represent 99 % confidence interval) 

The size distribution was measured using a laser diffraction particle size analyzer 

LS230 (Beckman Coulter GmbH, Germany). The volume percentage distribution of 
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the used primary particle suspension showed to be typically narrow and the mean 

volume diameter was calculated according to DIN ISO 9276-1 AND 9276-2 (2004) to 

be 24.5 µm. However, the distributive q3(x) distribution of the floc suspension is much 

wider than for the primary particles and showed a second local maximum at 

approximately 110 µm. Hence, it was very difficult to determine just one 

corresponding parameter for the complete description of this distribution. In addition, 

it is obvious that flocs with diameters in between 40 to 160 µm were formed, but that 

the majority of the measured flocs still remain in the same size range as the primary 

particles. This indicates that floc formation took place but further that floc break-up 

occurred after the flocs were exposed to an increased shear rate when entering the 

capillary lumen and passing the inlet adapter. This was confirmed by comparing the 

data with size distributions of flocs in the jar directly after coagulation and floc 

formation where a mean volume diameter of 95.02 µm was determined. However, 

the mean volume diameter of the flocs after passing the adapter was calculated 

according to DIN ISO 9276-1 AND 9276-2 (2004) to be 58.94 µm. The values were 

evaluated from 4 experiments with different capillaries, whereas 3 samples were 

taken and analysed, hence delivering nF = 12 data sets for the statistical analysis of 

the flocs (compare chapter A.15). For the statistical analysis of the primary particles 

nP = 9 different data sets were obtained. The 99 % confidence interval for each 

measured point is illustrated in Figure 4.3 too, indicating that the floc size was 

varying quite a lot, especially at higher sizes. 

The zeta potential of the coagulated suspension at coagulation pH-value could 

unfortunately not be measured due to a breakdown of the analytical equipment. 

Hence, the zeta potential was estimated to be about -12 mV, taken as average value 

from different experiments (LERCH ET AL. (2005A)), where Twente channel water, a 

raw water with usually high particle concentrations, was treated by coagulation and 

ultrafiltration using Trifloc S as coagulant and dosage concentrations in the range of 

0.05 to 0.15 mmol/L Fe3+ at comparable pH-values. 

4.3 Setup of the test unit for single capillaries 

The test unit presented in Figure 4.4 was designed and assembled to operate single 

inside-out driven capillaries at constant flux in cross-flow and dead-end mode to 
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investigate the influence of the coating layer formation on flux decline in different 

sections of the capillaries. 

 

Figure 4.4: Setup of the designed and used test unit for single capillaries 

The single capillaries were fitted into a pressure pipe to allow backwashing, 

enhanced chemical backwashing and chemical cleaning of the capillaries. The 

capillary and the pressure pipe were divided by hot-melt adhesive and adapters into 

three different sections, i. e. begin (I), middle (II) and end (III) section, as illustrated in 

Figure 4.5. 

 

Figure 4.5: Configuration of the pressure pipe used in the test unit 

The coagulated raw water suspensions were stored in a pressurised tank, which was 

set on a magnetic stirrer to avoid sedimentation of the flocs in the tank. Further, no 
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significant variation in floc size over storage time was observed. The tank was 

additionally equipped with a heating system and a resistance thermometer PT 100 

TR 101 (WIKA Alexander Wiegand GmbH & Co. KG, Germany) to measure, control 

and adjust the temperature of the used suspension. A micro annular gear pump mzr-

4622 (HNP Mikrosysteme GmbH, Germany) was employed as suction pump in the 

system and forced the floc suspension or filtrate, respectively, to flow through the 

capillary and the membrane wall into the filtrate tank. The total filtrate flow, hence the 

overall flux through the capillaries, was kept constant but the flux at the different 

sections was allowed to decline. That is, if fouling layer formation occurred and let to 

a flux decline at the end of the capillary, then the flux in the upstream sections 

increased automatically. The flow rate through each section of the capillary was 

measured by LIQUI-FLOW flow meters (Bronkhorst Mättig GmbH, Germany). The 

constant overall flow rate was controlled automatically by a closed control loop 

between the pump revolution speed as actuating variable and the flow meters signal 

as the controlled process variable. The pressure was measured at the capillary inlet 

and at the suction side of the pump with standard pressure transducers S10 (WIKA 

Alexander Wiegand GmbH & Co. KG, Germany). When the capillaries were driven in 

cross-flow mode, the pressure was additionally measured at the capillary outlet. 

Conventional and chemical enhanced backwashing as well as chemical cleaning of 

the capillaries could be achieved by employing a 4 channel flexible tube pump 

REGLO 100 (ISMATEC Laboratoriumstechnik GmbH, Germany), connected to 

filtrate, acid and base tanks. The piping of the test unit was equipped with 2-way 

electromagnetic valves type A12 - 82 080 (IMI Norgren Buschjost GmbH + Co. KG, 

Germany). The setup of the test unit allowed fully automatic control and different 

operating conditions. Measurement data acquisition, storage, monitoring and control 

were achieved by a data acquisition and control unit TopMessage (Delphin 

Technology AG, Germany). 

4.4 Determination of the initial membrane resistance RM 

The initial membrane resistance RM of each capillary used was determined at the 

single capillary test unit as described in chapter 4.3. The capillaries were operated in 

filtration mode with ultra pure water for about 45 minutes at a flux of 100 L/m²/h to 

rinse out chemicals used for protection of virgin capillaries, i. e. glycerine for pore 
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protection and bisulfite for prevention of microbiological growth. Characteristic data of 

the used ultra pure water are presented in Table 4.1. 

Table 4.1: Characteristic data of the ultra pure water used for the rinsing procedure 

Parameter Unit value 

No. of particles > 0.7 µm 1/mL < 45 

Conductivity µS/cm < 0.5 

DOC mg/L < 0.1 

The data obtained by this rinsing procedure, i. e. filtrate flow in each membrane 

section, transmembrane pressure and temperature, were recorded. The resulting 

sets of data were evaluated to determine the initial membrane resistance RM of each 

capillary section as described in the following. Evaluation of data for the first 20 

minutes of rinsing was neglected to exclude any additional effects of initially 

remaining chemicals on resistance. Each data set was subdivided into 10 classes 

and used to calculate the initial membrane resistance over time of operation. The 

slope of the resulting function RM (t) was statistically analysed as described in chapter 

A.15. The average of the remaining data was then considered to represent the 

measured initial membrane resistance as illustrated in Figure 4.6. 
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Figure 4.6: Initial membrane resistances RM at three different capillary sections 
(begin, middle and end) of the investigated capillaries A, B and C 
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Figure 4.6 represents the calculated initial membrane resistances and demonstrates 

that they were neither homogeneously constant in between the different capillaries 

nor over their length, i. e. the membrane resistance was varying over capillary length. 

However, a general mean value of the initial resistance RM could be derived as 

modelling parameter with 5.24·1011 1/m and was used for the theoretical 

investigations described previously in chapter 3.4. For modelling the flow in the 

capillaries investigated, the initial membrane resistances of each section, as given in 

Figure 4.6, were used. Further, all potted capillary parts were then considered as 

impermeable walls. 

4.5 Experimental examination of fluid flow and floc deposition and 
comparison with modelled results 

Three single capillaries were operated as described previously for different times with 

similar flux of about 80 L/m²/h in dead-end. Capillary A was operated 5 minutes, 

capillary B 20 minutes and capillary C 45 minutes. By using different times of 

operation it was assumed to follow the coating layer build up over time. The 

inhomogeneities of the capillaries membrane resistance over length led to varying 

fluxes at the different capillary sections as can be seen in Figure 4.7 and the listed 

calculated values in Table 4.2 . 

Table 4.2: Percentage deviation of the fluxes at the different capillary sections 
begin (I), middle (II) and end (III) of the capillaries A, B and C from the 
total average flux of the capillary 

Capillary 
Average flux in 

[L/m²/h] 
Deviation in [%] 
section I (Begin) 

Deviation in [%] 
section II (Middle) 

Deviation in [%] 
section III (End) 

A 77.77 29.37 - 32.86 - 20.27 

B 83.96 12.32 - 14.7 - 12.14 

C 79.69 5.53 3.63 - 2.31 

It has to be mentioned that in case of capillary C, data were not recorded for the first 

32 minutes of operation due to computer problems. However, flux was stable over 

the whole time of operation and no flux decline could be observed for this capillary at 

the end of operation. Furthermore, the deviation of the fluxes at the different capillary 

sections from the total average flux with about 79.7 L/m²/h was little, ranging from 
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5.5 % in the first section over -3.6 % in the second to -2.3 % in the last section. The 

contrast was found for capillaries A and B as can be seen in Figure 4.7 and the listed 

calculated values in Table 4.2. 

 

Figure 4.7: Flux in [L/m²/h] vs. time in [min] at the three sections begin (I), middle (II) 
and end (III) of the capillaries A, B and C, operated in dead-end 

All three capillaries showed lower fluxes in the middle and end section and higher 

fluxes at the inlet section compared to their total average fluxes, as indicated by their 

sign in Table 4.2. However, capillary B showed a decrease in flux over time in 
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section I. Because the membranes were operated at constant flux, the flow through 

section II and III increased at the same time. This behaviour indicates some kind of 

increased resistance at section I during operation. This was confirmed when 

considering the average transmembrane pressure increase over time over all three 

sections. It was found that there was none for the experiments using capillary A and 

C but that there was a small increase in the experiment with capillary B as indicated 

in Figure 4.8. The modelled values differ quite a lot from the experimental data, 

especially for capillary A and C. Here, the initial transmembrane pressure, i. e. at 

time t = 0, was calculated to be 12.67 kPa and 13.56 kPa respectively. The value for 

capillary B was calculated to be 12.69 kPa, which is in good accordance to the 

experiment, compare Figure 4.8 at time t = 0. The pressure drop along the 

membrane wall was calculated to be approximately 2.5 kPa, compare Figure 3.22. 
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Figure 4.8: Measured transmembrane pressure (TMP) in [kPa] vs. time in [min] 
during operation of the capillaries A, B and C 

The validation of the model with respect to its initial flow regime could be proven by 

comparing the average filtrate volume flow of each experiment and capillary section 

with the modelled filtrate volume flow as function of the capillary length z, as 

illustrated in Figure 4.9. The calculated values of the model were based on the 

measured initial membrane resistance at each section, the average measured total 
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flux of the experiments and the capillary as given in the previous paragraphs and on 

the potting geometry as given in chapter A.16. 
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Figure 4.9: Filtrate volume flow in [mL/h] of the models at time t = 0 vs. 
dimensionless capillary length z and average filtrate volume flow in 
[mL/h] of the experiments at the different capillary sections begin (I), 
middle (II) and end (III) of the capillaries A, B and C 

It can be seen that the model overestimates the filtrate flow through all three 

capillaries in the first section, whereas the experiment A and C showed lower 

deviations of the modelled values over time from the average experimental, compare 

Table 4.3. The model fits the experimental data very well for flow through section II 

for all investigated capillaries. At section III the model generally underestimates the 

average measured values as indicated by the negative sign of the values in Table 

4.3, whereas the deviation differs between the capillaries. Deviation was highest for 

capillary B with -17.8 % and lower but still quite high for the capillaries A and C. The 

difference over the total capillary length of the modelled average filtrate flow from the 

average measured values was calculated to be quite small with -0.30 %, -1.59 % and 

0.23 % for the capillaries A, B and C. This shows, that the model calculations 
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predicted the measured filtrate volume flow quite well. Especially if it is considered 

that the measurements show pronounced scattering. 

Table 4.3: Percentage deviation of the modelled filtrate volume flow from the 
measured average filtrate volume flow at the different capillary sections 
begin (I), middle (II) and end (III) of the capillaries A, B and C 

Capillary Deviation in [%] 
section I (Begin) 

Deviation in [%] 
section II (Middle) 

Deviation in [%] 
section III (End) 

A 3.46 1.66 - 6.01 

B 11.75 1.27 - 17.8 

C 4.32 0.38 - 4.02 

The following demonstrates the modelled floc transport and deposition of the 

experimental examinations. Due to the varying initial membrane resistances between 

the three capillaries and each capillary section the resulting flow fields and initial floc 

trajectories will be varying as well. For larger floc aggregates the influence on the 

transport behaviour shows to be little but increased for the smaller floc size as can be 

seen in Figure 4.10, which illustrates modelled floc trajectories of flocs with radius 

aF = 29.47 µm (right) and aF = 5 µm (left) exemplarily for all three capillaries. It has to 

be mentioned that for the purpose of clarity only the trajectories initially started at 

r/SR = 0 and r/SR = 0.9 are illustrated for the larger flocs here, hence delivering the 

outermost and innermost trajectories. For smaller floc aggregates the effect is 

comparable to those obtained when modelling the floc trajectories over time, 

considering fouling layer formation and resulting additional resistance to flow. Even 

here the fluid will flow along the parts of the membrane where resistance is likely 

lowest. As long as the smaller floc aggregates are not merged together on the 

equilibrium trajectory they will be dominated by the fluid flow forces and will follow the 

fluid to great extent. When the floc trajectories eventually merge together on the 

equilibrium trajectory close to the membrane wall the influence vanishes. One can 

conclude that the equilibrium trajectories for all floc sizes investigated are not 

significantly affected by the varying membrane resistance. It is dominated by lateral 

forces in the far field region of the membrane wall and in the near field region by 

lateral and DLVO forces as discussed previously in chapter 3.5.2. In both cases the 

forces are equalising the drag forces which are varying due to the different fluid flow 
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velocities resulting from the different resistances of the membrane wall against flow, 

resulting in a stable position of the trajectory. This can be further seen if the 

trajectories were passing the pottings between the different sections in the 

experimental setup at dimensionless capillary lengths of about z/SZ = 0.35 and 0.67. 

Here, the trajectories are distracted but immediately came back to their stable 

equilibrium position. Therefore, the floc contact points in all modelled experiments 

were found to be in the range as shown in chapter 3.5.2.  
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Figure 4.10: Floc trajectories of flocs with radius aF = 5 µm (left) and aF = 29.47 µm as 
display detail (right) of the modelled experimental data  

After filtration, the capillaries were analysed for iron and primary particles for 

validation purposes of the model with respect to the modelled transport and 

deposition behaviour of floc aggregates. Therefore, the capillaries were divided into 

different pieces according to the sampling point scheme given in Figure 4.11. The 

abbreviations used are B, M and E for begin, middle and end of the capillary, 

respectively. The subscripts M and P are used for metal and particle analysis and the 

numbers indicate the sample taken in each capillary section, hence 1 is closer to the 

capillary inlet than 2. The pieces for particle analyses were 10 cm long, whereas the 

pieces for iron were 2 cm long. Each piece of sample for particle analysis was stored 

gravity

gravity
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in a closed jar filled with 200 mL ultra pure water. The water was acidified to pH 3 

using hydrochloric acid to resolve the coagulated iron. The jar was then stored over 

night on magnetic stirrers. The samples were then rinsed out from both sides four 

times using a micro litre syringe and the rinsing suspension was collected in a jar. 

The particles in suspension were counted using the particle counter Abakus mobil 

fluid (Klotz Analytische Messtechnik, Germany). 

 

Figure 4.11: Sampling points of the single capillaries used in the experiments 

The samples for iron analysis were exposed to digestion with 4 mL nitric acid (HNO3), 

afterwards diluted with 30 mL distilled water and measured with ICP/OES (Inductively 

Coupled Plasma/Optical Emission Spectrometry) for iron. The experimental results 

expressed as total iron in µg/cm are presented in Figure 4.12. Please note that there 

was no sample taken at MM1 using capillary B. In case of capillary C it is apparent 

that the amount of total iron close to the dead-end of the capillary was measured to 

be 2.28 µg/cm, whereas the average of the first four samples was calculated to be 

5.5 times smaller with 0.42 µg/cm. This is in very good agreement with the discussed 

theoretical considerations. Due to the longest time in operation with 45 minutes, 

sufficient time was given for transport of the flocs and deposition at the rear end of 

the capillary. However, this increased floc deposition at the rear end of the capillary 

did not force the TMP to increase to maintain constant flux operation, compare 

Figure 4.8. Hence it is concluded that a stable and porous fouling layer was formed 

along the capillary and that no significant compaction, accompanied with decreasing 

porosity of the flocs, occurred. The second longest run was performed with capillary 

B. Even here the highest measured value of total iron was found at the sampling 

point EM2, close to the membrane dead-end. The value was measured to be 
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0.56 µg/cm, about 2.5 times larger than the average of the samples closer to the 

capillary inlet but 4 times smaller than measured in capillary C. However, Figure 4.8 

shows a small but consistent transmembrane pressure increase during operation of 

capillary B which cannot be linked to certain measured values. 
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Figure 4.12: Total iron in [µg/cm] at different sampling points at the capillary sections 
begin (B), middle (M) and end (E) of the capillaries A, B and C 

The measured values of the shortest experiment for capillary A vary most, whereas 

no indications were given by transmembrane pressure. Hence, it has to be assumed 

that a porous and probably temporary plug was formed in the middle section at 

sampling point MM2 to explain the highest value for total iron with 0.39 µg/cm, which 

is approximately twice as high as the average of the two other measured values in 

this capillary. One reason for this might be that the experimental equipment was 

susceptible for fluctuations in engine speed of the used pump and control of the 

chosen flux to be adjusted, especially at start of the experiment. However, 

particularly the results obtained from the experiments B and C are in good 

accordance with the theoretical considerations discussed in chapter 3.5. Due to the 

arising numerical convergence problems described above, neither comparison of the 
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experimental and theoretical data nor validation of the modelled values could be 

performed in this respect.  

Nevertheless, particle counting was applied to proof that the more widely 

homogeneous distribution and the preferential deposition of smaller and mid sized 

primary particles decrease in concentration or will nearly vanish due to coagulation 

prior UF. Unfortunately, due to malfunction of the used particle counter, no adequate 

particle counts of the experiments discussed above could be evaluated. But, a series 

of experiments were performed for other purposes earlier and could be ideally used 

in this framework as well. In these experiments, single capillaries were operated in 

dead-end and at constant TMP rather than constant flux. The TMP used were 0.4 bar 

and 0.7 bar. The capillaries, the coagulant and coagulation conditions, the type of 

primary particles and concentration etc. used in this set of experiments were identical 

to those presented in the chapters 4.1 and 4.2. In principal, the experimental 

equipment and setup used was comparable to the one explained in chapter 4.3, just 

more manually operated. For further details please refer to PANGLISCH (2001). 

Analysis was performed as described in chapter 4.5 too, whereas the complete 

capillary was subdivided into ten pieces of equal length of 10 cm. 

It has to be mentioned that the results shown here may vary from the theoretical 

considerations to some extent. This is of course due to the experimental procedures 

with its challenging analysis and related scattering of the results, rinsing of the 

capillary sections after resolving the iron hydroxide flocs for instance. Furthermore, 

the capillaries used are usually not homogenously in terms of membrane resistance 

as described above. Figure 4.13 shows exemplarily measured results of deposited 

ABS primary particles after filtration at constant TMP of 0.7 bar as uncoagulated 

suspension vs. dimensionless capillary length z/SZ and primary particle radius aP. 

The Π value indicates the fraction of primary particles of certain size at each capillary 

section related to the total number of inflowing primary particles of this size into the 

capillary. The limiting radius in the experiments shown could be just roughly 

estimated to be smaller than 2 to 3 µm, due to the high fluxes. However, Figure 4.13 

indicates that smaller and mid sized primary particles were not transported up to the 

end of the capillary, being deposited after shorter distances to the capillary inlet, 

which is in good accordance to the theoretical considerations, see chapter 3.5.2.  
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Figure 4.13: Fractions of deposited primary particles after filtration (TMP = 0.7 bar, 
average flux of approx. 157 L/m²/h) as uncoagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP 

Figure 4.14 and Figure 4.15 show the measured results for deposited primary 

particles after filtration at constant TMP of 0.7 bar as coagulated suspension vs. 

dimensionless capillary length z/SZ and primary particle radius aP. The comparison 

of Figure 4.13, Figure 4.14 and Figure 4.15 delivers that the fractions of small and 

mid sized primary particles in the range from aP = 1.5 µm to about aP = 14 µm was 

increased in the last two capillary length sections at z/SZ = 0.9 and z/SZ = 1, hence 

at the end of the capillary for the coagulated suspensions. Accordingly, the fraction of 

primary particles of the same size range decreased in the middle and the third 

quarter of the capillary length at z/SZ = 0.5 to z/SZ = 1. This clearly indicates that 

smaller and mid size particles were transported as floc agglomerate more deeply into 

the capillary as they would have actually done due to their own size. The 

considerably reduction of deposited small and mid sized primary particles along the 

capillary in relation to the pure solid primary particle suspensions was also found in 

other particle count experiments at constant TMP of 0.4 bar. Their results are given 

in chapter A.17, whereas both, fractions of deposited primary particles after filtration 

as uncoagulated and as coagulated suspension vs. dimensionless capillary length 

z/SZ and primary particle radius aP are shown for comparison. 
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Figure 4.14: Fractions of deposited primary particles after filtration (TMP = 0.7 bar, 
average flux of approx. 179 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP 
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Figure 4.15: Fractions of deposited primary particles after filtration (TMP = 0.7 bar, 
average flux of approx. 250 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP
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5 Engineering and scientific relevance 

The removal of NOM is an important objective at many treatment plants because of 

its effect on finished water quality and on treatment processes, as e. g. its impact on 

membrane filtration performance due to severe fouling. Coagulation is an established 

technology for the removal of NOM and can be combined with membrane filtration 

processes into the hybrid process coagulation / UF for instance, as discussed briefly 

in chapter 2.2. Here, most researchers showed that membrane performance will be 

usually stabilised and flux will often be enhanced compared to filtration performance 

of raw waters not coagulated prior the membrane. This is, because then NOM will be 

bared from being irreversibly adsorbed on the membrane surface. Hence, 

coagulation has to be optimised to account for optimal NOM removal efficiencies first 

and then to account for optimal membrane performance. As discussed in chapter 2.2, 

the more effective NOM removal by coagulation, the better flux stabilisation will be. 

And the more porous the coating layer formation by porous floc aggregates, the 

higher flux improvement will be. Though, stable operation requires constant 

membrane permeability, i. e. limited TMP increase over time at constant flux 

operation or limited flux decrease over time at constant pressure operation. Of 

course, beside the high finished water quality this will be one of the primary 

objectives when installing a membrane system for the treatment of all kind of waters. 

Thus, the hybrid process coagulation and UF might be one process of choice for the 

direct treatment of surface waters achieving this objective. 

But, due to the fact that mass is retained at the membrane wall and that formation of 

fouling layers will therefore always occur, it will come to permeability declines to 

some extent. Therefore, backwashing performance becomes important to recover 

permeability after each filtration cycle. Due to the outcomes of this work and others, 

e. g. PANGLISCH (2001), it can be derived that it will be of advantage having a 

homogenously distributed and formed fouling layer along the membrane surface. The 

resulting contribution to total membrane resistance will then be likewise constant and 

independent of the capillary length coordinate. This will be advantageous not only 

during filtration but also during backwashing, where homogenous coating layers will 

enable uniform backwashing efficiencies over the complete length of the capillary. If 
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the coating layer is not homogeneous and offers different resistances to flow, then 

the water will enter the membrane during backwashing at areas of lowest resistance 

most. Hence, the fouled membrane surface will be cleaned best where it is initially 

least fouled and worst where it is needed most. This can lead to uncleaned areas of 

membrane surface if the resistance against backwashing of the fouling layer is high 

enough. Furthermore, those areas may hamper the discharge of already detached 

parts of the former fouling layer out of the capillary. In addition, if those areas are not 

cleaned efficiently during several backwashing cycles this may lead to an increase of 

bonding forces between the fouling layer and the membrane surface (GIMBEL (1989) 

cited in PANGLISCH (2001)). Generally, only little is presently known about the 

detachment characteristics and mechanisms of fouling layers of different composition 

during backwashing, which should be suspect of additional research. 

Considering the above, one easily finds the contradiction within this process 

combination. On the one hand coagulation leads to a significantly decreased number 

of colloids and smaller particles by embedding them into larger floc aggregates. On 

the other hand, larger floc aggregates themselves will contribute to inhomogeneous 

fouling layer formation, caused by their transport behaviour depending on their size, 

enhanced by additional floc growth while being transported. This can be reasonably 

assumed by the outcomes of this work, see chapters 3.5.2 and 3.5.3. However, it 

may contribute to lowered membrane performance, especially if flocs will be 

transported to the rear end and clog the capillary, which was found to take place 

theoretically from the end towards the inlet and from the bottom to the top in a 

horizontal aligned capillary. As a result, membrane surface area available for filtration 

can be dramatically reduced over time, especially at high floc volume concentrations 

within filtration cycles (LERCH ET AL. (2005B)) and, considering long term operation, by 

decreased cleaning efficiency (HEIJMAN ET AL. (2007)). But clogging of the capillary 

may also occur somewhere in the beginning or middle of the capillary, especially if 

the flocs entering are initially large and grow further while being transported (GITIS ET 

AL. (2005). Hence, flocs entering the capillary should not be too large, limiting the risk 

of immediate formation of plugs and clogging of the capillary. 

If clogging occurs, which may be detected as rapidly increased pressure drop or 

decreased flux during operation, filtration cycles should be shortened to avoid 
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compression of the plugged areas and to facilitate backwashing. Further, floc and 

fouling layer porosity should be kept preferably high, because then the effect of 

inhomogeneous formed layers on resistance to flow and therefore on achievable 

performance is low, whereas high porosity will be further supported by larger flocs. If 

a porous fouling layer will be compressed, then the resistance to flow will be 

increased due to a lowered porosity and the performance will drop during operation, 

noticed as pressure drop increase or flux decrease. Hence, large, incompressible 

and porous flocs and filtration at low TMP will be favourable as discussed in chapter 

3.5, but plugging of the capillaries, which is more likely for larger floc aggregates, 

should be avoided. It has to be mentioned that the statements above are restricted to 

flocs only; the influence of NOM or other components for instance were not 

considered. 

As suggested by PANGLISCH (2001) for filtration of uncoagulated raw waters, clogging 

might be avoided by introducing a slow cross-flow velocity at the end of the capillary. 

The concentrate flow might be further treated in a second membrane stage, adapted 

in geometry and operation parameters on the better defined, i. e. more tighten 

particle size distribution. Cross-flow operation in this respect would just be used to 

transport and push larger flocs out of the capillary which otherwise would be 

deposited at the dead-end. The flow profile within the capillary lumen will still be 

laminar. Please note that this is different to commonly known cross-flow operation, 

where flow along the membrane is often kept turbulent to minimise deposition and 

where the extracted water volume is mostly governed by the critical flow concept 

(BACCHIN ET AL. (2006A)). In the following, chosen results of models with different 

average outlet velocities at boundary 3 and 6 are shown to proof effects of an 

introduced slow cross-flow. The average velocities at the capillary outlet were chosen 

to be 1 %, 5 % and 20 % of the inlet average velocity, whereas all other previously 

used parameters were kept constant. Figure 5.1 shows floc trajectories of different 

sized flocs for models with 5 % (left) and 20 % (right) average cross-flow velocity at 

the capillary outlet, whereas just the inner- and outermost floc trajectories and 

resulting equilibrium trajectories within the capillary for flocs of radius aF = 29.47 µm 

and aF = 60 µm are illustrated. It can be seen that in case of slow cross-flow 

operation smaller flocs entering the capillary in the neighbouring area of its axis at 

the inlet will leave the capillary at the end. The faster the chosen cross-flow velocity 
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the larger this neighbouring area and the more flocs are able to be transported out of 

the capillary lumen without being deposited. For flocs of radius aF = 5 µm and 1 % 

average cross-flow outlet velocity it was found that all flocs entering between the 

capillary axis and a dimensionless capillary radius r/SR = 0.03 will be transported out 

of the system. Applying an outlet velocity of 5 % will deliver r/SR = 0.11 and at 20 % 

will deliver r/SR = 0.273. Hence, assuming an evenly distributed floc suspension 

entering the capillary, about 0.09 %, 1.23 % or 7.67 %, respectively, of all entering 

flocs will leave the capillary. This amount will be higher for smaller flocs and lower for 

larger flocs. For example, the values for flocs of radius aF = 12.25 µm at 20 % outlet 

velocity were calculated to be 0.02 % and for 5 % and slower velocities no floc will 

leave the capillary just as well for flocs even larger. For flocs of those sizes, the front 

contact point, see chapter 3.5.2, is shifted very slightly towards the inlet for 

increasing outlet velocities.  
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Figure 5.1: Floc trajectories for models with 5 % (left) and 20 % (right) average 
cross-flow velocity at the capillary outlet 

Even at high flux operation, for instance 200 L/m²/h, larger flocs will not be driven out 

of the system to great extent as indicated in Figure 5.2. Just flocs from the very upper 

part might be able to escape deposition and leave the capillary. Here, the flow is from 

the rear to the front and gravity acts from top to bottom. The diameter of the 
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trajectories was scaled to the modelled floc radius aF/SR and the colour bar at the 

right hand side of each plot indicates the magnitude of floc velocity. Larger flocs will 

not be able to be significantly transported out of the capillary lumen only by 

introducing slow cross-flow velocities at the capillaries outlet. This shows, clogging 

caused by larger floc aggregates cannot be avoided unless the flux is dramatically 

increased. 

 

Figure 5.2: Floc trajectories of flocs with radius aF = 29.47 µm. Capillary operated at 
200 L/m²/h and 20 % average cross-flow velocity at the capillary outlet 

However, these are the findings just on the basis of the developed theoretical model, 

which does not claim being complete yet. For instance, the model presumes a 

stagnant, neither compressible nor expandable fouling layer. If a floc is once 

deposited it will not be moved to another position. Further, no tangential flow through 

the fouling layer is included in the model so far. However, in real operation the 

composition of the fouling layer will be much more multifaceted. For instance, it was 

shown by MARSELINA ET AL. (2007) using direct observation techniques, that the upper 

part of a fouling layer is fluidised by the passing fluid during operation. This viscous 

flow of the upper part of the fouling layer, tangential along the membrane, could be 

probably used to avoid clogging at slow cross-flow velocities at the capillary outlet. 
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A possibility to achieve homogeneous distribution of flocs along the membrane 

surface will be the adaptation of the capillaries geometry in combination with adapted 

fluxes. This will have a significant effect on the limiting radius, which subdivides the 

flocs in flocs being deposited over the complete length of the capillary, if small 

enough, and, if larger, in flocs being deposited at the earliest after certain distances 

to the capillary inlet, see chapter 3.5.2. This adaptation of the cylindrical geometry of 

the capillary and operation condition will shift the limiting radius to smaller or larger 

radii as desired. For instance, the limiting radius for a capillary 1 m in length, 2.5 mm 

in radius, driven at a flux of 80 L/m²/h with 5 % average outlet velocity was calculated 

to be aF = 20.27 µm. For the same properties but with different flux of 150 L/m²/h it 

was calculated to be smaller with 16.29 µm. For the same properties but different 

capillary radius of rC = 1 mm it was calculated to be aF = 7.94 µm. The same was 

found for dead-end operation. When modelling a capillary 1 m in length, 1 mm in 

radius, driven at a flux of 80 L/m²/h, the limiting radius was found to be aF = 8 µm, 

just a bit larger than operated with 5 % cross-flow velocity at the capillary outlet. 

Decreasing the capillary length will lead to an additional increase up to aF = 11.48 µm 

if the other parameters are kept constant. Hence, low flux operation applied in 

capillaries with larger diameters and shorter length will generally lead to increased 

limiting radii and therefore enabling homogenous floc deposition along the membrane 

surface for somewhat larger floc aggregates. The above may be utilised in the hybrid 

process coagulation and MF/UF to target-oriented adaptation and optimisation of the 

coagulation process with respect to filtration performance. Hence, process limitations 

can be identified and operational malfunction or faulty utilisation may be avoided too. 

This knowledge may be further utilised in other hybrid membrane processes too, 

where some kind of precoating of the membrane surface is applied. Here, the 

precoating material like powdered activated carbon or silica dust is used to cover the 

surface, where one objective among possibly others is fouling protection, see chapter 

2.2. Generally, precoating layers have to be evenly distributed and formed along the 

surface and should be easily detachable during backwashing too. Both, particle size 

distribution of the material, which should be ideally tight for this purpose, as well as 

geometry and properties of the capillaries to be used can be adjusted to each other 

to achieve best performance of the process and to reduce operating costs. 
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Another interesting and promising approach to enhance operating performance 

within the hybrid process coagulation and membrane filtration was found in this work 

when discussing the influence of sedimentation on floc transport, see chapter 3.5.2.2. 

It was shown that vertical aligned membrane capillaries may be of advantage if the 

fluid enters the membrane at the top, i. e. operation is driven in top-down mode. For 

smaller flocs, transport is comparable as in bottom-up operation of vertical aligned 

capillaries and as in horizontal aligned capillaries. But, after exceeding a certain 

limiting size, which was found to be aF = 83.9 µm for flocs with a relative density of 

1.05, the flocs will be collected on an equilibrium trajectory and eventually 

transported towards the capillary axis and not towards the membrane wall. Finally, 

they will be retained at the dead-end of the capillary. Please note, the floc size lies 

within the size distribution of the flocs used in the experimental part of this work. The 

same behaviour was found for flocs of size aF = 29.47 µm with higher densities as 

illustrated in Figure 5.3. 

 

Figure 5.3: Floc trajectories of flocs with radius aF = 29.47 µm, ballasted with micro 
sand (relative density of 1.72) within a vertical aligned capillary, operated 
at 80 L/m²/h in top-down dead-end mode 
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The flocs will merge to equilibrium trajectories but not being transported towards the 

membrane wall for relative densities larger than approximately 1.72. An increased 

density of the floc aggregates can be achieved within the hybrid process in similar 

way as in the ACTIFLO® process (Krüger A/S, Denmark) which utilises micro sand as 

a seed for floc formation, providing surface area that enhances coagulation and 

acting as ballast in the formed flocs. To avoid clogging of the membrane at the dead-

end, a slight cross-flow of 1 % may be of high advantage. However, this theoretical 

approach needs to be further investigated for practical applications in membrane 

systems in future research. 

Generally, the chosen approach of modelling floc transport and resulting fouling layer 

formation in dead-end capillaries with CFD/FEM delivered some advantages. The 

model can be easily used as tool to calculate floc, or generally particle transport in 

arbitrary cylindrical capillary geometries, due to its scaled dimensionless form, at 

arbitrary alignments, due to its universal layout. This may not only be utilised for 

modelling the floc transport and fouling layer formation as done in this work, but can 

be used for evaluation and optimisation of technical designs and processes in 

practical as well as scientific problems. For instance, after some minor adaptations of 

the membrane wall boundary for risk analysis in membrane integrity problems too.  

Numerical difficulties occurred when modelling the fouling layer formation over time, 

especially for larger floc aggregates, as described in chapter 3.5.3. This was because 

of locally arising very high floc volume concentrations along the equilibrium trajectory 

compared to areas in the vicinity. Resolution of the applied mesh could not be 

adapted to resolve the sharp gradients to deliver acceptable results. Additionally, it 

was found that the description of floc volume was generally problematic within the 

used FEM software modes. This problem is based on the chosen, so called Euler-

Lagrange approach, i. e. one continuous phase (the fluid) related to a fixed 

coordinate system and one dispersed phase (the flocs) related to a system moving 

with the fluid (compare PASCHEDAG (2004) for instance), used to describe floc 

transport and fouling layer formation. The approach considers flocs as single mass 

points in the continuous phase only, not as flocs requiring a certain volume. Moving 

flocs are therefore numerically calculated along the node points on the mesh. Hence, 

calculation and limitation of the floc volume concentration to a fixed value was not 
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directly possible, but might be assessable by additionally codes to be programmed in 

future work. Relief may be also found in other commercially available software 

products, using finite volume methods (FVM) instead. This enables the direct use of 

the so called Euler-Euler approach, i. e. two continuous phases (the fluid and the floc 

suspension) related to a fixed coordinate system (compare PASCHEDAG (2004) for 

instance). FVM considers a certain volume around its node points on a mesh for 

numerical calculation, enabling to consider flocs as spheres rather than points during 

numerical calculation.  

Future work on the model should also account for size distributions rather than single 

sizes and enlarge the model to include additional phases in suspension or solution 

respectively, such as dissolved species like dissolved NOM and its components or 

salts to include the effect of direct adsorption onto the membrane for instance. To 

account for floc agglomeration during transport within the membrane capillary, 

population balances might be further implemented into the existing model. This new 

approach in numerical modelling accounts for changes of particle or floc properties, 

usually size distribution, and simulates the interaction of agglomeration and breakage 

of one phase in multi phase flow, SCHÜTZ ET AL. (2007).  

Another aspect to be included into future modelling should be the implementation of 

the mass fractal dimension dF into the used equations to consider the impact on 

transport and deposition behaviour of more realistic floc structures. Considering the 

formed fouling layer, it should be done additional modelling work on floc and layer 

compressibility as well as the detachment behaviour of deposited flocs. 
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6 Summary 

The interest in low pressure membrane filtration, i. e. micro- and ultrafiltration (MF 

and UF) increased rapidly in recent years, especially due to the extremely high 

requirements for potable water quality with respect to hygiene aspects. With UF, the 

filtrate quality is quite independent of the raw water quality with respect to larger 

colloidal and particulate water components. Further advantages are the possibility of 

fully automatic operation, compact system design, high space utilisation and provided 

flexibility in system enlargements, modernisations and new installations. But beside 

those advantages some limiting or even adversarial factors exist, especially when 

applying MF or UF for the direct treatment of surface. One of these is fouling, another 

one the inadequate retention efficiency of disinfection by products (DBP) precursors. 

Particularly dissolved organic matter (DOM) can be very problematic due to the 

formation of hardly reversible and/or irreversible fouling layers and due to its general 

contribution in formation of DBP. To get these problems under control, different 

pretreatment processes are conceivable and available, whereas this work is focused 

on the hybrid process coagulation and UF. Coagulation is an established technology 

for the removal of DOM and, from an engineering perspective, can easily be 

combined with membrane processes, still offering the advantages of the membrane 

as mentioned above.  

Nevertheless, it is necessary to understand what the limiting factors are, when they 

are of importance and how their effects may be avoided. The most important point in 

this respect is to understand how fouling layers are formed within this process 

combination, because these layers will limit the efficiency of the entire process. 

Formation of layers of brownian and non-brownian particles and colloids in inside-out 

driven capillary membranes is quite well understood but yet the knowledge is not 

developed far enough to cope for the formation of larger and porous floc aggregates. 

Therefore, the objective of this work was to contribute to the understanding of 

formation of fouling layers by porous floc aggregates during filtration of coagulated 

raw waters in inside-out driven capillary membranes. 

A computational fluid dynamics (CFD) model was developed, using the software 

COMSOL Multiphysics (COMSOL AB, Sweden) for the description of the complete 
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flow field in inside-out driven UF capillaries of arbitrary cylindrical geometry, 

alignment, i. e. vertical or horizontal, and operation condition, i. e. cross-flow or dead-

end. This was done by numerical calculations of the Navier-Stokes and continuity 

equations first for stationary and second for transient flows, including the effects of 

dynamic fouling layer formation. Based on the modelled flow field, floc velocities and 

trajectories were derived by balancing the forces and torques acting on the flocs in 

the flow field. The forces and torques considered arose from sedimentation, shear 

induced and Brownian diffusion, double layer repulsion and van der Waals attraction, 

drag by filtration, virtual mass and lateral migration. Floc agglomerates were 

considered being ideally spherical, rigid and of constant shape, consisting of primary 

particles embedded in iron or aluminium hydroxide, revealing an inner porosity, low 

density and low zeta potential. To account for the inner porosity of the flocs an 

equivalent hydrodynamic floc radius was introduced. The effect of the porous 

aggregates on floc suspension viscosity was considered by introducing a correction 

factor. The derived floc velocities were further used to model stationary floc volume 

concentration distributions by numerical calculations of the convection and diffusion 

equation. In the first step, the models were used to describe initial and stationary floc 

transport and deposition behaviour. Deposition of flocs along the membrane surface 

will be classed by floc size. Flocs of size smaller than a certain limiting radius will be 

deposited widely homogeneous over the total capillary length. Larger flocs occupy 

preferential places on the membrane surface and do not deposit until they are at a 

certain distance to the capillary inlet. The larger the particle size, the longer this 

distance. However, flocs of certain size entering the capillary at its axis or direct 

vicinity will not be transported to the rear end of the capillary. They will be deposited 

at so called rear contact points, some distance away from the dead-end. The 

distance between the dead-end and the rear contact point increases with increasing 

floc radius until all incoming flocs are forced to merge an equilibrium trajectory, 

independent of their radial starting position at the inlet. All flocs on this trajectory are 

deposited theoretically at one single point, ring or ring section at the membrane wall 

and will be shifted back towards the dead-end with further increasing floc sizes. 

However, in contrast to solid particle suspensions, it could be shown that the more 

widely homogeneous distribution and preferential deposition of smaller and mid sized 

particles was reduced. Thus, it still comes to the formation of zones with different 
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composition, porosity and thickness, but the majority of particles embedded in 

generally larger flocs will be transported towards the dead-end which may cause 

clogging of the capillary. It was further found that this inhomogeneous fouling layer 

formation will be enhanced by additional floc growth during transport as can be 

reasonably assumed by the outcome of this work. 

In a second step the models were coupled and eventually used to account for the 

growing layer height and its influence on the flow field, the floc volume distribution 

and resulting floc trajectories, predicting fouling layer formation over time. The height 

of the layer was calculated by integrating the mass flux of flocs onto the membrane 

surface, whereas the porosity of the fouling layer was calculated based on the 

Happel model for bulk permeabilities. The increased resistance against the filtrate 

flow according to the resistance in series model was then used to derive the new fluid 

flow field over time. However, it came to major convergence problems during the 

numerical calculation of the floc volume distribution over time, especially if larger 

flocs were modelled. But convergence could eventually be achieved for smaller floc 

sizes. Though, the results were not satisfying and only imprecise statements could 

be made concerning calculability of the permeability decline due to fouling layer 

formation, but nevertheless qualitative aspects were concluded. It was shown that 

the local resistance increases at surface areas of preferential deposition, whereupon 

the fluid rather flows through uncoated or less coated areas. Accordingly, different 

floc trajectories are developed over time and transport of flocs is shifted towards the 

capillary inlet, i. e. towards areas less fouled. It was further shown that clogging of 

the capillaries dead-end takes place over time and theoretically from the end towards 

the inlet and from the bottom to the top of a horizontal aligned capillary. Setting the 

modelled results in contrast to experimental investigations showed satisfactory 

results for both, the modelled flow field and conditionally the fouling layer formation. 

New aspects could be derived qualitatively to understand the formation of fouling 

layers by porous floc aggregates in inside-out driven capillary membranes on which 

recommendations for appropriate operation conditions were concluded. Under these 

are e. g. top-down dead-end or cross-flow operation for the filtration of flocs, 

ballasted with micro sand. 
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Nomenclature 

Roman symbols 

a Panglisch parameter 1/m

aeff effective radius m

aF floc radius m

aF1 radius of floc 1 m

aF2 radius of floc 2 m

ahF hydrodynamic floc radius m

aP primary particle radius m

aQP quartz particle radius m

A phenomenological coefficient -

A system area m²

AM membrane area m²

B calculation parameter -

B0 calculation parameter -

B1 calculation parameter -

c concentration mol/m³

cβ correction function for the effective viscosity of floc 
suspensions 

-

cj concentration of species j mol/m³

cmF mass concentration of a floc kg/m³

D diffusion coefficient m²/s

DBD diffusion coefficient used for Brownian diffusion m²/s

dC capillary diameter m

dF mass fractal dimension -

Dj diffusion coefficient of species j m²/s
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DSiD diffusion coefficient used for shear induced diffusion m²/s

dX gradient of the driving force X (c, p, T or E) div.

E chemical or electro-chemical potential J/mol

f correction function for forces -

F  external force vector N

FBD,r acting force due to Brownian diffusion N

DF  drag force vector N

FDL,r acting force due to electrical double layer forces N

fi calculation function -

f dimensionless inertia induced velocity -

FSiD,r acting force due to shear induced diffusion N

FvdW,r acting force due to London-van der Waals forces N

Fz force component in z-direction N

Fϕ force component in ϕ-direction N

g correction function for torques -

g gravitational acceleration constant m/s²

gr gravitational acceleration constant in radial direction m/s²

gz gravitational acceleration constant in longitudinal direction m/s²

G shear velocity gradient 1/s

H121 Hamaker constant between materials 1 across material 2 J

H123 Hamaker constant between material 1 and material 3 
across material 2 

J

Hi Hamaker constant of material i J

J flux m³/m²/s

JW water flux m³/m²/s

k* dimensionless floc radius -
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kF floc permeability coefficient m²

kFL fouling layer permeability coefficient m²

kM membrane permeability coefficient m²

K  viscous boundary force N

lC capillary length m

LP  permeability coefficient kg/m²/bar/s

lsu start up length m

n number concentration of ions per unit volume No/m³

n  outward normal vector on a boundary -

iN  mass concentration flux vector of species i=1, 2 m³/m²/s

N0 imposed mass concentration flux at boundary m³/m²/s

P permeability m³/m²/s/bar

P Safety -

P pressure bar

p0 pressure at boundary bar

pFiltrate filtrate or back pressure bar

pin inlet pressure bar

PM membrane permeability m³/m²/s/bar

pout outlet pressure bar

r radial distance coordinate m

rC capillary radius m

R resistance 1/m

RCP concentration polarisation resistance 1/m

RFL fouling layer resistance 1/m

RM membrane resistance 1/m

Rj reaction term of species j mol/m³/s
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RTot total resistance 1/m

t time s

t  tangential vector on a boundary -

T temperature °C or K

T Confidence interval div.

TMP transmembrane pressure bar

BT  total boundary force N

u fluid velocity component in r-direction m/s

u3D 3D fluid velocity component in x-direction m/s

U3D 3D fluid velocity magnitude m/s

u0 imposed fluid velocity component in r-direction at boundary m/s

u  fluid velocity vector m/s

uBD lateral velocity m/s

uF floc velocity component in r-direction m/s

Fu  floc velocity vector m/s

uϕ fluid velocity component in ϕ-direction m/s

Pu  particle velocity vector m/s

ur fluid velocity component in r-direction m/s

Slipu  slip velocity vector m/s

uz fluid velocity component in z-direction m/s

v fluid velocity component in z-direction m/s

v0 imposed fluid velocity component in z-direction at boundary m/s

v3D 3D fluid velocity component in y-direction m/s

V  volume flow m³/s

v  mean axial fluid velocity at the capillary centre m/s

vF floc velocity component in z-direction m/s
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vmax axial fluid velocity at the capillary centre m/s

vS sedimentation velocity m/s

w3D 3D fluid velocity component in z-direction m/s

wF floc velocity component in ϕ-direction m/s

X coordinate perpendicular to the transport barrier m

x value -

z longitudinal distance coordinate m

z valency of ion -

Greek symbols 

α calculation parameter -

β Brinkman parameter -

χ Debye-Hückel parameter 1/m

δ finite distance between a floc and a collector m

δFM finite distance between a moving floc (surface) and the 
membrane wall 

m

*
FMδ  dimensionless distance between a moving floc (surface) 

and the membrane wall 
-

C
FMδ  finite distance between a moving floc (centre) and the 

membrane wall 

 

m

*C
FMδ  dimensionless distance between a moving floc (centre) 

and the membrane wall 
-

δS Stern layer thickness m

Δ1 calculation parameter  -

Δ2 calculation parameter  -

Δc calculation parameter  -

Δp pressure difference bar
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ε0 electrical permittivity As/V/m

εF floc porosity -

φ volume concentration m³/m³

φF floc volume concentration m³/m³

φF, max maximum floc volume concentration m³/m³

φmax maximum volume concentration m³/m³

Φ rotation axis °

γ calculation parameter -

γ  local shear velocity 1/s

Γ calculation parameter used for the surface potential m

η dynamic fluid viscosity kg/m/s

η20°C dynamic fluid viscosity at 20°C kg/m/s

ηFC fluid collection efficiency -

ηS dynamic suspension viscosity kg/m/s

Ι identity matrix m

ϕ angular coordinate -

Κ viscous boundary force N

λ dimensionless correction factor -

λC characteristic wavelength of interaction m

μx expected value div.

ν kinematic fluid viscosity m²/s

ρ fluid density kg/m³

ρF floc density kg/m³

σ total stress tensor kg/s²

τ viscous stress tensor kg/s²
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ΤB total boundary force N

ω angular velocity 1/s

Ωh homogeneous drag coefficient -

ξ friction coefficient kg/s

Ψ potential V

ΨG Galvani potential V

ΨO surface or Volta potential V

ΨS Stern potential V

ζ Zeta potential V

Superscripts 

* dimensionless 

C centre 

m motion  

r rotation 

t translation 

20°C variable value at T=20°C 

Subscripts 

0 initial condition at boundary or t = 0 

BD Brownian diffusion 

BS buoyancy and sedimentation 

C capillary 

D drag 

DL double layer 

eff effective 

F floc 
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FL fouling or coating layer 

FM floc membrane 

hF hydrodynamic floc 

i=1, 2, 3 indication of species, material or function i 

j=1, 2, 3 indication of species, material or function j 

LM lateral migration 

M membrane 

max maximum value 

P primary particle 

QP quartz particle 

r radial direction 

S suspension 

SiD shear induced diffusion 

vdW van der Waals 

VM virtual mass 

z longitudinal direction 

Φ rotation axis of a spherical floc 

ϕ angular direction 

Constants 

e electron charge -1,6⋅10-19 As

e Euler’s number 2.71828

g gravitational acceleration  9.81 m/s²

kB Boltzman constant 1,3807⋅10-23 J/K

kE Einstein constant 2.5

kH Huggins constant 7.1

NA Avogadro constant 6.0221⋅1023 1/mol
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δ0 minimum adhesion distance 1⋅10-9 m

εr permittivity (relative electric constant) 78

π Archimedes constant 3.14159

Dimensionless numbers 

ReC capillary Reynolds number -

ReF floc Reynolds number -

Pe Péclet number -

Sc Schmidt number -

Abbreviations 

2D Two dimensional 

3D Three dimensional 

CA Cellulose Acetate 

CEB Chemical Enhanced Backwash 

CFD Computational Fluid Dynamics 

CIP Clean In Place 

DBP Disinfection By-Product 

DOM Dissolved Organic Matter 

FEM Finite Elements Method 

FVM Finite Volume Method 

MF Microfiltration 

NF Nanofiltration 

NOM Natural Organic Matter 

PA Polyamide 

PAN Polyacrylonitrile 

PC Polycarbonate 



Nomenclature 

 166 

PES Polyethersulfone 

PI Polyimide 

PP Polypropylene 

PS Polysulphone 

PTFE Polytetrafluoroethylene 

PVDF Polyvinylidene fluoride 

RO Reverse Osmosis 

TMP Transmembrane Pressure 

TOC Total Organic Carbon 

UF Ultrafiltration 

UV Ultraviolet 
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A.1 Properties of different MF and UF membranes 

Table A.1: Properties of different MF and UF membranes (adapted from CHERYAN 

(1998), MELIN AND RAUTENBACH (2004) and MULDER (1991)) 

Active 
layer 

Hydrophilicity Range of 
pH-value 

TMax 
[°C] 

MWCO 
[kD] 

Oxidant 
tolerance 

Organic membranes 

PS hydrophilic pH 1 – pH 13 90 1 – 500 Medium – high

PES hydrophilic pH 1 – pH 14 95 1 - 300 Medium – high

PAN hydrophilic pH 2 – pH 10 45 10 – 400 High 

PP highly hydrophobic pH 4 – pH 10 60 1 – 500 Low 

CA highly hydrophilic pH 3 – pH 7 30 1 – 50 High 

PI hydrophilic   1 – 100  

PA hydrophilic pH 2 – pH 10 60  Very low 

PC hydrophilic     

PTFE highly hydrophobic  260 MF size only High 

PVDF hydrophobic pH 2 – pH 11 70 50 – 200 High 

Inorganic membranes 

Al2O3 / TiO2 hydrophilic pH 0 – pH 14 350 10 – 300 Very high 

ZrO2 hydrophilic pH 0 – pH 14 400 10 – 300 Very high 
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A.2 Flow characteristics 
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Figure A.1: ReC number vs. average axial flow velocity in the capillary lumen at 
T = 20°C for different capillary diameters and indication of the critical Re 
for non-porous tube flow and porous tube flow in half logarithmic scale 
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Figure A.2: ReC numbers vs. average axial flow velocity, typical for fluxes up to 100 
L/m²/h, for different capillary diameters at T = 20°C and indication of the 
critical Re for non-porous tube flow and porous tube flow in half 
logarithmic scale 
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A.3 The Navier- Stokes equation for an incompressible fluid of 
constant viscosity in cylindrical coordinates 

This is in r-direction: 
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and in z-direction: 
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Equation A.3

The equation of continuity can be expressed in cylindrical coordinates as: 

0
z

u
r

u
r
u

r
u zrr =

∂
∂

+
ϕ∂

∂
++

∂
∂ ϕ . Equation A.4

Together with some simplifications due to symmetry of the flow inside the capillary 

( 2

2
and,u

ϕ∂
∂

ϕ∂
∂

ϕ equals zero) the following set of equations can be used for the 

complete description of the isothermal fluid motion in the capillary: 



Appendix 

 179  

,
r
u

z
u

r
ur

rrr
p1F

z
uu

r
uu

t
u

2
r

2
r

2
r

r
r

z
r

r
r ⎥

⎦

⎤
⎢
⎣

⎡
−

∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂

ν+
∂
∂

ρ
−=

∂
∂

+
∂
∂

+
∂

∂
 

Equation A.5

,
z
u

r
ur

rrz
p1F

z
uu

r
uu

t
u

2
z

2
z

z
z

z
z

r
z ⎥

⎦

⎤
⎢
⎣

⎡

∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂

ν+
∂
∂

ρ
−=

∂
∂

+
∂

∂
+

∂
∂

 
Equation A.6

0
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r
u zrr =

∂
∂

++
∂

∂
. Equation A.7

A.4 Equations for the calculation of the correction factor cβ (β) to 

account for the viscosity of porous aggregates suspensions 

VAINSHTEIN AND SHAPIRO (2006) presented extended equations for the calculation of 

the correction function cβ (β) with: 
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15
c2c

Δ⋅
Δ⋅

=ββ , Equation A.8

k
aF=β , Equation A.9
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( ) β⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

β
++β

β
−=β sinh31cosh3f 23 . Equation A.14

The equations given above show that for the limit ∞→β , ( )ββc  will become unity 

corresponding to the flow around an impermeable particle or floc. The correction 

function ( )ββc  is illustrated in Figure 3.4. 
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A.5 Permeability models of porous aggregates as functions of the 

aggregates porosity ε 

The following permeability models of porous aggregates as functions of the 

aggregates porosity ε, as presented by VEERAPANENI AND WIESNER (1996) and PARK 

ET AL. (2004), were used for the illustration in Figure 3.5. For a more detailed 

description of the models please refer to VEERAPANENI AND WIESNER (1996) and PARK 

ET AL. (2004) and references therein. 

A.5.1 Brinkman 
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where εF denotes the floc porosity and aP denotes the primary particle radius. 

A.5.2 Carman-Kozeny 
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A.5.3 Happel 
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A.5.4 Howells, Hinch, Kim and Russel 
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A.6 Equations for the determination of the drag coefficient Ω 

As presented by VEERAPANENI AND WIESNER (1996), the factor B can be calculated 

with: 

( ) 1
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with: 

( ) ( )
( ) ( )

( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
α−

βα−βαβ
α+αα+β+αΔ+

⎥
⎦

⎤
⎢
⎣

⎡

αβα+

αβ−βα−βαβ⋅α+β+α
Δ+

αα−ββ−βα+αα+αβ+α=

sinh
coshsinh

3cosh32sinh3

sinh3
coshcoshsinh32

cosh3

sinhsinhcosh9cosh323B

233
2

2

33

2

2234
0

, 

Equation A.21

( ) ( ) 2
2

2
33
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ogenoushom

P

k
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Equation A.23

Herein, the homogeneous permeability coefficient khomogeneous of the floc equals k as 

calculated with Equation A.17 and  β can be calculated with Equation 3.13. Further Δ2 

can be calculated with:  

α−β=Δ2 . Equation A.24
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A.7 Equations for the calculation of the correction functions )(f *
FMδ  

and )(g *
FMδ  to account for hydrodynamic effects on the fluid 

flow due to the presence of permeable walls 

A.7.1 Translation of a spherical particle in stationary fluid 

A.7.1.1 Radial direction 
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Figure A.3: Approximation of the hydrodynamic wall effect (translation of a spherical 
rigid floc in r-direction) as a function of the dimensionless floc distance 
for a floc with radius aF = 29.47 µm and a membrane resistance 
RM = 5.24·1011 1/m 



Appendix 

 183  

A.7.1.2 Longitudinal direction 
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Figure A.4: Hydrodynamic wall effect (translation of a spherical, rigid floc in z-
direction) as a function of the dimensionless floc distance 
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A.7.1.3 Angular direction 
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Figure A.5: Hydrodynamic wall effect (translation of a spherical, rigid floc in ϕ-

direction) as a function of the dimensionless floc distance 
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A.7.2 Rotation of a stationary, spherical particle in stationary fluid 

A.7.2.1 Longitudinal direction 
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Figure A.6: Hydrodynamic wall effect (rotation of a stationary, spherical and rigid 
floc in stationary fluid in z-direction) as a function of the dimensionless 
floc distance 
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A.7.2.2 Angular direction 
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Figure A.7: Hydrodynamic wall effect (rotation of a stationary, spherical and rigid 

floc in stationary fluid in ϕ-direction) as a function of the dimensionless 

floc distance 
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A.7.3 Fluid flow around a stationary, spherical particle 

A.7.3.1 Longitudinal direction 
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Figure A.8: Hydrodynamic wall effect (fluid flow around a stationary, spherical and 
rigid floc in z-direction) as a function of the dimensionless floc distance 
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A.7.3.2 Radial direction 
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Figure A.9: Hydrodynamic wall effect (fluid flow around a stationary, spherical and 
rigid floc in r-direction) as a function of the dimensionless floc distance 



Appendix 

 189  

A.7.3.3 Angular direction 
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Figure A.10: Hydrodynamic wall effect (fluid flow around a stationary, spherical and 

rigid floc in ϕ-direction) as a function of the dimensionless floc distance 

A.8 Dimensionless inertia induced velocities 

The functions f2 ( *C
FMδ ) and f3 ( *C

FMδ ) used for the determination of he lateral migration 

as described in chapter 3.3.7 are functions of the dimensionless distance of the floc 

centre from the wall, given by: 

C

C
FM*C

FM r
δ

=δ  Equation A.25
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and can be considered as dimensionless inertia induced velocities. They were not 

presented by VASSEUR AND COX (1976) as numerical equations but as figures. For the 

case of nonneutrally buoyant spherical flocs a sixth-order polynomial approximation 

could be derived graphically from VASSEUR AND COX (1976) for f2 ( *C
FMδ ) with: 

( ) ( ) ( ) ( )
( ) ( ) ( )

2 3C* -5 C* C* C*
2 FM FM FM FM

4 5 6C* C* C*
FM FM FM

f 6 10 -0.6089 +3.0573 -6.3347

6.969 -3.5474 +0.4647 .

δ = ⋅ ⋅ δ ⋅ δ ⋅ δ

+ ⋅ δ ⋅ δ ⋅ δ
 

Equation A.26

A numerical fit of f3 ( *C
FMδ ) was presented by OTIS ET AL. (1986), cited in CHELLAM AND 

WIESNER (1992), with the following sixth-order polynomial approximation: 

( ) ( ) ( )
( ) ( ) ( )
( )

2C* C* C*
3 FM FM FM

3 4 5C* C* C*
FM FM FM

6C*
FM

f 1.532139-12.182786 +21.652283

              +4.495068 -28.176666 +10.950694

              +0.198042 .

δ = ⋅ δ ⋅ δ

⋅ δ ⋅ δ ⋅ δ

⋅ δ

 

Equation A.27

PANGLISCH (2001) mentioned that the dimensionless inertia induced velocity only has 

one radial component, being constant for all ϕ in a capillary or pipe flow respectively. 

Hence, the solution for a plane Poiseuille flow in a slit equals the solution for a 

Poiseuille pipe flow and the dimensionless particle distance from the wall, *C
FMδ  can be 

substituted with the dimensionless radial particle distance r* as follows: 

ϕ
−δ

==
cos

12
r
rr

*C
FM

C

* . Equation A.28

Here, r denotes the radial coordinate and rC denotes the capillary radius. After 

substitution Equation A.27 will match the fifth-order polynomial approximation 

presented by PANGLISCH (2001) as illustrated in Figure A.11. The inertia induced lift 

velocity of a rigid, neutrally buoyant spherical particle or floc, allowed to rotate, is 

directed into the direction of the membrane wall at |r* cos ϕ| = 1 for all 

|r* cos ϕ| < 0.62 and directed into the direction of the flow axis for all |r* cos ϕ| > 0.62. 

At r* cos ϕ = 0.62 and r* cos ϕ = 0 a migration equilibrium exists. 
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Figure A.11: Polynomial fit of the lift velocity experienced by a neutrally buoyant 
spherical particle or floc in a Poiseuille pipe flow as presented by 
PANGLISCH (2001) and OTIS ET AL. (1986), cited in CHELLAM AND WIESNER 

(1992) 
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Figure A.12: Polynomial fit of the lift velocity experienced by a nonneutrally buoyant 
spherical floc in a Poiseuille pipe flow adapted from VASSEUR AND COX 

(1976) 
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Compared to Figure A.11, the equilibrium position for nonneutrally buoyant spherical 

flocs may be moved either towards the axis if the floc lags the flow, i. e. for flocs 

heavier than the fluid, thus going slower, or towards the wall at |r* cos ϕ| = 1 if the 

floc leads the flow, i. e. for flocs lighter than the fluid. 

A.9 Surface charge and configuration of the electric double layer 

The development of an electric charge at the surface of particles can arise in three 

principle ways (STUMM AND MORGAN (1996)): Firstly, the charge may arise from 

chemical reactions at the surface of solids if the surface contains ionisable groups, i. 

e. –OH, –COOH, –OPO3H2 and –SH. The surface charge then depends on the 

degree of ionisation, i. e. proton transfer and consequently depending on pH value of 

the medium. At low pH values a positively charged surface prevails and at high pH 

values a negatively charged surface is formed. At some intermediate pH values, the 

so called isoelectric point, the surface charge will be zero. Secondly, the surface 

charge at the phase boundary may be caused by latice imperfections at the solid 

surface and by isomorphous replacements, i. e. atomic substitution with atoms 

having differentially numbers of electrons. This permanent structural charge is 

usually for a mineral. Thirdly, a surface charge may be established by adsorption of a 

hydrophobic species or a surfactant ion. Ionic species carrying a hydrophobic moiety 

may bind inner-spherically or outer spherically depending on whether the surface-

coordinative or the hydrophobic interaction prevails. Thus different types of surface 

charge density contribute to the net total particle charge on a particle. 

The surface charge of solids suspended in water will be neutralised by contrary 

charged ions, the so called counterions, which concentrate in the close vicinity of the 

surface. Ions of the same charge as the surface charge of the solids, the so called 

co-ions, will be displaced. This leads to a more or less diffusively distribution of the 

ions in the liquid in contact with the solid, usually idealised as an electric double layer 

as illustrated in Figure A.13. The electric double layer consists of two layers around 

the solid surface, the Stern layer and the diffusive double layer. The Stern layer is 

directly attached to the negatively charged surface with Galvani potential ΨG and can 

be further subdivided into the inner and outer Helmholtz layer, see Figure A.13. The 

inner Helmholtz layer is built by specifically adsorbed unhydrated ions and water 
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molecules of the hydration hull of the solid which are directly in contact with the solid 

surface. Depending on the charge of the specifically adsorbed unhydrated ions, the 

Galvani potential ΨG is increased or decreased linearly to the Volta potential, or 

surface potential respectively Ψo. The region where only hydrated counterions are 

located is called the outer Helmholtz layer in which the potential is decreasing to the 

Stern potential ΨS at the Stern plane. The Stern layer can be assumed as a layer of 

fixed molecules and counterions with a thickness of about δS = 0.5 nm, 

corresponding to the diameter of a hydrated ion. Hence, a minimum adhesion 

distance of 1 nm can be supposed for two suspended surfaces. Outside the Stern 

layer is the diffusive layer which extends outwards into the bulk solution. Here, the 

potential in the diffusive double layer, in which dissolved co-ions and counterions are 

freely mobile, is decreasing exponentially until a balance of electrostatic and thermal 

forces is attained. At a distance 1/κ the Stern potential has dropped by a factor 1/e. 

This distance can be used as a measure of thickness of the double layer, often 

referred to as the Debye-Hückel length where the free bulk solution starts. 

 

Figure A.13: Configuration of the electric double layer at a suspended negatively 
charged particle and resulting distribution of the charge potential as 
function of distance (adapted from NAHRSTEDT (1999)) 
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The shear plane, as illustrated in Figure A.13, separates the ‘fixed’ from the ‘mobile’ 

parts of the electrical double layer. The electrical potential at the shear plane is the 

electrokinetic potential, or the zeta potential, which can be derived with the help of 

electrophoretic mobility or streaming potential measurements. It is usually assumed 

that the shear plane lies outside but fairly close to the Stern plane, so that essentially 

the zeta potential can be used with good agreement as a measure of the real Stern 

potential. 

A.10 Calculated DLVO forces 

According to the DLVO theory, the attractive London-van der Waals and repulsive 

double layer forces acting between adjacent surfaces are superposed. The 

calculations are based on Equation 3.67 to Equation 3.73 and the general data set 

given in Table A.2. The values are those of the experimental setup as introduced in 

chapter 4 or taken from literature, i. e. NAHRSTEDT (1999), PANGLISCH (2001), VISSER 

(1972), SOFFER ET AL. (2005) and ZHAO ET AL. (2002). The closest calculated distance 

was set to 1 nm, representing the minimum adhesion distance δ0 between two 

particles/flocs or a particle/floc and the membrane wall respectively.  
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Table A.2: General data set used for the calculation of the DLVO forces 

Description Parameter COMSOL Value Unit 

Stern potential approx. Zeta potential 
of iron hydroxide flocs ζF)  

ΨS,F Psi_1 -12-3 V 

Stern potential (approx. Zeta 
potential of PES membrane ζM)  ΨS,M Psi_2 -15-3 V 

Stern potential (approx. Zeta 
potential of latex primary particle ζP)  ΨS,P Psi_1 -60-3 V 

Hamaker constant between iron 
hydroxide floc and PES membrane 
across water 

H132FM H_132_FM 2.63·10-19 J 

Hamaker constant between primary 
particle and PES membrane across 
water 

H132PM H_132_PM 1.54·10-20 J 

Characteristic wavelength of 
interaction  λC lambda_c 100·10-9 m 

Avogadro constant   NA N_A 6.0221·1023 1/mol 

Boltzmann constant  kB k_B 1.3807·10-23 J/K 

Electrical permittivity  ε0 eps_0 8.8542·10-12 As/V/m 

Hardness  c0 c_0 2 mol/m³ 

Valency (z = zi) z z 2.00 - 

Temperature T T 293.15 K 

Permittivity (relative dielectric 
constant)  εr eps_r 78.00 - 

Minimum adhesion distance  δ0 d_0 1.0·10-9 m 

Electron charge e e -1.60·10-19 As 

The Stern potentials were presented in chapter 4.1.1 (membrane), chapter 4.1.2 

(particle) and chapter 4.2 (floc). For all other values please refer to chapter 3.3.8.  

For instance, the resulting force will be usually repulsive at larger distances of two 

surfaces. For a decreasing distance between the two surfaces, repulsion will 

increase up to a certain maximum at some nanometer in distance at first. When the 

surfaces approach each other further, attractive forces will increase and dominate at 

very close distances, see Figure A.14. 

For coagulated particles, embedded in iron hydroxide flocs, the DLVO sum accounts 

to mainly attractive forces even for larger distances as illustrated in Figure A.15. 
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Figure A.14: DLVO sum, London–van der Waals and electric double layer forces 
between a primary particle of radius aP = 12.25 µm and the membrane 
wall 
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Figure A.15: DLVO sum, London–van der Waals and electric double layer forces 
between an iron hydroxide floc of radius aF = 29.47 µm and the 
membrane wall 



Appendix 

 197  

A.11 Model constants and parameters 

Constants were used for modelling the flow field, the concentration distribution in the 

membrane capillary and floc trajectories as given in Table A.3. For further information 

please refer to chapters 3.2, 3.3 and 3.4. The expressions used in the column 

‘COMSOL’ denotes the name of the parameter used in the software. 

Table A.3: Constant parameters used in the model  

Description Parameter COMSOL Value Unit 

Capillary length lC cap_l 1 m 

Capillary radius rC cap_r 0.0004 m 

Membrane resistance RM mem_R 5.24·1011 1/m 

Flux J flux 2.22·10-5 m³/m²/s 

Gravitational acceleration in x 
direction in gr g_r 9.81 m/s2 

Gravitational acceleration in y 
direction gz g_z 0 m/s2 

Fluid temperature T fluid_T 293.15 K 

Relative floc or particle 
density                                     

ρrel rho_rel 1.05 - 

Floc radius                                aF a_F 29.47·10-6 m 

Floc density ρF floc_rho 1050 kg/m³ 

Floc mass concentration          cmF m_c_F 1 kg/m³ 

(Minimum) Floc porosity           εF eps_F 0.26 - 

Maximum floc volume 
concentration                            

φF,max phi_max 0.74 m³/m³ 

Primary particle radius             aP a_P 12.25·10-6  m 

The determined values for different initial parameters at time t0 = 0 are listed in Table 

A.4.  
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Table A.4: Calculated initial parameters using the constants given in Table A.3  

Description Parameter COMSOL Value Unit 

Initial fluid inlet velocity in 
radial direction u0 fluid_u0 0 m/s 

Initial fluid inlet velocity in 
longitudinal direction v0 fluid_v0 0.111 m/s 

Initial fluid inlet pressure p0 fluid_p0 1.348·104 Pa 

Panglisch parameter a a 0.691 1/m 

Membrane filtration area AM mem_A 2.513·10-3 m² 

Inlet volume flow 0V  fluid_V_flow0 5.585·10-8 m³/s 

Initial dynamic fluid viscosity 
at 20°C η0 fluid_eta0 1.003·10-3 Pa·s 

Initial fluid density at 20°C ρ0 fluid_rho0 998.204 kg/m³ 

floc mass mF floc_mass 6.689·10-15 kg 

Initial floc volume 
concentration in the bulk flow φF,0 phi_0 9.524·10-4  m³/m³ 

Gravitational force in radial 
direction Fr g_r·fluid_rho0 9792.383 N/m³ 

Gravitational force in 
longitudinal direction Fz g_z·fluid_rho0 0 N/m³ 

The gravitational forces Fr and Fz were defined to account for gravitation in a 

horizontal orientated capillary as given in the experimental setup, see chapter 4. 

A.12 CFD modelled start-up length 

The start up length for the development was found to be smaller than 0.5 % of the 

total capillary length as shown in Figure A.16, approximately 6 times smaller than 

predicted by Equation 3.2. For this reason it was decided to model the flow into the 

capillary with a laminar flow profile in the following, giving the numerical model more 

robustness. 
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Figure A.16: Axial symmetric velocity field and fluid flow streamlines at capillary inlet, 
display detail of Figure 3.18 

A.13 Model mesh 

As mentioned in chapter 3.4.1 and 3.4.2, the software is able to work with triangular, 

quadrilateral, tetrahedral, brick, and prism meshes using fully automatic and adaptive 

mesh generation. For using mapped meshes the geometry needs to be fairly regular 

and the shape of each subdomain must not differ too much from a rectangular shape. 

When using the mapping technique, a logical quad mesh is defined on the unit 

square for each subdomain and is then mapped onto the real geometry by transfinite 

interpolation. For the mapping technique to work properly, the following conditions 

needs to be satisfied: each subdomain must be bounded by at least four boundary 

segments; each subdomain must be bounded by one connected boundary 

component only and the geometry must not contain isolated vertices or isolated 

boundary segments. 

The overall mesh density is determined from the distribution of edge elements on the 

boundary segments and can be adapted to areas or boundary segments of special 

interest by using constrained edge element distributions. It is possible to choose 
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between specifying the number of equally distributed edge elements or the 

distribution of mesh vertices along the boundary segment. The latter, which gives full 

control of the edge element distribution, is specified by vector valued expressions of 

strictly increasing values starting with zero, specifying the relative arc length values 

of the mesh vertices along the edge. However, for the mapping technique to work, 

the opposite sides of each logical unit square need to be discretised by the same 

number of edge elements. The vector valued expressions were applied to account for 

a sufficient high resolution of the mesh especially at the capillary entrance, where the 

laminar flow profile is established and at the membrane wall, where the interacting 

forces between fluid flow, moving flocs and membrane wall will be likely highest and 

where the cake layer build-up will occur.  

The 2D mesh as given in chapter 3.4.2 can be transformed into 3D by using 

extrusion coupling variables, which maps values from the source domain, here in 2D, 

to the destination domain in 3D. Because the destination domain has higher 

dimension than the source domain, the mapping is done by extruding point-wise 

values to the higher dimensions. This transformation between the source and 

destination is performed by the so called general transformation. Here, the source 

transformation is a one-to-one mapping that maps the mesh of the physical source 

domain to an intermediate mesh embedded in a space of the same dimension as the 

source. The destination transformation is a mapping from the destination domain, 

where the value of the variable is defined, to the same space that contains the 

intermediate mesh. When the value of the coupling variable is requested somewhere 

in the destination domain, the software transforms the destination points using the 

destination transformation. It compares the resulting coordinates to the elements in 

the intermediate mesh in order to find corresponding locations in the physical source 

domain. To avoid the need to solve a nonlinear system of equations for every 

destination point, the software assumes that the source transformation is linear on 

each element of the intermediate mesh. In practice, the transformation is often trivial 

and leaves the coordinates unchanged, but it can also rescale, stretch, bend, or 

reflect the mesh. For more detailed information about the applied transformation refer 

to COMSOL AB (2006A). While transforming the 2D model into 3D, the applied mesh 

is generated automatically with tetrahedral mesh elements. The mesh was always 

refined and adjusted to account for a sufficient high resolution at the areas of interest. 
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Nevertheless, the mesh has to be adapted for each model. For example, one chosen 

mesh as illustrated in Figure A.17 consists of 333.173 elements over the whole 

modelled capillary, with 44.052 elements directly at the boundaries, delivering 

1.644.941 degrees of freedom. 

 

Figure A.17: Unstructured mesh of the dimensionless model in 3D 

A.14 Transformation from 2D to 3D 

For the transformation of the 2D model geometry into 3D, the coordinates and the 

velocity components have to be adapted to the 3D model geometry. The coordinates 

of the 2D model geometry r and z were set to x as radial and y as longitudinal 

coordinate respectively in the 3D model geometry. Additionally, a second radial 

coordinate z is introduced. Hence the radial coordinate can be now calculated with: 
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22 zxr += . Equation A.29

The angle ϕ can be calculated using the so called four-quadrant inverse tangent 

function ‘atan2 (x, z)’ of the software COMSOL. This function is used to derive the 

angle ϕ directly in the correct quadrant when transferring cartesian coordinates into 

polar coordinates. It computes the point wise arctan of the two scalars x and z, such 

that tan(ϕ) = z/x. For more details please refer to COMSOL AB (2006B). Following 

velocity components could than be derived, using the four-quadrant inverse tangent 

of the coordinates x and z, the origin velocity components u and v of the 2D model 

and trigonometric functions. For instance, the radial velocity component in x-direction 

accounts to: 

( )( )z,x2tanasinuu D3 ⋅= , Equation A.30

the axial velocity component in y-direction to: 

vv D3 = , Equation A.31

and the radial velocity component in z-direction to: 

( )( )z,y2tanacosuw D3 ⋅= . Equation A.32

The magnitude of the velocity could be derived as: 

2
D3

2
D3

2
D3D3 wvuU ++= . Equation A.33

According to this example of transformation of the fluid flow velocities, all necessary 

values can be transformed from 2D to 3D, except floc velocities due to the influence 

of gravity, acting only into one direction. Hence, floc velocities were calculated 

directly in 3D, using the transformed 3D fluid flow velocities and all other functions as 

described in this work.  
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A.15 Statistical methods 

6.1.1 Grubbs outlier test 

There is a scatter in the results of the measured data due to statistical and 

systematic influences. Systematically influenced individual values are considered as 

faulty, i. e. as outliers. To assess whether an extreme value is to be designated as an 

outlier, test values are calculated by various methods which have to be compared 

with tabulated numerical values of different levels of significance. The choice of a 

definite level of significance includes the risk to reject an extreme value as outlier 

when in fact there is no outlier (type 1 risk). At the same time this choice includes 

also a risk of failing to reject an actual outlier (type 2 risk). Since incorrect results may 

falsify the result of the measured data, outliers have to be traced and rejected. All 

data sets used in this work were tested according to the outlier rm- test as presented 

by Grubbs (GRUBBS AND BECK (1972), GRUBBS (1969), GRUBBS (1950) all cited in UHL 

(2000)). In statistics, a result is significant if it is unlikely to have occurred by chance, 

given that a presumed null hypothesis H0 is true (type 1 risk). The level of 

significance was chosen to be highly significant with α = 1 %. The Grubbs rm- test 

compares each individual value x* with the mean value x  and the standard deviation 

s of the measured data set. The null hypothesis H0 is chosen to be that the individual 

value x* out of n values is no outlier. This null hypothesis was accepted on the level 

of significance if 

( )n,r
s

xx
r̂ mm α≤

−
=

∗

 Equation A.34

was true, otherwise rejected. If an individual value was tested to be an outlier it was 

eliminated and the test repeated for all remaining values of the data set. This was 

done for all individual values until all remaining values were accepted and indicated 

to be no outlier. 

The experimental investigations presented in this work are often time series in which 

each individual value has to be evaluated in comparison to the value measured 

chronologically before. UHL (2000) presented a method which adapts Grubbs rm- test 

to time series. This method is comparable to the moving average method, 
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consequently it was called the moving outlier test. Each individual value in a time 

series was compared to (n-1) chronological values, whereas (n-1)/2 were before and 

(n-1)/2 after the investigated individual value. The test was then performed according 

to Equation A.34 and the procedure described above. 

6.1.2 Confidence intervals 

The experimental values illustrated in the figures in this work are often presented with 

corresponding confidence intervals if possible. The confidence interval T(x*, P) of 

each measured value x* or of the mean value of n-fold replied measurements was 

than calculated according to FACHGRUPPE WASSERCHEMIE IN DER GESELLSCHAFT 

DEUTSCHER CHEMIKER (1997) with: 

( ) ( )1n,t
n
sP,xT −α⋅= , Equation A.35

where the interval  

( ) ( )P,xTxP,xTx x +>μ<−  Equation A.36

contains the expected value µx with safety ( )α−= 1P , whereas the expected value 

can be regarded as an estimation value of the real value. 

A.16 Geometrical data of the used capillaries in the experiments 

Table A.5: Lengths of the used capillaries and intersections in the experiments  

 Cap. A Cap. B Cap. C 
Inlet potting 19 14 19 
membrane section I 321 311 309 
Potting I 7 14 19 
membrane section II 321 312 317 
Potting II 9 16 13 
membrane section III 321 310 307 
Potting III 9 17 23 
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A.17 Particle count experiments 

The considerably reduction of deposited small and mid sized primary particles along 

the capillary in relation to the pure solid primary particle suspensions was also found 

in other particle count experiments as mentioned in chapter 4.5. The results are 

given in the following, whereas both, fractions of deposited primary particles after 

filtration as uncoagulated and as coagulated suspension vs. dimensionless capillary 

length z/SZ and primary particle radius aP are shown for comparison. Figure A.18 

indicates that smaller and mid sized primary particles were not transported up to the 

end of the capillary, being deposited after shorter distances to the capillary inlet, 

which is in good accordance to the theoretical considerations, see chapter 3.5.2. 
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Figure A.18: Fractions of deposited primary particles after filtration (TMP = 0.4 bar, 
average flux unknown) as uncoagulated suspension vs. dimensionless 
capillary length z/SZ and primary particle radius aP 

Figure A.19 to Figure A.22 show the measured results for deposited primary particles 

after filtration at constant TMP of 0.4 bar as coagulated suspension vs. 

dimensionless capillary length z/SZ and primary particle radius aP.  
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Figure A.19: Fractions of deposited primary particles after filtration (TMP = 0.4 bar, 
average flux of approx. 151 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP 
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Figure A.20: Fractions of deposited primary particles after filtration (TMP = 0.4 bar, 
average flux of approx. 186 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP  
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Figure A.21: Fractions of deposited primary particles after filtration (TMP = 0.4 bar, 
average flux of approx. 156 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP 
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Figure A.22: Fractions of deposited primary particles after filtration (TMP = 0.4 bar, 
average flux of approx. 198 L/m²/h) as coagulated suspension vs. 
dimensionless capillary length z/SZ and primary particle radius aP 
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The comparison of Figure A.18 to Figure A.22 delivers similar results as described in 

chapter 4.5. The fractions of small and mid sized primary particles in the range from 

aP = 1.5 µm to about aP = 14 µm was increased in the last two capillary length 

sections at z/SZ = 0.9 and z/SZ = 1, hence at the end of the capillary for the 

coagulated suspensions. Accordingly, the fraction of primary particles of the same 

size range decreased in the middle and the third quarter of the capillary length at 

z/SZ = 0.5 to z/SZ = 1. This clearly indicates that smaller and mid size particles were 

transported as floc agglomerate more deeply into the capillary as they would have 

actually done due to their own size. 
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