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Preface

�Begin at the beginning,� the King said, very gravely, �and go on till you come

to the end: then stop.�

� Lewis Carroll (Alice in Wonderland)

When tracing back the history of a concept, such as �ltration, it is often not very

clear where its exact origin lies. What is known is that the earliest civilisations

with written records used some form of �ltration already. In ancient Egypt they

used wicks to syphon water through complicated set-ups in order to purify water

(drawings in the tombs of Amenhotep II and Ramses II, 15th/13th century

B.C.). In Asia, sand and gravel were described as �lter material (Sushruta

Samhita, said to date back to the 20th century B.C., but only found written

in 3rd/4th century A.D.). In ancient Greece, Hippocrates developed his so

called Hippocratic sleeve, made from a square piece of cloth folded as a funnel

(The genuine works of Hippocrates, 5th/4th century B.C.)1. In Arabia, the

alchemist Geber (Jabir ibn Hayyan) scienti�cally described how water can be

puri�ed by gravitationally syphoning it from one vessel to another using a wick

(The works of Geber, ca. 800 A.D.), similar to how the Egyptians performed it

(Baker, 1949). Being an alchemist however, he had a more profound interest

in distillation for puri�cation.

Although it appears that the concept of �ltration (or any similar form of sep-

aration process) is known for dozens of centuries, it seems to have played only

a minor role in the early human development, and even seems to have disap-

peared during the Middle Ages. Some wrong premises, like Sir Francis Bacon

developed in 1627 in his work Sylva Sylvarum (�A natural history in ten cen-

turies�), did not aid its revival; he stated that allowing salt water to percolate

upwards through sand would result in desalinated water because salt particles

1Surprisingly, the Romans, well-known for, among other things, their ingenuity in water
engineering, sticked with gravitational settling in so called piscanae to get rid of sand and
clay in their drinking water (Sedlak, 2014).
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were presumably heavier than sand particles (Baker, 1949). Almost a cen-

tury later, in 1711, similar sand �ltration experiments for desalination were

attempted by Marsigli, still without success.

In 1685, the Italian physician Lucas Antonius Portius described multiple stage

sand �ltration in his work Soldier's Vade Mecum, imitating nature's cleaning

power, where water is puri�ed by its passage through �the bowels of the Earth�

(Baker, 1949). Still, these early versions of sand �lters were mainly described

in literature, rather than used in everyday life. They would, however, appear

in very speci�c applications, e.g. sand was used as lining for water cisterns, but

often without knowing the governing principles. It then took another century

to really move forward. The �rst, rather experimental, slow sand �lter was

built in a bleachery in Scotland in 1804. Two system designs were developed

based on this idea: in 1827, a slow sand �lter cleaned by backwashing, designed

by Robert Thom, was installed in Scotland, while a similar system designed

by James Simpson, but cleaned by scraping, was completed in London in 1829

(Baker, 1949; Huisman, 1974). However, these sand �lters were still not very

common, and they were thought to only remove turbidity and suspended solids.

An important countering arises in the middle of the 19th century, when larger

cities in full expansion, such as London, were su�ering from epidemics. We

write 1854, when the third outbreak of cholera was raging through the streets

of London. Most medical practitioners and scientists related the infection and

spread of the disease to miasma, i.e. the vapours and smells from rotting organ-

ics. John Snow was the �rst to doubt and e�ectively disprove the well-accepted

miasma theory of disease spreading. His �rst clue was the much lower amount

of infection cases for people getting their drinking water from the Lambeth

company, as compared to those served by the Southwark & Vauxhall company,

although both were taking their water from the Thames river. The small but

important di�erence was that the former company had recently moved its in-

take upstream of the sewer discharge point. Before he could �nish his scienti�c

investigation, his attention was called to Broad Street, where cholera was strik-

ing at rates never seen before. The methodology he applied to the case was

simple, but e�ective: by mapping all incidents of the disease, he created a map,

with which he was able to pinpoint the source of all misery to a single water

well: the Broad Street well. All outliers on his map could be explained by

additional data2. On his demand, the water pump on this well was put out of

order the next day by removing the handle, and cholera disappeared from the

2For example, the lack of reports of cholera from the local brewery, although in the
vicinity of the Broad Street well, could be explained by the fact that all workers drank beer
rather than water.
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city3. It turned out later that the water pump was located a few feet away from

a leaking underground cesspool. This busted the miasma theory and proved

that cholera is a waterborne disease.

This event lead to a revolution in the sanitation of drinking water and wastewa-

ter, and e.g. promoted discharging and extracting water into and from the river

on more strategic locations. But more importantly for this work, it meant the

start of the �ourishing of water �ltration applications. This movement was en-

forced by the Metropolis Water Act of 1852, written by the Parliament of the

United Kingdom, regulating the water supply companies in London, and �nally

including quality criteria in order to serve �pure and wholesome water�. It was

John Snow, however, who pointed out that although water can look clean, sick-

ening invisible elements (which he called materis morbie) can still be present

and �ltration is a way to get rid of those. Remark that it would take another

30 years for Pasteur and Koch to relate diseases to bacterial causes. Under the

Metropolis Water Act, from 31 December 1855 on, all water extracted from the

Thames from within 5 miles of St. Paul's cathedral was required to be �ltered.

A similar episode took place on the other side of the Atlantic ocean, near the

emerging cities of Lowell and Lawrence, in the state of Massachusetts, USA,

around the year 1890. These cities were plagued with typhoid fever that, with

the help of William Sedgwick and his team of students, was quickly ascribed to

a sewage contamination coming from the upstream Stony Brook. While Lowell

could switch to ground water, or if needed extend its intake pipe upstream the

river, Lawrence had no groundwater and was too far away for repiping its water

intake. Quickly the city realised that it was dependent on �ltration technology,

after the example of London. But in the city of London, �ltration was combined

with new water intakes, other water sources, better sewers, etc. It was therefore

uncertain if �ltration would do the trick, and opinions were sceptical, because

the mixed results of early plants elsewhere lead to the prevailing conclusion

that ��ltration sometimes helps to remove suspended solids, but does not make

a water �t for use�. With little to no alternative, sand �ltration was installed4,

and to the bene�t of the citizens of Lawrence, typhoid fever was vanquished.

As a �nal example, we consider Hamburg and Altona, two cities along the Elbe

river in Germany, 1892. Hamburg withdrew its drinking water from the river,

only applying settling as a pretreatment step. This was considered adequate,

since the city took its water upstream of the sewage discharge. Altona, down-

3For completeness: it is di�cult to prove that this was really the merit of John Snow, as
the cholera epidemic might have been over its infection peak already.

4Despite the fact that the retained pathogens were much smaller than the pores, the
system worked. This was later attributed to a bio�lm that forms on the sand grains during
slow sand �ltration, that ful�ls the function of capturing the tiny organisms (Sedlak, 2014).
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stream of Hamburg's discharge, preferred �ltering its water. When a camp of

immigrants settled by the river, Hamburg was plagued with a cholera outbreak,

while the nearby city of Altona escaped its terror, even being downstream of

the infected Hamburg. After Hamburg �nally installed its long planned slow

sand �lters, it got relieved of its plague (Huisman, 1974).

Examples like the cities of London, Lawrence and Hamburg, created a mind

shift for what concerns water �ltration plants, from a situation where they were

seen as an ine�ective and unnecessary luxury to the understanding that they

should be an essential part of the city's water management (Sedlak, 2014).

Finally, the last revolution that took place in the area of �ltration is the use

of membranes as semi-permeable barriers. Abbé Nolet was the �rst to use

the term osmosis for the permeation of water through a diaphragm in 1748.

It took until 1887 for Van 't Ho� to write his osmotic pressure equation, for

which he received the very �rst Noble Price in chemistry (1901). In 1907, the

term ultra�ltration appeared, written by Bechold, as describing the process of

forcing a solution under several bars of pressure across a membrane (Baker,

2004). He also developed the �rst synthetic ultra�ltration membrane, made

of nitrocellulose (Judd and Judd, 2011). In the 1920s, micro�ltration and

ultra�ltration were used in laboratory environments, but it took until after

the second world war for membranes to resign from the lab and �nd real-life

applications; the drinking water supply in Europe was under stress, as sand

�lters needed to grow impractically large, and new �lters were needed (Baker,

2004). In 1959, reverse osmosis as the most persevering type of membrane

�ltration, was demonstrated for the �rst time within university walls, and a

full-scale plant was built few years later. A milestone year was 1963, when Loeb

and Sourirajan developed an asymmetric cellulose acetate membrane, yielding

a great �ux improvement (Judd and Judd, 2011). In the 1970s, there were not

more than 10 membrane �ltration plants present in the world. However, every

decade, their number increased an order of magnitude, showing its fast increase

in industrial applications.

Filtration applications have thus evolved throughout the human history, from

a simple tool to purify sand and clay laden streams using cloths or other textile

products to produce clear drinking water in ancient times, over the tentative

application of slow sand �lters to remove pathogens at the end of the industrial

revolution, to a situation where the idea of desalination is �nally realisable

with the use of reverse osmosis membranes today. However, what seems to be a

constant in all of these developments, is that �ltration systems were used, before

their working principles were fully understood. We will see in this dissertation

that although membranes have been studied intensively, there is still a lot to

unravel about their operation.
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CHAPTER 1

Introduction

�Essentially all models are wrong, but some are useful.�

� George E.P. Box





1.1. Problem statement

1.1 Problem statement

In a world with an ever increasing population and growing individual needs,

our consumption society has to produce more and a wider diversity of prod-

ucts and services than ever before. As a result of the end-of-pipe rationale

of most production processes to date, equally more waste is being produced,

calling the need for clean-up processes. Within the production chain, as well

as the clean-up chain, many unit processes are linked together, and in many

of them, �uid-particle separation is a crucial step at some point; yeast cells

have to be separated from the freshly fermented beer before it is bottled and

sold, soot needs to �ltered out from exhaust gases before their release into the

atmosphere, wood pulp needs to be dewatered so that cellulose �bres can form

paper, red blood cells are centrifuged from blood when donating blood plasm,

solid contaminants are removed from wastewater, etc. With the upcoming need

to close the loop on end-of-pipe production processes, and create circular sys-

tems, where resource recovery is part of the system, �uid-particles separation

becomes ever more important.

Separation processes come in two main variations: separation by (enhanced)

gravity or by �ltration through semi-permeable walls or membranes. In the

case where particles are suspended, the latter is preferred for its e�ciency.

One example application that will be focussed on in this dissertation is the

�ltration of activated sludge in a membrane bioreactor (MBR). In this speci�c

application, �ltration has many advantages over the rather ine�cient settling

process: it has a smaller spatial footprint, provides a better and robust e�uent

quality and, most importantly, it is a controllable separation process. However,

it comes with the inherent disadvantage that suspended and dissolved material

will accumulate near the membrane surface and hinder further �ltration, thus

impacting the e�ciency of the process. This decrease in e�ciency is the result

of a lot of interacting processes and it is not always clear what mechanisms are

dominating the behaviour of the system, as this can be highly dynamic.

However straightforward the principle of a separation based on particle size

exclusion might appear, the practical implications can be convoluted. Little is

understood about how the e�ciency of the process progresses over time and

what mechanisms dominate the system's behaviour. This originates from the

fact that a system where particles are retained in a layer on top of the membrane

is by nature a complex system, with all components interacting with each

other in simple ways, but yielding complex patterns.
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Chapter 1. Introduction

�A complex system is a system with a large number of elements, building

blocks or agents, capable of exchanging stimuli with one another and with their

environment. The common characteristic of all complex systems is that they

display organisation without any external organising principle being applied.�

� From Ottino (2003)

In the end, the actors, i.e. the suspended particles, can be seen as birds in a

�ock, each contributing a tiny part to the macroscopic behaviour of the system.

Wisdom does not come solely from trying to study the bird �ock as a whole,

or studying an individual bird. It comes from expanding the behaviour of one

bird into a group, and studying the resulting behaviour.

Mathematical modelling of �ltration, describing the �ltration process in equa-

tions, can help in understanding and controlling �ltration. Mathematical mod-

els roughly come in three main categories (Figure 1.1), each with their speci�c

goals. Black box modelling can help in describing or mimicking the process be-

haviour without the need for mechanistic process knowledge (studying the en-

tire bird �ock). Those models can help in predicting the near-future behaviour

of the system, and eventually for short-term control purposes. However, the

lack of process knowledge can be problematic when operating conditions change

and the model was not trained for those circumstances. Another modelling

paradigm is grey box modelling1, where the process is dismantled into the dif-

ferent mechanisms taking place (studying the main parts of the bird �ock), and

for each mechanism a semi-mechanistic or empirical submodel is developed, of-

ten based on expert knowledge and/or experimental data. They provide more

insight into the balance of subprocesses, but being inherently connected to

experimental results and expert knowledge, they often su�er from calibration

issues. This �nally encourages the use of a third modelling paradigm, i.e. white

box modelling, also called mechanistic modelling (expanding the bird behaviour

to the �ock). Here, the physics of the system is the starting point for writ-

ing the equations resuming the system's behaviour, which are typically less

parametric than for the other modelling paradigms and based on �rst princi-

ples. The process of setting up these models can be very convoluted and the

models themselves are often too complex to handle practically, although they

truly provide insight into the working mechanisms of the process. All three

paradigms have their merit and are used in practice. However, the connection

between these models is often lost.

1According to Ljung (2008), this category is too wide to be captured in one term, and he
promptly decomposed the grey box models into the whole palette of grey scales; o�-white,
smoke-grey, steel-grey and slate-grey models. I will retrain myself from such detail here.
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1.1. Problem statement

(a)

(b)

(c)

Figure 1.1: Visual representation of di�erent modelling paradigms in �ltration mod-
elling: (a) black box modelling (b) grey box modelling and (c) white
box modelling.

Within the �eld of MBR speci�cally, and for membrane �ltration in general,

modelling e�orts are concentrated in the grey box modelling zone. Mostly,

resistance-in-series (RIS) models are being built, which have submodels for

the di�erent fouling principles, but are typically based on regressions from

experimental data. They su�er from (over)calibration issues and, given the

multitude of models present, are typically too tailored to a speci�c installation.

Furthermore, they often think in a linear way on how di�erent subprocesses

are connected. However, the other modelling paradigms are less explored and

might o�er opportunities to assist the grey box models into capturing the true

behaviour of the system. Tools that are more appropriate for studying complex

systems, such as �ltration, are non-linear dynamics and chaos theory, cellular

automata, graph and network theory and an individual-based model (IBM)

approach (Ottino, 2003). The last approach will be focussed on throughout

this work.

9
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1.2 Aim

In this dissertation, a new framework will be presented to model a cross �ow

�ltration process of a �uid stream with suspended particles. The positioning of

this framework in the �eld is illustrated by Figure 1.2. Most �ltration models

available today are RIS models. They describe the resistance on the perme-

ation �ow using a series of resistances, each attributed to a speci�c fouling

mechanism. This resembles very much the approach of representing the mix-

ing behaviour of a system, using a set of tanks in series in a tanks-in-series

(TIS) model, as described by Levenspiel (1962). Although this approach is

fairly simple and has its merit in mimicking the system's behaviour under cer-

tain conditions, its predictive power quickly deteriorates as these conditions

change (Rehman, 2016). On the other end of the spectrum, the most com-

plicated and convoluted models can be found. When describing the mixing

behaviour of a �uid system, computational �uid dynamics (CFD) is the gov-

erning technique used, where the motion of individual �uid parcels is described.

Similar to this approach, I will present a model describing the behaviour of the

system's elements (particles and �uid parcels) thereby mimicking the observed

system behaviour. Although these complex models have a higher predictive

power, so that they are valid under a large range of operating conditions, they

also present a larger computational burden, often to the extent that real-time

simulations are impractical, if not impossible. Lately, the knowledge built by

these complex models has been translated to a new �eld of study for modelling

�uid �ow: compartmental models (Rehman, 2016). These are a simpli�cation

of the complex model, given its characteristics, where the system is split up

into functional units that can be interconnected. These models often fall into

the sweet spot of modelling, where an adequate degree of predictive power is

obtained for a manageable computational cost.

The goal of this dissertation is to provide a framework for these complex models,

describing the necessary mechanics needed. It must be made clear that this

work does not aim at the construction of a compartmental model as such.

1.3 Outline of this dissertation

This dissertation consists of seven chapters. With the exception of Chapter 2

(literature review) and Chapter 7 (conclusions and perspectives), Figure 1.2

aims to clarify the chapter positioning in this dissertation. In Chapter 2, the

necessary terminology and concepts used within this work are elaborated on

and an overview of the relevant knowledge available in literature is given. The

10



1.3. Outline of this dissertation

Figure 1.2: Schematic representation of how complex models, such as CFD or an
IBM, can be used for knowledge gain that can lift simple models, such
as TIS or RIS, to a higher level of predictive power and robustness by
including physical principles.

chapter gives a general introduction on the water cycle and explains the con-

cept of membrane �ltration and membrane fouling. An overview is given of

the development and application of di�erent black, grey and white box models

for �ltration. The di�erent techniques for microscopic fouling monitoring are

listed and some main �ndings are discussed. Finally, a view is presented on

the concept of critical �ux. Chapter 3 illustrates how black box modelling can

assist in understanding and controlling fouling in membrane �ltration plants.

It uses the example of principal component analysis (PCA) on transmembrane

pressure (TMP) of an ultra�ltration membrane, illustrates how the technique

can be used to monitor the status of a �ltration plant, and indicates how this

can eventually lead to an intelligent control system. Chapter 4 describes how

a lab-scale �ltration unit was designed using CFD to display laminar �ow con-

ditions, and how it was used to measure trends in the deposition of model

foulant particles on the membrane, making use of an image analysis algorithm.

These trends lead to hypotheses about particle movement in the bulk phase.

Chapter 5 explains the steps in the development of a white box model to de-

scribe both �uid �ow and particle motion of individual particles. The model

is described using a recognized protocol from literature and the �ndings on

particle trajectories are presented. Moreover, a comparison is made between

the measurements of Chapter 4 and the simulation results. Chapter 6 gives the

example of a tubular membrane with helical ridge, and shows a comparison

11
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with a classical tubular membrane. The description of the �uid �ow helps in

identifying the main cause for its increased e�ciency, as well as in pointing out

its potential drawback. This leads to some suggestions for further design based

on model simulations. Finally, Chapter 7 formulates some concluding remarks

on the main parts of this dissertation as well as a general conclusion of this

dissertation. This chapter is closed with some perspectives for future research

about the modelling of membrane fouling.

Figure 1.3: Positioning of the main chapters within this dissertation.
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CHAPTER 2

Literature review: membrane filtration and its
mathematical modelling paradigms

�Comprehensive models are built, if at all, by many hands over many decades.�

� James Doran



Redrafted from: Naessens, W., Maere, T., and Nopens, I. (2012a). �Criti-

cal review of membrane bioreactor models - Part 1: Biokinetic and �ltration

models�. Bioresource Technology 122, 95�106.



2.1. The water cycle and water purification

2.1 The water cycle and water puri�cation

Water plays a key role for life on earth. For us, humans, water is so vital that

the United Nations explicitly recognised the right to safe water and sanitation

through their Resolution 64/292 in 2010 (United Nations, 2010). The millen-

nium development goal for water stated that the number of people without a

safe source of drinking water or sanitary equipment needed to be halved by

2015, with the situation in 1990 as a reference. For drinking water, this goal

has o�cially been achieved, reducing the amount of people without access to

safe drinking water from 24% to 9% of the world population. Nevertheless,

today, still 844 million people lack a safe and accessible source of drinking wa-

ter (Protos, 2018). For sanitation, even more work needs to be done still as

reducing the amount of people without access to safe sanitation was reduced

from 46% to 32%, not meeting the goal of 23%.

The subsequent sustainable development goals account for safe drinking water

and proper sanitation as well, and also recognise that more progress has been

made with regard to the former. These goals aim for universal access to safe

and a�ordable drinking water and access to adequate sanitation (ending open

defecation) for the whole planet by 2030. These goals do not only change the

targets drastically by not aiming for a reduction but for an elimination of the

problem, they also raise the bar in how safe drinking water and sanitation are

de�ned by applying a more strict de�nition of these concepts. The status in

2015 was that 6.6 billion people (91% of the global population) used improved

drinking water sources (compared to 82% in 2000), while the remaining 663

million people were using unimproved water sources. However, an improved

source does not mean the water is safe, as it was estimated that in 2012 at

least 1.8 billion people were exposed to faecal contaminated drinking water

(United Nations, 2016). Regarding sanitation, in 2015, 4.9 billion people (68%

of the global population) used improved sanitation facilities (compared to 59%

in 2000), while among those lacking adequate sanitation were 946 million people

without any facilities, who continued the use of open defecation (United Na-

tions, 2016). Other goals include protecting and restoring the status of water-

related ecosystems by 2020, halving the proportion of untreated wastewater by

2030, substantially increasing water-use e�ciency in all sectors to avoid water

scarcity, implement integrated water resource management at all levels, and in-

creasing the level of international cooperation and capacity-building support to

developing countries in water- and sanitation-related topics (water harvesting,

desalination, water e�ciency, wastewater treatment and reuse technologies). It

should be noted that more than 2 billion people live in countries with water

stress, de�ned as the ratio of freshwater consumption over freshwater resources,
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above a threshold of 25%, in some regions reaching over 100% (United Nations,

2016).

But even in highly developed countries, problems arise within the natural water

cycle as a consequence of anthropogenic interactions. With ever more densely

populated areas, in combination with waste streams that become more di�cult

to treat, wastewater treatment facilities are facing problems. Ever more inert,

small, complicated or dangerous substances make their way to (and especially

through) the treatment plant. Microplastics are a threat to marine ecosystems

and marine life, including part of our food chain. But also complex molecules,

such as hormones, pesticides and other so called micropollutants create a real

challenge to the current generation of wastewater treatment plants as they pose

a signi�cant threat to the environment at extremely low concentrations.

Most wastewater treatment plants today are built upon a concept worked out

roughly 100 years ago: the activated sludge process (Jenkins and Wanner,

2014). Wastewater, after a primary step of sedimentation of the largest present

debris, is treated by adding a mixture of micro-organisms (called activated

sludge) that degrade the soluble compounds, mostly using oxygen that is sup-

plied. In a third step, these �ocs of bacteria are given the time and space to

settle in another large settling tank. These settling tanks form the bottleneck

of the wastewater treatment process, since they limit the sludge concentra-

tion that can be used to avoid hindered settling and since the settling process

typically determines the turbidity of the e�uent. Decades later, these tanks

started to be replaced by semi-permeable separation walls or membranes. This

alternative has many advantages over the rather ine�cient settling process: it

can handle increased loading rates due to higher maintainable concentrations of

activated sludge, it has a smaller spatial footprint, provides better and robust

e�uent quality due to the presence of a physical barrier and it is a control-

lable separation process (Judd and Judd, 2011). Today, millions of people are

provided with a safe water supply through the application of membrane �ltra-

tion processes for water treatment and seawater desalination (Xie et al., 2017).

Nevertheless, when it comes to wastewater treatment, the conventional lay-out

with settling tanks is still the most used set-up. Much of the hesitation to

retro�t existing installations originates from the problem of membrane fouling.

2.2 Membrane �ltration and fouling

Membrane �ltration is de�ned as the separation of one or more components

from a �uid stream, where those components can be suspended or dissolved,

using membranes as selective barriers (Cheryan, 1998). However, the mem-
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2.2. Membrane filtration and fouling

brane �ltration process comes inherently with the problem that compounds

(dissolved or suspended) concentrate near the membrane surface, as water is

being transported through and these compounds are retained. In the case of

suspended material this build-up is called fouling, and it impacts the energy

e�ciency of the separation in the form of energy-, time- and water-consuming

cleaning strategies. In the case of dissolved material, its build-up is called

concentration polarisation, also counteracting the separation process.

Membrane �ltration is a widely used separation technology with membrane

�ltration units being deployed in a vast number of industrial, medical and

environmental processes (Rios et al., 2007). Membrane �ltration has been

categorised in many ways. One way is according to the pore size of the in-

volved membranes, and thus the size of the retained substances. As such, one

distinguishes between micro�ltration (MF), ultra�ltration (UF), nano�ltration

(NF) and reverse osmosis (RO). This classi�cation, however, has been de�ned

with overlapping and slightly debated boundaries. According to Judd and Judd

(2011), MF has pores down to 50 nm, UF membranes have pores between 50 nm

and 2 nm, and NF pores have a size of 2 nm and smaller. RO membranes are

typically considered non-porous structures, as the separation mechanism is no

longer size exclusion, but rather selective sorption. These boundaries however

are based on Sing et al. (1985), who described gas-solid interfaces, and related

them to the size of macro-, meso- and micropores respectively. Most other

works report boundaries that are a factor 2 to 5 higher (Mulder, 1996; Peter-

Varbanets et al., 2009; Strathmann, 2011). Finally, a more practical approach

exists, where this distinction of �ltration types is based on the �nest substances

withheld on the feed side, i.e. suspended solids for MF, macromolecules for UF,

multivalent ions for NF and monovalent ions for RO.

According to their material, membranes are typically classi�ed into ceramic

and polymeric membranes. For both types, many materials can be used, and

depending on the material, di�erent membrane manufacturing methods can be

applied. However, from a macro-scale perspective, the most obvious distinction

is the con�guration, where, except for spiral wound �at sheet membranes for

RO, �at sheet, multitubular and hollow �bre are the most common set-ups.

In the remainder of this work, the focus will be on the separation of particles

from a �uid stream. Therefore, fouling rather than concentration polarisation is

the main process under study, in�uencing the process e�ciency. This focus also

categorises the work within the micro�ltration range, and is irrespective of the

used membrane material or production method. While most of the mentioned

work is broadly applicable, the case of multitubular membranes is preferred for

simulations due to their symmetry and scale, while �at sheet membranes are

chosen for experimental studies given their practicalities.
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In spite of its industrial importance, the �ltration process comes inherently with

the drawback that suspended material accumulates near the membrane surface,

interacts with it and ultimately causes membrane fouling. This continuous

retention of the dispersed phase at the membrane gives rise to many fouling

phenomena, all increasing the resistance towards �ltration, or equally, reducing

permeability. In �xed-�ux operation, this leads to a higher TMP and thus

higher operational costs, while in �xed-TMP operation this leads to lower �uxes

and thus lower permeate production per unit of membrane surface, ultimately

resulting in higher capital costs (Judd and Judd, 2011).

Membrane fouling can be categorised in many ways. On the temporal scale,

fouling can be considered as conditioning fouling (rapid initial build-up), steady

fouling (slow linear build-up) or TMP jump (sudden exponential behaviour).

On the nature of the foulants, typically scaling (chemical deposition), par-

ticulate fouling (physical deposition) and bio�lm (biological deposition and

growth) are considered. By its persistence, reversible (physically removable),

irreversible (chemically removable) and irrecoverable (chemically irremovable)

fouling are mentioned. Finally, on the spatial scale, typically partial pore block-

ing (narrowing pores), complete pore blocking (eliminating pores) and cake

layer formation (shielding pores) are considered. Given the typical conditions

in which an MBR is operating, the main interest is the slow build-up of partic-

ulate fouling in a physically removable layer due to the main phenomenon of

cake layer formation, which is the focus of this dissertation.

Not surprisingly, a lot of energy is lost due to fouling abatement measures

(Martin et al., 2011). Operating conditions (high cross �ow velocity (CFV),

membrane aeration) increase operational costs, while physical cleaning (back-

washing, relaxation) adds downtime to this, chemical cleaning also adds chem-

ical costs, and irrecoverable fouling even necessitates membrane replacement.

Hence, there is a strong need to make membrane �ltration processes more cost-

e�ective. One tool that can be used to this purpose is mathematical modelling.

The role of mathematical modelling in increasing the �ltration e�ciency is

twofold; on the process level, membrane �ltration models can provide decision

support tools and control systems that maximise the operational time, while

limiting membrane replacement and fouling abatement cost. On a technologi-

cal level, mathematical modelling allows for optimising the design of �ltration

installations in order to reduce the occurrence of membrane fouling preven-

tively.
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2.3 Mathematical modelling

Mathematical models are tools to understand a speci�c subsystem by distilling

its mechanisms into equations describing its main variables, that can be used

to calculate di�erent scenarios in order to gain knowledge and predict its dy-

namics. To de�ne the true nature of mathematical modelling, many de�nitions

are available, but the following can be regarded as one of the most complete:

�A mathematical model is an abstract, simpli�ed, mathematical construct re-

lated to a part of reality and created for a speci�c purpose.�

� From Bender (2000)

It stresses that a mathematical model consists of a set of mathematical rules

or formulas, is always de�ned for a speci�c part of the world or universe and

thus has boundaries, is always a simpli�cation of reality and is thus based

on assumptions, and maybe foremost, is always set up with a speci�c goal in

mind and thus has its limitations.

In many modelling studies of industrial systems, the �ltration unit is simpli�ed,

mostly because it is not well understood, or thought to have minimal impact

on the process. E.g., many MBR modelling studies primarily focus on the bi-

ological processes, while �ltration modelling is heavily simpli�ed by regarding

the membrane as a point settler or ideal separation step (complete retention of

solids). However, it is important not to overlook the fouling process, especially

when considering modelling for operational optimisation. As was discussed

in Section 1.1, mathematical models to describe �ltration come in three main

variations, depending on the type of knowledge that is used in the model con-

struction: black box, grey box or white box models. As seen from literature,

modelling the �ltration process is mostly performed using grey box modelling,

based on Darcy's law and the concept of RIS to describe the in�uence of di�er-

ent fouling mechanisms on the permeability of the membrane. In contrast, only

limited information is found on black box models for �ltration, notwithstand-

ing their potential for accurate predictions under static operational conditions.

White box modelling is a more upcoming approach, as the necessary computing

power becomes available. Each modelling paradigm will be introduced brie�y,

strengths and weaknesses will be addressed, and some points of attention for

modelling will be elaborated on. The applications to MBR will be discussed

and trends towards future research will be given.
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2.3.1 Black box modelling

The terms black box modelling and data-driven modelling are typically used

interchangeably, and although it needs to be said that every model needs data,

black box models indeed heavily rely on a large dataset to calibrate the empir-

ical relationships it embodies. Not surprisingly, a lot of black box modelling

techniques are related to the �eld of machine learning, where computer sys-

tems �learn� (i.e. reproduce) the system's behaviour to make predictions, given

a su�cient amount of training data. Many techniques are around, of which

only arti�cial neural networks (ANNs), PCA and related advanced regression

techniques as most reported techniques in �ltration research will be covered

here.

Arti�cial neural networks

It is not exceptional that the basis for a data-based technique can be found

in everyday biological principles. Following this idea, ANNs �nd their ori-

gin within the mathematical representation of the brain (Rojas, 1996), where

neurons are represented by nodes, each containing an internal mathematical

function that transforms an input into an output. The nodes are intercon-

nected in a network (as synapses within the brain) and organised in an input,

output and multiple hidden layers1 so that information can propagate through

the network (Figure 2.1). The output of a node j in layer k + 1 (o
(k+1)
j ) is

calculated by applying the mathematical function (fj), traditionally being a

sigmoid, tangent or linear transfer function, on the weighted (ωi,j) sum of out-

puts of all n(k) nodes within the previous layer (o
(k)
i ), augmented by a bias

term for that node (bj);

o
(k+1)
j = fj

n(k)∑
i=1

ωi,j o
(k)
i + bj

 . (2.1)

Since ANNs require a lot of �ne-tuning (by the modeller), this process is brie�y

described here. The �rst task is to carefully select meaningful inputs. Subse-

quently, one has to select the network's structure, being the number of hidden

layers and neurons within each layer. Most �ltration studies use only one or

two hidden layers, while the number of neurons within the hidden layer(s) is

1This is the case for a speci�c type of ANN, i.e. the multi-layer perceptron. Other network
architectures are possible, but within the �eld of water and wastewater treatment, this is by
far the most common type. Within this dissertation I will therefore not make the distinction
between an ANN in general and the multi-layer perceptron in speci�c.
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x1

x2

y1

y2

b1 b2

Figure 2.1: Example of an ANN with two inputs, two outputs and one hidden layer
of nodes. The network has �ve active nodes, for which Equation (2.1)
determines their output (Adapted from Glosser.ca (2013)).

usually de�ned using a trial-and-error approach, i.e. each network structure

is tested and the performance is evaluated using an R2 or root mean squared

residuals (RMSR) value. Nevertheless, better techniques are at hand, e.g. ge-

netic algorithms (Sahoo and Ray, 2006). The next modelling step encompasses

a training or calibration stage, in which a dynamic training data set is pre-

sented to the algorithm and the internal weights (the model parameters) are

adjusted to match the predicted output with the measurements. The quality

of the training depends on the network's structure and the training data; a low

number of hidden layers, neurons per layer, or a small data set will typically

result in a low reliability of the network, whereas a too complex structure and

large training data set will result in over�tting of the data, i.e. the algorithm

�learns the data by heart�, resulting in poor performances as well (Liu et al.,

2009a; Sahoo and Ray, 2006). After training, a validation can be performed in

which an independent data set (di�erent from the training data) is presented

to the algorithm and an R2 and/or RMSR value is evaluated to ensure a good

structure and calibration (training), which are essential to obtain reliable re-

sults. Wu et al. (2014) reviewed the quality of reporting these steps in the

literature on drinking water quality models. They conclude that model archi-

tecture selection is reported to a satisfactory degree, while input selection and

model validation deserve more attention. Regarding the latter, methods that

verify if the dependencies of variables in the network are in agreement with

a priori knowledge of the system should be used more. Optimization-based

methods for choosing the model structure were rarely used.
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ANNs have shown to be very useful for complex, non-linear systems with a high

degree of interconnectivity (Chen and Billings, 1992). Since �ltration processes

generally �t well within this de�nition, ANNs are mentioned for �ltration appli-

cations like surface water �ltration or �ltration of industrial streams. However,

applications on the �ltration process within e.g. MBR are more scarce. This

is remarkable, given the huge e�ort but slow progress on mechanistic MBR

�ltration models on the one hand, and the good performance of ANNs used

in other �ltration processes on the other hand. Part of the answer lies within

the fact that for modelling MBR performance, there is no need to separate the

biological aspects from the �ltration process. As a consequence, many of the

reported ANNs predict the overall MBR performance via e�uent concentra-

tions, actually being the result of the interaction of the biological and �ltration

processes. An example is the research of Pendashteh et al. (2011), using the or-

ganic loading rate, reaction time and total dissolved solids to predict chemical

oxygen demand (COD), total organic carbon (TOC) and oil/grease concentra-

tions in the e�uent of a sequencing MBR. Furthermore, this research suggests

that the inspection of loadings of the di�erent inputs could reveal the in�uence

of certain inputs on the outputs, which can be useful to optimise the system.

This type of knowledge building, where �nal nodal weights provide information

on the input-output or cause-e�ect relations, was already illustrated in other

�ltration research: e.g. Chellam (2005) stated that the initial permeate �ux

was a very important parameter, while shear rate only had a weak in�uence on

the permeate �ux. In a similar way, Liu et al. (2009a) revealed that operational

parameters and feed water characteristics had a similar in�uence on the TMP

behaviour.

Geissler et al. (2005) modelled a submerged hollow �bre pilot MBR treating

real wastewater, using an ANN as well as a semi-empirical �ltration model.

Concerning the ANN, the �ux was modelled using an input vector consisting

of: TMP, dTMP/dt, backwash TMP, �ltration time, backwash time, sludge

retention time (SRT), total suspended solids (TSS), temperature and oxygen

decay rate. The trained model was used for sensitivity analysis, in order to gain

insight in the e�ect of operational parameters on the output, which can �nally

lead to an optimisation of operation. It was found that increasing the backwash

�ux increased the permeate �ux, while increasing the TMP during �ltration

at �rst increased �ux, but in the long run decreased the permeate production.

Increasing the �ltration time resulted in lower �uxes, while increasing backwash

time only slightly increased �ux. From these observations, it was concluded

that powerful but short backwash events maximise the cleaning e�ciency with a

�xed amount of permeate. Although it was stated that high backwash pressure

and low �ltration TMP are to be preferred, recent literature suggests that in

order to protect the membrane on the long term from irreversible fouling, a
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certain amount of reversible fouling can be desirable, achieved by temporarily

increasing the �ux (or TMP) after each backwash cycle, in order to form a

protective cake layer (Huyskens et al., 2011a). This e�ect was however not

investigated within the approximately 300 h lasting analysis by Geissler et al.

(2005). Further investigation and validation of the proposed optimisation is

thus required.

Although modelling MBR �ltration with ANNs has not been exploited to its

full potential, a lot can be learned from other �ltration models. The power

of black box models was illustrated by Liu and Kim (2008), where the ANN

outperformed all combinations of grey box resistance models in a �ltration

experiment with synthetic wastewater. However, only certain combinations of

these resistance models were tested, whereas a total resistance (RIS) based

on all mechanisms might have performed better. Ghandehari et al. (2011)

presented a network using CFV, TMP, feed concentration and pH as inputs

to predict �ux in the cross �ow �ltration of bovine serum albumine. For low

feed concentrations, the ANN produced comparable results to the grey box

model for intermediate blocking, however, for high feed concentrations, the

ANN proved better and a shift over time in the mechanism of the grey box

model would be needed. They concluded that a grey box model can only

predict beyond a speci�c period of data if a mechanism shift is included, while

an ANN can be trained to simulate all operating conditions. Corbatón-Báguena

et al. (2016) built an ANN using TMP, CFV and time to predict �ux for the

�ltration of polyethylene glycol. They found a comparable performance of the

network as compared to Hermia's grey box model (see Section 2.3.2). However,

they also made the remark that although the grey box models need calibration

for every operational condition, the ANN on the other hand is sensitive to

the data pretreatment, network weight initialisation, network structure, etc.

Their use of the membrane resistance as an additional input might explain the

similarity in performance to the grey box model results, as this resistance is

the ratio of TMP (input) over �ux (output) and the basis for the grey box

models. Raman et al. (2017) compared a multiple linear regression model and

ANN for predicting the �ux in dead-end coal refuse slurry dewatering using

pressure, pH, and solids concentration to conclude that the ANN was superior

in performance. da Silva and Flauzino (2008) mentioned the robustness of an

ANN for cross �ow �ltration modelling, as they appear less in�uenced by noise

in the data.

Furthermore, Panglisch and Keller (2011) demonstrated that ANNs can be used

for control of the �ltration of sonicated secondary e�uent from a wastewater

treatment plant. Next to online measured process data, raw water quality

parameters can be included, to predict the permeability at the end of a �ltration
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cycle. Based on this prediction, a genetic algorithm determines the optimum

�ltration and backwash �ux, as well as �ltration and backwash duration. Other

practical applications and properties of ANNs in (�ltration) control systems can

be found in Lennox et al. (2001) and Chew et al. (2018).

Principal component analysis

In order to deal with ever growing data sets, several multivariate techniques

can be used to reduce the variable space. PCA involves a data transformation

(an axis rotation to be more precise) in which all variables Xj are recombined

into linearly independent combinations, called principal components (PCs),

denoted as Tj. The weights within this transformation are organised in loading

vectors Pj, which are arbitrarily of unit length and orthogonal to each other,

making them an appropriate new set of coordinate axes. This transformation

is summarised by Equation (2.2) and schematically represented by Figure 2.2.

The main part of the calculation is the construction of the loading vectors, by

solving the optimisation problem denoted in Equation (2.3), which maximises

the variance of each consecutive PC, restricted to unit length and orthogonal

to all previously found PCs. This guarantees that the information content of

the data set is concentrated within the �rst few PCs, enabling data reduction.

An example of this principle is given in Figure 2.3, where it becomes clear that

the new coordinate system is rotated compared to the original one, and the

number of axes (i.e. variables) can be reduced. A related technique is partial

least squares or projection to latent structures (PLS), in which the variable

space is also subject to a data reduction, and where the main goal is to use the

reduced space to predict output variables.

Tj = X Pj (2.2)

.

Figure 2.2: Visual representation of PCA: the observational matrix X is multiplied
with the matrix of loading vectors P to result in a matrix of principle
components T .
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max
Pj

T Pj=1, cov(X Pi,X Pj)=0
var(X Pj) (2.3)

T2

T1

Figure 2.3: Example of PCA. The original data set consists of the length and height
of a group of �sh as two variables (Figure A). Those variables are highly
correlated (high degree of partial redundancy in the measurements), as
can be seen when displaying the data in the variable space (Figure B).
Rotating the axes by an angle V in order to line up with the present
correlation, results in a new coordinate system in which principle com-
ponent T1 (a shape variable constructed out of the length and height
variables) explains most of the variation in the data set (adapted from
Werner et al. (2014)).

The power of PCA lies in data reduction, thereby providing a condensed visu-

alisation of the data set and revealing hidden relationships between variables.

Because �ltration is a very convoluted process, where many process variables

seem to be interrelated, PCA can deliver an increased insight in hidden pro-

cess variables, by simply creating them out of the available data. Similar to

ANNs, most work is performed within general �ltration applications and al-

though PCA is approximately a century old, applications to MBR are scarcely

available in literature.

Peiris et al. (2010a) started from �uorescence excitation/emission matrices (F-

EEM) to investigate the contribution of di�erent organic matter fractions to the

overall retention in surface water �ltration for drinking water production. The

F-EEM was subjected to PCA and resulted in the formation of three main PCs,

corresponding to humic substances, particles/colloids and protein retention re-

spectively, thereby decomposing the entire F-EEM into three main potential

fouling indicators. This analysis was taken to a next level by allocating the ac-

cumulation of each foulant to either reversible or irreversible fouling by inspect-

ing PC score di�erences between retentate and permeate (Peiris et al., 2010b).

It was found that colloids and particles mainly contribute to reversible fouling,

while humic substances, and to a lower extent proteins, are responsible for the
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irreversible part of fouling. Finally, Peiris et al. (2011) presented a speci�c foul-

ing index. This train of research learns that PCA can be used for knowledge

building on main foulant type identi�cation and is an advanced e�cient fouling

potential monitoring technique, and a potential basis for fouling control strate-

gies. Teychene et al. (2018) investigated fouling potential in dead-end �ltration

of �ve groundwater sources based on their chemical composition. It is known

that natural organic matter (especially protein- and polysaccharides-like com-

pounds) is the main fouling component. These compounds were analysed using

F-EEM and parallel factor analysis, where the �rst two components resembled

humic and fulvic-like substances, respectively, while the third component rep-

resented protein-like substances. Subsequent PCA, although with only 57%

of explained variance, showed a strong connection between the organic matrix

and irreversible fouling. The �rst PC embodied organic parameters (including

the parallel factors), while the second PC represented inorganic parameters.

Cluster analysis allowed classifying the waters into groups representing low, in-

termediate and high fouling and indicated two sources as not very well suited.

An autoregressive model indicated that intermediate fouling is related to pro-

tein like-substances and high fouling is predicted by a combination of organic

carbon and protein like-substances. All analyses pointed out that the organic

matrix and precipitation are correlated, which explains the typical higher foul-

ing potential in winter time.

Galinha et al. (2011) applied the �uorescence monitoring technique to a pilot-

scale MBR and used the PLS regression method to obtain a mathematical

model. Knowledge building was aimed for by examining the coe�cients of the

regression model. It was shown that proteins are preferentially retained by

the membrane in comparison to humic substances and that although turbidity

was strongly reduced by �ltration, it still contributed considerably to the e�u-

ent COD. In a follow-up research, Galinha et al. (2012) found that for TMP

prediction, the inclusion of PCs related to the �uorescence measurements did

not improve the prediction. For COD, inclusion of one �uorescence related PC

not only substantially improved the model, it also reduced its complexity from

nine to just two descriptors. For prediction of nitrogen in the permeate, the

compressed information in the �rst PCs was insu�cient, and all �uorescence

information needed to be included. Furthermore, interaction and quadratic

terms were needed. Also for predicting phosphorus, addition of �uorescence

information from in�uent wastewater and activated sludge was needed. It fol-

lows that for MBR application, this technique seems insu�cient to describe all

important fouling phenomena.
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Chen and Huang (2014) analysed ultrasonic time domain re�ectometry (UTDR)

signals in UF of phospholipids, using the Hilbert transform, wavelet decompo-

sition and texture analysis. Since these signals are convoluted and di�cult

to interpret, a computer aided diagnosis system is typically preferred. Apply-

ing PCA allows to study the oil droplet distribution on the membrane and is

praised for its fault detection capabilities. Unsupervised analysis of the texture

features delivered a good classi�cation of the di�erent operating conditions.

For practical applications, to assess the current status of operation, PCA can

provide more than just a visual representation: historical data can be collected

to construct a PC model, after which control limits can be computed, using

e.g. the Hotelling T 2 statistic to automatically assess the current behaviour

(Rosen and Lennox, 2001). Similar conclusions were drawn by Virtanen et al.

(2018), who aimed at quantifying vanillin adsorption at the membrane under

cross �ow conditions. The power of data reduction was illustrated well, as 202

spectral variables were reduced to two PCs, while capturing 99.76% of the total

variance present in the data. The authors recognised the opportunity to use

the PC space to classify new data as �in control� or �out-of-control� based on

the resulting scores, so the model acts as a tool for real-time monitoring and

control of membrane fouling. They also performed a regression between one

of the PCs and the measured vanillin concentration to make predictions based

on the PC scores. This way, the model could be used to translate the online

data to the adsorbed quantity of phenolic foulants. They mentioned that the

accuracy of the predictions depends on the dataset size. Also, since data of

time series are autocorrelated, detection of outliers and exclusion of these data

when building or updating the model is crucial to deliver robust models.

Within the �eld of MBR �ltration, PCA has been used by Maere et al. (2012a)

for monitoring the membrane state in order to make an assessment of the

prevailing fouling behaviour. TMP data of a lab-scale sidestream MBR were

reorganised so that measurements of one �ltration cycle became a single mul-

tivariate observation. These data were either �rst converted into a functional

form, consisting of �ve estimated parameters per cycle, or either fed to PCA as

such. All analyses indicated that two PCs were adequate to describe the TMP

pro�les accurately. A long term analysis (ca. six months), including intermem-

brane variance, indicated that the �rst PC can be used as a fouling indicator,

but furthermore a clear distinction between reversible and irreversible fouling

was possible based on the scores of the second PC. An analysis on pilot-scale

data demonstrated the generic nature of the technique since similar results were

obtained, but also indicated that a minimum measuring frequency is required

for this technique. It was mentioned that the matrix of loading vectors can

be regarded as a model: future online data can be analysed using this model

(i.e. principal scores can be calculated based on the already existing loading
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vectors) to allow monitoring fouling severity as well as fouling type. It was also

suggested that the calculated scores can be used to drive a control algorithm

aiming at a reduction of fouling and thereby optimise MBR operation. Similar

to ANNs, knowledge building can be achieved by investigating the loadings

of the used PCs. The technique could provide an idea of the most important

moments during �ltration (PCA on original data set), or the most important

characteristics of the TMP curve (functionalised data set).

The applications of PLS on �ltration processes, especially MBR �ltration, are

more limited. Besides the mentioned work of Galinha et al. (2011) and Galinha

et al. (2012), an interesting contribution was made by Van den Broeck et al.

(2011), where correlations were sought-after between di�erent sludge related

characteristics and a calculated resistance value. Using only one characteristic,

no clear correlations could be found, indicating sludge �lterability is the re-

sult of several sludge characteristics. An empirical ratio of sludge morphology

(through image analysis) and relative hydrophobicity was able to separate bad

from good �lterable sludge. For the latter, a PLS model was built based on

relative hydrophobicity, polysaccharide fraction of soluble microbial products

(SMP), protein fraction of extracellular polymeric substance (EPS), the sludge

dissociation constant (measure for �oc stability) and sludge morphology. This

model was able to predict the characteristic resistance value of the respective

sludge sample.

Eliseus et al. (2018) studied MF of microalgae in a system where aerated �at

sheet membranes were positioned with an angle to the vertical position, and

could switch orientation to guarantee aeration on both sides. They indicated

the need for an energy consumption model that links �ltration performances

and operational parameters. However, as these relations are not known, they

proposed to build models to understand these relations �rst, before striving

for process optimization. They studied the relation between membrane angle,

orientation switching and aeration intensity using PCA and built a regression

model to describe permeability based on those descriptors. They stressed that

due to the complexity of the �ltration process, the permeability and energy

model are only valid for the tested algae concentration. This dependency of

static operating conditions is a commonly seen problem with simple regres-

sion models and constitutes a considerable limitation. Using response surface

methodology and PCA on a multifactorial experiment, they saw that perme-

ability is strongly related to aeration intensity, and the combined e�ect of

membrane angle and switching. The optimum conditions for the mentioned

parameters led to a �nal energy consumption of 0.238 kW h m−3, which is 38%

lower compared to the reference full-scale MBR.
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Autoregressive exogenous models

Another type of multivariate models, called autoregressive models with exoge-

nous variables (ARX), rests on the main principle that an output prediction

can be based on lagged output and input values:

y(t) +

n∑
i=1

ai y(t− i) =

m+d−1∑
j=d

bj u(t− j) + ε(t) , (2.4)

where y(t) is the current output, u(t) the current input, ε(t) represents white

noise, ai en bj calibration coe�cients, n andm the poles and zeros of the system

respectively, d the system's time delay.

Tian et al. (2011) found that bulking sludge had a worse �lterability than nor-

mal sludge, due to the imbalance between �lamentous and �oc-forming bacte-

ria. Therefore, they constructed an ARX to predict the diluted sludge volume

index (as a measure for the sludge structure), based on sludge characteristics

extracted from images (�oc size and shape measures such as equivalent diam-

eter, roundness, form factor, aspect ratio, etc.). The conclusions were that (1)

a one-parameter model had a good performance, but had low predictive power

since it only uses the present values; (2) the two-parameter combinations did

not yield positive validation results, while (3) the selected three-parameter

model had a good predictive power and was validated. It has to be noted

however that the reported validation R2 values are still modest (ca. 60-65%).

2.3.2 Grey box modelling

Virtually all grey box �ltration models use Darcy's law of �ltration, which

directly relates membrane �ux J (generally a setting) to the TMP (generally a

process variable), using a constant for the sludge viscosity (µ) or in best cases

a temperature and/or TSS dependent parameter:

J =
TMP

µR
. (2.5)

Darcy's law enables the �ltration resistance R to be calculated, which is gen-

erally thought to be the combined e�ect of the clean membrane resistance Rm
and a number of fouling mechanisms deteriorating the �ltration process (Fig-

ure 2.4). The clean membrane resistance is a time invariant characteristic of

the membrane itself and is either provided by the membrane manufacturer, or
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can be determined using Darcy's law in ultra pure water �ltration. Separate

models are required for each of the other resistance components, either based

on the exact mechanism taking place near the membrane surface, or based on

simple (empirically suggested) regressions. Although this decomposition of the

resistance can be done in numerous ways, generally a distinction between cake

layer and pore blocking resistance is made. For MF and UF applications, re-

sistances due to scaling and concentration polarisation are usually considered

negligible.

Figure 2.4: Representation of a resistance-in-series model consisting of a membrane
resistance Rm, irreversible fouling resistance Rirr and cake layer resis-
tance Rc.

Di�erent �ltration resistances are often based on the Kozeny-Carman equation,

originally developed for �ow in a packed bed, but approximating the channels

between the grains in the bed by tortuous channels:

J =
1

K Sa
2

ε3

(1− ε2)

∆P

µL
, (2.6)

with Sa the speci�c surface area of the porous medium, ε the porosity, ∆P

the pressure drop and L the depth of the layer. K can be regarded as the

Kozeny-Carman constant, and is found dependent on the porous medium at

hand, leading to many di�erent versions of the Kozeny-Carman equation (Xu

and Yu, 2008).

Regarding models based on the concept of resistances in series, Table 2.1 pro-

vides an overview of the sample of contributions that will be discussed here,

with their respective model structure. No details will be given on the mathe-

matics behind the submodels, since there is a lot of variety in the approaches to

calculate the resistances. The interested reader is referred to the cited papers

for more details. The most basic approach uses three terms to calculate the

total �ltration resistance, being the clean membrane resistance Rm (calculated

using Darcy's law on ultrapure water �ltration), cake layer resistance Rc and

pore blocking resistance Rp. One of the �rst models using this concept was de-
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veloped by Hermia (1982) and is still used a lot as the basis for newer models

today.

Table 2.1: Overview of the di�erent possible decompositions of the �ltration resis-
tance used in literature (Rm: clean membrane resistance, Rc: cake layer
resistance, Rp: pore blocking resistance, Rirr: resistance by irreversible
fouling, Rb: bio�lm resistance, Rsta: standard pore blocking resistance,
Rcom: complete pore blocking resistance, Rint: intermediate blocking
resistance, Rf : fouling resistance, Rsf : dynamic sludge �lm resistance,
Rsc: stable sludge cake resistance)

Reference Resistance in series decomposition Partial resistance models

Broeckmann et al. (2006) R = Rm +Rc +Rp +Rirr Rm: Darcy's law

Rc: Broeckmann et al. (2006)

Rp: Broeckmann et al. (2006)

Rirr: Wintgens et al. (2003)

Busch et al. (2007b) R = Rm +Rc +Rp +Rb Rm: Darcy's law

Rc: Broeckmann et al. (2006)

Rp: Broeckmann et al. (2006)

Rb: Busch et al. (2007b)

Drews et al. (2009) R = Rm +Rc +Rsta +Rcom +Rint Rm: Darcy's law

Rc: Chudacek and Fane (1984), Elmaleh and Gha�or (1996)

Rsta, Rcom, Rint: Hermia (1982)

Khan et al. (2009) R = Rm +Rc +Rf Rm: Darcy's law (clean water)

Rc: Darcy's law (at end of �ltration)

Rf : Darcy's law (after cake removal)

Li and Wang (2006) R = Rm +Rp +Rsf +Rsc Rm: not mentioned

Rp: Bowen et al. (1995)

Rsf : Li and Wang (2006)

Rsc: Li and Wang (2006)

Ludwig et al. (2011) R = Rm +Rc +Rf Rm: not mentioned

Rc: Ludwig et al. (2011)

Rf : Geissler et al. (2005)

Broeckmann et al. (2006) extended the available models for cake layer forma-

tion by accounting for the e�ect of adhesive forces between particles and the

membrane surface, while for pore blocking they considered the relation between

membrane pore size and particle size distribution. Results show that �ltration

curve slopes were predicted very well, but a constant bias between the experi-

mental and simulated results was present, especially at higher �uxes. According

to the authors, the latter was caused by pressure loss in pipes, bio�lm formation

and concentration polarisation; i.e. mechanisms that were not included in the

model. However, the impact of the use of rather simplistic empirical backwash

models should not be overlooked. As also stated by the authors, these models

will need intensi�ed research in the future. Also, the in�uence of cake �ltration

on the cake layer's porosity, important for pore blocking, needs thorough inves-

tigation, i.e. the interaction e�ect between both mechanisms. A disadvantage

following the extension of the models is that many of extra parameters need

calibration and provide an excess of degrees of freedom. In this model, also
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the particle size distribution (PSD) was seen as a parameter, which cannot be

justi�ed on the long run since sludge characteristics can change substantially

over time. As a last remark, results show that the addition of adhesive forces

mainly changed the speci�c membrane resistance and cake thickness, but both

e�ects counteracted each other, almost completely eliminating their in�uence

on Rc. Nevertheless, this is an important �nding for knowledge building on

fouling mechanisms.

The models developed for Rc and Rp by Broeckmann et al. (2006) were used by

Busch et al. (2007b), who added an extensive model for biofouling resistance.

Furthermore, the whole �ltration model structure was combined with a rather

simplistic hydrodynamic model (compared to CFD models), and ditto mod-

ule geometry assumptions. Most �ndings con�rm the working knowledge on

sludge �ltration: �ltration is hampered by low temperature, EPS contributes

strongly to the biofouling resistance Rb and high solids concentrations con-

tribute to Rp and Rc. A sensitivity analysis con�rmed that PSD and cake

porosity are important for both cake �ltration and pore blocking, again indi-

cating more research is needed on the interaction of these two mechanisms. It

also indicated backwash is an e�ective countermeasure for bio�lm formation,

while EPS and its transport through the cake layer are important since it is a

cross-linking substance. Since a bio�lm acts as an additional �lter, interactions

with pore blocking and cake �ltration should also be considered in the future.

It needs to be mentioned, however, that the model was not calibrated exten-

sively, but parameter values were either adopted from literature, or estimated

by experts, possibly impacting the predictive power of the model, in particular

since the crucial problem of parameter calibration was already indicated by

Broeckmann et al. (2006). Nevertheless, the conclusion that interaction e�ects

between di�erent �ltration resistances (and thus fouling mechanisms) needs

further research, remains valid.

Another mechanistic �ltration model, proposed by Li and Wang (2006), uses a

sectional approach, aiming at subdividing the membrane surface as to account

for the uneven distribution of both shear intensity by membrane aeration and

foulant deposition. Fouling is also seen as a two-step process, in which a sludge

cake (modelled by Rsc) is formed by the cyclic addition of the unremoved

part of a sludge �lm (modelled by Rsf ). However, this sludge �lm resistance

was not reported to contribute signi�cantly to the total �ltration resistance.

Furthermore, a number of �aws were detected which the model did not account

for, while at the same time the model could be overparameterised. In addition,

no validation of the sectional concept was given for the reason that spatial

experimental data is di�cult to obtain. All these observations may lead to the

conclusion that the model was made too complex given the data availability,

32



2.3. Mathematical modelling

an often observed modelling pitfall. An empirical equation, linking fouling to

�ux, aeration, sludge stickiness and mixed liquor suspended solids (MLSS) was

provided, but did not seem valid for higher values.

Interestingly, also some cross-breeding between grey box models and more em-

pirical approaches is reported. Drews et al. (2009) adopted a set of submodels

for each fouling mechanism from literature in an automated model recognition

algorithm. Within certain parameter intervals, each of the models is calibrated

using the same data set, after which the best �tting model is selected as repre-

senting the dominant fouling type. To account for frequent changes in fouling

behaviour, the data set is recursively split up, and subsequently subjected to the

model selection step. This algorithm has its merit in developing a model-based

control strategy aiming at decreased operating costs and increased e�ciency.

It is noteworthy that huge di�erences exist in model complexity, accuracy,

usability, validity and parameterisation of literature models. In Khan et al.

(2009), the concept of resistances in series was used to calculate the speci�c

cake resistance as a basis for an empirical model linking mixing intensity with

fouling rate. However, four di�erent set-ups, introducing uncertainty on the

results, produced only a limited amount of calibration data, and no validation

is mentioned on these installations, nor on other plants. On the other hand,

Ludwig et al. (2011) built a more general model, applicable to both hollow

�bre and �at sheet installations, calibrated and validated on a su�cient basis

on several full-scale installations. Regarding the latter research, only eight

parameters (�ve for cake �ltration, three for fouling resistance) were needed to

predict the �ltration pro�le.

Finally, a very relevant concept concerning membrane �ltration that is how-

ever often forgotten, is the compaction of the �lter cake and the corresponding

evolution of the cake layer's permeability. Within the paper of Zhang et al.

(2011), a body-centred cubic-packing model is combined with a force balance on

the individual particles, to describe cake layer �ltration within a �occulants-

added MBR. During model building, quite some simpli�cations were made,

such as assuming particle sphericity, the assumption of a monodisperse sus-

pension, use of literature constants for model parameters, etc. Nevertheless, it

was found that, especially under high (stable) TMP, an increase in the CFV

invoked decreasing fractal dimensions and decreasing aggregate sizes. Under

these conditions, deposition of particles became more compact, resulting in

higher speci�c cake resistances. At low CFV however, the opposite was true,

which is of course favourable. Furthermore, it was found that a reduction in

inter-aggregate porosity outweighs a reduction in intra-aggregate porosity, as

far as cake collapse is concerned. Cake porosities were estimated by the model

with R2 values of 0.995. Modelled speci�c cake resistance values showed good

33



Chapter 2. Literature review

agreement with experimental data, whereas neglecting cake collapse resulted

in severe underpredictions. This study of micro-scale phenomena with detailed

models to predict macro-scale quantities such as the fouling resistance, sets the

scene for the white box modelling approach.

2.3.3 White box modelling

In contrast to the other two paradigms discussed before, the mindset of white

box modelling starts from within the modelling itself, rather than from the

data side. In black box modelling, the idea is to describe a data set by training

a model on historic data. Even in grey box modelling, the idea is to describe

the data using �rst principles in the equations, and calibrating the parameters

to �t the model to the data. However, in white box modelling, one starts

by setting up the equations that describe the system from a physics point of

view, and perfects the model before experiments are set up to be compared to

the model's outcome. Indeed, a lot of white box models, such as CFD, do not

need extensive calibration, but rather need a post-modelling confrontation with

data to validate their relevance. If di�erences appear between both results, a

new model is set up, perhaps with other assumptions or approximations for

certain processes (e.g. regarding CFD, re-evaluating �uid compressibility or

including other wall functions respectively). The idea is to search the physics

that describes a certain system, rather than trying to �calibrate� the physics

itself.

For �ltration modelling, and speci�cally cake layer build-up, the process is

taken apart into two subprocesses working together, i.e. the migration of par-

ticles from the bulk to the membrane surface, and the capture of the particles

approaching the �lter cake or membrane surface into the fouling layer. Few

models combine both pieces of the puzzle into a holistic model, and care should

be taken to validate both parts separately, so they cannot compensate for each

other's �aws.

Particles in the bulk: drag force versus lift force

The movement of di�erent feed components in cross �ow membrane applica-

tions has been studied in literature. Most studies in the 80s and 90s focused on

colloidal suspensions, with particle diameters (well) below 1 µm. In that case,

Brownian motion, van der Waals forces and other electrostatic in�uences are

the main actors on the particle movement, next to the �uid drag force. Later,

researchers started including equations for particle transport with particle di-

ameters larger than 1 µm, however, this seemed more complicated than merely
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extending the current theories to larger entities. This discrepancy in transport

theories for colloids and particles gave rise to the �ux paradox, �rst described

by Green and Belfort (1980). This paradox states that the predicted �ux using

the thin �lm or gel polarization model for particulate feeds is lower than the

observed one. The question arose whether this is due to shear forces limiting

the cake growth or inertial lift forces2 aiding the back-di�usion of particles. The

last theory gained proof over the years. The lateral movement of suspended

particles �owing in a constrained channel across streamlines was known already

since 1836, when Poiseuille, after whom �uid �ow in tubular domains has been

named, noted that the near-wall region of capillaries tend to be free of blood

cells. Further studies continued on this observation and saw a possible link with

varying viscosity measurements in blood �ows or related suspensions (Green

and Belfort, 1980). An important study of this phenomenon was that of Segré

and Silberberg (Segré and Silberberg, 1961; Segré and Silberberg, 1962), who

noted that rigid, spherical and neutrally buoyant particles migrate to a speci�c

region between the tube axis and walls to concentrate there, which was named

the tubular pinch e�ect.

Altena et al. (1984) described neutrally buoyant particles of 1 µm diameter and

found that the inertial lift force and permeation drag force are comparable

considering UF �ow conditions for dilute suspensions. For smaller particles,

however, the permeation drag force dominates. This led them to the idea of

separating the particles using the hydrodynamic conditions in a channel. How-

ever, for several reasons, this model is not applicable in the region very close to

the wall (i.e. less than a particle diameter away). The (no-)slip boundary con-

dition was discussed in detail, �rst stating that near a porous wall the no-slip

condition generally does not hold, but from the calculations it appears that the

assumption of a no-slip condition for tangential �ow at a membrane wall is a

good approximation for typical UF �ow conditions. Also Belfort (1985) studied

non-interacting particles in dilute solutions at some distance from the walls, and

investigated the balance of lift and drag forces by the ratio of tangential and

radial velocities. The author noted that in standard operating conditions most

commercial modules do not capture 10 µm particles, but several modules cap-

ture 1 µm particles (mostly tubular). He also investigated friction coe�cients

in porous tubular channels, as well as the onset of turbulence, but a mecha-

nistic explanation of the �ndings is lacking. Belfort (1988) recognised that the

mass transport of material to the membrane is dependent on the �uid �ow, so

a detailed understanding of the micro-scale mechanisms is needed to describe

2At least four lift forces are acting on particles in a �uid �ow, as described by Zhang
et al. (2016). The inertial lift force, also called Sa�man lift force or slip-shear induced lift
force, is the most investigated and, depending on the �ow, typically the dominant force. It
originates from particles leading or lagging a shear �ow (a �ow with velocity gradient), thus
experiencing a relative velocity and being lifted into the highest relative �ow.
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macro-scale processes such as fouling. However, the force balance equations

use 5th/6th order polynomials, indicating an empirical rather than mecha-

nistic approach. The equations used by Altena et al. (1984) were limited to

Re < 1, but Schonberg and Hinch (1989) extended them to Re > 1, which were

used by Belfort (1988)3. Finally, in the work of Belfort (1989), a distinction is

made between transport of ions (di�usion dominated), dissolved components

(hydrodynamically passive) and colloidal particles (hydrodynamically active).

However, the term "polarised cake layer" was still used, indicating the distinc-

tion of the di�erent mechanisms of fouling by particles and solutes was not yet

fully established. The �ux paradox was still mentioned with two hypothetical

origins: particles rolling over the cake layer without attachment (shear-driven),

or their behaviour being based on a di�erent force balance (driven by inertial

lift).

Also Lu et al. (1993) recognised that the analysis of hydrodynamics and parti-

cle motion under cross �ow circumstances is of vital importance to understand

the system's behaviour. They studied turbulent �ow, but used steady state

equations, and considered particles of 1 µm to 20 µm and therefore neglected

di�usion and included lift forces. The key to cake build-up here is the assump-

tion that only particles smaller than a certain cut-o� diameter can deposit on

the membrane, while larger particles are expected to be re-entrained by turbu-

lent eddies or migrate back to the bulk by the lift force. Increasing the cross

�ow decreases particle deposition by two counteracting processes; an increased

mass �ow rate of particles to the membrane, while also generating more shear

stress and thereby lowering the cut-o� diameter.

Particles near the membrane: capture phenomena

Field et al. (1995) started studying the hydrodynamics in relation to the concept

of critical �ux, which they stated is better examined under �xed-�ux conditions

as compared to �xed-TMP conditions, as the former keep the hydrodynamics

constant. The value of the critical �ux was thought to be system dependent,

and di�cult to be deduced based on the di�erent complex surface interactions

possible between the involved species and the membrane. Some theoretical

calculations have been made on two sizes of particles. Small particles (0.1 µm)

exhibit a Stokes-Einstein di�usion towards the bulk �uid (critical �ux in the or-

der of 10−6 m s−1 to 10−5 m s−1, depending on the present electrostatic forces).

For larger particles (1 µm), electrostatic forces are negligible compared to the

shear-induced di�usion (critical �ux of the order of 10−5 m s−1). Shear-induced

di�usion is de�ned as the movement of particles near the membrane towards

3The apparent chronological error can be explained by the fact that both publications
were submitted shortly after each other and prepared by collaborating scientists.
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the bulk �uid by particle-particle interactions caused by the shear �ow (Zydney

and Colton, 1986). Since critical �ux increased with particle size, the authors

predicted that in �xed-TMP operation with an initial �ux higher than the crit-

ical �ux for di�erent particle sizes, all particle sizes will be drawn towards the

membrane, and as �ux would decrease due to fouling, only small particles can

still reach the membrane.

Larger polyethylene particles in the range of 125 µm to 180 µm were studied

by Mackley and Sherman (1992), who noticed that increasing the cross �ow

velocity decreased cake height (as expected from the high shear), but also de-

creased �ux values (which seems contradictory with thinner cakes), the result

being thinner but denser cakes. Given that the used particles and conditions

exclude possible cake compression, the authors started from the premise that

�lter cake kinetics are determined by two factors: particle capture behaviour

and particle packing rules. For the �rst part, they suspected the capture angle

of particles �owing over the membrane surface, as the result of the equilibrium

of �ux and cross �ow velocities, to be the driving force behind capture at the

membrane surface. However, this angle is not taken locally, as in e.g. Cao et al.

(2015) where it is dependent on the present fouling on the considered location,

but always de�ned relative to the free membrane surface. They concluded that

the choice of a proper attachment probability function based on this angle is

not straightforward. In the end, the function was even extended with a speci�c

resistance function based on the angle, accounting for packing di�erences. No

particle back-di�usion was observed (which can be expected based on the parti-

cle size). Two regimes were distinguished; under �ux dominated �ow, particles

attached at impact, and packing was non-selective. Under cross �ow domi-

nated �ow, packing was highly selective, supporting the shear theory, rather

than the inertial lift force theory, both mentioned by Green and Belfort (1980)

and Belfort (1989). Remarkably, it was recognised that the fouling process is

unlikely to be easily predictable (since attachment selectivity during cross �ow

depends on particle size and shape, surface topology, particle interfacial forces,

etc.), so a pragmatic view was adopted. It should be mentioned, however, that

the feed solution used in this research cannot be considered fully monodisperse.

Related to this, Wakeman and Tarleton (1991) found that for particles around

27.5 µm in diameter, an increase in cross �ow gave rise to a decrease in �ltrate

�ux, con�rming the results of Mackley and Sherman (1992), whereas for a mean

size of 2.7 µm, the opposite was true. This supports the particle size depen-

dent packing selectivity hypothesis and points to a preferential attachment of

smaller particles in the cake under high cross �ow conditions.

Kim and Zydney (2004) studied the behaviour of particles near individual mem-

brane pores. The particles were 10 nm in size, and thus exhibited a di�erent
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behaviour from µm-sized particles. Their force balance includes electrostatic

repulsion, enhanced hydrodynamic drag, and Brownian di�usion, however, it

contains many empirical relations. It was found that in the absence of Brown-

ian forces, particles were unable to enter the membrane pores, unless the drag

associated with the �ltration velocity could overcome the electrostatic repul-

sion. They described a critical �ltration velocity, similar to the critical �ux

concept, as the velocity where electrostatic repulsions are overcome by the �l-

tration drag. Brownian forces were predicted of comparable magnitude to the

hydrodynamic and electrostatic forces for a particle size signi�cantly smaller

than 1µm. The concept was extended by Kim and Zydney (2006), who studied

creeping �ow (Re < 1) with particles of 2 nm. Here, the Langevin equation was

used, including electrostatic repulsion, enhanced hydrodynamic drag, Brown-

ian di�usion, inertial lift and van der Waals attraction. Based on its numerical

integration, each particle size approached a di�erent equilibrium position in

the �ow where �ltration drag force is balanced by electrostatic repulsion and

lift force. This equilibrium position appeared somewhat wavy, since individual

pores are disturbing the force balance locally. Interestingly, smaller particles

approach the membrane closer, however, as the lift force was found negligible

for particles smaller than 0.1 µm, this e�ect is due to the smaller contribution

from the electrostatic repulsion. Since the region near the membrane concen-

trated in smaller particles, the critical �ux increased with increasing particle

radius due to larger electrostatic repulsions.

Lu and Hwang (1993) studied cake layer formation in �xed-TMP dead-end

�ltration of CaCO3 grains (size distribution up to 30 µm with a weight-based

mean diameter of ca. 5 µm) by constructing a force balance on the particles

interacting with the �lter cake. The �lter cake architecture (including porosity)

was found to be in�uenced by the critical friction angle between particles. Their

model does, however, not include a description of the bulk �uid �ow.

Combining the knowledge

Finally, Sethi and Wiesner (1997) assembled the transport mechanisms of dif-

ferent feed components, varying several orders of magnitude in size, into one

combined theory, describing Brownian di�usion, inertial lift, shear-induced dif-

fusion, concentrated �owing layers, surface transport, and surface renewal.

Simulating di�erent particle diameters in separate monodisperse solutions, they

found a local maximum in the fouling contribution depending on particle size:

particles in the order of 0.1 µm experienced a net back-transport away from the

membrane that is minimal, since both the di�usion mechanism and lift force

were not strongly present. However, the authors recognised that not only the
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particle size determines the active mechanisms, but also the operating condi-

tions play a role.

It becomes clear that depending on the feed characteristics, di�erent mecha-

nisms come into play, and depending on what phenomena are taken into ac-

count, seemingly contradictory results can be obtained. First of all, a clear

distinction between colloidal and particulate transport is made clear by the

�ux paradox (Green and Belfort, 1980). One theory to resolve this, is the ap-

pearance of signi�cant lift forces for particles above 1µm (Altena et al., 1984;

Belfort, 1985; Belfort, 1988; Belfort, 1989; Field et al., 1995; Lu et al., 1993).

These forces take over from the di�usion back-transport that becomes insignif-

icant, and thereby gives rise to an intermediate diameter for which both forces

are too low to guarantee back-transport (Sethi and Wiesner, 1997). A second

theory involves an increased shear and/or selective attachment (Mackley and

Sherman, 1992; Mackley and Sherman, 1993; Mackley and Sherman, 1994).

This assumption, however, does not limit the focus on mass transport, but in-

cludes the phenomenon of attachment. This creates a risk of comparing results

between papers. In the work of Field et al. (1995) it is described how foul-

ing will consist of smaller particles over time, while Broeckmann et al. (2006)

described larger particles. However, the focus is di�erent, since Field et al.

(1995) described bulk �ow behaviour (`do particles get to the membrane?')

and Broeckmann et al. (2006) described a cake layer force balance (`do parti-

cles stick to the membrane?'). The conclusion for cake build-up is thus that

all these e�ects add up to the �nal cake layer structure, which is impossible

to infer based on studying one mechanism only, be it bulk �ow, attachment,

detachment, etc. Finally, when considering pore fouling, it are rather di�usion,

drag and electrostatic forces that make up the balance of motion (Kim and

Zydney, 2004; Kim and Zydney, 2006).

Yoon et al. (1999) studied both complete pore blocking and �lter cake for-

mation of iron oxide particles (mean diameter of 0.24 µm) in cross �ow MF.

They constructed a force balance acting on particles in the bulk �ow and con-

cluded that there is a critical particle diameter for which the particle back

transport velocity overcomes the convective transport towards the membrane,

and that this diameter depends on the applied �ux. As a result, the PSD

near the membrane contains more small particles than the bulk PSD and as

�ux decreases by fouling, fewer and even smaller particles will deposit. Pore

blocking appeared less important than cake resistance for the studied pore and

particle size distributions. Broeckmann et al. (2006) elaborated on this idea

of a critical particle diameter in the �eld of MBRs for wastewater treatment

(mean diameter of 20 µm), however, limited their study to particles that at-

tached to the �lter cake rather than looking at bulk phenomena. Finally, Shin
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et al. (2013) constructed a model describing the �uid �ow in an Eulerian way,

not using the traditional Navier-Stokes equations (Versteeg and Malalasekera,

2007), but using a lattice Boltzmann approach instead. The latter is typically

used in micro�uidics and multiphase applications (Zhang et al., 2011). Over-

laying this �uid �ow model is an immersed boundary method describing the

particle motion in a Lagrangian way, including a coupling of momentum be-

tween the �uid and solid phase, as well as particle-particle interactions. The

studied domain was of size 120 µm×160 µm×340 µm, with particle diameters

ranging from 4.4 µm to 6.8 µm. The focus of the study of Shin et al. (2013) is

on initial cake layer build-up, and it was found that cake layer thickness and

growth rate increased with increasing particle diameter.

2.3.4 Control models

Apart from process modelling for knowledge build-up, system analysis and

optimisation, it is also important to ensure the system is able to cope with

disturbances, and can change its operation accordingly. To accomplish this,

speci�c control models are needed, which can of course be based on the process

models already discussed. Ferrero et al. (2012) reviewed MBR control systems

thoroughly. For �ltration control models a distinction is made between open

and closed loop control systems, where the latter are preferred, since they are

based on process measurements and provide a certain degree of reliability. How-

ever, also combinations are possible, where a closed loop control drives an open

loop control system. TMP is mostly used as driver of the control system, but

also resistances (Busch et al., 2007a), permeability (Ferrero et al., 2011) and

permeate production (Huyskens et al., 2008; Huyskens et al., 2011a; Huyskens

et al., 2011b) are used. Although resistance decompositions can provide a

lot of information, complexity and validation remain open issues, so it is sug-

gested that a control system should be driven by a combination of parameters.

Thereby, parameters from present instrumentation and in situ measurements

are preferred. Control action time frames need more investigation at this point.

Additionally, not discussed in the review by Ferrero et al. (2012), is the work by

Chen et al. (2011) using both a support vector machine and ANN, assisted by

heuristic rules to lower e�uent concentrations. Research for integrated control

loops (controlling biology and �ltration) will become very important, focusing

on creating the best �ltration conditions without hampering e�uent quality.

Control loops for conventional activated sludge systems could be applicable

to MBR, however, the di�erences between the two systems (e.g. higher MLSS

concentrations) imply the need for more research to validate this statement on

each control loop. A �rst approach could be the integrated control of biolog-

ical and membrane aeration. In conclusion, control models for MBR are not
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yet mature due to the complexity of the fouling process and its apparent in-

stallation dependency. Promising systems are the run-to-run control proposed

by Busch et al. (2007a), the previously discussed fouling mechanism detection

by Drews et al. (2009), and the permeability trend approach by Ferrero et al.

(2011). The latter uses the concept of a knowledge-based expert system, as

is displayed in Figure 2.5, where process data are collected using a supervi-

sory control and data acquisition (SCADA) system and drive a control system,

which is connected to the knowledge data base. On top of this control system,

a user supervision interface is generally provided.

Figure 2.5: Example of a knowledge-based control system (Ferrero et al., 2011).

2.3.5 Modelling conclusions

As shown, modelling the �ltration process within membrane �ltration applica-

tions in general, and MBR in particular, is mainly performed using a grey box

modelling approach, based on the resistances in series concept. However, an

abundant number of ways to subdivide the total resistance in separate parts

corresponding to fouling mechanisms is available, as well as quite some ways

to describe the di�erent subprocesses. Care should be taken with regard to

overparameterisation, correct and su�cient calibration (related to the problem

of data collection) and the necessary validation before practical application can

be pursued. Further research should focus on interaction e�ects between cake

�ltration, pore blocking and bio�lm formation. On the other hand, several

�ltration applications (e.g. �ltration for drinking water production) illustrate

that a number of black box modelling approaches can be used, to circumvent

the problem of missing exact process knowledge. ANNs and PCA, although
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actively being developed, are not yet mature to enable practical applications in

MBR �ltration at this point. Finally, white box modelling approaches zoom in

on the problem and take a microscopic view on the processes at hand. Given

the growing availability of the necessary computational power, their importance

is growing. It is, however, observed that contradictory trends are present in

literature, but mainly occur due to comparing results at di�erent scales. Both

white box and black box approaches show large potential to provide process

knowledge and support each other, so that hybrid techniques could emerge, in

which the disadvantages of the two approaches are eliminated.

2.4 Fouling monitoring, observation and visuali-

sation

The characterisation of membrane fouling can be performed by analysing macro-

scopic measurements such as �ux, TMP and rejection, and can be translated

with the help of empirical fouling models into related quantities such as mem-

brane permeability, cake porosity and cake layer thickness (Hughes et al., 2006;

Marselina et al., 2009b). However, a lot of assumptions are typically made in

this methodology, and the microscopic information that can be deduced is lim-

ited (Ben Hassan et al., 2014b; Hughes et al., 2006; Marselina et al., 2009a).

As illustrated by Hughes et al. (2006), microscopic imaging can be a more sen-

sitive approach to detect membrane fouling as compared to macroscopic data,

as the authors could detect the deposition of yeast cells on a membrane before

a �ux decrease was measured under constant TMP. A similar conclusion was

drawn by Li et al. (1998). Furthermore, Li et al. (2002) claim that their ultra-

sonic observations are capable of delivering information that was inaccessible

to macroscopic measurements. They noticed a �ux decline over the membrane

during clean water �ltration. Their technique to measure cake height, however,

did not observe cake formation, which was con�rmed by later autopsy. The

authors attributed the �ux decline to compaction of the membrane and charge

accumulation. Given a membrane pore size of 0.2µm, however, the clean wa-

ter �ux decline of 75% that was observed over the course of 2 h seems quite

dramatic. Indeed, Marselina et al. (2009a) warn that if internal membrane

fouling or pore blocking is possible, which is undetectable by most imaging

techniques, microscopic imaging might be less powerful to discern membrane

fouling. Ideally, the knowledge learned from imaging is thus combined with

macroscopic measurements and fouling models to capture a holistic view on

the fouling process.
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To supplement macroscopic measurements, many microscopic fouling observa-

tion or visualisation techniques are at hand. An extensive overview on some

of these methods is available in the paper of Chen et al. (2004b), in which the

distinction is made between optical and non-optical methods. Li et al. (2017)

continued on this review, and next to methods for fouling visualisation or vi-

sualisation of concentration polarisation, also included methods that focus on

the characterisation of hydrodynamics. Restricting ourselves to fouling, and

making abstraction of their (non-)optical nature, a division is typically made

into invasive methods and non-invasive methods, which, according to Marselina

et al. (2009b), is made by evaluating the necessity of membrane removal. How-

ever, a more accurate terminology for this criterion is in situ versus ex situ

(Hughes et al., 2006). Nevertheless, a large overlap exists between these classi-

�cations, where e.g. ex situ non-invasive methods exist mainly due to practical

limitations of equipment (e.g. nuclear magnetic resonance (NMR) or atomic

force microscopy (AFM) as non-invasive methods are mostly, but not exclu-

sively, ex situ). The de�nition of an invasive method is then to be revised as a

method that limits the measurement to a single point in time, and eliminates

the possibility to measure time series on the same sample.

According to this new de�nition, invasive methods include di�erent variations

of electron microscopy, with scanning electron microscopy (SEM) as the most

reported one, as well as AFM and confocal laser scanning microscopy (CLSM)4.

All of these methods involve a lot of sample manipulation and can measure only

small samples, are expensive, but deliver measurements with nanometre res-

olution (Le-Clech et al., 2007). Only CLSM has the additional advantage to

distinguish between di�erent foulants, based on their �uorescence. For MF

cake layer observation, these methods can, however, be considered too metic-

ulous. Non-invasive methods include the projector technique, 3D femtosecond

imaging (3DFI), UTDR, a photo-interrupt sensor, NMR and particle image

velocimetry (PIV). However, the most reported method is direct observation

(DO), sometimes called microscopic observation (MO). It can be further cate-

gorised into direct observation through membrane (DOTM), where the fouling

is studied from the permeate side through a transparent membrane, and direct

visual observation (DVO), where the fouling is studied through a microscope on

the feed side. However, the terms DVO and DO appear rather interchangeably

in literature. Furthermore, a membrane fouling simulator (MFS) is sometimes

mentioned, which can be de�ned as a lab-scale membrane unit running in par-

allel with a full-scale installation, where the fouling can be observed visually

(often in combination with macroscopic measurements of fouling related quan-

4It needs to be noted that some authors, including e.g. Ben Hassan et al. (2014b) and
Di et al. (2017), were able to use CLSM in a non-invasive set-up using a speci�c �ow unit
material and thickness, a water immersion objective and �uorescent particles.
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tities). The most reported methods (SEM, AFM, CLSM and DO), including

their working principle, advantages, disadvantages and use for MBR fouling

visualisation are discussed by Meng et al. (2010).

Since all of these methods have a speci�c measuring range, and foulants in �l-

tration processes stretch from nanoparticles and colloids, over micrometer-sized

bacterial cells to larger microparticles, fouling research has focussed on di�erent

scales. Although the focus in this work will be on cake layers of microparticles,

it is important to be aware of possible interactions with other feed components.

For example, in RO �ltration of wastewater treatment e�uent, a wide range

of compounds is still present that can participate in membrane fouling. In this

context, Subramani et al. (2009) studied how the adsorption of organic mat-

ter changes the properties of the membrane for bacterial adhesion. Using DO,

SEM and AFM to visualise bacterial fouling on clean and organically fouled

membranes (using bovine serum albumine and alginic acid as model foulants),

higher bacterial deposition was found on the fouled membranes. This was ex-

plained by a higher salt rejection, leading to a more pronounced concentration

polarisation layer that in turn increases the mobility of bacterial cells and aids

the drag force towards the membrane. This illustrates the complex interplay

between di�erently sized foulants. In most academic research, however, one

feed component is being studied in detail.

Besides the studied feed components (using model foulants or real feeds), and

the used fouling visualisation technique, it is also important to always consider

the applied hydrodynamic conditions. To do so, not only CFV [m s−1] and

�ux5 [L m−2 h−1] should be reported, but also the Reynolds number Re, which

includes geometrical information to characterise the �ow. As an example, the

mentioned study of Subramani et al. (2009) uses a CFV of 0.04 m s−1 and �ux

of 13.6 L m−2 h−1, resulting in a Re = 80 given the membrane unit geometry.

However, in the study of Mores and Davis (2001), a lower Reynolds number

of 68 is achieved with a much higher CFV of 0.17 m s−1. In what follows, an

overview is given of di�erent fouling visualisation studies relevant for MF appli-

cations, and categorised according to the feed being mono-, bi- or polydisperse,

or being a complex mixture.

5In most literature, the abbreviation LMH is used to denote litre per square metre per
hour. However, since using the international system of units eliminates the need for this
abbreviation, that can moreover be misleading, this unit will always be denoted in this work
using L m−2 h−1.
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2.4.1 Monodisperse particulate fouling

Le-Clech et al. (2006) studied fouling by SMP using alginate as a model sub-

stance, and visualised the fouling using CLSM, SEM and DO. Only external

fouling (exterior to the membrane pores) was found. Bacteria were allowed to

grow in the medium and showed three distinct types of movement, giving rise

to three fouling layers: a dragging or viscous layer, a stagnant layer and a high

concentration layer. Using solutions of bentonite or bacteria in alginate in a

stirred dead-end cell, the alginate concentration layer could be visualised with

DO, due to the lower velocities of the particulate phase (Le-Clech et al., 2007).

Fouling was observed as the combination of a 50 µm bentonite layer near the

membrane surface, embedded in and covered with a 240 µm alginate layer. The

existence of the otherwise invisible alginate layer was con�rmed during back-

wash, where particulate matter was seen to �rst di�use through the gel-like

layer before being washed away by the cross �ow. Since results with DO were

most promising, a set-up using a microscope and video camera was used by

Marselina et al. (2008) to study fouling by bentonite particles (2.8 µm) on a

single hollow �bre membrane (with CFV = 4 mm s−1 and �ux = 75 L m−2 h−1

to guarantee a fast build-up). Using a concentration of 100 mg L−1, a hindered

layer was observed within 200 µm from the membrane base. Higher feed con-

centrations gave rise to a thicker fouling layer, but lower speci�c cake resistance,

resulting in a higher reversibility of the fouling. Particulate fouling was seen

to follow a distinct pattern of movement in the bulk, approaching the mem-

brane, rolling on the membrane and �nally �nding a stable position. Particle

removal by backwashing and cross �ow gave rise to an expanded cake layer,

that gradually became (partially) �uidised and was sheared o�. It was men-

tioned by Marselina et al. (2009a) that this �uidisation, instead of aggregate

detachment, could have been related to the nature of the feed, which did not

contain typical sticky biomass. The authors tested a similar bentonite mixture

of 200 mg L−1 with a CFV of 15 mm s−1 and �ux of 75 L m−2 h−1 (Re = 110).

Under the lowest cross �ow, the �uidised cake layer did not form since too little

shear was provided. Under the highest cross �ow, fouling did not occur visu-

ally, but TMP went up, indicating pore blocking (if no cake build-up remained

undetected due to the sensitivity of the method). In a similar way, it was found

that backwashing removed all cake layer, but not all fouling, indicating internal

fouling, which is undetectable by DO.

An Trinh et al. (2018) compared the results of optical coherence tomography

for �ltration of oil droplets and glass beads, both 10 µm in sizes. They found

that the oil droplets did not coalesce in the cake layer, but were able to wet

the membrane and enter the pores while the glass spheres remained exterior

to the membrane. Xu et al. (2009) analysed fouling by oil droplets with ul-
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trasonic re�ectometry and wavelet analysis, a variation of UTDR, on a hollow

�bre membrane (30.0 cm length, 1.6 mm outside diameter). Fouling was found

to initially happen by concentration polarisation and membrane pore blocking.

Furthermore was impaction of oil droplets responsible for a macroscopic het-

erogeneity. During relaxation, the layer of oil droplets expanded, water di�used

into the oil layer and oil droplets detached, leaving some residual fouling on the

membrane. This fouling, as well as the initial pore blocking seemed irreversible.

In the case of charged particles, the surface charge has an e�ect on both the

�lter cake build-up and its compressibility. Monitoring the membrane based

on �lter cake resistance does not distinguish between these two processes, and

the Kozeny-Carman equation does not hold in this case. Lorenzen et al. (2016)

therefore used DO and looked at one particle type with low, medium and high

surface charge (2.7µm of −1.3 mV, 3.2µm of −28.9 mV, 3.3 µm of −43.0 mV),

while making sure the particle mixtures were stable to avoid secondary e�ects

from aggregation. The di�erence in particle size was considered negligible.

It should be mentioned that this research still excludes other surface forces,

such as Van der Waals forces. Due to the use of a peristaltic pump in the

set-up, the �ow experienced an oscillatory behaviour, which was nulli�ed by

the authors, however, this decision can be questioned considering their online

video material. In general, with higher surface charge, �lter cake build-up

was found to be slower and reached steady state faster, both resulting in �ner

cake layers. On the other hand, compression is considerable and in�uences the

fouling resistance.

Kang et al. (2004) studied net deposition rates of yeast cells, bacterial cells

and surface-modi�ed latex particles by combining knowledge from DO with

an interaction force balance model to identify the main drivers for particle

deposition. Filtration was studied in a cross �ow cell of 76.2 mm × 25.4 mm ×
1 mm, with fully developed laminar �ow in the microscopic viewing area being

con�rmed by CFD simulations. The initial deposition of cells and particles

was predominantly controlled by electrostatic double layer repulsion (through

zeta potential and pH) and permeation drag (through �ux), while CFV had

no noticeable e�ect up to Re = 600. For biological cells, the deposition rate

was in�uenced by ionic strength and pH, determining the formation of cell

aggregates in the bulk that are in�uenced by shear and lift forces, thereby

reducing deposition. Nevertheless, bacterial cells deposited faster than the

latex particles, which was explained by their weaker zeta potential.

Di et al. (2017) studied the deposition of 0.4µm particles during cross �ow UF

on a small membrane unit (100 µm × 50 µm × 25 µm) using CLSM. It was

observed that the primary deposits were always isolated particles, despite ob-

served aggregates in the bulk, which the authors contributed to the equilibrium
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of drag force and lift force where the latter a�ected mainly the bigger particles.

These early particle deposits then acted as seeds for other particles, however,

the fouling remained within a monolayer. The degree of aggregation (seen by

the average particle diameter) increased with the solute concentration.

Mores and Davis (2001) used DVO on a lab-scale unit to elucidate on the

deposition and removal behaviour of yeast cells on two di�erent types of mem-

branes. Their membrane unit (2.35 cm × 2.35 cm × 0.04 cm) was run in �xed

TMP mode with a CFV of 17 cm s−1 and 40 cm s−1, leading to Reynolds num-

bers of 68, respectively 160. Only monolayer fouling was observed. The two

membranes both showed a patchy cleaning behaviour by backpulsing, however,

one membrane was largely cleaned, recovering 95% of the clean membrane �ux,

while the other stayed largely fouled. This illustrates the complex nature of ad-

hesion forces between biological agents themselves and the membrane. A series

of short backpulses seemed more e�ective at removing foulants than a single

longer backpulse. In their follow-up research, Mores and Davis (2002) investi-

gated the e�ciency of rapid backpulsing to remove fouling by yeast cells from

the two types of membranes. The device for one of the membranes was dou-

bled in height, and run with a CFV of 32 cm s−1, leading to a Reynolds number

of 260. The authors found only monolayer fouling on both membranes, that

was partially removed by the backpulsing. The cleaning seemed more e�ective

with longer backpulses and with higher backpulse pressure, however, this e�ec-

tiveness decreased over time, pointing to irreversible fouling. However, since

stronger and longer backpulses both impact permeate production, a trade-o� is

present. Limiting permeate use for backpulsing, shorter but stronger backpulses

generated a higher net �ux, as compared to weaker but longer backpulses.

Hughes et al. (2006) used a �ltration unit of 10 mm × 45 mm × 0.5 mm with a

maximum CFV of 0.2 m s−1 under constant TMP, yielding a Reynolds number

of ca. 200 (not mentioned by the authors) to study membrane fouling by yeast

cells. Their research nicely illustrates how fouling models can bene�t from

detailed measurements. It was seen from the 3DFI measurements that macro

voids appeared in the cake structure, that did not get �lled in time. The

authors added the hypothesis that the cake layer was not formed as a uniform

layer, but had a certain topography. It was then assumed that cell aggregates

settle over these voids, possessing enough mechanical strength not to collapse

over the existing voids. This has its implication for the current �lter cake

models, e.g. the Kozeny-Carman equation, that assumes a homogeneous layer

of packed spheres. Understanding and accounting for their formation may lead

to improved grey-box models.
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2.4.2 Bi- or polydisperse particulate fouling

When considering multiple particle sizes together, the most interesting factor

to study is how they interact to form variant fouling behaviour. Ngene et al.

(2011) used a bidisperse polystyrene solution containing 3.3 µm and 5.7 µm par-

ticles in di�erent mixture ratios, but with a constant total number of particles.

Since their experiments were performed in dead-end mode (with constant �ux),

a higher fraction of large particles resulted in a thicker cake layer; maximum

thickness was obtained using a monodisperse solution of the large particles,

since these yield the largest present particle volume. Minimum cake porosity

was found with the perfectly balanced mixture. Cake porosity was lower than

predicted by the Kozeny-Carman equation, which can probably be explained

by cake compression. Logically, an opposing trend was found for the speci�c

cake resistance. In this way, the authors illustrated the combination of micro-

scopic measurements (local information), with macroscopic quantities (global

information).

Ben Hassan et al. (2014b) looked at microsieves with CLSM for monodisperse

solutions of �uorescent spherical particles (1 µm and 4.8 µm) in a �ltration chan-

nel (5.18 mm × 60 mm × 0.25 mm). Numerical simulations showed a clear wall

e�ect (Ben Hassan et al., 2013), slowing down initial �lter cake build-up in those

regions. However, over time, a macroscopic uniform distribution established,

which was con�rmed experimentally. No aggregation was found, and no rear-

rangement of particles in the cake layer took place. To solve the known issue of

low laser light penetration in the samples with CLSM, impacting the sensitivity

and resolution of the measurement, the fouling experiment was done layer by

layer by injecting more particles after every measurement. Fouling was seen to

initially decrease the �ux at a high rate due to particles blocking single pores

completely, after which a cake layer built up and �ux decrease slowed down.

Complete pore blocking was explained by the particle-to-pore size ratio, the re-

pulsive electrical charges between particles and membrane and the streamlines

of �uid going through the pores. It was seen that, in this speci�c case of a mi-

crosieve (very uniform pore size) and particle sizes (micrometer-sized particles

and pores of similar size), a small particle could block one central pore, while

a larger particle could additionally shield six surrounding pores from fouling.

This resulted in a lower �ux decrease when �ltering the latter in dead-end

mode. However, the small particles did not completely block all pores, since

also pore bridging was observed. Ben Hassan et al. (2014a) therefore suggested

it can be interesting to create a �rst fouling layer consisting of larger particles,

before exposing the membrane to smaller particle sizes. In this case, small

particles can �ll the voids of the �lter cake, before increasing its thickness and

smoothing the surface, without being able to block pores. To prove this, the
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experiment was repeated using a bidisperse mixture of both particles, which

was seen to perform better. Also microsieves previously fouled by larger parti-

cles showed better performance. Furthermore it was seen that smaller particles

clustered around bigger particles, which was probably due to higher �ows in the

latter's surrounding pores, indicating they were indeed unblocked by shielding.

Although 3D reconstruction is possible with CLSM, porosity observation or

calculation remains challenging (Ben Hassan et al., 2014b).

The work of Zhang et al. (2010a) shows that, next to the particle size, also

the particle structure (measured as fractal dimension) has in in�uence on the

critical �ux. The authors studied hematite �ocs (100 nm in size) in a unit

of 110 mm × 40 mm × 2 mm under a CFV of 0.1 m s−1. It was found that

again, larger �ocs showed a higher critical �ux, however, the e�ect for a �oc

(lower fractal dimension) was not as pronounced as for solid spheres (higher

fractal dimension). In addition, more porous �ocs (lower fractal dimension)

showed a lower critical �ux, and the e�ect was most prominent for larger �ocs.

This can be theoretically explained by combining the Kozeny-Carman equation,

Darcy's law and Brinkman's equation, showing that porous �ocs have a higher

permeability and thus experience less drag force than solid particles with the

same size.

In the case of non-spherical particles, Chen et al. (2004a) mentioned seemingly

contradictory results of a more compact cake layer, while maintaining lower

speci�c resistance and thus higher permeability values. Measurements with

small angle X-ray scattering illustrated that this can be explained by proper

alignment of non-spherical particles, so that non-tortuous channels are formed.

2.4.3 Complex feeds

Most research has focussed on model foulants such as bentonite, latex or poly-

meric particles, or yeast cells, while in most practical cases a more complicated

feed matrix is present. Typically, a combination of foulants on the feed side

results in a di�erent, often worse, fouling behaviour (Xie et al., 2017). Using

dead-end �ltration, fouling by anaerobic MBR sludge was seen by Gao et al.

(2011) to form three distinct layers: a loose top layer with gel-like substances

and depositions, a porous and slightly compressed middle layer, and a dense

and compressed bottom layer. However, the increase in average cake thickness

over time (at the end of the test reaching up to 2 mm) could not explain the

system's TMP; a loss of porosity was suspected to be a second driver. Initial

fouling was, given the PSD, thought to be caused mainly by pore blocking.

Given the smaller �oc sizes in the top layer compared to the bottom layer, it
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was reasoned that the smaller particles had a larger tendency to migrate to

the membrane, and compression and aggregation happened within the bottom

layer. Both of these reasonings, however, were not supported by relevant proof.

Xu et al. (2015) used anaerobic sludge in concentrations ranging from 44 mg L−1

to 75 mg L−1, allowing enough transparency for DO, while still allowing bio�lm

formation. Two-stage experiments were performed, �rst allowing for bio�lm de-

velopment, and subsequently exposing the bio�lm to di�erent stress conditions

(osmotic shock, nutrient shortage, nutrient addition, EPS extraction, coagu-

lant dose, toxicant dose). A �ltration unit with a hollow �bre membrane was

operated with a CFV of 15 mm s−1 and �ux of 35 L m−2 h−1 (Re ≈ 111, not

mentioned by the authors). Macroscopic measurements were combined with

DO for measuring cake layer thickness. The TMP rose quickly at the start of

�ltration, and since this initial fouling was not detected through DO, it was

thus identi�ed as pore blocking. TMP then increased steadily, and speci�c cake

resistance decreased from its initial high value as cake deposition was visually

perceived. Subsequently, speci�c cake resistance went up again and accelerated

beyond what could be explained by cake thickness increase, indicating simulta-

neous cake growth and compaction. During relaxation and backwash the cake

layer expanded. At the start of a new �ltration cycle, the expanded cake layer

quickly deposited and reorganised, resulting in a TMP and cake layer thickness

jump. This jump was most pronounced in case of the �occulant stress and

lowest in case of the toxic stress. To understand this, it needs to be known

that all stress factors, except the nutrient addition, increased the release of

EPS. In the case of the toxic stress, EPS release was minimal, giving minimal

additional fouling, while EPS extraction stress (logically) resulted in the high-

est EPS release. Nevertheless, EPS caused more additional fouling in the case

of the �occulant stress, because of the binding of EPS with the �ocs. Speci�c

cake resistance indicated the most dense structure with �occulant stress (least

compressible cake), followed by EPS extraction stress, and most loose structure

in the case of toxic stress. All the stressed cake layers were less compressible

than the initially deposited fouling layer. In the case of nutrient stress, com-

pression of the fouling layer, foulant detachment, and �uidised cake layer could

be observed, indicating the dynamic reorganisation of the foulant layer. When

cake compression occurred, EPS was released and TMP went up. After long

operation, though CLSM only detected a thin cake layer of 40 µm to 50 µm,

TMP remained high, indicating aged biofouling.

Li et al. (2002) used UTDR on a MF channel �ltrating paper mill e�uent at

cross �ow velocities ranging from 1.83 cm s−1 to 23.0 cm s−1 (Re ranging from

65 to 811) at a �xed TMP. The fouling cake layer, mainly consisting of break-

down products of lignin, could be characterised by its thickness, but also by
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its state; the re�ected signal gave information on the compactness of the cake

layer.

2.4.4 Current shortcomings

Interestingly, Chen et al. (2004a) introduced a critical dimensionless �ltration

number, that (for hard and non-interacting spheres) indicates whether concen-

tration polarisation will give rise to cake layer build-up, given a certain TMP.

However, the underlying theory is based on gel concentration of colloids, not

giving credit to the di�erent mechanisms of solute, colloid and particle move-

ment. The resulting `particle' sizes from this equation are within the nanometer

scale, however, at this level electrostatic e�ects are dominating the force bal-

ance. Also, cross �ow conditions were not taken into account. On a related

note, the authors are dealing loosely with the term concentration polarisa-

tion. They identi�ed the initial decline of membrane performance, due to a

rapid initial build-up of `solute particle' concentration near the membrane, as

concentration polarization. Also other research mentions concentration polari-

sation, while the results clearly indicate cake layer formation. In the paper of Li

et al. (2002), even the term particle polarisation is used. This assumes particles

to behave similar to solutes. Yet, solutes can be considered `hydrodynamically

unresponsive', as they perfectly follow the streamlines of the �uid �ow and only

exhibit the passive di�usion process as a counter e�ect. The di�usive trans-

port is, however, not hydrodynamically triggered. Particles, on the other hand,

could be considered `hydrodynamically responsive', implying that they react to

the �uid �ow with forces against the streamlines, thus causing them to cross

streamlines and potentially migrate against a concentration and/or electrical

gradient. These forces, in contrast to di�usion, are only present within a �uid

�ow.

Furthermore, it becomes clear from most of the above mentioned studies that

particulate fouling in MF systems is considered up to only a few tens of mi-

crometers. Ngene et al. (2011) explicitly stated that MF processes typically

separate suspended colloidal particles with diameter ranging from 0.1 µm up to

20 µm. Mores and Davis (2001) commented that particle diameters of 50 µm to

150 µm are considerably larger than those typically used in MF. Finally, Zhang

et al. (2010a) claimed that the most common particle sizes to be separated

using a MF process fall in a size range of 0.5 µm to 30 µm. However, in e.g.

the common application of MBR, �oc sizes grow easily to tens or hundreds of

micrometers (Judd and Judd, 2011).
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The weaknesses of the visualisation methods are touched upon by the paper

of Chen et al. (2004b). A speci�c problem remains the region very close to

the membrane, around 250 µm from the membrane surface, that is often not

resolved and is typically treated by an extrapolation of the measurements, in

turn leading to uncertainty. Furthermore, the challenge of transferring non-

invasive techniques from lab-scale to full-scale application remains. Also Li

et al. (2017) agreed that real-time observation techniques are mostly applied in

idealised conditions in the lab, and are rarely applied in commercial applica-

tions, and ask more e�ort thereto. The authors see the integration of multiple

techniques as a promising strategy to resolve this issue, where individual ad-

vantages are combined to eliminate weaknesses. An alternative approach is the

use of a side-stream unit as early warning system; lab-scale membrane fouling

devices have not only been developed for direct observation of fouling in the

lab, to elucidate in the fouling mechanisms, but also appear in full-scale plants

as online ex situ fouling detector or MFS (Huang et al., 2010). As Li et al.

(2013) and Li et al. (2017) focussed on hollow �bre membranes, they reported

the issue of longitudinal variability of fouling due to a spatially heterogeneous

TMP over the �bre length, which is an issue in any large-scale membrane instal-

lation. This was found worse in the case of hollow �bres, where the permeate

was withdrawn from one end. In double-end hollow �bres, fouling was found

more severe near the upper end, due to lower shear and higher local TMP, and

minimal in the center of the �bre.

Nevertheless, it has been emphasised by di�erent authors that DVO is a good

tool to not only observe, but also to increase our understanding of fouling and

cleaning processes (Mores and Davis, 2001). This technique can be used to

investigate single- or multifoulant systems. The knowledge gained therewith

can be reinvested into better membrane modules and fouling models.

2.5 A critical re�ection on the critical �ux

The concept of a critical �ux, as simple as it may appear, requires a thorough

discussion. The original de�nition of critical �ux was written more than 20

years ago:

�The critical �ux hypothesis for MF is that on start-up there exists a �ux below

which a decline of �ux with time does not occur; above it fouling is observed.

This �ux is the critical �ux and its value depends on the hydrodynamics and

probably other variables.�

� From Field et al. (1995)
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2.5.1 Macroscopic methodologies

The concept of critical �ux was developed not on mathematical or physical

grounds, but based on observations (Field et al., 1995). The most used method

to determine its value is the �ux stepping method, where the �ux is increased

in small increments, and one looks for the �rst �ux value that results in an in-

creasing TMP, or the equivalent but less known TMP stepping method. Other

methods include mass balancing and direct observation of the membrane sur-

face to visually detect fouling on the membrane for di�erent �ux values (Hughes

and Field, 2006). One of the original observations used the TMP stepping

method and described a hysteresis e�ect, and it was already noticed that the

determined critical �ux was dependent on the applied CFV, indicating that

the underlying hydrodynamics are important. Furthermore, Field et al. (1995)

already made it clear that the critical �ux is a value that always refers to a

speci�c particle size. In complex feeds, it could furthermore occur that deposi-

tion of larger particles lowers the critical �ux, leading to ever smaller particles

to deposit.

Zhang et al. (2006) illustrated the main problem in the experimental critical �ux

determination, since its value obtained through the traditional �ux stepping

method is usually higher than the true value unless su�cient time is allowed

for the deposition to accumulate and cause a detectable increase in pressure.

However, later, Zhang et al. (2010a) de�ned that �if no particle deposition or

fouling layer on the membrane surface was observed during a 15 min �ltration

period, the operating �ux was regarded as below the critical �ux�. Clearly, it

should be stated �rst that the �ux stepping method results are only relevant

for short term operation, given the short time intervals used in these protocols.

The lesson here is indeed, as put by Hughes and Field (2006), that any method

to measure critical �ux is dependent on the sensitivity of the instrument and

the time scale used.

The problem becomes clear when looking at typical results of these protocols,

as seen in Figure 2.6. The problem of de�ning the critical �ux boils down to

identifying a slope that is (not) signi�cantly di�erent from 0, or �nding the

origin of an exponential curve, i.e. raising doubt on the asymptotic nature of

the curve. The critical �ux is typically found by using linear �tting and extrap-

olation. A similar problem occurs in viscosity research, where the existence of

a yield stress is debated on for certain feeds (Ratkovich et al., 2013).

This in turn leads to alternative de�nitions of the critical �ux. The concept

of critical �ux indeed appears in two variations: a strong and weak version

(Judd and Judd, 2011; Mutamim et al., 2013). In the strong concept, below

the critical �ux the membrane delivers the same �ux for a given pressure as
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(a) (b)

(c)

Figure 2.6: Illustrations of how the critical �ux is di�cult to obtain: (a) Finding
the critical �ux depends on the data quality of low pressure values, the
linear �t used, and the level of signi�cance used when searching for
the transition of a horizontal to a non-zero slope; (b) The critical �ux
can be found at the onset of the exponential behaviour, which is not
straightforwardly detected; (c) Plotting the pressure increase in function
of �ux on a semi-log scale, it becomes clear that the concept of a critical
�ux might better be replaced by a sustainable �ux in this case, where
an acceptable non-zero threshold for pressure increase can be de�ned
(Le Clech et al., 2003).

the clean-water �ux, i.e. absolutely no fouling is present on the membrane.

In the weak concept, the �ux is stable, but not necessarily equal to the clean

water �ux. Besides this, other de�nitions include: the highest �ux without a

perceptible rise in TMP during 120 min of �ltration; the �ux at which TMP

rise rate and permeability and step change in TMP and the fouling resistance

as a fraction of the total resistance all show a signi�cant change (given that

this happens within the same �ux step); the highest �ux that results in less

than 30% of the membrane surface covered after 20 min of �ltration as seen

with direct observation (Mutamim et al., 2013).

It was indeed seen from direct observation that fouling still occurs even if a

change in TMP is not perceptible. Furthermore, in complex feeds, particulate

fouling may not occur, while colloidal material can still deposit, leading to a
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TMP increase. It was observed that even under zero �ux conditions, passive

adsorption of colloids, the so called conditioning fouling (Section 2.2), still takes

place, rendering the strong concept of fouling useless (Judd and Judd, 2011).

In this case, critical �ux refers more to the occurrence of irreversible fouling

(especially by non-particulate matter) than to the original idea.

It leads to think that there is not one single �ux value at which a discrete shift

in fouling behaviour can be noticed. Many researchers and membrane operators

thus prefer the concept of a sustainable �ux, which guarantees an acceptable

fouling rate, leading to an even bigger diversity of de�nitions, depending on

the application.

At macro scale, the term critical �ux can even be confusing, as can be seen

from Li et al. (2013), who performed �ltration of a 5 g L−1 yeast suspension

using a hollow �bre membrane. After the critical �ux was determined by �ux-

step experiments, strangely, membrane fouling was found during operation at

sub-critical �ux. Besides the short time intervals used during critical �ux de-

termination, the �ux was seen to vary over the length of the membrane, locally

exceeding the critical �ux, leading to local fouling, in turn a�ecting the �ux

distribution. But also Kang et al. (2004) raised doubt with relation to the

concept, since they mention that even in the absence of permeation, biological

cells are seen to deposit on the membrane surface. Biofouling (rather than cake

formation) is thus expected to occur even below the critical �ux, as con�rmed

by literature, and hence can act as a seed for further cake layer formation.

2.5.2 Microscopic methodologies

Li et al. (1998) explored the concept of critical �ux and its dependency on

CFV and particle size using yeast (mean diameter of 5 µm) and latex beads

(3µm, 6.4 µm and 12 µm) in a cross �ow channel. The CFV applied varied

from 0.05 m s−1 to 1 m s−1 (Re from 150 to 3000). Critical �ux was de�ned as

the �ux below which particle deposition is negligible, while above this value, it

becomes signi�cant. Not only was it demonstrated (by images) that increas-

ing the �ux above its critical value initiated fouling, the authors also showed

that lowering the �ux below its critical value would eliminate existing fouling.

With the smallest particle size, a �uidised cake layer was observed, while for

the larger particles, movement was restricted to individual particle rolling (at

speeds about two orders of magnitude lower than the CFV), after which the

particles moved to the bulk �uid or deposited on existing fouling. In conclusion,

a lower CFV leads to a more stagnant cake and smaller particles lead to a more

dynamic behaviour. Particle deposition seemed random initially, but occurred
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more often adjacent to already fouled patches, and was found to depend on

the local pore size distribution. Higher CFV was also found to increase the

fraction of smaller particles near the membrane, con�rming the classi�cation

mechanism from literature. However, this was performed with changed �ux

values, and does not allow for a straightforward comparison. It was found from

yeast �ltration though that fouling was mainly due to fragments smaller than

yeast cells, in the colloid range (< 0.1 µm), again consistent with this classi�ca-

tion. Critical �ux increased with CFV (as often predicted by MF models using

shear-induced di�usivity and inertial lift) and particle size. However, given the

very rectangular cross-section of the channel, turbulence on-set might already

have appeared around the CFV value of 0.2 m s−1.

Zhang et al. (2006) studied di�erent bidisperse suspension of latex particles

(3.0 µm, 5.0 µm and 10.0 µm) with the DOTM technique. Their unit was not

fully described, but was operated at a CFV of 0.2 m s−1, around the critical

�ux, and with a Reynolds number of ca. 800. It was observed that only the

smaller particles deposited, since larger particles exhibited larger critical �ux

values. For the same reason, it was expected that cake layers contained a

higher fraction of smaller particles. Surprisingly, critical �uxes were found to

increase when bigger particles were introduced into monodisperse solutions of

small particles. Aggregation of particles to bigger sizes could be excluded, and

also scouring e�ects of bigger particles was ruled out as a possible explanation.

The e�ect was thought to be due to an increased shear-induced di�usivity of

the smaller particles, exerted by the bigger particles through momentum trans-

fer in particle-particle collisions, as well as boundary layer disturbance. This

�nding is backed up by the simulations of Kromkamp et al. (2002), which were

based on the shear-induced di�usion model. The e�ect was present even though

the bidisperse mixtures showed higher concentrations, and further increasing

the concentration of bigger particles, increased critical �ux, up to 120%. This

is in contrast with the trends for monodisperse solutions, and with literature,

where it is reported that increasing concentrations lead to decreasing critical

�uxes. Similar conclusions were drawn from membrane fouling rates at su-

percritical �uxes. However, opposing results were found by Madaeni (1997);

the critical �ux for a mixture of 0.1 µm and 1 µm particles was found lower

than for the monodisperse solutions and the addition of 1µm latex particles to

50 nm gold particles increased membrane resistance. This indicates that con-

clusions on certain particle sizes cannot be easily transferred to other ranges of

particle size, as di�erent e�ects might come into play, or forces might balance

di�erently. This was acknowledged by Zhang et al. (2006), who stated that for

submicron particles, Brownian motion and surface charge come into play, and

can overpower shear-induced forces.
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2.5.3 Modelling implications

Besides the issue of detecting the critical �ux experimentally, also on the mod-

elling side, the concept is not always treated in a sound way. According to

Zhang et al. (2010a) and Zhang et al. (2010b), the critical �ux Jcrit can be

expressed as a power law function of particle size dp and cross �ow velocity Uf

(with a proportionality constant a) as

Jcrit = aUf
n dp

m .

However, the authors stated that the exponent n depends on particle size dp,

and used six data points to �nd the second-order relationship between both.

Furthermore, the exponentm is thought to be function of the cross �ow velocity

Uf , using only four data points to de�ne a second-order trend. This is a rather

convoluted way to obtain a value for the critical �ux and does not represent

physical knowledge on the concept.

However, the critical �ux can �nd a mathematical and physical ground in the

lift force that acts upon particles in a �ow. Excluding fouling by solutes and

colloids, the critical �ux can be regarded as the tipping point of the force

balance, that is dependent on particle size and hydrodynamics (see Chapter 5).
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CHAPTER 3

Principal component analysis for system state
analysis

�The important thing in science is not so much to obtain new facts as to

discover new ways of thinking about them.�

� Sir William Bragg



Redrafted from: Naessens, W., Maere, T., Gilabert-Oriol, G., Garcia-Molina,

V., and Nopens, I. (2017a). �PCA as tool for intelligent ultra�ltration for

reverse osmosis seawater desalination pretreatment�. Desalination 419, 188�

196.

Abstract:

A novel fouling monitoring methodology based on PCA has been validated

using TMP data of a pilot-scale UF system operated with seawater. The evo-

lution of membrane fouling was investigated to determine its relation to the

used cleaning strategy on the one hand and the quality of the raw seawater

on the other hand. The developed models showed that in terms of cleaning

e�ciency there were no signi�cant di�erences between the standard and opti-

mised backwashing protocols that were employed. This con�rms the hypothesis

of being able to use the optimised protocols in a sustainable manner and bene�t

from lower cleaning frequencies and higher plant-wide recovery. In addition,

it has been demonstrated that the use of PCA as a monitoring technique to

detect abnormal fouling behaviour is a robust tool. By using PCA, decisions

on cleaning sequences or frequencies could be taken dynamically instead of

running the system with �xed cycles.



3.1. Introduction

3.1 Introduction

The use of UF as pretreatment for RO seawater desalination has increased sig-

ni�cantly as a result of the continuous quest for cost-e�ective technologies that

enable a sustainable production of water. Key bene�ts associated with UF

versus conventional pretreatment are its low footprint, the ability to remove

viruses and bacteria and the signi�cant reduction of colloids, suspended par-

ticles and turbidity. Even more important is its reliability in providing good

quality �ltrate for the downstream RO plant (Gilabert-Oriol et al., 2013b).

The UF process is characterised by relatively short �ltration cycles (10 to 90

minutes). The duration of the �ltration cycles strongly depends on the quality

of intake water. Between two �ltration cycles a mechanical cleaning, i.e. a

backwash, is performed to clean the membrane �bres and reduce the TMP

that builds up during �ltration. A second type of cleaning, at a lower frequency

(once per day or once every few days), is the chemically enhanced backwash

(CEB). It is characterised by a longer duration compared to a normal backwash

and by the use of cleaning chemicals. Finally, a cleaning in place (CIP) occurs

once every couple of months, typically lasts a few hours and uses a higher

concentration of chemicals compared to a CEB (Gilabert-Oriol et al., 2013b).

Since membrane cleaning leads to process downtime, permeate consumption,

chemical consumption and potentially a reduction in membrane lifetime due

to the exposure to chemicals, it is important to apply the available cleaning

mechanisms, i.e. backwash, CEB and CIP, optimally and only when really

required.

In literature, a �rst category of studies focuses on preventing fouling, or limiting

it by additional process steps such as coagulation/�occulation and sedimenta-

tion, cartridge or dual media �lters, dissolved air �otation or granular activated

carbon �ltration prior to UF to remove foulants from the seawater (Monnot

et al., 2016; Shutova et al., 2016). Other studies investigate how the charac-

teristics (e.g. hydrophobicity) of the membranes and foulants in�uence their

interaction. This information can be used to alter the membrane structure

or characteristics (Huang et al., 2016), or to determine the optimal chemical

cleaning procedure (for regaining �ux), based on the feed and/or removed foul-

ing constituents (Woo et al., 2015). It is, however, important to also include

downtime, membrane life time and chemical costs in an optimisation study.

Another approach focusses on optimising the operational scheme (statically) to

a better ratio of �ltration and backwashing time (Gilabert-Oriol et al., 2013b).

In the paper of Gao et al. (2016), a dynamic operational scheme is based on

a self-adaptable backwash, which is automatically triggered when the total
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membrane resistance increase since the start of the �ltration cycle rises above

a set threshold. Similarly, a CIP is triggered when the total pressure over the

membranes reaches a critical value. This leads to a partially �exible operational

scheme where the timing of the di�erent stages is determined based on data.

However, these resistance (based on the set �ux and TMP) and TMP data

used for monitoring and control, contain more information about the nature

of fouling in their dynamics. Therefore, using only the absolute instantaneous

TMP numbers is still suboptimal.

In this chapter, the aim is to build a black box model to monitor the UF

process intelligently with PCA, as was demonstrated before in Maere et al.

(2012a) on a lab-scale MBR. This model could then be used to apply the

cleaning measures optimally and save costs. The bene�t of using this analysis

over studying the raw data, lies in the data mining nature of the technique,

guaranteeing an optimal information-extraction from the data at hand. The

technique indicates the main patterns present in the data, by analysing all

variables at once, and indicates what variables are statistically important for

the process. The analysis is performed on di�erent historical datasets, gathered

under di�erent operational conditions, and aims at a qualitative comparison of

these di�erent, static schemes of operation. The technique, however, could also

be used to assess the membrane state in real-time and alter the operational

scheme dynamically, e.g. postpone a backwashing step until required, as is

explained at the end of this chapter.

3.2 Materials & methods

First, the pilot-scale installation under investigation is described, after which

the PCA algorithm is demonstrated on a small data set.

3.2.1 Pilot-scale installation

Figure 3.1 depicts the pilot-scale installation consisting of two independent par-

allel lines, both containing DOWTMUltra�ltration SFP-2660 polyvinylidene

�uoride (PVDF) membrane modules as pretreatment to the RO train. These

modules contain hollow �bre membranes, with a nominal pore diameter of

0.03 µm and a surface area of 33 m2 (more details can be found in the product

data sheet (DOW, 2017)). The feed is sea water from the Tarragona industrial

harbour (Mediterranean Sea) which, due to its intake location, shows �uctuat-

ing water quality; leakages of oil and petrol from ships and various industrial

activities are reported, while a small river delivers water during rain events.
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Historical values of TOC and TSS of the feed water indicate that TOC mainly

remains below 5 mg L−1, although values up to 10 mg L−1 have been reported,

and large �uctuations for TSS are present, ranging from 0 up to 50 mg L−1

(García-Molina et al., 2012).

Figure 3.1: Pilot-scale seawater RO desalination plant with UF pretreatment.

The normal backwash operation consists of �ve consecutive steps summarised

in Table 3.1. In the �rst step (air scour), the membrane module is aerated

at the feed side for agitation of the �bres, without �ltration. The second

step (draining) empties the module through the bottom and thus removes the

fouling that has detached during the �rst step. The third step (backwash with

air scour) combines the e�ects of backwashing and membrane aeration. The

fourth step (backwash with draining) combines backwashing and draining. In

the �fth step (forward �ush), feed water is pumped over the membrane �bres,

creating shear. However, to reduce the downtime during backwashing, a more

optimal backwash scheme was proposed (Table 3.1), supposedly with the same

cleaning e�ciency. Moreover, to maximise the amount of produced water, some

experiments have been performed where the UF membranes were backwashed

with RO brine instead of �ltrated water. Both optimisation schemes would

lead to an e�ciency improvement and a reduction of used water during UF

backwashes, but only if the fouling mitigation potential would remain equally

high.

A more detailed description of the pilot-scale set-up and previously performed

experiments can be found in Gilabert-Oriol et al. (2013a), Gilabert-Oriol et al.

(2013b) and Gilabert-Oriol et al. (2015).
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Table 3.1: Baseline and optimised �ltration and backwash conditions for the UF
membranes.

Parameter Value

Flux 70 L m−2 h−1

Backwash frequency 90 min
Backwash �ux 80 L m−2 h−1

Air �ow 70 Nm3/h
CEB frequency 24 h
NaClO concentration 350 mg L−1

Soaking time 6 min

Parameter Baseline Optimum

Air scour duration 30 s -
Draining duration 30 s -
Backwash with air scour duration 30 s 60 s
Backwash with draining duration 30 s -
Forward �ush duration 30 s 30 s

3.2.2 PCA algorithm

PCA is a multivariate statistical analysis tool, and can be used as a data mining

technique that compresses the information from a data-rich but information-

poor data set into a set with a much higher information to data ratio. This

is done through a reduction of the number of variables to a (typically smaller)

set of newly de�ned variables called principal components, and is described in

Section 2.3.1.

The speci�c PCA algorithm used to analyse the TMP data from the experi-

mental containerised desalination plant is based on the study of Maere et al.

(2012a), where it was successfully applied to TMP data from a lab-scale MBR.

Compared to Maere et al. (2012a), a modi�cation was made in the number

of variables used to characterise a �ltration cycle: the TMP characteristics

were now reduced to three instead of �ve variables for each membrane �ltra-

tion cycle, i.e. the �ltration peak pressure (Pf ), the backwash peak pressure

(Pb) and the TMP slope during �ltration (S) (Figure 3.2). These were consid-

ered obvious choices for variables to be included in the PCA as they are easy

to understand and have a clear physical meaning regarding fouling dynamics

(Maere et al., 2012a). The exponential parameters a and b mentioned in the

work of Maere et al. (2012a) could not be estimated on these data due to the

low measurement frequency of 6 min−1 (compared to 60 min−1 by Maere et al.

(2012a)), thus yielding too little data for a proper estimation. PCA will yield

valuable information on how these process variables relate to each other, and
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what variability is present in them. Values for these variables were smoothed

by a cubic spline function in Maere et al. (2012a), a step which was omitted in

this work, since part of the analysis focussed on the detection of outliers.
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Figure 3.2: Typical TMP cycle and the estimated variables.

In what follows, the general procedure is illustrated on a small dataset. In

Figure 3.3a, the TMP data from one of the parallel UF lines is shown for a

period of ca. one week. These data were split into its underlying cycles by an

automated cycle end detection algorithm (Maere et al., 2012a) and from each

cycle, the three variable values as illustrated by Figure 3.2 were estimated,

yielding three values per cycle1, depicted in Figure 3.3b. These variables were

standardised to account for scale di�erences in the chosen variables, before they

were transformed using PCA into three PCs, of which the scores are shown in

Figure 3.3c. Finally, these PCs are plotted against one another in Figure 3.3d,

in a score plot, where each data point represents one �ltration cycle. These PC

scores map the di�erent �ltration cycles in the space of PC1 and PC2. The

colour scale indicates time: blue and red for �ltration cycles respectively at

the beginning and end of the studied periods. In this score plot, also the PC

structure is shown as vectors (often referred to as PC model), indicating how

PC1 and PC2 are composed of the original variables Pf , Pb, and S. The angles

between the variables in the PC model indicate their correlation (90◦ angle for

uncorrelated variables).

1The value of Pb was made absolute for reasons of convenience in the plot.
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Figure 3.3: General scheme of the used PCA algorithm. (a) Raw TMP data (in
blue) with the detected cycle ends (in red), (b) estimated cycle param-
eter values, (c) calculated PC scores and (d) principal component score
plot including the model structure.

3.3 Results & discussion

First, a temperature correction on the data will be elaborated on, accounting for

the temperature-dependence of the viscosity of water. Then, membrane fouling

with the proposed optimal backwash scheme in operation will be compared to

fouling resulting from the original backwash scheme. Later, the in�uence of

backwashing with RO brine is investigated. A long-term analysis is performed,

its advantages discussed, and two subsets of this larger dataset are investigated

in more detail. Finally, a system for real-time control based on this analysis is

proposed.
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3.3.1 The use of temperature corrected data

In order to account for the e�ect of temperature on the viscosity of the feed, a

temperature correction to a reference level of 25◦C (298.16 K) was performed

on the TMP values, allowing a more fair comparison of TMP values (Gilabert-

Oriol et al., 2013b):

TMPcorr = TMP
10

247.8
298.16−140

10
247.8
T−140

, (3.1)

with T [K] the feed temperature (Al-Shemmeri, 2012).

It should, however, be noted that this correction does not account for any

secondary temperature e�ects on the �ltration, such as varying particle back

transport velocities due to Brownian motion, or algal blooms in warmer periods.

The use of temperature corrected data had a signi�cant impact on the estimated

Pb values
2, whereas the e�ect on Pf and S was found negligible in comparison

to the present variation in these values. Especially the daily variation in Pb was

smoothened by the correction in the �rst half of the data set, while in absolute

numbers, values increased (Figure 3.4).
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Figure 3.4: Estimated variables using the raw TMP values and temperature cor-
rected values.

2The value of Pb was made absolute for reasons of convenience in the plot.
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3.3.2 Investigation of optimised backwash conditions

Four di�erent datasets were analysed, i.e. period A from 7 to 15 August 2012

and period B from 13 to 27 September 2012, and in each period two parallel

UF lines were operated, i.e. UF-1 and UF-2.

To reach at least 95% of the variance in the data sets, all three PCs would need

to be selected; this would mean that there is no actual reduction of data. This is

di�erent compared to the analysis of lab-scale MBR data in the study of Maere

et al. (2012a), where two PCs su�ced to explain 95% of the variance in the data.

Possible explanations in order of likeliness are (1) the small dataset size (similar

behaviour was seen in Naessens (2011)), (2) less controlled conditions and a

higher variability in pilot-scale compared to lab-scale operation (e.g. varying

in�uent quality) and (3) di�erent system characteristics (e.g. dead-end instead

of cross �ow �ltration). However, since PC3 only accounted for 10 to 15% of

the variance in the data, and as it was found to represent only noise in the data

set since no pattern could be distinguished, it was left out of further analysis.

As mentioned by Hesampour et al. (2010), a good choice of the number of PCs

to include is important to avoid modelling noise. The level of noise in the data

can be estimated and expressed relative to the variation in the data set, which

then comprises the acceptable level of information loss. In this case however,

with only three PCs, excluding only the last PC seems an obvious choice.

The results of the PCA are shown in Figure 3.5. Normal backwash settings

were used throughout except for the UF-1 line in period B, where the opti-

mised settings were applied as mentioned before (see Table 3.1). Therefore, in

Figure 3.5, comparing the top left and right score plots (Figure 3.5a and 3.5b)

gives an indication of the repeatability of the analysis within a period for dif-

ferent UF lines, while the top and bottom right plot (Figure 3.5b and 3.5d)

allow to compare the di�erences between periods for the same UF line, for

instance because of di�erent sea water qualities. Finally, the bottom left and

right (Figure 3.5c and 3.5d) allow to investigate the impact of the optimised

backwashing strategy.

The models of the parallel UF lines within the same period appear similar,

while big di�erences are visible for the di�erent periods. The latter indicates a

di�erent fouling behaviour, which might be related to a di�erent quality of sea

water (suspended solids, turbidity, temperature) in the two periods. The study

and comparison of these model structures provides a useful tool in addition to

the study of TMP and permeability itself. To gain deeper knowledge on the

model structure, all contributing variables3 are plotted in Figure 3.6.

3The value of Pb was made absolute for reasons of convenience in the plot.
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Figure 3.5: Principal component score plot including the model structure to inves-
tigate the in�uence of optimised conditions for (a) UF-1 in period A,
(b) UF-2 in period A, (c) UF-1 in period B and (d) UF-2 in period B.
Optimised conditions were present in (c).

The di�erence in model structure for the parallel lines in period A (Figure 3.5a

and 3.5b) can be related to the decreasing trend of Pf , which is only present in

the data of the UF-1 line (Figure 3.6a), indicating that this line possibly started

with an ine�ciently cleaned membrane. This leads to Pf contributing to PC1,

which captures this trend. This decreasing trend can also be noticed for S,

albeit less pronounced. PC2 on the other hand focuses on the daily variation

(scores rapidly �uctuate vertically), and this behaviour is less pronounced for

the UF-2 line, as can be seen mainly from Pb values (Figure 3.6b), which leads

to a slightly di�erent model structure for PC2 as well.

It was reasoned before that Pf is the result of fouling in general, while S

relates to reversible fouling, and Pb to irreversible fouling (Maere et al., 2012a).

It can be seen from the angles between the variables in Figure 3.5a and 3.5b

that S and Pb are positively correlated, while both are uncorrelated with Pf .
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Figure 3.6: Variables for (a) UF-1 in period A, (b) UF-2 in period A, (c) UF-1 in
period B and (d) UF-2 in period B.

This may appear somewhat contradictory, but points to the situation where a

strong backwash pressure (more negative values) is followed by a low slope or

vice versa, thus balancing each other's e�ect on the �ltration peak pressure. In

Figure 3.5c and 3.5d, Pf and Pb are negatively correlated indicating irreversible

fouling within that direction. S on the other hand is uncorrelated with both

and indicates the direction for reversible fouling.

The models for UF operation with and without optimised backwash conditions

(during the same period) are almost alike as well as their scores (Figure 3.5c

and 3.5d), indicating that the cleaning e�ciency remains good and might even

be further optimised. Here, the daily variation is the main variation present,

as the transient behaviour is less pronounced (Figure 3.6c and 3.6d), resulting

in PC1 now describing the daily patterns, while PC2 describes the outliers due

to an excessive value for S. These outliers illustrate the possible use of PCA

as monitoring technique to detect abnormal cycles; decisions on backwashing

could be taken directly and dynamically based on these PC-values instead of

70



3.3. Results & discussion

running the system with �xed cycles. Note that these outliers are due to the

slope of the �ltration curve, and would not have been detected using only the

instantaneous TMP value.

It should be stressed that for period A, PC1 focuses on the trend as mentioned

above, while PC2 explains the daily cyclic behaviour. For period B, however,

PC1 focuses on the cyclic behaviour while PC2 focuses on outliers. This dif-

ference in model structure can be explained by the small size of the dataset;

each model explains only the variability present in that dataset, e.g. excluding

long-term and mid-term variations, such as seasonal e�ects or weather changes,

respectively. The meaning of PC3 is considered irrelevant for all four datasets

as it mainly captures the noise in the data.

3.3.3 Investigation of backwash with RO brine

Again, four di�erent datasets were analysed, i.e. period C from 27 October to

20 November 2012 and period D from 23 January to 7 February 2013, with

both parallel UF lines operated. All performed analyses indicate that two PCs

su�ce to explain the variance in the data since very little variance is captured

in PC3.

For period C, both UF lines worked at the old, non-optimised, backwash set-

tings. The �rst seven days both lines worked with permeate to backwash.

After that, UF-1 worked with brine to backwash, while UF-2 continued with

permeate. The UF-1 and UF-2 analyses yield similar results, both in terms

of model structure and the PC score dynamics (Figure 3.7), from which it can

be concluded that backwashing with brine does not diminish the fouling re-

moval potential of the backwash, at least not on short term and when using

the old backwashing settings. The scattered values at the beginning of both

UF lines are related to very distinctive peak values for Pf and S. Based on

the composition of PC1, with a high correlation between S and Pf , it can be

concluded that the main fouling type was reversible fouling, and manifested

itself as short term events, captured by PC1. There is, however, also a long

term trend of irreversible fouling, which is captured by PC2, mainly based on

the uncorrelated Pb. This analysis thus helps identifying the type and severity

of the present membrane fouling.

For period D, both lines were operated with the new, optimised, backwash

scheme, but UF-1 worked with brine as backwashing agent, while UF-2 back-

washed with permeate. The models and scores of UF-1 and UF-2 look alike

and indicate a very similar fouling behaviour in both datasets (Figure 3.7). In

general, PC1 is composed of Pf and Pb, while PC2 is almost exclusively deter-
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mined by S. Interestingly, Pf and S seem to be negatively correlated, while

not being correlated to S. This leads us to think that the fouling present dur-

ing this period was mainly of an irreversible nature, captured by PC1, while

some distinct events of reversible fouling that occurred are captured in PC2;

i.e. the scores evolve horizontally along PC1 with some distinct points in the

PC2 direction (spikes). The latter can be related to distinctive peak values for

the slope at the beginning of both UF lines. A similar behaviour was seen from

Figure 3.5c and 3.5d.

In general, the UF-1 and UF-2 data analyses for period D of the brine dataset

reveal a similar fouling behaviour for both lines, just as was the case for period

C, although the fouling behaviour in both periods was found to be di�erent.

Backwashing with brine does not seem to have had any noticeable in�uence

over the studied periods, irrespective of the used backwash scheme.

3.3.4 Long term analysis

The incentive for an analysis on a long-term dataset was already stated in

Maere et al. (2012a) and is motivated by the fact that for a larger dataset

PCA will be less a�ected by noise in the data. Another positive aspect is

that di�erences in fouling behaviour will be judged by the same long-term

model. Hence, the di�erences will be visible in the score plots instead of the

model, which is easier to interpret and essential for automated monitoring and

diagnosis. Furthermore, the behaviour of the system will be evaluated against

its long history, which would be more cumbersome using an analysis of separate

variables.

The data were collected from April 2011 until October 2013, with both parallel

UF lines (UF-1 and UF-2) being operated. There are three di�erent cycle

lengths present in the data, i.e. around 1900 seconds, 5550 seconds and 3800

seconds, which are all withheld for analysis. It is worth mentioning that the

3800 second cycles are not the result of missing a cycle end in between two 1900

second cycles by the detection algorithm. Furthermore, some lesser frequent

cycles lengths are also noticed, and the data exhibit a quite spiky nature.

This might be related to changing in�uent conditions, but is more likely due

to the fact that this long term dataset is the result of a testing period for

di�erent operating conditions. Also, UF-1 and UF-2 were operated slightly

di�erent at some times, judging from the used cycle lengths. All this is in fact

extremely interesting for PCA; the more natural variability in the data due

to di�erent operating conditions, the better the model is trained to recognise

these situations in validation, or eventually in real-time use.
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Figure 3.7: Principal component score plot including the model structure to investi-
gate the in�uence of brine backwash for (a) UF-1 in period C, (b) UF-2
in period C, (c) UF-1 in period D and (d) UF-2 in period D. Optimised
conditions were present in (c) and (d). Brine backwash was present in
(a) during the last 18 days and in (c) during the whole period.

For all cycles, the estimation of S was changed to represent the slope of the

TMP data in a �xed time frame between 500 and 1850 seconds, rather than

for the full �ltration length. Indeed, the initial part of the �ltration curve

occasionally showed deviating behaviour from what can be expected (i.e. a

local maximum in the TMP data). Furthermore, for the longer cycles, an

asymptotic behaviour was sometimes present. The data used for the estimation

of the slope were thus restricted in order to increase comparability between the

cycles. However, the estimation of Pf values is still based on the pressure at the

end of �ltration, regardless the length of the cycle. It should be noted that this
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implies that the PCA results di�er from the ones shown in Section 3.3.2 and

3.3.3. In any case, two PCs were retained, yielding a total explained variance

of 85% for UF-1 and 90% for UF-2.

Both model structures, as depicted in Figure 3.8, are very alike, however, the

scores are rather convoluted and di�cult to interpret all at once. Nevertheless,

the general idea is that large patches of data points tend to cluster in a certain

area, giving rise to a certain degree of colour separation. This is due to di�erent

operating conditions and the induced di�erences in fouling behaviour that link

to di�erent areas in the score plot. Also, short term changes can be seen as

sudden jumps in the upper right direction. For both e�ects, these scores can

be used to analyse for regions of `good behaviour' and `bad behaviour', which

might later on be used as guidelines to evaluate the current process state, e.g.

scores above a certain value for one of the PCs might be unwanted and can

function as an indicator of a speci�c type of fouling.
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Figure 3.8: Principal component score plot including the model structure over long
term for (a) UF-1 and (b) UF-2.

3.3.5 Analysis on subsets of the large UF-1 dataset

The analysis was repeated on two subsets of the large UF-1 dataset. Subset

1 covers the period from June 2012 to October 2012 and subset 2 covers the

period from March 2013 to October 2013. The two selected subsets of the long

UF-1 dataset show a di�erent behaviour; e.g. in subset 2 it appears that there

were much more CEBs needed, which is re�ected in the estimated parameter

values.

Two PCs were retained for each of the subsets. The structure of the models is

surprisingly similar (Figure 3.9 and 3.10), in contrast to the di�erent behaviour
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mentioned before. PC1 is mainly consisting of Pf and Pb while PC2 is mainly

attributed to the slope S. It is interesting to see that, again, Pf and Pb are

very well correlated, albeit negatively, while S is independent of the other

parameters. Similar loadings of Pb and Pf can be seen for PC1. Again, this

indicates that the fouling was mainly irreversible of nature and gave rise to a

long term trend that is re�ected in PC1, while PC2 appears to explain cake

layer or reversible fouling events that happen at speci�c times. The latter could

be related to a sudden deterioration of seawater quality by, for instance, algal

blooms or oil spills.

The similarity between the two subsets con�rms the hypothesis that when

analysing large datasets, PCA focuses on main trends instead of on noise (John-

stone and Lu, 2009; Naessens et al., 2017a). The overall fouling mechanisms

over the two subsets are similar. However, deviations in fouling behaviour now

appear in the score plots.

The overall trends in the scores look similar for both subsets: clean membrane

behaviour is located in the left middle (dark blue data points), and excursions

of scores are happening along the two bisector directions, which are aligned

with the model. Fouling regarding Pf and Pb follows the downward direction

to the right, while fouling regarding S follows the upward direction.
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Figure 3.9: Estimated variables and principal component score plot of subset 1 of
the UF-1 long data set.
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Figure 3.10: Estimated variables and principal component score plot of subset 2 of
the UF-1 long data set.

3.3.6 Real-time use for monitoring and control

As demonstrated in the previous sections, PCA provides a way to examine short

time periods of TMP data, gaining a maximum of information guaranteed by

the statistical nature of the technique, and yielding additional insights from

the model structure and variable correlations. Also, in long-term analyses,

the complete history of the membrane modules is taken into account, making

this multivariate technique a useful tool to go beyond what can be routinely

checked by a plant operator. The parameter estimation process suppresses the

e�ect of noise in the data and enables the detection of outliers before the actual

PCA. This approach also allows the simultaneous analysis of �ltration cycles of

di�erent length, e.g. as the result of control actions. It was shown that several

parameters more or less contain the same information, which provides �exibility

when one of them cannot be used or estimated correctly. Finally, PCA as a

monitoring and diagnosis technique is foremost a strong visualisation method:

areas of bad operation could be identi�ed and support control decisions.

All previous analyses are based on historical data sets to compare multiple

scenarios for their fouling behaviour, and make a decision between static oper-

ational schemes. However, this technique could be used in real-time as a fouling

monitoring system by using a historic model as a reference to evaluate new cy-

cles; each time a new cycle is �nished, the information can be transformed
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to the PC space and added to the graphical representation. Using statisti-

cal tests to de�ne areas of deviating behaviour, an alarm can be triggered to

warn an operator or even take automated control actions (Figure 3.11). Using

the full information of the TMP pro�le yields more insight in the exact cause

of a TMP rise, which might avoid taking fouling mitigation actions that are

ine�ective regarding the fouling type (e.g. a backwash to remove irreversible

fouling).

Figure 3.11: Scheme of the real-time use of PCA as automated monitoring system.

3.4 Conclusions

The principal component analysis algorithm originally developed for MBR

TMP data has been successfully adapted and applied to data from a container-

ised pilot-scale UF �ltration unit as pretreatment for seawater desalination

with RO. As seen before for MBR systems, PCA can be used to visually rep-

resent the current process state as well as to easily detect outliers. This way,

PCA can be used to compare the UF performance under di�erent operational

conditions. In this case, the optimised backwash scheme proved to imply the

same fouling behaviour as normal operation, while saving permeate and process

downtime. PCA was also used to investigate the e�ect of backwashing with

RO brine, and it was found that it did not have any in�uence over the studied

periods, irrespective of the used backwash conditions. The analysis on a long

term dataset con�rmed the hypothesis that such an analysis focuses more on

long term trends and less on noise. Smaller datasets, on the other hand, will

yield di�erent models, and thus di�erent interpretations. The former is to be

preferred. In the future, seawater quality parameters could be measured and

used to predict the PC values, since there are indications that they relate to

the process state parameters.
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CHAPTER 4

Impact of the flow regime on fouling potential

�A computer lets you make more mistakes faster than any invention in human

history - with the possible exceptions of handguns and tequila.�

� Mitch Ratcli�e



Submitted as: Naessens, W., De Jaegher, B., Bruno, O., Nopens, I., and

Baetens, J. �Study of fouling using stereomicroscopy and image analysis�. Jour-

nal unknown.

Abstract: Membrane fouling is often described using macroscopic quantities

such as �ux and membrane resistance, however, this methodology lacks the

necessary level of detail to discern between the di�erent factors contributing

to the fouling process. Microscopic imaging yields a powerful tool to resolve

the micro-scale fundamentals of fouling. To study cake layer build-up in mi-

cro�ltration applications, speci�cally at larger particle size, a lab-scale unit

was developed using model-based design with computational �uid dynamics.

Within this membrane unit, microspheres were used as model foulants for �lter

cake formation. Filtration experiments under controlled hydrodynamics were

performed, and the membrane surface was studied using a stereo microscope.

The microscopic images were processed with an ad hoc image analysis pipeline

and the distributions of particles of di�erent size and density on the mem-

brane surface were studied. It follows that larger and denser particles have

a higher tendency to be found on the membrane surface, partly contradicting

the literature. The onset of turbulence, however, evened out the di�erences in

attachment of particles with di�erent characteristics.



4.1. Introduction

4.1 Introduction

Although a wide diversity of fouling studies has been performed on topics in-

cluding concentration polarisation, cake layer build-up and pore blocking, the

fundamental mechanisms of membrane fouling as well as their relative impor-

tance under di�erent operating conditions remain largely unknown. Neverthe-

less can a mechanistic understanding lead to e�ective strategies to minimise

fouling and/or better cleaning procedures (Chen et al., 2004a). This mechanis-

tic understanding can be built by exploring the power of white box models by

simulating them in a scenario analysis context, or by setting up speci�c exper-

iments to observe and quantify the present phenomena. It should however be

clear that even in the case of taking the virtual route of studying the system by

modelling and simulation, speci�c data are of vital importance for calibration

and validation, or even to assist the model building process.

The aim of this chapter is to gather information on the exact mechanisms that

contribute to the process of cake layer build-up. For this, a lab-scale �ow cell

is designed by CFD in order to guarantee laminar �ows. This �ow cell is then

used in a procedure where microspheres are �ltered under well-known cross

�ow conditions and microscopic images are taken of the preliminary cake layer.

To extract information from these images in a reliable and automated way,

they have to be processed by an image analysis algorithm. The main idea is to

study the di�erent ratios of particles under di�erent hydrodynamic conditions,

and with changing particle characteristics. A statistical analysis can indicate

signi�cant di�erences in the stochastically in�uence results of the microscopic

images. In the end, hypotheses on the in�uence of the di�erent hydrodynamic

and particle-related parameters on the attachment behaviour of particles are

pursued.

4.2 Materials & methods

In this section, the process of developing the lab-scale �ow cell through a mod-

elling approach to control the hydrodynamic conditions is presented. Also, the

protocol and auxiliary equipment of the experiments is listed. Finally, the ad-

hoc developed image analysis algorithm processing the resulting microscopic

images is explained on a step by step basis.

81



Chapter 4. Impact of the flow regime on fouling potential

4.2.1 Development of a lab-scale �ow cell

Only at lab scale it is possible to have full control over the operating variables,

but also over the precise hydrodynamic conditions. As CFD can be used to

describe the �uid �ow in an existing installation, so can it be used to recursively

design a system so that it displays certain hydrodynamic features. This level

of control over the exact operation and �uid �ow is vital for mechanistic model

construction. A lab-scale �ow cell to assess the fouling mechanisms in cross

�ow �ltration was designed upon three main prerequisites: (1) laminar �ow,

(2) minimal dead volumes and (3) minimal recirculation.

Regarding the �rst requirement, the �ow cell had to be able to keep the �uid

�ow laminar over a range of feed �ow rates. In turbulent conditions, �uid

�ow is unstructured and chaotic, posing a challenge for the model, especially

considering its bottom-up approach and the goal to provide a proof-of-principle

for the mechanistic model concept. To ensure laminar conditions, the Reynolds

number can be used:

Re =
ρf Uf L

µf
, (4.1)

with ρf [kg m−3] the �uid's density, Uf [m s−1] the �uid's velocity, L [m] a

characteristic length and µf [Pa s] the �uid's dynamic viscosity (Versteeg and

Malalasekera, 2007). In the case of a tubular channel, L equals the diameter

of the cylinder, but in general it is replaced by the hydraulic diameter DH [m]:

DH =
4A

P
, (4.2)

with A [m2] the cross-sectional area of the �ow channel and P [m] the wetted

perimeter, which is the perimeter of the cross-sectional area that is in contact

with the �uid. This formula holds well for a cross-sectional aspect ratio below

4 (Fox et al., 2004).

Using the same aspect ratio restriction, �uid �ow can be considered laminar

for Re < 2300 and turbulent for Re > 4000, with a transition zone in between

(Versteeg and Malalasekera, 2007). However, these Reynolds number criteria

are not su�cient to guarantee a certain �ow regime; among other factors,

surface roughness and inlet structure in�uence the hydrodynamic character

as well. To include a safety margin, a conservative value of Re = 1150 was

therefore proposed arbitrarily (safety factor of 2).
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The second requirement was not to have dead volumes, since they reduce the

e�ective volume, which in turn increases Re, with the risk of inducing turbu-

lence. The third requirement guaranteed that over the length of the �ow cell a

cross-section is a good representation of the �ow cell. Also, any large enough

partition of the surface can be seen as a representative sample of the membrane.

Using CFD, �ve sequential designs were proposed to meet the requirements

above. The calculations were performed by solving the Navier-Stokes equations,

using the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) al-

gorithm of the open source CFD software OpenFOAM R© (v2.2.2, OpenFOAM

foundation). More details on the equations and method can be found in Sec-

tion 5.2.1. The �rst design was the most simple one, where a rectangular box

was used with an in�ow and out�ow pipe (Fig 4.1a). The dimensions of the

box, together with the �rst requirement, determined the feed �ow, while the

other requirements were evaluated based on these results. As can be seen, large

turbulences and recirculation zones are present (Fig 4.1b), which is to be ex-

pected with any inlet structure that expands rapidly. Therefore, in the second

design (Fig 4.1c), the in�ow structure was replaced by a funnel. The results

show that there is no turbulence anymore, but that recirculation, although

less severe than in the previous design, is still present (Fig 4.1d). A similar

design to the one in Figure 4.1c was chosen by Huang et al. (2010), however,

post-development CFD simulations also indicated a stagnant zone due to the

broadening of the unit in the absence of a spacer, limiting the use of the unit.

The next design (Fig 4.1e) thus had an inlet structure double in size, and as

can be seen, the recirculations are again less pronounced (Fig 4.1f). In order

to make the expansion still more gradual, the fourth design used a broader

inlet structure (Fig 4.1g). Recirculation has disappeared, but a dead volume

comes into existence (Fig 4.1h). In the �nal design, using a higher inlet and

�at design (uniform height over the �ow cell) (Fig 4.1i), all criteria are �nally

met (Fig 4.1j).

This example of model-based design shows how CFD calculations together with

expert knowledge can lead to an optimised design in a minimal number of

iterations, without the cost and time of constructing and testing these �ow

cells in lab experiments.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)
(j)

Figure 4.1: Model-based design of the lab-scale �ow cell. On the left side, �ve
consecutive designs of the �ow cell. On the right side, the respective
�uid �ow stream lines as simulated by CFD to assess the quality of each
design.
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4.2.2 Measurement equipment and protocol

Fluorescent polyethylene microspheres (Cospheric, Santa Barbara, CA, USA)

were used as model foulant. The particle mixtures and the therefore used

particles and their main characteristics are listed in Table 4.1.

Table 4.1: Fluorescent polyethylene microspheres used in the cross �ow experi-
ments, mentioning the mixture they were used in, the main characteristic
with respect to the mixture they were selected for, as well as their cor-
responding size, density and colour.

Mixture Main characteristic Size Density Colour

1
Large 63 µm to 75 µm 1.006 g cm3 Red
Small 45 µm to 53 µm 1.007 g cm3 Green

2
Heavy 45 µm to 53 µm 1.031 g cm3 Red
Light 45 µm to 53 µm 1.000 g cm3 Yellow

3
Large and heavy 63 µm to 75 µm 1.014 g cm3 Red
Small and light 45 µm to 53 µm 1.007 g cm3 Green

The particles were dispersed in a 0.1% Tween-80 solution according to the man-

ufacturer's protocol (Cospheric, 2018). Every particle mixture was balanced in

order to have an equal number of particles of each kind, similar to Ngene et al.

(2011). The solution was then diluted with tap water to reach a concentration

of 1 g L−1. A small dose of hypochlorous acid was added to avoid biological

growth.

The membrane �ow cell consisted of two identical polymethyl methacrylate (aka

perspex or acrylic glass) shells, as designed by CFD (Section 4.2.1), with a �nal

geometry as shown in Figure 4.2. A polycarbonate plate of 3 mm thickness with

microprism directional light di�users (Pyrasied, Leeuwarden, The Netherlands)

was used as a separation plate between both shells. The structural microprisms

were only present on the surface covered by the membrane, and this section

also contained two water grooves and perforations. Both features served the

dewaterability of the plate. The membrane was �xed into place with Acri�x

glue and modi�ed-silane polymer. The used membranes were cut from �at

sheet Kubota A4 membranes (made from chlorinated polyethylene, average

pore size of 0.2µm).

The particle solution was recirculated over the membrane using a worm pump

(Seepex, Bottrop, Germany) while permeate was collected using a diaphragm

pump (KNF-verder, Vleuten, The Netherlands). Cross �ow velocities of 0.5,

1.0, 1.5, 2.0 and 2.5 cm s−1 were applied, while the used �ux values were 0.0,

12.0 and 24.0L m−2 h−1. Remark that, according to the Reynolds number and
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Figure 4.2: Overview of the �ow cell by (a) a 3D model, (b) a real-life photograph
and (c) a design sketch.

dimensions of the unit, the �ow was calculated to stay laminar until 1.75 cm s−1

(conservative Re=800), but can theoretically stay laminar until 5 cm s−1 (the-

oretical Re=2300). After a �xed �ltration time under speci�c hydrodynamic

conditions, the feed �ow was replaced by tap water under those same �ow

conditions for ca. two minutes. Then, the permeate pump was switched to

a higher value to �xate the particles, and the �ow cell was emptied through

the membrane. The membrane was then placed under an Olympus SZX12

stereo microscope (OLYMPUS CORPORATION, Tokio, Japan) and 20 pic-

tures were taken with the mounted Olympus SC100 camera (OLYMPUS COR-

PORATION, Tokio, Japan), distributed evenly (by manual selection) over the

membrane surface. Care was taken to select frames with a minimal number of

particles, and to avoid large clumping or multilayers of particles. An example

image is given in Figure 4.3. All images have a resolution of 3840×2748 pixels,
corresponding to 1920×1374 µm in real size.
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Figure 4.3: Example image taken by the stereo microscope of the membrane surface
after �ltration, with red and green particles.

4.2.3 Image analysis algorithm

To analyse the images in a uniform and automated way, and extract knowledge

from them, image analysis techniques were combined as unit processes into

an image processing pipeline. The resulting algorithm consists of �ve main

steps: (1) Colour deconvolution and image binarisation; (2) Pre-segmentation

clean-up; (3) Binary watershed segmentation; (4) Post-segmentation clean-up

and (5) Particle colour identi�cation. These steps are illustrated through the

application on an example image, as illustrated by Figure 4.4. All steps are

discussed below.
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(a) (b)

(c) (d)

(e)

Red: 31

Green: 25

(f)

Figure 4.4: Stepwise results of the image analysis pipeline. (a) Original image; (b)
Binary image by colour deconvolution and image binarisation; (c) Bi-
nary image after pre-segmentation clean-up; (d) Binary watershed seg-
mentation result; (e) Mask by post-segmentation clean-up; (f) Particle
colour identi�cation.

88



4.2. Materials & methods

Step 1: Colour deconvolution and image binarisation

The used particles were green (or yellow) and red, while the main colour of the

background was blue. This was chosen to obtain a good separation of the dif-

ferent particles in the images from the background, as well as to distinguish the

di�erent types of particles based on their colour, rather than their size. How-

ever, the colours of the particles and background seemed not purely composed

of a red, green or blue signal, but to be a blend, though always dominated

by one component. Therefore, the image was �rst decomposed, not into the

classical red (R), green (G) and blue (B) channels of the RGB colour system,

but into the actual colour channels that de�ne the two types of particles and

the background. The implementation of Kather (2015) was used to perform

this step. In Figure 4.5, the R, G and B channels of the original image are

shown, as well as the channels of the deconvoluted image. It can be seen that,

although the red particles can be distinguished based on their brightness in

the red channel, the green particles cannot be discerned from the background

in the green channel. In the deconvoluted channels, the red particles, green

particles and background are clearly highlighted, each in one channel.

Red Green Blue

Color 1 Color 2 Color 3

Figure 4.5: Classical RGB channels (top) of a microscope image and the deconvo-
luted channels (bottom).

After this deconvolution, a threshold value was de�ned manually for each chan-

nel corresponding to a particle colour. Pixels with intensity values in a channel

exceeding the respective threshold were withheld as pixels belonging to a par-

ticle in the original image. The resulting binary image thus identi�ed the par-

ticles based on the intensity of the respective deconvoluted colours. Figure 4.6

shows the �rst step of the algorithm in detail. Applied to the deconvoluted

channels in Figure 4.4a, the resulting binary image is shown in Figure 4.4b.
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Colour 1

Colour 2

Colour 3

(background)

1 2 3

Figure 4.6: Colour deconvolution and image binarisation as the �rst step of the
image analysis pipeline. (1) The original image is decomposed into
the deconvoluted colours. (2) The channels corresponding to particle
colours are binarised using selected intensity thresholds, while the back-
ground channel is omitted. (3) A logical 'OR' operation is applied on
the binarised images.

Step 2: Pre-segmentation clean-up

Since the original images contain noise, and su�er from unwanted re�ections

(e.g. from the wet surface) and obstructions (e.g. dust between the lens and

the sample), the obtained binary images contain erroneous pixels, known as

salt-and-pepper noise (Figure 4.4c). This was eliminated by a �lter, where the

binary value of every pixel was set to the value that was most abundant in

its neighbourhood. The neighbourhood was set to a Moore neighbourhood

of 7 by 7 pixels, and is thus de�ned as the collection of pixels that can be

reached in maximum three steps from the central pixel using any combination

of the horizontal, vertical and diagonal direction. Pixels that were less than

three pixels away from the edge were omitted from this step. This �lter was

applied �ve consecutive times to eliminate larger noise elements. Starting from

the result of the image binarisation (Figure 4.4b), the result in Figure 4.7 was

obtained.

The �lter e�ectively removed the salt-and-pepper noise, but larger noise ele-

ments remained, and some voids existed near the edge of some particles. This

image was processed further by a morphological opening, consisting of an ero-

sion and subsequent dilation process. The structural element used for the

erosion was a disk of radius 25. In this way, starting from Figure 4.7, the result

in Figure 4.4c was obtained.
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4.2. Materials & methods

Figure 4.7: Result of �ltering the salt-and-pepper noise in Figure 4.4b.

Step 3: Binary watershed segmentation

As can be seen in Figure 4.4c, particles that are adjacent to each other pose the

risk of appearing as one single object in the binary image, as no black pixels are

present between them. To separate these particles as individual objects, the

binary watershed method was applied. For this, the binary image was inverted,

and the quasi-Euclidean distance transform was calculated (Jayaraman et al.,

2009), assigning a number to each pixel that corresponds to its distance to the

nearest non-zero pixel. The result was smoothed using the implementation of

Reeves (2009). The distance transform of the binary image in Figure 4.4c, is

shown in Figure 4.8.

Figure 4.8: Distance transform of the binary image in Figure 4.4c.
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The distance transform was inverted again, and values for black pixels were

replaced by a representation for in�nity. The binary watershed method was

then used to �nd local minima within this surface (using an 8-connected neigh-

bourhood), and threw up barriers (i.e. black pixels) between di�erent of these

minima to separate them. It then labelled all separated objects, consisting of a

group of pixels, uniquely (Gonzalez and Woods, 2002). In Figure 4.4d the result

of the binary watershed method is shown for the binary image in Figure 4.4c.

Step 4: Post-segmentation clean-up

Since every local minimum in the distance transform gives rise to its own la-

belled object, oversegmentation can arise, as illustrated in Figure 4.9. The

resulting binary image therefore underwent another opening operation to elim-

inate oversegmentation fragments. The structuring element was a disk of radius

3. This solution was considered adequate, since the spherical shape of the par-

ticles did not need to be maintained in the �nal result. In Figure 4.4e, the result

of this opening operation is shown, based on the result of the binary watershed

method displayed in Figure 4.4d.

Figure 4.9: An example of oversegmentation: some unrealistic segments are created
at the boundary of two particles.

Step 5: Particle colour identi�cation

Finally, for every object that was labelled by the binary watershed method (i.e.

every particle), the dominant colour within the RGB channels was determined.

If on average, the pixels of an object had a higher intensity in the red channel

as compared to the green channel, it was identi�ed as a red particle, and vice
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versa. The total number of red and green particles was also reported. The

result of the identi�cation applied to Figure 4.4e is seen in Figure 4.4f.

4.3 Results & discussion

Within this section, the measurements and subsequent statistical analysis re-

sults are listed. First, the e�ciency of the image analysis algorithm in detecting

the particles in the microscopic images is quanti�ed. Also, the results of a test

with replicates to prove the robustness of the methodology are shown. Further-

more, the in�uence of particle size and particle density, as well as their com-

bined in�uence on the deposition of particles is presented. Finally, hypotheses

are formulated based on these results concerning the underlying mechanisms

and possible explanations. This section is, however, limited to the listing of

the results and statistical analysis. In Chapter 5, the data are confronted with

model simulation results and the hypotheses from this chapter are evaluated

in the light of these simulation results.

For every hydrodynamical condition tested (i.e. a combination of CFV and

�ux), 20 microscopic images were taken, spread randomly (by manual selec-

tion) over the membrane surface (Section 4.2.2). A comparison of the mea-

surements is given graphically, but in order to obtain objective conclusions, a

statistical analysis was performed to identify signi�cant di�erences. For this,

it was assumed that the data extracted from the microscopic images taken

from the same membrane under �xed hydrodynamic conditions are random

and independent samples from the same underlying distribution. Furthermore,

non-parametric tests were preferred since the data considered are ratios, for

which the distribution is expected to be skewed, prone to (one-sided) outliers.

In combination with a small sample size (usually 20), this implies that the

mean is not necessarily the best statistic to summarise the distribution, so all

tests make a statement on the median of the underlying distribution. Finally,

all tests were performed at the standard signi�cance level of α = 0.05.

4.3.1 Particle detection accuracy

To evaluate the performance of the image analysis algorithm, a series of 20 im-

ages, collected after operation under a CFV of 1.5 cm s−1, �ux of 24 L m−2 h−1

and using particle mixture 3 (Table 4.1), was analysed both by a manual count

(performed a priori) and by the algorithm so the results can be compared.

Summed over the 20 images and both particle colours, there was an absolute

di�erence of 108 particles on a total of 2568 particles in the manual count,
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leading to an algorithm detection accuracy of 95.79%. This can be considered

a good result considering similar applications of the binary watershed method

(Qing et al., 2004). However, since the ratio of green-to-red particles was stud-

ied in the results, it was also veri�ed that the algorithm had no systematic

error for one of the particle types. The algorithm results in an average ratio

of 1.0685, while the manual count delivers a ratio of 1.0773, so an algorithm

accuracy of 95.77% was found. To verify if the ratio of the algorithm is statisti-

cally di�erent from the one obtained through the manual count, a two-sample

Wilcoxon signed rank test was performed on the set of ratios, resulting in a p-

value of 0.65. Hence, we may conclude that there is no evidence for a signi�cant

di�erence between the median of both ratios. The small observed di�erence

between both methods can be attributed to particles that were not recognised

by the algorithm, oversegmentation by the algorithm (see Section 4.2.3), inter-

ference of dirt particles and the dubious case of particles that are only partially

positioned within the considered image.

4.3.2 Experimental replicates

In order to judge the consistency across the measurements, one experimental

condition was repeated four times. The randomly chosen circumstances were

particle mixture 3 (Table 4.1) with a CFV of 1.5 cm s−1 and without �ux. This

experimental setting was used four times, and after each �ltration experiment,

20 images of the membrane were taken and processed by the image analy-

sis pipeline. In Figure 4.10, a box-plot of the green-to-red ratio for the four

replicates is shown.
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Figure 4.10: Box plots for four replicates of an experiment using particle mixture
3 under constant hydrodynamic conditions (CFV of 1.5 cm s−1 and
without �ux).
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It can be inferred that the variance within one replicate, due to variation in the

microscopic images, is much larger than the di�erences between the replicated

experiments, and the medians are fairly similar. A non-parametric Kruskal-

Wallis test results in a p-value of 0.07, and does not provide enough evidence

that the medians of the distributions would be di�erent. This indicates that

di�erences between the replicates are small enough to be neglected, and repli-

cations of experiments are therefore omitted in the remainder of this work. It

is concluded that the measurements show reliable data.

4.3.3 E�ect of particle size

To investigate the in�uence of particle size, particle mixture 1 was used (Ta-

ble 4.1), where the main di�erence between the particles (besides their colour)

is their size, and the di�erence in particle density can be neglected. In Fig-

ure 4.11, the distribution of ratios of green-to-red (in this case: small-to-large)

particles is displayed for di�erent hydrodynamic conditions.

In the situation without �ux (Figure 4.11a), the ratio increases as the cross �ow

increases. Under the lowest CFV of 0.5 cm s−1, the median ratio is 0.33 with

an interquartile range (IQR) of 0.26-0.40, which points to a higher abundance

of larger particles. The median ratio of the three lowest CFVs is 0.38. Under

the highest CFV of 2.5 cm s−1 the median ratio is 1.00 (IQR=0.75-1.42), and

it can be seen that for higher CFVs, the ratio tends to unity, indicating a

more balanced deposition of di�erent particle sizes. It can also be seen that

the variability on the results is larger for higher CFVs. This might be due to

the onset of turbulence, or at least an intermediate �ow regime, giving rise to

more heterogeneous results. A Kruskal-Wallis test to compare all �ve groups

resulted in a p-value of 5.9× 10−9, indicating su�cient evidence to reject the

null hypothesis, so it can be concluded that not all of the median ratios are

equal. As a post-hoc analysis, 10 Wilcoxon rank-sum tests1 were performed,

with a Bonferroni correction to control the family-wise error rate. This gave the

corrected p-values as in Table 4.2, where the signi�cant di�erences are indicated

in bold. It follows that the results for the highest CFV seem to di�er from all

the others, and the results of the lowest CFV seem to di�er from the results

for a CFV of 2 cm s−1. Finally, it is interesting to see which distributions show

a median value signi�cantly di�erent from 1 using a two-sided Wilcoxon signed

rank test. The p-values in Table 4.3 indicate that only for the highest cross �ow

velocity, the hypothesis that the distribution has a median of 1 is withheld; for

all other cross �ow velocities, this hypothesis is rejected.

1This test is also known as the Mann-Whitney U test.
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In contrast, when the �ux was set to a value of 24 L m−2 h−1, the ratio is more

constant around a median value of 0.74 for the four lowest CFVs, only to drop

for the highest CFV to a median ratio of 0.53, as seen in Figure 4.11b. Again,

the variability on the results increases with the CFV. A Kruskal-Wallis test

to compare all �ve groups resulted in a p-value of 0.0080, indicating su�cient

evidence to reject the null hypothesis, so it can be concluded that not all of the

median ratios are equal. As a post-hoc analysis, 10 Wilcoxon rank-sum tests

were performed, with a Bonferroni correction. This gave the corrected p-values

as in Table 4.2, where the signi�cant di�erences are indicated in bold. It follows

that only the results of the two extreme CFVs are signi�cantly di�erent. As

indicated by the p-values in Table 4.3 of a two-sided Wilcoxon signed rank test,

for all cross �ow velocities there is a signi�cant di�erence of their median ratio

to a ratio of 1.
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Figure 4.11: In�uence of particle size on the particle deposition rate: box plots of
the small-to-large particle ratio as a function of the cross �ow velocity
(a) in the absence of �ux and (b) with a �ux of 24Lm−2 h−1.

4.3.4 E�ect of particle density

To investigate the in�uence of particle buoyancy, particle mixture 2 was used

(Table 4.1), where the main di�erence between the particles (besides their

colour) is their density. Figure 4.12 represents the distribution of ratios of

green-to-red (in this case: light-to-heavy) particles for di�erent hydrodynamic

scenarios.

The deposition of particles in the absence of �ux, as displayed in Figure 4.12a,

decreases with increasing CFV, indicating a preferential deposition of heavier

particles under a higher cross �ow. The highest cross �ow gives an alternate

result, with a more balanced deposit. For the lowest CFV the median ratio
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Table 4.2: In�uence of particle size on the deposition rate of particles: p-values
of the Wilcoxon rank-sum tests with Bonferroni correction to pairwise
compare the median small-to-large particle ratios at di�erent cross �ow
velocities. Signi�cant di�erences (p < 0.05) are indicated in bold.

CFV comparison p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 - 0.010 0.084 1
0.005 - 0.015 1 0.76
0.010 - 0.015 1 1
0.005 - 0.020 0.035 1
0.010 - 0.020 0.95 1
0.015 - 0.020 0.29 1
0.005 - 0.025 1.9× 10=6 0.017
0.010 - 0.025 1.4× 10=5 0.095
0.015 - 0.025 1.9× 10=6 0.20
0.020 - 0.025 0.045 0.15

Table 4.3: In�uence of particle size on the deposition rate of particles: p-values of
the two-sided Wilcoxon signed rank test to compare the median small-
to-large particle ratios of di�erent cross �ow velocities to a ratio of 1.
Signi�cant values (p < 0.05) are indicated in bold.

CFV p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 1.9× 10=6 1.9× 10=6

0.010 1.9× 10=6 1.9× 10=6

0.015 9.5× 10=7 1.9× 10=6

0.020 0.0043 6.6× 10=5

0.025 1 9.5× 10=7

is 0.53 (IQR=0.49-0.59), while for the highest CFV the median ratio is 0.87

(IQR=0.75-1.00). A Kruskal-Wallis test to compare all �ve groups resulted in

a p-value of 1.61× 10−13, indicating the rejection of the null hypothesis, so

it can be concluded that not all of the median ratios are equal. A post-hoc

analysis with 10 Wilcoxon rank-sum tests and a Bonferroni correction resulted

in the corrected p-values in Table 4.4, where signi�cant di�erences are indicated

in bold. It follows that only for the CFVs of 1 cm s−1, 1.5 cm s−1 and 2 cm s−1

there is not enough statistical evidence to support the conclusion that the

ratios would be signi�cantly di�erent. The two-sided Wilcoxon signed rank

test indicated that for all velocities, the median ratio was di�erent from 1, but

it should be mentioned that for the highest CFV, the null hypothesis was only

just rejected, while for all other velocities, the rejection is out of discussion.

In contrast, when a �ux of 24 L m−2 h−1 was applied, the opposite trend is true,

as shown by Figure 4.12b. The median ratio increases from 0.55 (IQR=0.50-

0.57) for a CFV of 0.5 cm s−1 to 1.07 (IQR=0.88-1.42) for a CFV of 2.5 cm s−1.

A Kruskal-Wallis test to compare all �ve groups resulted in a p-value of 1.0× 10−10,
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indicating the rejection of the null hypothesis, so it can be concluded that not

all of the median ratios are equal. A post-hoc analysis with 10 Wilcoxon rank-

sum tests and a Bonferroni correction resulted in the corrected p-values in

Table 4.4, where signi�cant di�erences are indicated in bold. It follows that

the ratios of the two lowest CFVs di�er signi�cantly from the ratio of the one

but highest CFV, and the ratios of the three lowest CFVs di�er signi�cantly

from the ratio of the highest CFV. The two-sided Wilcoxon signed rank test

(Table 4.5) resulted in a median ratio signi�cantly lower than 1 for the lowest

three CFVs.
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Figure 4.12: In�uence of particle density on the particle deposition rate: box plots
of the light-to-heavy particle ratio as a function of the cross �ow ve-
locity (a) in the absence of �ux and (b) with a �ux of 24Lm−2 h−1.

Table 4.4: In�uence of particle density on the deposition rate of particles: p-values
of the Wilcoxon rank-sum tests with Bonferroni correction to pairwise
compare the median light-to-heavy particle ratios at di�erent cross �ow
velocities. Signi�cant di�erences (p < 0.05) are indicated in bold.

CFV comparison p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 - 0.010 5.3× 10=4 1
0.005 - 0.015 0.0050 0.63
0.010 - 0.015 1 0.97
0.005 - 0.020 3.2× 10=4 2.4× 10=4

0.010 - 0.020 0.081 4.8× 10=4

0.015 - 0.020 0.050 0.1593
0.005 - 0.025 1.9× 10=5 3.2× 10=7

0.010 - 0.025 4.7× 10=7 5.5× 10=7

0.015 - 0.025 4.8× 10=7 3.3× 10=4

0.020 - 0.025 4.8× 10=7 0.17
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Table 4.5: In�uence of particle density on the deposition rate of particles: p-values
of the two-sided Wilcoxon signed rank test to compare the median light-
to-heavy particle ratios of di�erent cross �ow velocities to a ratio of 1.
Signi�cant values (p < 0.05) are indicated in bold.

CFV p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 1.9× 10=6 4.8× 10=7

0.010 1.9× 10=6 9.5× 10=7

0.015 9.5× 10=7 0.0015
0.020 9.5× 10=7 0.24
0.025 0.041 0.26

4.3.5 E�ect of particle size and density

To investigate the combined in�uence of particle size and density, particle mix-

ture 3 was used (Table 4.1), for which both the particle size and density are

di�erent for both particle types. Figure 4.13 represents the distribution of ra-

tios of green-to-red (in this case: light-to-heavy and small-to-large) particles

for di�erent hydrodynamic conditions.

The deposition of particles in the absence of �ux, as displayed in Figure 4.13a,

does not show a clear trend. A Kruskal-Wallis test to compare all �ve groups

resulted in a p-value of 1.8× 10−6, indicating the rejection of the null hypoth-

esis, so it can be concluded that not all of the median ratios are equal. A

post-hoc analysis with 10 Wilcoxon rank-sum tests and a Bonferroni correction

resulted in the corrected p-values in Table 4.6, where signi�cant di�erences are

indicated in bold. It follows that only the median ratio for a CFV of 1 cm s−1

di�ers signi�cantly from all others. It seems that, since the ratio increases

with increasing CFV according to the di�erence in particle size, and the ratio

decreases with increasing CFV according to the di�erence in particle density,

both e�ects cancel each other out, with the exception of the second lowest

CFV. The two-sided Wilcoxon signed rank test indicated that only the CFV of

2 cm s−1 has a median ratio signi�cantly di�erent from 1. It can be seen that

this is mainly due to the high spread on the measurements.

On the other hand, with a �ux of 24 L m−2 h−1, the trend caused by the di�er-

ence in density between the particles seems to prevail, as shown in Figure 4.13b,

where increasing the CFV leads to an increase in the ratio; the median ratio in-

creases from 0.34 (IQR=0.32-0.36) for the lowest CFV to 1.09 (IQR=0.78-1.34)

for the highest CFV. A Kruskal-Wallis test to compare all �ve groups resulted

in a p-value of 7.1× 10−15, indicating the rejection of the null hypothesis, so it

can be concluded that not all of the median ratios are equal. A post-hoc analy-

sis with 10 Wilcoxon rank-sum tests and a Bonferroni correction resulted in the

corrected p-values as in Table 4.6, where signi�cant di�erences are indicated in
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bold. It follows that almost all ratios are signi�cantly di�erent from one an-

other; Only for 0.5 cm s−1 and 0.015 cm s−1 on the one hand, and 0.020 cm s−1

and 0.025 cm s−1 on the other hand, not enough evidence is present. The two-

sided Wilcoxon signed rank test indicated that the two highest CFVs result in

median ratios that cannot be seen statistically di�erent from 1.
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Figure 4.13: Combined in�uence of particle size and density on the particle depo-
sition rate: box plots of the light-to-heavy and small-to-large particle
ratio as a function of the cross �ow velocity (a) in the absence of �ux
and (b) with a �ux of 24Lm−2 h−1.

Table 4.6: In�uence of particle size and density on the deposition rate of particles:
p-values of the Wilcoxon rank-sum tests with Bonferroni correction to
pairwise compare the median light-to-heavy and small-to-large particle
ratios at di�erent cross �ow velocities. Signi�cant di�erences (p < 0.05)
are indicated in bold.

CFV comparison p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 - 0.010 7.4× 10=4 0.0030
0.005 - 0.015 1 0.24
0.010 - 0.015 4.5× 10=5 2.3× 10=4

0.005 - 0.020 1 9.1× 10=6

0.010 - 0.020 7.0× 10=4 1.9× 10=6

0.015 - 0.020 1 0.0084
0.005 - 0.025 1 4.7× 10=7

0.010 - 0.025 3.2× 10=5 4.7× 10=7

0.015 - 0.025 1 5.1× 10=6

0.020 - 0.025 1 0.18
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Table 4.7: In�uence of particle density on the deposition rate of particles: p-values
of the two-sided Wilcoxon signed rank test to compare the median light-
to-heavy particle ratios of di�erent cross �ow velocities to a ratio of 1.
Signi�cant values (p < 0.05) are indicated in bold.

CFV p-value (0 Lm=2 h=1) p-value (24 Lm=2 h=1)

0.005 4.0× 10=4 1.9× 10=6

0.010 1.9× 10=6 1.9× 10=6

0.015 0.0026 1.9× 10=6

0.020 0.66 0.12
0.025 2.1× 10=5 0.66

4.3.6 Discussion

Starting from the image analysis results, and in combination with the statistical

analysis, four hypotheses can be formulated regarding the particle behaviour:

1. Larger particles at the membrane - For lower CFVs, larger particles

tend to move more numerously to the membrane than smaller particles.

This observation is contradicting most of the literature, where typically

a smaller particle size is more abundant at the membrane surface due

to the slip-shear induced lift force2 on larger particles. However, the

measurements presented here consistently show the opposite trend. The

hypothesis stated here is that the resulting lift force is not simply propor-

tional with particle size, but there might exist a diameter that maximises

this force. Additionally, heavier particles seem to have a higher membrane

tendency over the lighter. This could easily be appointed to gravity, but

this has to be proven by a mathematical model.

2. Onset of turbulence - It can be seen that most of the ratios for a

CFV of 2.5 cm s−1, and some of the ratios with a CFV of 2 cm s−1 show

a signi�cantly higher ratio, around a value of 1. The hypothesis is that,

although designed to stay within a laminar regime, a transient �uid �ow

behaviour establishes, and results in more equal chances of larger and

smaller particles to come close to the membrane. It can also be seen that

the variability of the ratio with �xed hydrodynamic conditions increases

drastically for the two highest CFVs, and can also be related to a more

random, and less selective transport of particles to the membrane.

2As discussed in Section 2.3.3, this lift force is also referred to as the Sa�man lift force
(after the �rst author elaborately describing the theory) and inertial lift force (indicating the
inertia of particles causes them to cross streamlines, but neglecting the fact that other (lift)
forces cause the same e�ect). However, I prefer the term slip-shear induced lift force, as this
points to the very source of the force: a velocity gradient or shear �ow.
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3. Regarding particle size, �ux seems more important than cross

�ow - In the absence of �ux, a higher CFV seems to result in a more

uniform attachment of particles of di�erent size. However, as discussed

in the hypothesis on the onset of turbulence, this might be related to a

di�erent �uid �ow behaviour than expected. After all, within the lower

three CFV, little trend can be discerned, and no statistical di�erences

were found, despite a tripling of the CFV. In the presence of �ux, the

median ratio is fairly constant. However, comparing the ratios at lower

CFVs to guarantee laminar conditions, the average ratio increases consid-

erably. The hypothesis stated is that the �ux value controls the ratio due

to an extra net force towards the membrane, leading to a more uniform

particle attachment. However, the �ux value studied here is not capable

of leading to a ratio of 1.

4. Particle density and hydrodynamics interact strongly - In the

absence of �ux, a higher CFV gives rise to lower ratios. However, in

the presence of �ux, the ratio at lower CFVs appears to be stagnant

before increasing. There appears to be a stronger interaction present

between the �ux and the CFV. However, the possible e�ect of the onset

of turbulence obscures the exact trends. The proposed hypothesis is that

particle density is an important factor in the force balance on particles

in di�erent hydrodynamic conditions.

4.4 Conclusions

To study the bulk phenomena contributing to cake layer formation in micro-

�ltration applications, a lab-scale �ow unit was successfully designed in terms

of its hydrodynamics using computational �uid dynamics. Microspheres were

used as modelled foulants and visualised on the membrane surface using a

stereo microscope after a period of �ltration in �xed hydrodynamic conditions.

The ad hoc image analysis algorithm, when tested for its performance, showed

around 96% accurate in the counting of membrane-attached particles. To ac-

count for the image-to-image variability, 20 microscopic images were taken per

setting, and it was seen from a test with replicates that this is su�cient to

deliver reproducible data. It was furthermore seen that larger particles have a

higher tendency towards the membrane, as well as more dense particles. The

unity ratio and higher image-to-image variability at higher CFV suggest the

onset of a transient �ow regime at a lower Reynolds number than expected.
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CHAPTER 5

New model structure and implementation

�The best material model of a cat is another (or preferably the same) cat.�

� Norbert Wiener & Arturo Rosenblueth



Submitted as: Naessens, W., De Jaegher, B., Ghijs, M., Baetens, J., and

Nopens, I. (2018a). �Detailed spatio-temporal modelling of particle motion in

�ltration processes�. Journal of Membrane Science (subm.)

Abstract:

Filtration processes to separate particles from a liquid stream are used for many

years and for many applications, but remain a black box for operational optimi-

sation and design purposes. Data-driven or semi-empirical models to describe

cake layer build-up are often facing limited predictive power and over�tting

issues. Here, a mechanistic modelling approach is proposed, to acquire knowl-

edge on the detailed mechanisms driving the �ltration process. The proposed

model consists of a �uid �ow model, using computational �uid dynamics, and

a model of the displacement of spherical suspended particles using an indi-

vidual based model. The model is described in detail using the protocol as

mentioned by Grimm et al. (2006), and is based on a force balance on the sus-

pended particles to describe their motion in the bulk �uid. Results indicate a

strong dependency of their behaviour on the particle diameter, and the inter-

actions with the hydrodynamic conditions, i.e. cross �ow and �ux, in a laminar

regime. This model forms a solid basis for more detailed simulations, using

physical principles rather than empirical laws. By maintaining a bottom-up

approach, this model allows to study bulk particle trajectories under di�er-

ent hydrodynamic regimes, without the burden of other processes that might

interfere with the results.



5.1. Introduction

5.1 Introduction

In this chapter, a mechanistic model is developed for describing the phenomena

occurring at the micro scale in order to elucidate some of the fundamental

mechanisms of �lter cake formation on macro scale and �ll the knowledge gap.

The main focus of this model is on the particle trajectories in the bulk phase.

Rather than assuming a spatially static force balance, or a force balance on

particles near the membrane or cake layer surface, it considers both �uid �ow

and particle movement based on a dynamic force balance in the bulk phase for

a macro-scale domain with PSDs. As it was found from studies in the domain

of micro�uidics, focussing on �ow through microchannels, submicron particles

can be focussed, guided, up-concentrated, separated by size or deformability or

other characteristics (Zhang et al., 2016). Hence, this model aims at isolating

the process of bulk �uid �ow and unravelling the interactions between PSD

and hydrodynamic conditions. The model can further serve as a basis for more

complex �ltration models, including detachment, backwashing, bio�lm growth

etc.

5.2 Materials & methods

In membrane �ltration applications, the physical system to be condensed into

a set of mathematical equations can be very complex, and might include mul-

tiple phases, irregular structures, etc. Therefore, the virtual system is always a

simpli�ed representation of the physical system, by relying on certain assump-

tions (Bender, 2000). Here, a two-phase system is assumed, with a continuous

phase (the liquid) and a dispersed phase (the particles), both described by sep-

arate models for which an Euler-Lagrangian model structure is adopted. The

liquid phase is described in a continuous manner via a stationary frame of ref-

erence (Eulerian); the velocity and pressure �elds in this domain are obtained

by solving the Navier-Stokes transport equations numerically (Versteeg and

Malalasekera, 2007). The movement of the dispersed phase is modelled with

an individual-based approach via a moving frame of reference (Lagrangian).

Both models are described in more detail in the remainder of this section1.

5.2.1 Fluid phase

The �ow and pressure gradients of the continuous phase play a critical role

in the movement of dispersed particles in the system. The �uid is regarded as

1Bold typesetting is used for vectors.
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Newtonian, incompressible and isothermal. Hence, the Navier-Stokes equations

for incompressible �ow form an appropriate �ow model, which is governed by

the continuity equation describing the conservation of mass,

∂ρf

∂t
= 0 , (5.1)

and the momentum equation describing the conservation of energy,

ρf

(
∂Uf

∂t
+ Uf · ∇Uf

)
= −∇p+ µf ∇2Uf + F , (5.2)

with ρf [kg m−3] the �uid's density, Uf [m s−1] the �uid's velocity vector, p [Pa]

the �uid's internal pressure, µf [Pa s] the �uid's dynamic viscosity and F [N m−3]

an external force (Stokes, 1880; Versteeg and Malalasekera, 2007).

In order to obtain a numerical solution for Equations (5.1)-(5.2), the govern-

ing partial di�erential equations have to be discretised and solved. First, a

structured mesh is generated in the open source platform SALOME (v7.6.0,

OPEN CASCADE). Then, the equations are discretised with the �nite-volume

method and solved via the Semi-Implicit Method for Pressure Linked Equa-

tions (SIMPLE) algorithm, using the open source CFD software OpenFOAM R©

(v2.2.2, OpenFOAM foundation). The result is a velocity and pressure pro�le

in the membrane �lter, which govern the continuous model layer.

5.2.2 Dispersed phase

The displacement of the dispersed particles in the system is modelled using a

Lagrangian approach, where all particles are tracked individually, and involves

a set of ordinary di�erential equations describing the fundamental forces on

spherical particles in a liquid �ow �eld. Such a mechanistic description can

provide valuable insights into the underlying mechanisms of �lter cake for-

mation. Since this Lagrangian approach models separate particles as entities,

it is in fact just another example of a so called agent-based or individual-

based model2. Therefore, the model description given here follows the ODD

(Overview, Design concepts, Details) protocol (Grimm et al., 2006; Grimm et

al., 2010).

2The terms can be used interchangeably.
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Purpose

The IBM aims at understanding how individual particle movement leads to

the observed bulk behaviour, and ultimately membrane fouling, in �ltration

devices. It accounts for the physics of particle movement explicitly, from which

the behaviour of the �uid-particle solution emerges, to acquire knowledge on the

main processes interplaying in �ltration applications. The model can be useful

on the one hand in optimizing operational conditions of existing installations,

or for the design of planned installations on the other hand, i.e. to change or

design the �ow conditions for minimal membrane fouling.

Entities, state variables, and scales

The main entities in the model are the modelled agents or individuals, which

are the separate particles leading to membrane fouling. These particles have

9 state variables or attributes: diameter [m], density [kg m−3], x-position [m],

y-position [m], z-position [m], x-velocity [m s−1], y-velocity [m s−1], z-velocity

[m s−1] and state [-]. The latter is an integer indicating which actions a particle

can undertake given its position; particles can be initialized but not yet present

in the modelled domain (0), move freely within the modelled domain (1), be

attached to the membrane (2) or have left the modelled domain (3).

The simulations are performed for a �ow through a single tube of a multitube

membrane, with inside-out �ltration. Given the symmetry of this cylindrical

domain, it can be restricted to a 2D-slice reaching from the centre of the tube

to the membrane wall, as illustrated in Figure 5.1.

The default modelled slice has a length of 300 mm (x-direction), a width of

4 mm (y-direction) and a height of 0.6 mm (z-direction). The domain is dis-

cretised in a structured way, creating cubic cells of 6 mm×0.04 mm×0.6 mm,

resulting in a grid with 50×100×1 cells. The length of the simulated period

typically is 60 s, as this ensures the particle movement to emerge, while not vio-

lating the main assumption of one-way coupling of the hydrodynamic model and

IBM. The upper limit to the time step is dictated by the Courant-Friedrichs-

Lewy condition (Courant et al., 1967) as a result of the explicit method of

solving the discretised equations, and delivers the necessary stability criterion

in Equation (5.3), which is strongly dependent on the smallest particle in the

mixture.

∆t ≤
ρp d

2
p,min

18µf
, (5.3)
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4 mm
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Figure 5.1: Three-dimensional representation and cross-section of the modelled sys-
tem, indicating the boundary faces and their respective �uxes, denoted
by the arrows. The boundary faces consist of inlet [1], outlet [2], mem-
brane [3], and symmetry plane [4], while faces [5] are of the empty type.
This is equivalent to a 2D-simulation, but will generate a 3D-domain
for the particles, without �ow in the z-direction.

with ρp [kg m−3] the particle's density and dp,min [m] the smallest particle

diameter. E.g., with the default step size of 1× 10−5 s, particles as small as

14 µm may be considered.

Process overview and scheduling

The algorithm consists of three distinct phases, as indicated in Figure 5.2. First,

in an initialisation phase everything is set up before the calculations of the �rst

time step are executed. Next, the calculation phase consists of the calculations

that are performed for every time step. In case of parallelisation, this also

contains the decomposition of the domain and merging of information. This

part is repeated until the end of the prede�ned simulated period is reached.

Finally, in the post-processing phase the results are analysed. All steps of the

algorithm are implemented in MATLAB (v8.4, MathWorks).

Initialisation

All parameter values are set and all variables are preallocated. The �uid �ow

simulation results, consisting of a velocity and pressure pro�le for the domain

as calculated from Equations (5.1)-(5.2) are loaded as inputs, as well as the

speci�c PSD. The latter is then used to randomly sample all particles needed

throughout the entire simulation. The domain is initialised with a number

of particles determined by the chosen concentration. Further, as explained in

Section 5.2.2, the history force requires a list of previous particle velocities.
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Figure 5.2: Overview of the IBM architecture. The �ow pro�le and PSD are its
inputs, while its output is the �lter cake structure, represented by the
(x, y, z)-coordinates of the particle centres and the diameter of the par-
ticles in the cake.

The used time step is evaluated against Equation (5.3) and an error message is

produced if the stability criterion is violated.

Parallelisation

The modelled domain is split in the x-direction in subdomains of equal length.

Every processor only accounts for the particles in its respective subdomain. At

prede�ned intervals, the processors mutually communicate and transfer parti-
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cles that left their respective subdomains to the processors accounting for the

subdomains in which the particles enter. In the end, the results of the di�erent

processors are merged.

Particle position update

Here, the forces acting on dispersed particles in a multiphase �ow are computed,

leading to an acceleration or change in the particle's velocity, as described by

Newton's second law of motion. Each time step the force balance is solved for

every particle in state 1 (asynchronously3) and the resulting forces determine

the acceleration of the particles, as a change in their velocities.

Cake layer formation

The �lter cake grows when a particle's trajectory intersects with the membrane

or with particles that already adhered to the membrane. Whether or not this

occurs, can be tracked by means of a collision detection algorithm. When a

collision occurs, it is decided stochastically whether the particle will attach or

bounce o� the structure elastically, based on its momentum. In the case it

adheres to the membrane, its state is changed from 1 to 2 (asynchronously).

Particle in�ow

Given the time step, cross �ow velocity and set particle concentration, a cer-

tain volume of particles needs to be added every time step at the inlet of the

domain (in�ow). The states of these particles is then changed from 0 to 1

(synchronously).

Post-processing

All particles in the cake layer are visualised using a graphical user interface

(GUI). Furthermore, characteristics of the �lter cake structure are calculated

(total attached mass, PSD of attached particles, etc.) and saved.

Design concepts

Basic principles

The IBM is primarily based on physical principles, but similar to any model

also starts from some assumptions. The model relies on a force balance ex-

3Asynchronous updating: a state variable is assigned its new value as soon as that value is
calculated; Synchronous updating: the new value is stored until the calculation is performed
for all particles and they are updated all at once (Grimm et al., 2010).
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erted on rigid, inert, spherical particles of a certain size distribution. This

assumption is meaningful given the bottom-up nature of the IBM. In fact,

many CFD approaches in literature also rely on, or use spherical particles, in-

cluding the work of Shin et al. (2013) as an example. Furthermore, the e�ect

non-sphericity is typically captured in a correction factor related to the area

projected to the �ow, or to a volume-wise comparison with a spherical particle.

Although some good models are around for non-spherical drag, lift force mod-

els for non-spherical particles are much less studied (Andersson et al., 2012).

As a second assumption, the interactions between the bulk and particle phase

are considered one-way, i.e. the �uid �ow in�uences the particles, but not the

other way around, and particles do not experience bulk collisions. Consider-

ing laminar �ow with a low �ux to cross �ow ratio on the one hand, and low

particle concentration and size on the other, the choice for a one-way coupling

can be justi�ed (Kleinstreuer, 2013). Finally, simulations will be kept in the

laminar �ow region to ensure a bottom-up approach. Clearly, the straight-away

use of the model for applications violating these assumptions is therefore not

recommended.

Emergence

Both bulk behaviour, as well as the resulting �lter cake emerge during the

simulations, based on the implemented force balance on the separate particles.

Sensing

The individual particles can sense the velocity of the �uid surrounding them,

as well as velocity gradients. Yet, they do not sense the presence of other

free moving particles (state 1), but they do sense attached particles (state 2).

As the simulated �ows are considered laminar, this assumption is justi�ed.

Including this sensing of bulk phase proximities in a future model version could

be achieved by implementing a bulk collision model.

Interaction

Particles in state 1 sense particles in state 2, so that the former can collide with

the latter and attach. Based on the momentum of the suspended particle, it will

either attach, or bounce elastically (hard sphere approach) from the attached

particle, as explained in Section 5.2.2.
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Stochasticity

The following quantities are of stochastic nature (and are elaborated on in

Section 5.2.2): particle sizes and positions of the particles initially present in

the domain, as well as for particles introduced at the inlet, the number of

particles entering at every time step, and the attachment of particles colliding

with the �lter cake or membrane.

Observation

The �nal model result comprises the spatial distribution of particles in both

the bulk and cake layer. From the latter, the characteristics of the �lter cake

can be derived. Also the force balance components acting on the suspended

particles are registered.

Initialisation

The domain is initialised with particles in order to match the chosen TSS con-

centration. The particles have their particle sizes sampled from the cumulative

PSD as an inverse cumulative distribution function, where the latter is approx-

imated by a power law �tted to the experimental PSD. The initial position

of these particles is random (drawn from a uniform distribution) on the whole

domain. The initial velocities are set to the corresponding velocities of the �uid

at those locations, and their state equals 1. For practical reasons, the parti-

cles that will be introduced during the remainder of the simulation are already

initialised as well with a state 0 and a size sampled from the same PSD. The

stochastic nature of the initialisation procedure, as well as of the other phases,

implies variability among model runs that started with identical settings.

Input data

There are two major inputs. The �rst input constitutes the �uid velocity

and pressure �elds in the domain, governing the continuous model layer. The

second input is the PSD of the dispersed phase, which can be determined

experimentally. The used PSD was measured in the lab with MBR sludge,

using the laser channel of the EyeTechTM particle size analyser (Ambivalue,

The Netherlands).4

4Both data sets are available from the repository with DOI 10.5281/zenodo.1157179
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Submodels

Initialisation

The used parameter values for the benchmark simulation5, which were not

discussed yet, are listed in Table 5.1. All variables are pre-allocated and both

the �uid �ow �eld and the PSD are loaded. Particle sizes are sampled from the

PSD using the methods discussed in Section 5.2.2.

Table 5.1: Additional simulation parameters of the benchmark simulation

Parameter name Benchmark value Description
Simulation-related parameters

ParSim.TSS 10 TSS concentration of feed [kg m−3]
ParSim.Sk 4 particle stickiness [-]
ParSim.memory 8 window length for history force integral [-]
ParSim.monoDispers 0 boolean indicating monodispersity

Particle-related parameters

ParPart.rho 1003 particle density [kg m−3]
ParPart.diameter 50× 10−6 particle diameter in case of monodispersity [m]

Simulation constants

g 9.81 gravity constant [m s−2]
ρf 1000 �uid density [kg m−3]
µf 1× 10−3 dynamic viscosity (at 20 ◦C) [Pa s]

Parallelisation

Given the large number of particles present in the benchmark simulation, a

parallel computing approach is adopted. I.e., for a 10 kg m−3 suspension of

50 µm particles �owing in a domain of 300 mm×4 mm×0.6 mm, approximately

105 particles have to be processed each time step, excluding the particles in

the �lter cake. Hence, it is di�cult to maintain a reasonable simulated time to

computational time ratio (SCR). For one processor, the SCR is in the order of

10−4. The parallelisation is achieved by assigning every processor a part of the

domain, so that it only performs the calculations for the particles present in that

part. Every prede�ned number of time steps, information is exchanged between

the processors and the particles that moved to neighbouring subdomains are

reallocated to the appropriate processors. In this way, a good SCR (10−3) is

obtained without the need of convoluted code optimisation.

5The benchmark simulation uses values that by expert knowledge are considered average
values for the typical �ltration applications.
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Particle position update

Wörner (2003) describes the forces acting on dispersed, rigid and spherical

particles in a multiphase �ow as

mp
dUp

dt
= Fg + FArch + Fdrag + Fam + Fpres + Fhist + Flift (5.4)

with mp the particle mass [kg], Up [m s−1] the vector of particle velocities, and

including the gravitational force (Fg), the Archimedes force (FArch), the Stokes

drag force (Fdrag) minimising the di�erence between the �uid and particle

velocity, the added mass force (Fam) that accounts for the added mass of the

liquid �lm surrounding the particles, the force induced by the �uid pressure

gradient (Fpres), the history force (Fhist) that originates from the lagging �uid

boundaries surrounding the accelerating particles and the slip-shear induced

lift force (Flift) acting on particles in a �ow with a velocity gradient, with all

forces expressed in [N]. The force balance proposed by Wörner (2003) does not

include the drag e�ects of nearby interfaces (e.g. a wall) on the particle velocity

that are typically observed when the �uid is constrained between a particle and

an interface. To take this e�ect into account, Equation (5.4) is extended with

a correction factor proposed by Faxén (1922):

Ũr = Ur −
1

24
d2

p∇2 Uf ,

with dp [m] the particle diameter, Ur the relative particle velocity as de�ned

by Ur = Up −Uf , and Ũr the corrected relative particle velocity.

The corrected force balance, formed by Equation (5.5), is the Maxey-Riley equa-

tion (Maxey and Riley, 1983). Each time step, this force balance is solved and

the resultant force determines the acceleration of the particles, and thus their

change in velocity:
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mp
dUp

dt
= (mp − Vp ρf) g − 3π µf dp Ũr

− 1

2
Vp ρf

(
dUr

dt
− 1

40
d2

p

d
(
∇2Uf

)
dt

)

− Vp∇p−
3

2

√
π µf ρf d

2
p

t∫
0

dŨr(τ)/dτ√
t− τ

dτ

− 1.615 ρf d
2
p Ũr

√
µf

ρf
|Q| sgn (Q) ,

(5.5)

in which

Qj =
∑

i=x,y,z
i6=j

∂Up,i

∂rj
,

and where Vp is the particle's volume [m3], g is the gravitational constant

[m s−2] and r is the particle position vector [m].

The history force Fhist makes Equation (5.5) into an integro-di�erential equa-

tion, and as a consequence of the de�nite integral in its formulation, it is

computationally the most demanding force component (Van Hinsberg et al.,

2011), as it requires that the relative velocities at the previous time steps are

known. Another di�culty is that the history force cannot be approximated

analytically, since its integrand is space-dependent and cannot be described by

a linear function (Michaelides, 1992). A numerical approach should be followed

to compute the integral, one that reduces the history of the particle velocities

to a certain time window of length twin (Dorgan and Loth, 2007). This can be

illustrated by rewriting the integral form of the history force

Fhist = −3

2

√
π µf ρf d

2
p

t∫
0

dŨr(τ)/dτ√
t− τ

dτ ,

as a sum over the window length twin. Here, the numerical approximation of

Van Hinsberg et al. (2011) is used, in which the time interval [t − twin, t] is
discretised into N + 1 equidistant points τn = t − n∆t, for n = 0, 1, 2, ..., N

with ∆t = twin/N . The approximated history force F̃hist can then be written

as
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F̃hist = −
4

3
cB

dŨr(t0)

dt

√
∆t− cB

dŨr(tN )

dt

√
∆t
(
N − 4

3

)
(N − 1)3/2 −

(
N − 3

2

) √
N

− cB
√

∆t

N−1∑
n=1

dŨr(tn)

dt

(
n− 4

3

(n+ 1)3/2 +
(
n+ 3

2

) √
n

+
n− 4

3

(n− 1)3/2 +
(
n− 3

2

) √
n

)
,

with, for convenience,

cB =
3

2
d2

p

√
π µf ρf .

By default, N = 8 and ∆t = 0.0001 s, so that the time window spans only

0.0008 s. Still, it remains the most CPU-time consuming component of the force

balance. Since N = 8, 9 Faxén-corrected relative velocities need to be saved

in the workspace for calculating the N derivatives in time using a backwards

di�erence scheme.

Van Hinsberg et al. (2011) also mentioned that an explicit solution of the history

force shows poor stability and that it requires extremely small time steps to

reach a stable solution. Their paper therefore o�ers an alternative method for

circumventing these stability issues, making the calculation partially implicit,

which implies that the term
dUp

dt of the history force is moved to the left hand

side of Equation (5.5). The added mass force Fam is treated similarly, which

results in the following equation for the motion of particles:

(
mp +

1

2
ρf Vp +

4

3
cB
√

∆t

)
dUp

dt
=

Fg + FArch + Fdrag + F′am + Fpres + F′hist + Flift ,

with

F′am =
1

2
ρf Vp

(
dUf

dt
+

1

40
d2

p

d
(
∇2Uf

)
dt

)

and

F′hist = Fhist −
4

3
cB
√

∆t
dUp

dt
.
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Filter cake formation

Filter cake is formed by particles moving towards the membrane surface. Due

to the Lagrangian nature of this model, collisions of individual particles with

the membrane or �lter cake can be tracked by means of a collision detection

algorithm (Figure 5.3). First, a boundary layer (b) is de�ned near the membrane

where collisions can occur in the next time step. The thickness of this boundary

layer is governed by the sum of the maximal particle diameter (dp,max) and

the maximal �lter cake thickness (∆lmax). Only suspended particles within

this boundary layer are considered for attachment. Subsequently, the collision

trajectory (V) is constructed between the particle's old and new position. Only

the attached particles within certain bounds of this trajectory are considered

by the algorithm. Next, the collision criterion is veri�ed over 50 equidistant

points along V and the location of collision is determined:

√
(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2 ≤ (d1/2 + d2/2) , (5.6)

with (x1, y1, z1) and (x2, y2, z2) the coordinates of the downward moving

particle and the particle in the �lter cake respectively and d1 and d2 their cor-

responding diameters. Using the criterion given by Equation (5.6) it is checked

if the Euclidean distance between two particle centres becomes smaller than

the sum of their radii. If Equation (5.6) is satis�ed for a point along the colli-

sion trajectory, collision occurs. Then, a particle can attach to the membrane

and form a new patch of �lter cake or contribute to the already formed �lter

cake. However, not all collisions lead to attachment, as it is assumed that the

probability P [-] for a particle to attach to the �lter cake in the event of a

collision is inversely related to its momentum:

P = e−Sk Up , (5.7)

where Sk [-] is a calibration parameter that represents the �stickiness� of the

particles. This assumption is based on the power law relationship (with neg-

ative exponent) that is assumed between the observed �oc diameter and the

shear rate in �occulation research (Jarvis et al., 2005). Considering the mem-

brane as a stagnant surface, so that shear rate becomes directly related to

particle velocity, and eliminating the non-bounded values at particle velocities

approaching zero, the use of an exponential law can be justi�ed.

Equation (5.7) is the only empirical relation in the model, and is not in line

with the mechanistic mindset. However, this equation is a placeholder and

could be replaced with a force balance over particles in the �lter cake, e.g. as
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done by Broeckmann et al. (2006). However, since this IBM follows a bottom-

up approach, and since the particle motion in relation to the hydrodynamic

conditions is not well studied to date, more research is needed to understand

this complex relation with the goal of optimising �uid �ow to limit fouling.

Therefore, the addition of a force balance on �lter cake particles is out of scope

in this work.

Figure 5.3: Two-dimensional representation of the collision detection algorithm.
The coloured particles are within the collision boundaries and are con-
sidered by the algorithm.

Particle in�ow

The size of the introduced particles is sampled from the cumulative PSD as an

inverse cumulative distribution function in the initialisation phase, where the

latter is approximated by a power law �tted to the experimental PSD, as is the

case for the initially present particles. The number of particles entering at every

subsequent time step is based on the mass balance, and since this is typically

not an integer, this is modelled stochastically by a Bernoulli trial, guaranteeing

a closed mass balance given a large number of time steps (and thus trials). The

position of entering particles is drawn from a parabolic distribution at the inlet

(yz-plane for x = 0), so that it matches the parabolic �ow pro�le of the �uid.

Post-processing

A GUI was developed for post-processing and enables a detailed visualisation

of the �lter cake and force balance. An example visualisation is shown in Fig-

ure 5.4. First, the in silico �ltration experiment can be displayed in real time.
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Next, one can track individual particles throughout the simulated period, while

information about the particle's velocity, acceleration, and the force balance for

the two main directions (x,y) is displayed. This information is very useful for

determining the main driving forces of �lter cake formation under various oper-

ational conditions. Furthermore, the �lter cake structure can be visualised at a

user-de�ned position in two or three dimensions. Particles are coloured accord-

ing to their diameter in order to easily study particle size segregation in the

cake layer due to preferential attachment, and other size-dependent features.

The PSD of the feed �ow, �lter cake, dispersed phase and the entire system

(control) can be visualised. Finally, data are stored in a MATLAB workspace

variable for further manipulation outside the GUI.

[3]

[1][2]
[4][3]

[5]

[6]

[7]

[2a]

[2b] [2b]

[3b]

Figure 5.4: Example visualisation with the GUI for post-processing. Functionalities
include a display of the in silico �ltration experiment in real-time [1];
individual particle tracking [2] while displaying information on their
variables [2a] and force balance in the main directions (x,y) [2b]; a two-
dimensional projection [3] and three-dimensional view [4] of the �lter
cake at a user-de�ned position; particle coloring according to their size
[5]; a visualisation of the PSDs of the feed, cake, bulk phase and entire
system (control) [6] and an option to save the simulation information
for manipulation outside the GUI [7].

5.3 Results & discussion

The implemented IBM can serve as a tool for acquiring knowledge on the

interactions between operational settings and the bulk behaviour of the sus-

pension, as well as for optimisational purposes. The former goal is explored
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here. First, a mesh independency test was performed, to test the validity of the

CFD simulation results. Next, the model was tested under di�erent scenarios,

by exploring trends in particle trajectories for di�erent particle sizes, as well

as by studying the e�ect of �ow conditions on these trajectories, i.e. �ux and

cross �ow. Finally, the in�uence of polydispersity was examined by comparing

the simulation results for mono- and polydisperse suspensions.

5.3.1 Mesh independency test for �uid phase

The mesh size is a critical factor that de�nes the accuracy of CFD simulations

(Versteeg and Malalasekera, 2007). In order to achieve accurate results, the

mesh size should be su�ciently �ne. However, accuracy increases asymptot-

ically with �ner meshes and there is a resolution beyond which there is no

further signi�cant e�ect of the mesh size. At that level, mesh independency

is attained (Roache, 1997), which is a prerequisite for realistic simulation re-

sults. To check for mesh independency, three meshes of di�erent sizes were

constructed by re�nements of the most coarse mesh; mesh A had a cell size of

20 mm by 40 µm, mesh B a cell size of 60 mm by 80 µm and mesh C a cell size

of 60 mm by 400 µm. The x- and y-velocities were subsequently analysed for a

cross-section halfway the length of the tube. The velocity pro�les at x = 15 cm

for the di�erent meshes are shown in Figure 5.5.

It can be seen that the velocity pro�les of mesh A and B are close to iden-

tical, whereas a considerable di�erence is noticeable for mesh C. As a result,

one can conclude that mesh A attains great accuracy, but comes at a high

computationally burden, while mesh C is too coarse, giving rise to inaccurate

results. Therefore, mesh B provides the best trade-o� between accuracy and

computational demand and is the ideal mesh size for the considered geome-

try. Figure 5.5 also indicates that the discrepancies increase with an increasing

velocity magnitude, making it possible to use a coarser mesh in low velocity

regions. However, due to the imposed �ux at the membrane, the regions with

a low x-velocity are also the regions with a high y-velocity. Hence, a non-

uniform mesh could be used, with �ne mesh regions near the membrane and

at the centre of the tube, and a coarser mesh region in between. Due to the

simple geometry and the fast convergence attained for mesh B, such a meshing

strategy is considered as too complex for a minor gain in e�ciency and was

therefore omitted.
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Figure 5.5: Velocity pro�le of the velocities in x-direction (left) and y-direction
(right) at x = 15 cm from the inlet for three meshes; mesh A with a
cell size of 20mm×40µm, mesh B with a cell size of 60mm×80µm and
mesh C with a cell size of 60mm×400 µm.

5.3.2 In�uence of particle size

Equation (5.5) indicates a strong dependency on the particle diameter (through

dp, Vp and mp). The importance of the PSD is also shown in Broeckmann et

al. (2006) and Meng et al. (2006). Heterogeneous mixtures of particles will

furthermore result in denser particles packings in the �lter cake. This, in turn,

has an in�uence on the �lter cake porosity and compressibility. Hence, in order

to accurately predict bulk particle behaviour, �lter cake build-up and �ltration

performance, polydispersity is vital to take into account.

The force balance can be studied for di�erent particle sizes by arti�cially in-

troducing particles of di�erent sizes, spread over the inlet at regular distances,

and tracking their trajectories. The results of such an in silico experiment can

be seen in Figure 5.6.

Particles of 25 µm, 70 µm and 100 µm in diameter were introduced over half

the length of the inlet every 0.5 mm and their lateral position was tracked for

120 s. The �ux was set to 0 L m−2 h−1, so that the interaction between particle

size and cross �ow velocity would become clear. The cross �ow velocity was

4 cm s−1, to keep laminar conditions. It becomes clear that the particle size

has an e�ect on the radial migration of particles, especially in those regions of

the domain governed by high shear rates, i.e. close to the membrane. Although

all forces interplay to generate these results, this speci�c non-linear e�ect can

be appointed directly to the slip-shear induced lift force, which is quadratic

with respect to dp and is function of velocity gradients. The smallest particles

(25 µm) show no signi�cant radial migration. Similar e�ects were seen in Shin

et al. (2013).
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Figure 5.6: Particle trajectories visualised as distance to the membrane versus time
for particles of di�erent sizes that were introduced every 0.5mm at the
inlet, using a �ux of 0Lm−2 h−1 and cross �ow velocity of 4 cm s−1.

5.3.3 In�uence of �ow conditions

Also the e�ect of the cross �ow velocity was examined. The set-up was identical

to the scenario described in Section 5.3.2 but only one particle diameter, i.e.

70 µm, was studied. Figure 5.7 depicts the results of this scenario. It can be

seen that higher cross �ow velocities increase radial migration, just as predicted

by Matas et al. (2004), so that particles are more likely to reach the membrane

at high cross �ow velocities. This observation is interesting as it is generally

accepted that such conditions give rise to less �lter cake formation by increasing

the detachment rate. This exempli�es the complexity of the process of cross

�ow �ltration and indicates the need for an accurate calibration of the adhesion

parameter Sk in Equation (5.7). In the long run, it would be meaningful to

implement a more mechanistic approach, e.g. a force balance on �lter cake

particles, as described by Broeckmann et al. (2006) and implemented by Yoon

et al. (1999) and Cao et al. (2015). As mentioned in Section 5.2.2, this is out

of scope in this bottom-up modelling approach.

To investigate the in�uence of �ltration, the particle streamlines were studied

for a �ux of 0 L m−2 h−1, 36 L m−2 h−1 and 72 L m−2 h−1, the last two are

typical values for membrane �ltration. The results of this in silico experiment

are presented in Figure 5.8. It can be seen that the �ux is the most important

factor impacting the radial migration of suspended solids. When applying a

�ux, smaller particles which are less in�uenced by the radial migration e�ects,

are also transported towards the membrane surface.
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Figure 5.7: Particle trajectories visualised as distance to the membrane versus time
for particles of 70µm that were introduced every 0.5mm at the inlet,
using di�erent cross �ow velocities and a �ux of 0Lm−2 h−1.
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Figure 5.8: Particle trajectories visualised as distance to the membrane versus time
for particles of 70µm that were introduced every 0.5mm at the inlet,
using di�erent �ux values and a cross �ow velocity of 4 cm s−1.

5.3.4 E�ect of polydispersity

In order to assess the e�ect of polydispersity, a comparison was made between

the �lter cake of a mono- and polydisperse bulk phase. The polydisperse sim-

ulation used the experimentally determined PSD of MBR sludge, while the

monodisperse simulation used the number-average particle size of this distri-

bution, i.e. 40.82 µm. The �lter cake formation was only simulated for 15 s and

was run four times in order to account for the stochastic nature of the model.

The average �lter cake thickness in time is presented in Figure 5.9 and shows

that polydispersity gives rise to a rapid �lter cake build-up. The explanation
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is found in the fast deposition of big particles (as seen from Figure 5.6), so

that in a polydisperse setting, these primary particles will intercept smaller

particles, giving rise to a fast �lter cake growth. This synergistic e�ect is not

present in a monodisperse setting, where the �lter cake forms at a slower pace.

It can be seen that the uncertainty on the simulation results due to stochas-

tic processes is much more present in the polydisperse case as compared to

the monodisperse case, where it is negligible. Partially, the stochasticity re-

lated to the particle size sampling is involved, but the polydisperse system also

becomes more chaotic, so that small variations in the initialisation propagate

more prominently to the simulation results, which is to be expected, given the

synergistic e�ect mentioned.

Figure 5.9: Filter cake thickness versus time for a monodisperse and polydisperse
suspension. The average simulation result is depicted as a full line,
within the extremity bands based on four repetitions of the simulations
for assessment of the impact of the included stochastic processes.

It should be noted that extrapolation of these results beyond the simulated time

of 15 s would require a particle packing function, since multilayers of particles

will start forming. Also, to a lesser extent, a force balance on particles on

the �lter cake to control detachment is desirable. Both of these models are

described in Broeckmann et al. (2006), Yoon et al. (1999) and Cao et al. (2015),

and will be implemented in a future version of the model.

124



5.3. Results & discussion

5.3.5 Comparison with the measurements

To investigate the model's performance, simulations were set up to compare

the model results with the measurements discussed in Chapter 4. The optimal

geometry of Section 4.2.1 was simulated using CFD for the di�erent hydro-

dynamic scenarios, including the boundary condition for �ux. The particles

as listed in Table 4.1 were used in the IBM layer in the experimentally used

concentrations and ratios. Only the membrane section of the �ow unit was

considered in this model layer. In order to maintain a monolayer of particles,

as was observed with the stereo microscope, and exclude particle stacking, the

simulated time was limited to 10 s and di�erent particle types were simulated

separately. This also allowed for a similar number of particles to be attached

to the membrane, as compared to the number of particles in the microscopic

images. Every simulation was repeated �ve times. The simulation results can

be seen in Figure 5.10, where the experimental results of Chapter 4 are repeated

as box plots, and the simulated ratios can be seen as the red markers.

1. Larger particles at the membrane - In agreement with the measure-

ments, the simulations persistently show ratios of particles well below 1,

indicating the dominance of larger and/or heavier particles near the mem-

brane surface. All ratios for the lowest CFV are around 0.5, except for the

ratios in the case with a combined density and size di�erence between the

particles (Figure 5.10e and 5.10f), for which the ratio is noticeably lower.

The highest ratios found are around 1 for the highest CFVs.

2. Onset of turbulence - Within the simulation results, there is no extreme

di�erence for the ratios under the highest CFV, as compared to the lower

values. Also, the spread on the simulation results is not always larger

for the highest CFV value. It was stated before (Section 4.3.6) that the

experimental results could be su�ering from turbulence e�ects, but the

�uid �ow simulations indicated laminar behaviour (Re=1150). However,

the simulations did not include surface roughness of the membrane and

turbulent kinetic energy present at the inlet. This might have led to

turbulences in practice that, considering the short length of the unit

compared to its hydraulic diameter, did not have the time to dissipate

and give rise to a laminar �ow pro�le within the measured section of the

�ow cell. This was con�rmed with ad hoc tracer tests using blue food

colouring, where the low CFVs gave rise to turbulent eddies in the inlet

zone that were transported within the membrane zone in a laminar way

(as if the eddies were �xated). The turbulence for the two highest CFVs

was seen to persist until deep within the membrane zone.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.10: Particle ratios at the membrane surface in function of the cross �ow
velocity: measured (box plot) and simulated (x) small-to-large particle
ratio in the absence of �ux (a) and with a �ux of 24Lm−2 h−1 (b),
measured (box plot) and simulated (x) light-to-heavy particle ratio in
the absence of �ux (c) and with a �ux of 24Lm−2 h−1 (d), measured
(box plot) and simulated (x) light-to-heavy and small-to-large particle
ratio in the absence of �ux (e) and with a �ux of 24Lm−2 h−1 (f).

126



5.3. Results & discussion

3. Regarding size, �ux seems more important than cross �ow - As

was the case for the measurements, the simulations did not show a large

in�uence of the CFV on the ratio; only a slightly increasing trend can be

discerned. As compared to the results in Figure 5.7, the range of CFV

applied is quite narrow. Within the experimental results it was also seen

that the ratios under low CFVs were in�uenced by the �ux, as the pres-

ence of �ux gave rise to an increase in the median ratio. However, this

was not seen from the simulation results, and the ratio seems quite stable

under all tested hydrodynamic conditions. The origin of this di�erence

between measurements and simulations must therefore be found in a pro-

cess that is not modelled. A likely candidate for this phenomenon is the

shear gradient lift force6. Due to the disturbance of the boundary layer

near the membrane in the case of �ux, a lift force due to the curvature of

the �uid �ow (shear gradient lift force), which is not taken into account

in the model, acts less pronounced so larger particles would experience

less force towards the membrane. If this would be the case, the addition

of a shear gradient lift force in the force balance is recommended.

To elucidate on the experimentally observed di�erence, an intermediate

�ux value of 12 L m−2 h−1 was tested in the experimental set-up, and the

results are given in Figure 5.11. A clear trend cannot be seen, but the

ratio for the three highest CFVs is around 1, while for the two lowest CFVs

the ratio is centred around a value of 0.63. This value is intermediate to

the values of 0.38 (at 0 L m−2 h−1) and 0.74 (at 24 L m−2 h−1), matching

the observed trend between �ux and median ratio under low CFVs.

4. Particle density and hydrodynamics interact strongly - In the case

of changing particle density, the simulation results seem to be independent

of the �ux as well. However, a clear in�uence of the CFV can be seen;

from the lowest to the highest CFV, the ratio of light-to-heavy particles

increases from a value of ca. 0.5 to a value close to 1. The measurements

only show a similar trend in the case with �ux present, where an increase

in the ratio starts already around a CFV of 1.5 cm s−1, and is thus not

due to the turbulence onset. The di�erence between measurement and

simulation in the case without �ux remains unclear. An explanation

based on the assumption that for the almost naturally buoyant particles

the force balance becomes very sensitive to the exact value of the �uid

density, which was assumed to be 1000 kg m−3 in the simulations and

thus equal to the density of the particles, can be ruled out. Indeed, in

6This force is not to be confused with the slip-shear induced lift force, that was included
in the model. The latter arises from a velocity gradient or shear �ow, while the shear gradient
lift force, as suggested by the name, arises from a �ow where the shear itself has a gradient
(e.g. in Poiseuille �ow).
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reality the �uid density at room temperature and pressure will typically

be lower than the assumed value, contradicting that the fact that the

simulations in the situation with and without �ux look too similar. Also

an explanation based on a not negligible e�ect of a gravitational force

on the heavier particles does not hold, as the ratio was seen to decline

for increasing CFV, while the in�uence of gravity can be expected to be

larger in the absence of cross �ow.
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Figure 5.11: In�uence of particle size on the particle deposition rate: box plots of
the small-to-large particle ratio as a function of the cross �ow velocity
with a �ux of 12Lm−2 h−1.

5.4 Conclusions

Based on �uid �ow simulations using computational �uid dynamics, an indi-

vidual based model was constructed to simulate the movement of spherical

suspended particles and was described using the ODD protocol. The force bal-

ance at the core of this model is able to describe the motion of particles in the

bulk �uid. First results indicate that under laminar �ow conditions, all particle

sizes experience a radial force towards the membrane, even in the absence of

�ltration, and this force is larger for larger particles. Higher cross �ow and �ux

accelerate this radial migration. Furthermore it was found that polydisperse

suspensions show a higher �lter cake formation rate compared to monodisperse

suspensions with an average particle size. The particle collision model for at-

tachment was found adequate, however, the particle adhesion model should
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be extended to incorporate more detail, for instance using an additional force

balance and/or particle packing rules. The comparison of simulations with

experimental data con�rmed the dominance of larger and/or heavier particles

near the membrane and the onset of turbulence in practice as compared to the

simulation results. The results for di�erent particle sizes and densities showed

mostly similar values, but indicate some e�ects might be overlooked by the

current model.
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CHAPTER 6

Impact of a helical ridge within a tubular
membrane channel on fluid flow and particle
behaviour: a model-based analysis

�I always want to know how things work. Had I been Aladdin, I am certain

that just after one wish or two, I'd have taken that old lamp apart to see if I

could make another, better lamp.�

� Walter P. Chrysler
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K., Baetens, J., and Nopens, I. (2018c). �Impact of a helical ridge within a

tubular membrane channel on �uid �ow and particle behaviour: a model-based

analysis�. Industrial and Engineering Chemistry Research (subm.)

Abstract:

Helical inserts or ba�es in tubular membranes can provide �ux increases in

�ltration applications without leading to additional energy usage. However, the

optimal shape of these turbulence-enhancing structures remains debated, with

many experimental studies being performed, though few full-scale applications

reported. A model-based approach can assist experimental work in getting

detailed insights into the hydrodynamic phenomena near the membrane surface

and the heterogeneity of the domain. This creates the opportunity for a model-

based design of such membranes, or an optimisation of the operating conditions.

In this work, both the �uid �ow and particle behaviour were simulated in

a single Pentair X-Flow Compact Helix membrane, equipped with a helical

ridge, and the results were compared to those of a plain tubular membrane.

Higher mean wall shear stresses were found for the membrane with the helical

ridge, as well as a wider distribution of wall shear stresses, which promote

fouling mitigation. Within a shadow zone behind the helical ridge, wall shear

stress was, however, slightly lower compared to the plain tubular membrane,

highlighting a region of attention for potential fouling issues. The �ow adopts

a helical motion, and thus generates a tangential �ow leading to additional

centrifugal forces on the suspended particles. In general, these forces are small,

but within the shadow zone behind the membrane ridge they are signi�cant,

possibly even stimulating fouling in those regions. Based on the model results,

further improvements on the product design or process can be implemented.



6.1. Introduction

6.1 Introduction

Several measures can be taken to reduce the amount of fouling on membranes

and maintain a su�ciently high �ux under constant pressure, or reduce con-

centration polarisation and therefore safeguard liquid mass transfer. Firstly,

modi�cations of the membrane structure and material can help in customising

the membrane for a speci�c application (e.g. Yu et al. (2008)). Furthermore,

physical measures can help in actively reducing fouling, such as membrane

aeration, backwashing, inclusion of abrasive particles (e.g. Rosenberger et al.

(2011)), etc. Even the use of electrical �elds and ultrasonic sound have been

reported as means for fouling reduction (e.g. Akamatsu et al. (2010) and Chen

et al. (2006)). Depending on the applied strategy, the energy use of the instal-

lation might be impacted. For instance, the energy use of membrane aeration

for fouling removal can reach up to one third of the total energy consumption

of a waste water treatment plant (Fenu et al., 2010; Gil et al., 2010; Martin

et al., 2011).

One distinctively e�ective way of reducing fouling, rather than counteracting

the accumulated fouling subsequently, is by designing the hydrodynamic con-

ditions prevailing at the membrane surface during �ltration, so that fouling is

minimised in the �rst place. In this mindset, rotating or vibrating membrane

units have been produced (Ding et al., 2015), while membranes with pulsating

feed �ows have also been reported. However, since moving parts in a liquid are

involved, these designs again increase energy use. Freely moving membranes,

such as the hollow �bres in the ZeeWeedTM technology, use the mixing energy

present in the bulk phase. Restricting the design to a fully static membrane

set-up, helical structures to alter the �uid �ow are often reported. In Liu et

al. (2010), a �at sheet membrane was twisted in a helical way to change the

�ow near the membrane surface and increase turbulence, while also a�ecting

the bubble size distribution locally around the membrane area for increased air

scouring. A �ux increase of up to 69% was observed, without additional energy

use. However, regarding the in�uence of the helical rotation angle, cross �ow

velocity and aeration intensity, a complex behaviour of the �ux improvements

was present, and many non-con�rmed hypotheses were mentioned to explain

this convoluted behaviour. Di�erent con�gurations (membrane spacing, mem-

brane grouping and membrane width) were further studied in Jie et al. (2012)

and once more, the in�uence of the design parameters on the hydrodynamic

conditions and thus membrane performance was not straightforward. However,

as shown by the authors, this can be studied using CFD simulation studies,

and/or experimental data collection. Finally, in Liu et al. (2012), the helically

twisted membrane was rotated at di�erent angular velocities, and in di�erent
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cylindrical containers to invoke di�erent mixing intensities. Also here, complex

relations between helical angles, rotating speed and hydrodynamic conditions

(i.e. the size of the containing cylinder) were found. It was found that, com-

pared to rotating a �at sheet membrane, a maximum of 27% gain in �ux could

be achieved; no comparison was made between a rotating and stationary helical

membrane.

Also in applications where membranes are not used to separate a dispersed

phase from the �uid phase, but where a dissolved phase is present, similar

research ideas have been explored. The problem of fouling translates to a

problem of concentration polarisation in these cases. In Liu et al. (2005) e.g.,

a coiled up hollow �bre membrane was investigated, where a secondary Dean

�ow inside the hollow �bre, combined with more turbulence on the outside,

created higher mass �ow rates.

Similar to the use of static mixers in pipes for better mixing or heat exchange,

inserts or ba�es to increase �ow rates or enhance turbulence are often im-

plemented in membrane applications. These structures can be used to reduce

concentration polarisation by enhancing turbulence, or to reduce membrane

fouling by increasing wall shear stresses. Especially the case of a helical insert

or ba�e has been investigated abundantly in literature, since it has been found

that these structures typically perform better than those oriented perpendic-

ularly to the �ow direction, such as discs, as the latter's e�ect seems to be

very local (Broussous et al., 2000). An overview of these works is provided

in Table 6.1, with the reported �ux enhancing structure, the largest measured

increase in �ux caused by this structure and the suspension(s) used in the ex-

periments. In Gha�our et al. (2004), a helical ribbon (also called tape mixer)

was inserted into a tubular membrane channel and delivered �ux increases up

to 30%, with no reported increase in pressure drop. In contrast to the helical

structure (rod with helically wrapped wire) proposed in Gupta et al. (1995),

who found an asymptotic increase of performance by �ux by increasing the

number of helical windings per unit length of ba�e, Gha�our et al. (2004)

did �nd an optimum number of helical windings (3 per 40 mm). Gupta et al.

(1995), however, stated that such an optimum should theoretically exist, and

based this statement on their tests with a rod ba�e without helical wrapping,

for which they found a negative impact on �ux values. Xu et al. (2002) also

stressed the importance of pitch and wire diameter of a helical winding in-

sert. This again points out the delicate and often complicated nature of the

interplay between hydrodynamic conditions and fouling. Gupta et al. (1995)

reported �ux increases up to 82%, though they changed the �ow throughput

in order to maintain a �xed dissipated power. In Ahmad and Mariadas (2004)

and Ahmad et al. (2004), similar designs were tested with a maximal �ux in-
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crease of 104.9% for TiO2 particles and 88.2% for baker's yeast. They observed

an optimal helical winding of 4 winds per 50 mm in both cases, relating well

to the optimum found in Gha�our et al. (2004). In contrast to Gupta et al.

(1995), their rod design did show increased �ux values, which might be due

to the fact that they did not change the dissipated power. Hence, the rod de-

sign, though not promoting turbulence, still led to higher cross �ow velocities.

Chiu and James (2006) used di�erent rod and helical designs in a star-shaped

membrane channel, ranking alternating direction helices over helices over rods.

The rod design, however, still accounted for a �ux increase, again in contrast

to Gupta et al. (1995). This was explained by the additional turbulence in the

sharp-cornered edges of the membrane. Millward et al. (1995) tested a screw

thread on the membrane surface (internal), as well a screw thread on a pipe

containing the membrane (external). It was illustrated that the �ltration of a

particle loaded stream behaves di�erently compared to a stream with dissolved

compounds, i.e. while giving good results for bovine serum albumine in UF, the

internal screw thread introduced a centripetal force on blood cells in MF, given

the same hydrodynamic conditions. This indicates the need of investigating

particle behaviour, on top of �uid �ow, in these systems.

It should be noted that using an insert of ba�e in a membrane channel, not only

increases the �uid's velocity and wall shear stress, but also creates an additional

pressure drop as a consequence of the additional resistance by friction with the

�ux-enhancing structure. A pressure drop along the length of the membrane

channel induces variations in the TMP along the membrane length, which

impacts fouling (Krsti¢ et al., 2002). Moreover, an increased pressure drop

leads to a higher dissipated power over the membrane, which can be de�ned as

the product of �uid velocity and pressure drop (Krsti¢ et al., 2003). From an

energetic point of view, the speci�c hydraulic energy demand is detrimental, i.e.

the dissipated power per unit of permeate produced. In the end, an increased

pressure drop increases the energy demand of the system.

Both Krsti¢ et al. (2006) and Copas and Middleman (1974) indicated the de-

pendency of �ux gain on the applied cross �ow velocities, or Reynolds number

in general. At low Reynolds numbers, the turbulence promoting structure can-

not deliver the necessary turbulence, so �ux gain is limited. On the other hand,

at high Reynolds numbers, the increase in energy consumption overtakes the

�ux gain, so there exists an optimum Reynolds number for a speci�c energy

demand.



Table 6.1: Breakdown of studies reporting �ux increase by using a �ux enhancement structure in the �ltration of a speci�c mixture
(suspension or solution)

Authors Flux enhancement structure Max. �ux increase Suspension

Ahmad and Mariadas
(2004) and Ahmad et al.
(2004)

Helical ba�e of 3 mm wire on 6 mm rod with 1, 2, 4,
6 winds per 50 mm (stainless steel). Rod ba�e and
helical ribbon also tested

104.9% (TiO2) and
88.2% (baker's yeast)

1% TiO2 (technical grade TR92, at 0.58 µm)
and 1% baker's yeast (Saccharomyces cere-

visiae, at 1.56 µm)

Ahmed et al. (2011)
Tubular membrane (15 mm wide, 200 mm long) with
circular ba�es on rod, or wall ba�es

50% 1 g L−1 TiO2 suspension (at 0.58 µm)

Ahmed et al. (2012)
Tubular membrane (15 mm wide, 200 mm long)
with forward and backwards oriented conical ba�es
(spaced 12, 15 or 20 mm)

61%
1 g L−1 anatase TiO2 suspension (at 6.58 µm)

Ameur and Sahel (2017)
Tubular membrane (15 mm wide, 200 mm long) with
centered hemispherical ba�es facing forward of back-
ward

64% (5 g L−1) and 96%
(10 g L−1)

5 g L−1 and 10 g L−1 CaCO3 (at 7.96 µm)

Armbruster et al. (2018)
Centered twisted tape mixers (di�erent geometries)
with 2 di�erent pitch values, and Kenics mixer

140% (Kenics mixer) 20 mg L−1 humic acid solution

Bellhouse et al. (2001) Narrow gap helical screw thread >700%

100 g L−1 to 300 g L−1 baker's yeast,
106 mL−1 Isochrysis and Pavlova algae (at
20 µm) (MF); 50, 100 and 200 g L−1 skimmed

milk (UF); 80 g L−1 blue dye (NF)

Broussous et al. (2000)
Threaded membrane was aimed for, but a spring in-
sert was used. Di�erent heights, helical angles and
rotation inversion tested

250% (permeability gain
for �xed-�ux)

1% bentonite clay suspension

Broussous et al. (2001) Threaded membrane of di�erent con�gurations 530%
1% bentonite clay suspension (at 0.4 µm to

1.5 µm)

Chiu and James (2006)
Di�erent sized rod ba�es, helical ba�es of 0.5 mm
wire on 0.9 mm rod and helical ba�es (alternating
every 3 turns per 20 mm) in star-shaped membranes

37.7%

E�uent from a synthetic activated sludge
production system using the `Porous Pot'

method (at 0.4 µm)

Copas and Middleman
(1974)

Kenics static mixer of 38 stainless steel elements, with
1/16 inch gap with membrane

490% 1% latex suspension (at 0.2 µm)

Costigan et al. (2002) Ceramic �lters with internal helical grooves ca. 900%
100 g L−1 solution of dried baker's yeast dis-

persed in distilled water



Finnigan and Howell
(1990)

Disc and donut ba�es
127% (disc) and 250%
(donut)

25 g L−1 whey protein

Gha�our et al. (2004) Helical ribbon of 3 winds per 40 mm 30% Suspended solids from settler supernatant

Gupta et al. (1995)
3.1 or 2.3 mm steel rod wrapped with 1 mm steel wire
at 1, 2, 4 or 6 winds per 25 mm

82%
5% baker's yeast suspension (similar results

with 1% dodecane emulsion)

Gupta et al. (1995) Steel rod -10%
5% baker's yeast suspension (similar results

with 1% dodecane emulsion)

Jafarkhani et al. (2012)
Tubular membrane (15 mm wide, 200 mm long) with
half-circular ba�es, rotated 90◦ or 180◦ 29% 5 g L−1 CaCO3 suspension

Jie et al. (2012)
Helical �at sheet membrane (15 mm width), 8 multi-
piece with 30 mm spacing

51% (single unit: 37.5%) Aerated water

Krsti¢ et al. (2004) Kenics static mixer 756% 10% reconstituted dried skim milk

Krsti¢ et al. (2006) Kenics FMX8124-AC static mixer 531%
10% skim milk (also 5% oil-water emulsion

tested)

Liu et al. (2005) Coiled hollow �bre membrane 350% Aerated water

Liu et al. (2009b)
Ring-shaped wall ba�es of di�erent spacing and di-
ameter

36% 5% CaCO3 suspension (at 7.96 µm)

Liu et al. (2010) Helical �at sheet membrane (60 mm×180 mm at 135◦) 69% 0.5% Kaolin suspension (at 5 µm-10 µm)

Liu et al. (2012)
Helical �at sheet membrane (30 mm×300 mm at
160 rpm)

27% (versus rotating �at
sheet)

5% baker's yeast suspension at 7 µm (also
Kaolin at 104 µm and CaCO3 at 30 µm per

cluster and 15 nm-40 nm per crystal)

Millward et al. (1995)
Internal helix structure in tubular membrane, and
tubular membrane in channel with helical structure

Not reported as such
Whole bovine blood (MF), 60 g L−1 bovine

serum albumine (UF)

Xu et al. (2002)

Cylindrical inserts (rod diameter: 2.3 mm), helical in-
serts (rod diameter: 1.0 mm, pitch: 10 mm), wind-
ing inserts (rod diameter: 1.6 mm, pitch: 5, 10 and
20 mm, wire diameter: 0.4, 0.8, and 1.6 mm), all in
stainless steel

ca. 250%
Municipal wastewater (with 100 mg L−1 to

600 mg L−1 suspended solids)

Zhou and Nnanna (2011)
Stainless steel spring of 10.67 mm diameter, 1 mm
wire thickness, 2 mm pitch, 95 coils over 270 mm

25%

Synthetic wastewater: supernatant of mix-
ture of clay soil with natural organic matter

and tap water (2% particle volume fraction)



Chapter 6. Impact of a helical ridge within a tubular membrane channel

As can be seen from Table 6.1, �ux improvements vary widely among the re-

ported publications, mainly as a consequence of the many degrees of freedom

(membrane material, pore size, used suspension, operating conditions, etc.)

(Broussous et al., 2000). Acknowledging that small di�erences in shape can

greatly impact the hydrodynamics and thus �ux increase (Ahmad and Mari-

adas, 2004; Gha�our et al., 2004), leads to think that experimental work needs

to be complemented by a more theoretical approach to gain knowledge on the

working principles.

Bellhouse et al. (2001) were the �rst to mention the possibility of not only

studying the hydrodynamic behaviour of helical �ows, but also optimising the

helical structures according to the application to attain higher �uxes. On their

design, they reported no cell damage, in contrast to what is reported for rod

inserts, and they indicated no vibrational problems, but merely damage to the

membrane upon insertion. Armbruster et al. (2018) even illustrated that 3D-

printing technology can be used to create novel insert structures. They tested

nine static mixers, of which the Kenics mixer provided the largest �ux gain for

a humic acid feed solution. They remarked that the considered foulant might

have a large impact on the results, as seen from literature. All structures gave

rise to large improvements, but corrugated edges and lowering pitch length

increased the obtained �ux signi�cantly, while increasing the pressure drop

substantially; therefore those structures are not necessarily regarded as better

options.

Although virtually all tested designs report �ux increases, some of them even

quite spectacular, full-scale implementation of these �ux enhancers is rare, due

to extra energy consumption, vibration problems or construction complexity

(Broussous et al., 2000; Gupta et al., 1995). Pentair X-Flow uses a helical

ridge on the tubular membrane wall in their Compact Helix �ux enhancing

membranes. The introduction of helically wound ridges delivers enhanced mix-

ing and high turbulence at a low additional energy consumption, so that these

membranes can yield a productivity increase of up to 100% or reduce energy

costs by 50% (by using lower cross �ow velocities), depending on the feed char-

acteristics (Pentair, 2018).

The aim of this chapter is twofold. First, the physical principles behind this

design are investigated to better understand how the helical ridge increases the

productivity. This can be done irrespective of the feed solution, by studying

the main �uid �ow characteristics and how they compare to a design without

helical ridge. This is done through detailed CFD simulations. Second, the

results of the simulation are evaluated in terms of the pro�t (wall shear stress)

and cost (pressure drop) and are used to formulate perspectives for a model-

based design.
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6.2 Materials & methods

In this section, the used CFD method is introduced brie�y and compared to

other methods. Subsequent, the two simulated model domains are presented,

including their boundary conditions, and the main �uid model parameters. The

discretisation of the domains, as well as the approximation schemes and solvers

are listed. Furthermore, the set-up for a mesh independency study is discussed.

6.2.1 Model formulation

When it comes to modelling turbulent �ows, three di�erent methodologies can

be applied, mainly depending on the level of detail or information needed in the

�nal result. One can distinguish between approaches based on the Reynolds-

averaged Navier-Stokes (RANS) equations, large eddy simulation (LES) or di-

rect numerical simulation (DNS) (Versteeg and Malalasekera, 2007). The for-

mer relies on the use of the time-averaged form of the Navier-Stokes equations,

so that the described quantities are all averaged values over time. These equa-

tions are then extended to describe the e�ects of turbulence, and the extra

transport equations needed for that make up the so-called turbulence model

(Versteeg and Malalasekera, 2007). The most well-known and widely applied

turbulence models are the k− ε model and k−ω model (2 equations), and the

Reynolds stress model (7 equations) (Davidson, 2017). The RANS methodol-

ogy is the most computationally economic one and gives acceptable results for

most engineering applications, where having an idea of the average �ows is the

main goal. Therefore, it is still the most applied method since the 1970s. How-

ever, when obtaining average �ow values is not su�cient with respect to the

goal of the project, and the dynamic character of turbulence, i.e. the unsteady

nature of the �ow, is of importance, the use of LES is recommended (Chaouat,

2017). The starting point here is the unsteady (i.e. time-dependent) Navier-

Stokes equations, which are passed through a spatial �ltering to distinguish

between large eddies (which are resolved, i.e. calculated through the unsteady

equations) and small eddies (which remain unresolved, but are included using

a subgrid-scale model) (Versteeg and Malalasekera, 2007). Finally, one can

go a step further and resolve all turbulent length scales in the �uid using the

DNS method. Again starting at the unsteady Navier-Stokes equations, they

are solved on a spatial scale smaller than the Kolmogorov length (considered

the scale of energy dissipation) and with a temporal scale smaller than the

fastest �uctuation present (Versteeg and Malalasekera, 2007). Needless to say

this method is computationally very expensive and therefore not often used

for engineering applications. However, the possibility to provide data that are
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experimentally di�cult to obtain, makes it a powerful tool. It is important

to note that the summary of turbulence modelling methods presented here is

not exhaustive. There are intermediate approaches, such as unsteady RANS

(Lardeau and Leschziner, 2004) and detached eddy simulations (Spalart et al.,

1997), but those are out of scope here.

For this dissertation, the LES methodology was preferred to provide insight into

the prevailing turbulence and detailed temporal variations, since it provides the

optimal balance between information gain and computational load.

Furthermore, a single-phase model was used for the simulations, which can be

justi�ed by considering the Stokes number. This is a dimensionless number

expressing the ratio of the characteristic reaction time of a particle to the

characteristic time scale of the �ow. The exact value is somewhat cumbersome

to obtain, however, for similar applications with similar particles this number

is well below 1, indicating that these types of particles follow the �uid �ow

without altering it, acting as ideal tracers (Tropea et al., 2007).

6.2.2 System and boundary conditions

To evaluate the impact of the helical ridge on the membrane surface, simu-

lations were performed and analysed for two cases: on the one hand using a

perfect tubular membrane as a reference (further referred to as plain case),

and on the other hand using a tubular membrane with helical ridge (further

referred to as helix case). Table 6.2 lists the used geometric and �uid related

parameters. Flux was not included in these simulations, as it was noted by

Broussous et al. (2000) and others that, as the cross �ow is many orders of

magnitude larger than the �ux (in this case, assuming a realistic �ux value of

36 L m−2 h−1: 5 orders of magnitude), this guarantees a negligible in�uence of

the �ux on the �uid �ow.

Table 6.2: Simulation parameters

Parameter name Parameter value

Fluid kinematic viscosity 1× 10−6 m2 s−1

Fluid density 1000 kg m−3

Cross �ow velocity 1 m s−1

Reynolds number 5000
Tube diameter 0.005 m
Tube length 0.05 m

140



6.2. Materials & methods

Modelling the entire length of a tubular membrane (typically 1 m) is not e�-

cient in terms of computational requirements. Periodic inlet and outlet bound-

ary conditions were therefore employed here; these boundary conditions map

the variables from the outlet onto the inlet (Patankar et al., 1977). In this way,

a small part of the tubular membrane can represent an in�nitely long domain.

However, the periodic boundary conditions cannot enforce the necessary ve-

locity or pressure gradient. To ensure a speci�c mass �ow rate in the tube, a

dynamically adjusted momentum source term was added to the Navier-Stokes

momentum equation. The details of this adjustment were elaborated on by

Van Cauwenberge et al. (2015). With this methodology, one does not need

to assume values for the turbulence characteristics; turbulent eddies will arise

spontaneously. During an initialisation period, the cases were simulated until

a stable turbulent regime is achieved in the domain. At the membrane surface,

a no-slip boundary conditions was used.

While the computational domain for the plain case has a diameter of 5 mm and

a length of 50 mm, the helix case is slightly longer so that it is an exact multiple

of the pitch length of the helical ridge. The length-to-radius ratio equals 10,

and is higher than the minimum value of 2π to prevent resonance e�ects of the

periodic boundary conditions (Chin et al., 2010). The cross-sectional area is not

the same for both cases, but the dimensional speci�cations are in accordance

with the Pentair X-Flow's Compact Helix membranes.

6.2.3 Mesh and computation

Both computational domains needed to be discretised, for which a structured

hexahedral grid was employed. For the mesh spacing, the mesh quality restric-

tions for wall-resolved LES (Section 6.2.1) were taken into account. For the

spanwise (radial) spacing, the center of the �rst cell should lie well within the

viscous sublayers (y+ ≤ 1). For both cases, a spanwise cell spacing was chosen

that ful�lls this restriction. The spacing in the x-direction (axial, streamwise)

is constant and corresponds to a value for x+ of 15 which is well below the

suggested upper limit of 30 to 120. The cross-sectional meshing was based on a

butter�y-type mesh with boundary layers and care was taken to ensure smooth

transition between the di�erent mesh zones. Finally, a mesh was obtained of

approximately 1.4 million cells for the plain case and 4.4 million cells for the

helix case. For the latter, the maximum aspect ratio in the boundary layer was

93 (the elongation is in the direction of the main �ow) and a maximum cell

skewness of 0.51 was obtained on the helical ridge. A detailed visualisation of

the mesh for the helix case is included in FigureA1 in Appendix. The simu-

lations were performed with the �nite-volume method in OpenFOAM v2.2.2.
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With respect to the discretisation schemes, a second order implicit scheme was

used for the time derivative, second order central di�erencing was used for the

spatial discretisation and the cell face values of the Gaussian surface integral

were obtained through linear interpolation. The PIMPLE algorithm was used

to solve the Navier-Stokes (Versteeg and Malalasekera, 2007) equations, and is

a combination of the pressure implicit with splitting of operator (PISO) algo-

rithm and the semi-implicit method for pressure-linked equations (SIMPLE)

algorithm. The pressure equation was solved using the geometric agglomerated

algebraic multigrid (GAMG) solver and a solver with Gauss-Seidel smoothing

was used for the momentum equation and transport equations for turbulent

quantities. The maximum Courant number was limited to 0.4 with adaptive

time stepping (∆t ≈ 2× 10−5 s). The simulations were performed on 20 pro-

cessors (Intel E5-2660v3, Haswell-EP, 2.6 GHz) and the computational time

was approximately 1800 processor hours for 1 s of simulation time.

An important factor to take into account with numerical methods is the mesh

independency of the simulations. To guarantee a su�ciently �ne discretisation

and the validity of the numerical solution, a mesh independency test was per-

formed. Two additional progressively coarser mesh grids were constructed by

performing an isotropic scaling of the number of cells in both spanwise and

streamwise directions. The mesh details of the three grids, �ne (m1, orginal

mesh), medium (m2) and coarse (m3) and the computation time are show in

Table 6.3. A Courant number of 0.4 was maintained for all re�nement levels.

For each of the grid sizes in Table 6.3, an LES was performed. After convergence

of the average velocity and the root mean square of the �uctuating velocity,

an additional 1 s (20 times the residence time) of simulation was performed to

obtain an accurate representation of the time-averaged �elds.

Table 6.3: Grid details and computation time for the grid independency test.

Grid Cell total Computation time

Fine (m1) 4,350,000 1803 processor hours
Medium (m2) 2,208,640 527 processor hours
Coarse (m3) 1,482,000 341 processor hours
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6.2.4 Validation

To validate the CFD model, the pressure drop over the plain membrane was

calculated, while the pressure drop over the helix membrane was measured in

a lab setting, and both were compared to the corresponding simulation results.

For the plain case, the pressure drop was calculated using the Darcy-Weisbach

equation (Larock et al., 2000):

∆P

L
= fD

ρf

2

ū2

DH
, (6.1)

where the pressure drop ∆P
L [Pa m−1] is a function of the Darcy friction fac-

tor fD [-], the density ρf [kg m−3], the mean �ow velocity ū [m s−1] and the

hydraulic diameter DH [m].

Combined with the shear stress form of the Darcy-Weisbach equation (Larock

et al., 2000),

τ =
1

8
fD ρf ū

2 , (6.2)

where τ [Pa] is the wall shear stress, Equation (6.3) is obtained,

∆P

L
= 4

τ

DH
, (6.3)

that thus allows to calculate the pressure drop in a straight channel, given the

wall shear stress. The latter will be simulated.

For the helix case, the pressure drop was measured using a small lab set-up,

in which two 1 m long membranes with helical ridge were �xed in a horizontal

position. Di�erent cross �ow velocities were applied to the membranes, which

were measured by the Promag 50H (Endress+Hauser) �ow sensor. The pres-

sure was measured through holes in the membrane wall at the inlet and outlet

of the membrane tube by a Deltabar S FMD78 (Endress+Hauser) pressure

sensor.
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6.3 Results & discussion

The constructed model was used to study the impact of the helical ridge in the

membrane channel on both the �uid �ow and particle behaviour. First, the �uid

�ow velocity is presented by visualising the velocity pro�les and streamlines

along the membrane channel. Next, these velocities are used to calculate wall

shear stresses near the membrane, as these give an indication of the potential

for fouling accumulation due to low �uid scouring. Furthermore, the �uid �ow

velocities are used to calculate additional centrifugal forces on particles due

to the rotational motion in the membrane channel with helical ridge. Finally,

the model is validated using experimental pressure drop values and compared

to other designs in terms of shear stress and pressure drop. To conclude the

analysis, some perspectives for future membrane channel designs are given.

6.3.1 Velocity pro�les

In order to assess the impact of the helical ridge on the developed turbu-

lence, the unsteady Navier-Stokes equations were solved by means of the LES

methodology. The instantaneous velocity pro�les for two di�erent time values

are depicted in Figure 6.1 for both cases. Three main e�ects can be observed:

(1) the maximum �uid velocities are slightly higher for the helix case. This is

to be expected, as the cross-section surface area is slightly smaller for the tubu-

lar membrane, while a constant throughput is maintained; (2) the turbulent

vortices are of a smaller scale in the helix case. This can be explained by the

breaking of turbulent eddies by the helical ridge; (3) a shadow zone appears

right behind the helical ridge, where very low �uid velocities are found. This

region, however, varies in size, which can be seen from the comparison of the

results at di�erent time instants.

To further assess the mean behaviour of the �uid �ow, the streamlines of the

averaged �ow are visualised in Figure 6.2, and represent the average paths that

massless (or naturally buoyant) particles would follow. In the plain case, these

streamlines follow quasi-straight lines, as expected. However, in the helix case,

a clear helical motion is present. Near the membrane, the streamlines follow the

helical ridge closely, while closer to the center of the tube, this helical motion

diminishes and becomes a simple rotation.

Although the streamlines in the side view in Figure 6.2 seem to converge to a

�ner bundle, the cross-sectional view shown in Figure 6.3 reveals that it actually

is a rotation. As can be seen there, the streamlines near the center are lagging
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(a)

(b)

Figure 6.1: Instantaneous velocity magnitude (a) at time t=0.15 s for the plain case
(top) and helix case (bottom) and (b) at time t=0.3 s for the plain case
(top) and helix case (bottom). The main �ow direction is left to right.

Figure 6.2: Sideview of the streamlines in the plain case (top) and helix case (bot-
tom), based on the average velocity magnitude. The main �ow direction
is left to right.

the streamlines near the membrane, resulting in a non-linear rotation that is

faster near the walls.

This result is similar to what Broussous et al. (2000) observed. Using �ow

visualization experiments they found a more or less intact bulk �ow, combined

with a helical �ow near the membrane surface, similar to what can be seen in

Figure 6.3. The authors found both �ows to be independent, as tracer compo-
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Figure 6.3: Cross-sectional view of the streamlines in the helix case, as seen from the
inlet, based on the average velocity magnitude. The main �ow direction
is inwards with respect to the presented plane.

nents did not move from one �ow zone to the other, and their Laser Doppler

anemometry results further con�rmed these observations.

6.3.2 Wall shear stress for membrane surface

As mentioned in Section 6.3.1, the helical ridge provides �ner scale turbulent

vortices and larger velocities, however, the largest bene�t from this structure

in terms of fouling mitigation can be expected by the consequent additional

shear stress. As explained by Broussous et al. (2000), a tangential �ow �eld

can produce substantial shear stresses. From the LES calculation, wall shear

stress can be computed from the gradient of the velocity. In Figure 6.4a, the

instantaneous wall shear stress values are shown. In the plain case, the maxi-

mum wall shear stress is lower than for the helix case, and no clear patterns can

be discerned, except for some longitudinal directionality. For the helix case,

a higher range of wall shear stresses is obtained, and high values are aligned

on helical �ow lines. Furthermore, the highest wall shear stresses are found on

top of the helical ridge, while the lowest values are found in the shadow zones

in the wake of the ridge. Figure 6.4b shows the time-averaged wall shear stress

values and more prominently illustrates the spatial variation for the helix case

between the helical ridge and the shadow zone. It is to be expected that the

time-averaged wall shear stress in the plain case takes a constant value; any
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remaining variation that can be seen is a side e�ect of the �nite simulation

time, so not all random variation could be averaged out.

(a)

(b)

Figure 6.4: (a) Instantaneous wall shear stress for the plain case (top) and helix
case (bottom) and (b) mean wall shear stress for the plain case (top)
and helix case (bottom). The main �ow direction is left to right.

Both the more heterogeneous distribution of wall shear stresses in the helix case,

as well as its broader range, are bene�cial for fouling abatement. In Figure 6.5,

the distributions are shown of the time-averaged wall shear stress values. The

helix case presents a wall shear stress distribution that is clearly shifted towards

higher shear stress values, with a mean wall shear stress increase of 36%. The

distribution for the helix case is also wider. This implies much higher maximal

wall shear stresses, which are located on top of the helical ridge. Unfortunately,

the low-shear tail of this distribution reaches lower wall shear stress values than

the plain case, which are mainly located in the shadow zone behind the ridge.

So, although the average wall shear stress is higher, and maximal wall shear

stress values are drastically increased, this shadow zone is a point of attention

for potential fouling. However, overall, the increased shear stresses will allow

higher sustainable �uxes compared to the plain case. The shadow zone, based

on the fraction of shear values that are lower than in the plain case, accounts

for 6% of the membrane surface area. Further research should aim at reducing

this zone by changing the design of the helical ridge.
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Figure 6.5: Distribution of time-averaged wall shear stress for plain tubular mem-
brane (left) and helix tubular membrane (right).

6.3.3 Tangential velocity and centrifugal force

Besides wall shear stresses, that would assist in scouring present fouling, also

the transport of particles from the bulk phase to the membrane should be

evaluated. Considering the force-balance presented in Chapter 5, the main

question is whether the rotational component of the �ow adds a signi�cant

centrifugal force to the motion of particles. To evaluate this, the tangential

velocity �eld is �rst examined. In Figure 6.6, a general clockwise movement of

the �uid is seen, which is the strongest in the shadow zone. Above the ridge,

velocities have a counter-clockwise rotation.

In general, moving from the wall to the center, these tangential velocities de-

crease in magnitude, which becomes more clear from the cross-sectional view

in Figure 6.7.

To calculate the centrifugal force on a particle in the domain, Equation (6.4)

can be used,

Fcentr = mp
U2
tan

r
, (6.4)

where Fcentr [N] is the centrifugal force, mp [kg] the particle mass, Utan [m s−1]

the tangential velocity and r [m] the radial distance between the particle and the
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Figure 6.6: Time-averaged tangential velocity magnitude pro�les for the helix case.
Positive velocities represent velocity vectors pointing into the depicted
plane, while negative velocities represent velocity vectors pointing out-
wards. The main �ow direction is left to right.

Figure 6.7: Time-averaged tangential velocity and velocity vectors for a cross-
section of the helix case at x=0.01m. The main �ow direction is inwards
with respect to the presented plane.

central axis of the tubular membrane. As this formula depends on the particle

mass, a hypothetical reference particle of 50 µm and density of 1003 kg m−3 was

selected to generate a �eld of centrifugal forces as would be experienced by such

a particle, as represented in Figure 6.8. It should be noted that, as the radial

distance r approaches 0, the centrifugal force su�ers from numerical e�ects.

Therefore, the high values in the center of the tube can be discarded from the

discussion. After all, on the center line, a centrifugal force vector cannot exist,

since it would not be possible to de�ne a direction to it. Elsewhere, it can be

seen that values are quite low, except in the shadow zone, which is in line with
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what was derived from the tangential velocity. This implies higher centrifugal

forces where shear stress values are low, and thus the fouling potential of this

location is further promoted. Furthermore, if the magnitude of this force, which

is 1× 10−13 N to 1× 10−10 N in the bulk of the domain and up to 1× 10−9 N

in the shadow zone, is compared to the forces calculated in Chapter 5, generally

in the range 1× 10−11 N to 1× 10−9 N, it becomes clear that this centrifugal

component is generally not of large in�uence, but becomes signi�cant in the

shadow zone.

Figure 6.8: Time-averaged centrifugal force �eld for hypothetically suspended par-
ticles of 50µm in size and a density of 1003 kgm−3 for the helix case.
The main �ow direction is left to right.

6.3.4 Mesh independency

The time-averaged shear distribution of the three mesh sizes (m1, m2, m3) (Ta-

ble 6.3) is presented in Figure 6.9. It can be stated qualitatively that the three

distributions are very similar, however, a few particularities can be observed.

First, the high-shear tails of the distributions appear to be the least depen-

dent on the mesh size, since these values are concentrated on the helical ridge,

where the mesh is most re�ned. Conversely, the highest impact of the mesh

size can be seen around the bulk of the distribution, since these values relate to

regions where the mesh is coarser. Still, these small di�erences exert a minimal

in�uence on the global distribution obtained, so it can be concluded that the

obtained solution shows a desired level of mesh independency, justifying the

use of mesh m1. It should be noted that the calculation of a grid convergence

index (Roache, 1997) could yield a more quantitative conclusion. However, for

this, one single output value has to be selected as meaningful (e.g. the mean

shear stress), instead of evaluating information about the entire shear stress

distribution.
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Figure 6.9: Time-averaged wall shear stress for three mesh re�nement levels (Ta-
ble 6.3).

6.3.5 Validation

Using the average wall shear stress of 4.30 Pa from the simulations, Equa-

tion (6.3) was used to calculated a pressure drop of 3.44 kPa m−1, which corre-

sponds very well with the simulated value of 3.5 kPa m−1, indicating that the

calculated wall shear stress values are consistent with the pressure drop.

For the helix case, the measured pressure drop pro�les for the two tested mem-

branes are shown in Figure 6.10.

A second-order polynomial passing through the origin was �tted to each data

series (as pressure drop depends quadratically on the cross �ow velocity, as seen

from Equation (6.1)), and was used to calculate the pressure drop for a cross

�ow of 1 m s−1. Using the equation y = 2.2482x2 + 2.1002x for the data in

Figure 6.10a and y = 2.2905x2 + 2.0378x for the data in Figure 6.10b, led to a

calculated pressure drop of 4.35 kPa m−1 and 4.33 kPa m−1 respectively. Both

values are in good agreement with each other, and correspond well with the

simulated value of 4.8 kPa m−1. The membrane in the experiments, however,

was measured to be 5.2 mm in diameter instead of the simulated values of

5.0 mm. Correcting the simulated value, using the fact that the pressure drop is

inversely related to the hydraulic diameter (Equation (6.1)), and given the fact

that the hydraulic diameter is not strongly a�ected by the present helical ridge,

a corrected value of 4.6 kPa m−1 was obtained. The remaining di�erence with

the experimental values can be explained by the non-slip boundary condition

used in the simulation for the membrane walls, which lead to an overestimation
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Figure 6.10: Measured pressure drop for two membranes with a helical ridge and
�tted second-order polynomial passing through the origin.

of the pressure drop. Nevertheless, the simulated and experimental values are

considered in good agreement.

6.3.6 Shear stress and pressure drop

Similar model-based works, related to the simulations performed here, can be

found in literature, and can be compared in terms of the obtained simulation

results. An interesting example is the work of Zhou and Nnanna (2011), where

an Eulerian multiphase approach was used to model the �uid �ow near a spring

insert into a two-pass system (similar to heat exchangers). The double pass

creates di�erent hydrodynamic conditions compared to the �rst pass, due to

the 180◦ curve in between, adding a centrifugal force to the particle volume

fraction. The spring shape is similar, but in speci�c locations quite di�erent to

the design used here; i.e. in the work of Zhou and Nnanna (2011), the cross-

section of the helical ridge is a circle, while for the Pentair X-Flow Compact

Helix membranes, it approaches a half-circular cross-section. Surprisingly, par-

ticle accumulation was the highest in between two helical ridges, lower in front

of the ridge, and lowest behind the ridge. This is in contrast to the �ndings

in this paper, suggesting the lowest wall shear stress and highest centrifugal

force behind the helix, promoting fouling. The delicate di�erence of the cross-

section of the helical ridge might play a crucial role in this, given that very low

�ow velocities were reported in the cavity in front of the helical ridge in Zhou

and Nnanna (2011), which are not present with the Pentair X-Flow Compact
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Helix membrane. Autopsy observations of the Pentair X-Flow Compact He-

lix membranes indeed visually showed increased fouling behind the membrane

ridge.

Many of the available simulation studies focus on the increased wall shear stress

and pressure drop originating from the used ba�e structure. An overview of

the reported values is given in Table 6.4 and compared with the Pentair X-Flow

Compact Helix membrane. In Ahmed et al. (2012), a 15 mm wide tubular mem-

brane, 200 mm long, with centered conical ba�es facing forward or backward,

was modelled using CFD. The authors were interested in the interplay between

enhanced mixing and increased wall shear stress on the one hand, and the re-

sulting increase in pressure drop over the tubular channel on the other hand.

The wall shear stress varied from 9 Pa to 13.5 Pa, with an average of 11.25 Pa,

compared to 0.5 Pa for an empty tubular membrane. However, the average

wall shear stress dropped to 2 Pa, when the ba�e diameter was decreased by

one third. The typical pressure drop reported is 90 kPa m−1, compared to no

pressure drop for the tubular membrane at 0.5 m s−1 of cross �ow. Surprisingly,

the parabolic velocity pro�le in the empty tubular membrane seemed not very

pronounced. A �ux improvement of 61% was achieved in a �ltration test (see

Table 6.1). They did observe enhanced fouling near the rod holding the ba�es,

which in principle is not a disadvantage, given that the membrane is at the

wall side, and it was observed that this fouling did not a�ect �ux.

In comparison, the Pentair X-Flow membranes have a wall shear stress range of

1.26 Pa to 15.4 Pa, with an average of 5.83 Pa. The plain case however already

accounts for a mean wall shear stress of 4.30 Pa (values between 1.27 Pa and

12.7 Pa), which might be explained by the higher cross �ow velocity and lower

membrane diameter in the case of the Pentair X-Flow membranes. However,

in contrast to Ahmed et al. (2012), the pressure drop over the channel is small,

due to the limited change in cross-sectional area of the membrane tube. The

simulated pressure drop for the plain case is 3.5 kPa m−1 and for the helix case

this rises to 4.8 kPa m−1.

In similar work (Ahmed et al., 2011), the channel was equipped with a rod

holding disc ba�es (central), or ring ba�es (at the wall). The pressure drop

reported is 17.5 kPa m−1 (wall ba�e) and 62.5 kPa m−1 (disc ba�e), compared

to 0.25 kPa m−1 (no ba�e). In terms of wall shear stress, this was on average

6.5 Pa (disc ba�e), 0.5 Pa (wall ba�e) and 0.25 Pa (no ba�e). The authors

mentioned an experimental �ux increase of 50% (disc ba�e), with the largest

in�uence originating from the ba�e height, and to a lesser extent from ba�e

spacing. Unfortunately, as these parameters increase, so does the pressure drop,

which is especially sensitive to the ba�e height as well. The pressure drop in

these cases originates from a change in the direction of the �uid �ow and from
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the formed eddies. A reported problem of a higher pressure drop is that the

TMP is not constant. However, an economic analysis of pressure drop versus

wall shear stress was not found in literature.

In Jafarkhani et al. (2012), the same tubular membrane as used by Ahmed et

al. (2011) and Ahmed et al. (2012) was �lled with semi-circular ba�es, rotated

90◦ or 180◦ against each other. The average wall shear stresses were 8.61 Pa

(90◦) and 9.1 Pa (180◦), while the pressure drops were (for an inlet velocity of

0.5 m s−1) 91.5 kPa m−1 (90◦) and 99 kPa m−1 (180◦).

Ameur and Sahel (2017) investigated the same membrane channel under the

same inlet velocity with centered hemispherical ba�es facing forward or back-

ward. For the backward facing ba�es, wall shear stresses varied between 30 Pa

and 85 Pa, with an average value of 43 Pa. For the forward facing ba�es, the

average value of wall shear stress was 40 Pa. Both were higher than that for

the unba�ed case (about 6 Pa). Pressure drops over the tubular membrane

were 115 kPa m−1(backward) and 97.5 kPa m−1 (forward), and negligible for

an unba�ed membrane.

In Akagi et al. (2018) a hollow �bre was surrounded by a helical structure

to create turbulence, and the authors investigated the optimal wire thickness

and pitch. In Horie et al. (2018) the authors built upon this concept and found

that combining this helix with oscillatory �ow had a synergistic e�ect, in which

the largest contribution came from the oscillation. The authors determined the

optimal frequency and amplitude of the oscillation. In total, the �ux was almost

doubled compared to a plain hollow �bre in the �ltration of humic acids. Visual

control also showed less fouling.

Table 6.4: Reported values for wall shear stress and pressure drop in simulation
studies for tubular membrane channels and their ba�ed counterparts.

Reference Membrane
Shear stress Pressure drop

τ [Pa] ∆P [kPa m−1]

Pentair X-Flow Compact Helix With helix 5.83 ([1.26, 15.4]) 4.8
Plain 4.30 ([1.27, 12.7]) 3.5

Ahmed et al. (2012) With ba�e 11.25 ([9, 13.5]) 90
Plain 0.5 0

Ahmed et al. (2011) Wall ba�e 0.5 17.5
Rod ba�e 6.5 62.5
Plain 0.25 0.25

Jafarkhani et al. (2012) 90◦ rotated ba�es 8.61 91.5
180◦ rotated ba�es 9.1 99

Ameur and Sahel (2017) Backwards ba�e 43 ([30, 85]) 115
Forward ba�e 40 97.5
Plain 6 0
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6.3.7 Model-based design perspectives

Evaluating the results of Figure 6.5, the membrane with helical ridge is clearly

operating in regions with higher wall shear stress, as compared to the plain case.

As mentioned, the average wall shear stress is increased by 36%, however, 7%

of the membrane surface experiences lower wall shear stress as compared to the

plain case. As wall shear stress is a main driver for fouling abatement, from

an operational point of view, an alternating �ltration could be implemented in

which cross �ow velocities are reversed after every backwash. This way, the

shadow zones of one cycle become the higher shear zones within the next and

vice versa. However, this remains a solution that �ghts the problem, rather

than avoiding it in the �rst place. Therefore, the results of this work can form

the start of a model-based design of a tubular membrane with helical ridge.

Increasing or maintaining the average wall shear stress, while minimising the

shadow zone can be the goal of an optimisation study. This trade-o� can be

described in an optimisation function, that takes the design parameters of the

helix (pitch, height, cross-sectional shape, etc.), of the membrane (e.g. mem-

brane tube diameter) and operational parameters (e.g. cross �ow velocity), as

inputs, while wall shear stress statistics (average wall shear stress, minimal

wall shear stress, etc.) could be the outputs. Based on the current results, e.g.

an asymmetric cross-section could be proposed, with a long-stretched tail to

encompass the shadow zone and make the widening of the membrane channel

behind the helical ridge more gradual. This new design could be tested with

simulations, and the results could be evaluated in terms of wall shear stress

distribution, after which an adjusted design can be proposed again. This itera-

tive process can be repeated until further improvements become hard to realise.

The optimisation function could also take into account the costs related to in-

creased pressure drops over the membrane tubes, and saved energy, membrane

downtime and membrane lifetime due to decreased backwash frequencies. For

the latter, however, a more rigorous modelling approach would be needed, in

which the fouling potential of every scenario can be evaluated quantitatively.

This can be done by including an individual-based model, describing the motion

of suspended particles in the domain, as proposed by Naessens et al. (2018a).
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6.4 Conclusions

In this study, both the �uid �ow and particle behaviour of a single Pentair

X-Flow Compact Helix membrane membrane were simulated. A signi�cant

shift in the wall shear stress distribution was found, leading to an increase of

the average wall shear stress by 36%, but a shadow zone emerged with low

wall shear stresses, increasing the risk for fouling in this region. This region

also hosted higher centrifugal forces on the suspended particles. A mesh inde-

pendency study veri�ed that the shear stress distribution is rather insensitive

to the mesh size and a su�cient mesh re�nement level was obtained. An ex-

perimental validation showed a good agreement between the simulated and

measured/expected pressure drops. The analysis illustrated the power of CFD

to understand system behaviour in more detail and its potential usage for a

model-based design by testing more designs, and using the gained knowledge

of local and small-scale e�ects, both of which are more cumbersome in experi-

mental work.
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CHAPTER 7

Conclusions and perspectives

�This is not the end. It is not even the beginning of the end. But it is, perhaps,

the end of the beginning.�

� Winston Churchill





7.1. Conclusions

7.1 Conclusions

Membrane �ltration technology has a huge potential in many industrial pro-

cesses, but its advance is held back by the occurrence of membrane fouling,

and especially the lack of knowledge about this process. Membrane fouling

causes operational ine�ciencies by wasting energy, permeate, chemicals, etc.

as well as design ine�ciencies, since running an installation conservatively re-

quires more space and larger equipment. Mathematical modelling as a tool for

knowledge building, process optimisation and e�cient design, can assist to alle-

viate the issue. Mathematical models in literature can be categorised into black

box, grey box and white box models. Black box models are data-driven tech-

niques aiming to describe the membrane �ltration process using correlations,

but without pursuing mechanistic knowledge. The majority of these models are

arti�cial neural networks (ANNs), principal component analysis (PCA) and re-

lated regression techniques, while other types of black box models are rarely

applied for membrane �ltration. While ANNs typically aim for prediction of

membrane performance, mostly in function of the inputs of the system, PCA

and related techniques often provide an idea of the type of foulant or nature

of fouling that is predominant on the membrane surface. Grey box models are

the most numerous type and describe macroscopic �ltration indicators based

on the di�erent subprocesses in a typically empirical way. The most common

type is the resistance-in-series model, where the total membrane resistance is

seen as the sum of the �ltration resistances added by the di�erent fouling phe-

nomena, each described by a separate submodel. The main problem of these

models, however, is their limited predictive power combined with overparam-

eterisation issues. The main reason for this resides in the empirical nature of

the embedded relations. Finally, white box models are increasingly used, trying

to gather more fundamental knowledge on the �ltration process. As the latter

category of models needs speci�c and detailed data, microscopic data are nowa-

days gathered, using a large variety of measurement techniques to complement

the macroscopic fouling indicators.

7.1.1 The power of black box models

One solution to obtain better predictions of the �ltration process performance is

to step away from the reasoned equations used within the grey box models, and

adopt a purely data-driven approach. In this dissertation, a PCA methodology

previously developed for membrane bioreactor (MBR) applications, was suc-

cessfully translated to an ultra�ltration (UF) desalination pretreatment plant.

It was concluded that this method is a robust tool to monitor the fouling be-
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haviour of membranes and detect outliers in the operation. As was the case

for MBR, di�erent fouling behaviours were captured by the principal compo-

nents (PCs). It was found that a more e�cient backwashing scheme that was

proposed, did not give rise to a di�erent fouling behaviour, and that reverse

osmosis (RO) brine could be used as backwashing agent without altering the

fouling nature and severity as well. The hypothesis that longer time series

provide a more solid basis to judge the membrane status was con�rmed. This

model can serve as the foundation of a control model, striving to keep fouling

within bounds. Models such as this one can lead the way to a more e�cient and

intelligent control of the nowadays conservatively managed membrane �ltration

installations.

7.1.2 Development of a white box model

Another approach towards more e�cient membrane �ltration plants is the cre-

ation of more fundamental knowledge on the processes at hand. First of all, the

in�uence of hydrodynamics is typically overlooked within grey box modelling.

However, this process governs the transport of feed matter to the membrane

and is thus of vital importance. Secondly, cake layer formation is, in a sus-

tainably operated micro�ltration (MF) and UF plant, often the main fouling

process. The porosity/permeability of the cake layer can be the limiting factor

in the process performance, and depends on local e�ects and distributed char-

acteristics such as particle size, both not incorporated in the current models. To

study both bulk �ow behaviour and cake layer formation in a fundamental way,

a computational �uid dynamics (CFD) model is coupled with an individual-

based model (IBM). In tubular membranes, it was found that under laminar

�ow conditions particles experience a radial force towards the membrane, even

in the absence of �ux. This force appeared to be positively related to the par-

ticle size, as opposing to what literature often states, indicating the incomplete

knowledge of these transport phenomena. Both cross �ow and �ux accelerate

this radial migration. Furthermore it was found that polydisperse suspensions

result in a higher �lter cake formation rate as compared to monodisperse sus-

pensions with an average particle size. Also considering the implications of

polydispersity on �lter cake porosity, this indicates that particle size distribu-

tions (PSDs) are a level of detail that should be included in the currently used

models.
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7.1.3 The need for microscopic data

As compared to grey box and black box models, white box models typically

show a limited amount of calibration parameters. Instead, these models are

confronted with speci�c data to verify the validity of the assumptions, approx-

imations and selected models. Since white box models describe the ongoing

processes on a microscopic level, rather than lumping these details into macro-

scopic trends, speci�c microscopic measurements are required. To gather the

necessary data for the coupled CFD-IBM model presented in this dissertation,

a lab-scale �ltration unit was constructed using a model-based approach and

operated to gather microscopic images of the membrane surface after �ltra-

tion with microspheres as model foulant. Image analysis proved to be of great

value for automating knowledge extraction when analysing microscopic images.

With the resulting data, some hypotheses about the bulk behaviour of particles

depending on the prevailing hydrodynamic conditions could be formulated. It

was found that in general, smaller particles have a lower tendency to migrate

to the membrane surface than larger particles, which is desirable in terms of

porosity of the resulting �lter cake. This �nding is in contrast with most of the

literature, but con�rms the results of the CFD-IBM model. The discrepancy

with literature might be explained by the order of magnitude of the particles

and �uid �ows, giving rise to a change in the dominating terms of the force

balance. This in turn indicates opportunities for optimisation of the �uid �ow.

It was furthermore found that the onset of turbulence attenuated this e�ect,

creating an additional motivation to study laminar �ow conditions in more

detail. Operating �ltration units under the traditionally intensive cross �ows,

consuming large quantities of energy, might be suboptimal.

7.1.4 White box models for design and optimisation

CFD is a largely accepted and even indispensable modelling paradigm for de-

scribing the main �uid �ow dynamics within virtually all engineering appli-

cations. Not surprisingly it can be of great value to the membrane �ltra-

tion industry. Using the substantially detailed large eddy simulation (LES)

methodology, the hydrodynamic conditions within a tubular membrane with

and without helical ridge on the membrane surface were compared. Although

the velocity pro�les seemed comparable at �rst sight, di�erences in the present

turbulent scales were identi�ed. This gave rise to signi�cantly higher wall shear

stresses over a large part of the domain, and a zone on the helical ridge with ex-

treme wall shear stresses. On the downside, a shadow zone in terms of velocity

and shear stresses was demonstrated behind the helical ridge. In combina-

tion with higher centrifugal forces in that location, competing with the other
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forces present as calculated by the CFD-IBM model, this creates a zone of

potentially increased fouling. The results of the wall shear stress computation

were validated in terms of the created pressure drop, and appeared favourable

when compared to literature values, both in terms of absolute wall shear stress

as well as shear stress to pressure drop ratio. A mesh independency study

demonstrated the quality of the mesh and further con�rmed the validity of the

conclusions. This study creates the opportunity for a model-based optimisation

of the design, using an iterative cycle between suggested adjustments and the

respective additional simulations. This principle was brie�y illustrated by the

design of the lab-scale �ow cell gathering microscopic data, where the aim was

to stimulate laminar hydrodynamic conditions.

7.1.5 General conclusions

Membrane �ltration processes have been described mainly by the resistance-

in-series concept, which can be considered a grey box modelling approach.

However, due to the lumping of di�erent phenomena into a typically empirically

inspired formula, vital process knowledge is missing from these models to allow

for true optimisation of the process. Black box models can assist grey box

models in monitoring and describing the installation, and can play a role in a

more intelligent process control. On the other hand of the spectrum can white

box models create knowledge on the physical principles governing the process,

so the operation and/or design of membrane installations can be optimised.

For this to succeed, more detailed microscopic data need to be gathered, so the

gained knowledge can be veri�ed, and models can be re�ned to �t the exact

physics governing the membrane �ltration process.

7.2 Perspectives

Within this dissertation, it was shown how black box models and white box

models can assist the current modelling e�orts to obtain a better control and

understanding of the process respectively, and how the increasing e�orts to

gather microscopic data deepen the knowledge on a fundamental level. The

gathered conclusions, however, also open up opportunities for further research

on the topic of membrane fouling.
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7.2.1 Explore spatially explicit data

Within the grey box modelling approach, fouling is regarded as a uniform layer,

since its characteristics are lumped into scalars. However, experiments prove

the spatially explicit nature of the fouling phenomenon. It is also well accepted

that fouling occurs on speci�c locations, changes the local hydrodynamics and

shifts the fouling propensity to di�erent locations over time. Gathering more

spatially explicit data creates an opportunity to analyse local fouling propen-

sities and cake layer characteristics. To start, more experimental conditions

could be tested, based on the found results in this dissertation. Turbulent

conditions were out of scope here, but a comparison between data under lam-

inar and turbulent conditions could be insightful. The data presented within

this dissertation could furthermore be analysed using e.g. pattern recognition

techniques. As an example, complex networks could reveal details such as the

clustering of particles of di�erent sizes or the structures formed by stacking. In

general, these investigations can study the interaction of particles or foulants of

di�erent size and nature, or the cake layer architecture, determining the poros-

ity of the layer. Spatially explicit patterns could be investigated by scanning a

larger portion of the membrane and searching for location-dependent variables.

To analyse the dynamics of the discussed e�ects, data of a microscopic set-up

could be gathered online and in situ, by e.g. mounting a microscope on a mem-

brane fouling simulator (�ltration unit in parallel with the actual membrane

installation).

7.2.2 Generalised framework

The presented IBM model aims at exhibiting an extendible model structure.

The work presented in this dissertation makes certain assumptions, such as

electrically neutral particles, no signi�cant di�usion and low particle concen-

trations. These assumptions hold for certain applications, such as the micro-

spheres used in this work, but might need modi�cation in other cases. Ideally,

the model would be extended with many possible processes using equations or

submodels that, depending on the application, can be switched on and o�. The

most obvious choices here are forces for low diameter particles (e.g. di�usive

forces), for charged particles (e.g. Van der Waals forces) and for high diam-

eter particles (e.g. lift forces due to �uid �ow curvature). This model could

then assist the abundantly available experimental work with charged mem-

branes, membranes with altered surface characteristics, vibrating membranes,

etc., and analyse the built hypotheses about the underlying principles of the

observed e�ects.
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7.2.3 Cake layer formation

As mentioned in this dissertation, the cake layer on top of the membrane is the

result of the bulk transport towards the membrane and the interaction of par-

ticles with the membrane or an existing fouling layer. While this dissertation

focussed mainly on the bulk transport phenomena, often neglected in litera-

ture, this model should be extended with a model for cake layer formation, for

which options were mentioned in Chapter 5. The most fundamental approach

would consist of a force balance on particles attached to the membrane, so that

attachment, and especially its exact location, is modelled more realistically and

detachment processes can be included. Within this extension, it is important

to consider the PSD as a central parameter, controlling to a large extent the

cake layer porosity. However, an increased modelling e�ort on the cake layer

architecture should be accompanied by more reliable measurements of the cake

layer structure, or at least its porosity.

7.2.4 CFD for design and optimisation

CFD has been demonstrated in this dissertation as a valuable tool for knowl-

edge build-up and even model-based design of �ltration units. These possibili-

ties could be explored more, where membrane �ltration units can be designed

to exhibit certain properties, such as laminar �ow, high wall shear stress or �ow

uniformity. Besides lab-scale designs, also the application to full-scale instal-

lations has many bene�ts to o�er, e.g. in guaranteeing even �ow distributions,

calculating shear stresses, eliminating dead zones, etc.
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Summary

Water resources around the world are experiencing an increasing pressure due

to the expanding human population and growing individual needs. Whether

there is a need to produce drinking water from natural resources, treat the

produced wastewater, or reuse water, water puri�cation is an essential step in

the production, clean-up and reuse chain of our economy. With increasingly

di�cult problems to solve, such as micropollutants, microplastics and the need

to desalinate seawater, membranes play an ever increasing role. Especially their

excellent and stable permeate quality and their compactness are acknowledged

characteristics. One of the main obstacles of membrane �ltration for competing

with alternative technologies is the inherent problem of membrane fouling and

the abatement costs associated with it.

In order to optimise the operation of membrane �ltration, the process of fouling

needs to be controlled, and therefore understood. Mathematical models are

a convenient tool to describe a process, gain understanding and provide the

means to control it. Currently, most modelling e�orts for describing membrane

�ltration can be considered as grey box modelling, where the studied process is

disassembled into its relevant major subprocesses. Although these models have

their merit in e.g. running the everyday control of a membrane installation,

more information is to be gained by exploring both the black box and white

box modelling approaches. Indeed, to bring models to a level where knowledge

can be built, a higher level of detail is necessary. It is the aim of this dissertation

to explore the possibilities of these less exploited modelling approaches, build

knowledge with them and provide an extendible modelling framework.

The �rst half of this dissertation focusses on data. Membrane installations pro-

duce large amounts of data during daily monitoring and control, however, these

data are vastly underused. To unveil the information residing therein, black

box (data-driven) modelling techniques can be used. A modelling approach

based on principal component analysis (PCA) was successfully translated from

a lab-scale membrane bioreactor (MBR) to a pilot-scale ultra�ltration (UF)

unit. The fouling intensity and nature were compared for di�erent membrane
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cleaning strategies. A more e�cient cleaning protocol, saving downtime and

energy, was found not to imply a change in fouling behaviour. Similar con-

clusions were drawn using the brine of a downstream reverse osmosis (RO) for

backwashing, saving permeate. This analysis proved the robustness of this tool

to monitor membrane installations in terms of fouling behaviour, visually rep-

resent the process state and detect anomalies in the operation. The developed

tool can be used as a foundation for model-based control of such installations.

However, for a white box modelling methodology, the macroscopic performance

indicators used in black box modelling approaches have to be supplemented by

more detailed data. These data are best gathered under controlled situations to

study di�erent phenomena in isolated experiments. To this purpose, a lab-scale

unit was developed using computational �uid dynamics (CFD) to guarantee

controlled hydrodynamic conditions. Using this set-up in combination with

microspheres as a model foulant, microscopic data near the membrane can be

gathered, giving access to information that is unavailable from macroscopic

data. Using the power of image analysis, these data can be interpreted in an

automated, standardised and meaningful way. Under laminar conditions, it

was found that, in contrast to most literature, particle migration towards the

membrane increases with particle size. The onset of turbulence eliminates this

e�ect. Particle density was found to have a large in�uence as well, however, in

a complex relation with the hydrodynamic conditions.

In the second part of this dissertation, the focus shifts to white box mod-

elling. Some of the main problems seen with black and grey box modelling

approaches are the moderate predictive power when applying other opera-

tional conditions than the ones used for the model calibration, and the risk

of over�tting these models. To remediate these issues, white box models can

be constructed, rooting their structure in physical principles rather than us-

ing empirical or regression-based relations. In this dissertation, a white box

model was developed using a combination of CFD for describing the �uid �ow

and an individual-based model (IBM) to describe the motion of suspended

spherical particles by means of a force balance on every particle. This model

can particularly be helpful in the study of particle trajectories under di�er-

ent hydrodynamic conditions and for particles of di�erent characteristics. This

model indicated that all particles �owing in a tubular membrane experience a

radial force towards the membrane, even in the absence of �ux. This force was

found to be higher for larger particles, which is in agreement with the data

collected from the lab-scale set-up. This radial force was also seen to be more

pronounced with increasing cross �ow velocity, an e�ect that was, however, not

clearly observed in the measurements, due to the onset of turbulence at higher

cross �ows. Polydisperse feeds gave rise to higher �lter cake formation rates
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than monodisperse feeds with an average particle size. The model was built in

such a way that it can be extended with other phenomena, such as an in-detail

description of the attachment/detachment mechanisms based on an extension

of the force balance.

Finally, it is not only possible to optimise the operational conditions of a given

installation, but also to design the membrane �ltration unit so that fouling is

controlled by the design's inherent hydrodynamics. This was illustrated using

a tubular membrane, where a helical ridge at the wall increased the perfor-

mance of the membranes by reducing fouling. Using CFD it was veri�ed that

the turbulence within this new design gives rise to a higher average wall shear

stress that limits the accumulating fouling. It was furthermore discovered that

the design also leaves possibilities for optimisation, as a dead zone appeared

in the wake of the helical structure, allowing for an increased level of fouling

there. Moreover, the �uid �ow gave rise to an extra centrifugal force on sus-

pended particles in that location, potentially stimulating fouling as well. CFD

modelling can further assist in a model-based design of membrane �ltration

installations.

As shown in this dissertation, grey box models can bene�t from the monitor-

ing capabilities of black box models and the knowledge building capacity of

white box modelling approaches. Moreover, microscopic data can complement

the commonly used macroscopic fouling indicators to unravel the mechanisms

behind cake layer formation in speci�c, and membrane fouling in general.
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Samenvatting

Watervoorraden over de hele wereld ervaren een toenemende druk als gevolg

van de toenemende menselijke bevolking en ieders groeiende individuele noden.

Of het nu gaat om de productie van drinkwater uit natuurlijke bronnen, het

zuiveren van geproduceerd afvalwater, of het hergebruik van water, waterzuiv-

ering is een essentiële stap in de productie-, opruim- en hergebruiksketen van

onze economie. Met steeds moeilijker op te lossen problemen, zoals microveron-

treinigingen, microplastics en de noodzaak om zeewater te ontzouten, spelen

membranen een steeds grotere rol. Vooral hun uitstekende en stabiele perme-

aatkwaliteit en hun compacte omvang zijn gegeerde kenmerken. Eén van de

belangrijkste obstakels van membraan�ltratie in de concurrentiestrijd met al-

ternatieve technologieën is het inherente probleem van membraanvervuiling en

de bijbehorende preventiekosten.

Om de werking van membraan�ltratie te optimaliseren, moet het proces van

membraanvervuiling worden beheerst en daarom ook begrepen. Wiskundige

modellen zijn een geschikt hulpmiddel om een proces te beschrijven, inzicht

te verkrijgen en bieden de mogelijkheid om het proces te controleren. Tot op

heden kunnen de meeste inspanningen op modelleervlak voor het beschrijven

van membraan�ltratie worden beschouwd als grey box modellering, waarbij

het bestudeerde proces wordt ontleed in zijn relevante subprocessen. Hoewel

deze modellen hun verdienste hebben in bv. de dagelijkse controle over een

membraaninstallatie, kan meer informatie worden verkregen door zowel de black

box als de white box modelleeraanpak te onderzoeken. Om modellen tot een

niveau te brengen waar kennis kan worden opgebouwd, is een hoger niveau aan

detail nodig. Het doel van dit proefschrift is om de mogelijkheden van deze

minder uitgebuite modelleerbenaderingen te verkennen, er kennis mee op te

bouwen en een uitbreidbaar modelkader te bieden.

Het eerste deel van dit proefschrift richt zich op data. Membraaninstallaties

produceren grote hoeveelheden data tijdens de dagelijkse monitoring en cont-

role, maar deze gegevens worden enorm onderbenut. Om de hierin aanwezige

informatie te ontsluiten, kunnen black box (datagedreven) modellen worden
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gebruikt. Een modelleeraanpak op basis van principale-componentenanalyse

werd met succes vertaald van een laboschaal membraanbioreactor naar een

pilootschaal ultra�ltratie-eenheid. De intensiteit en aard van de membraan-

vervuiling werd vergeleken voor verschillende membraanreinigingsstrategieën.

Een e�ciënter reinigingsprotocol dat tijd en energie bespaart, bleek geen veran-

dering in het vervuilingsgedrag te impliceren. Vergelijkbare conclusies werden

getrokken over het gebruik van het retentaat van een stroomafwaartse inverse-

osmose-eenheid voor het terugspoelen van het membraan, waardoor permeaat

werd bespaard. Deze analyse bewees de robuustheid van deze techniek om

membraaninstallaties te monitoren in termen van vervuilingsgedrag, visueel

het processtatus voor te stellen en anomalieën in de werking te detecteren.

De ontwikkelde techniek kan worden gebruikt als basis voor een op modellen

gebaseerde controle van dergelijke installaties.

Voor een white box modelleeraanpak moeten de macroscopische vervuilingsindi-

catoren zoals gebruikt in black box modellen worden aangevuld met gede-

tailleerdere gegevens. Deze gegevens kunnen het beste worden verzameld in

gecontroleerde omstandigheden om verschillende verschijnselen in geïsoleerde

experimenten te bestuderen. Hiervoor werd een laboschaal �ltratie-eenheid

ontwikkeld met behulp van een stromingsmodel om gecontroleerde hydrody-

namische condities te garanderen. Door met deze opstelling microscopische

sferische partikels te �ltreren, kunnen microscopische gegevens in de buurt van

het membraan worden verzameld, waardoor toegang wordt verkregen tot infor-

matie die niet beschikbaar is uit macroscopische gegevens. Gebruik makend van

de kracht van beeldanalyse kunnen deze gegevens op een geautomatiseerde, ge-

standaardiseerde en zinvolle manier worden geïnterpreteerd. Onder laminaire

condities bleek dat, in tegenstelling tot wat de meeste literatuur beschrijft,

de migratie van deeltjes naar het membraan toeneemt met de deeltjesgrootte.

Het optreden van turbulentie elimineert dit e�ect. De dichtheid van de deeltjes

bleek ook een substantiële invloed te hebben, echter in een complex verband

met de hydrodynamische condities.

In het tweede deel van dit proefschrift verschuift de aandacht naar de white box

modelleeraanpak. Enkele van de belangrijkste problemen die worden waargenomen

bij benaderingen met black en grey box modellen zijn de matige voorspellende

kracht bij het toepassen van andere operationele condities dan die voor de kali-

bratie van het model en het risico voor overkalibratie van deze modellen. Om

deze problemen te verhelpen, kunnen white box modellen worden geconstrueerd,

die hun structuur in fysische principes gronden in plaats van empirische of

regressie-gebaseerde vergelijkingen te gebruiken. In dit proefschrift werd een

white box model ontwikkeld dat een combinatie is van een stromingsmodel

(CFD) voor het beschrijven van de vloeistofstroming en een individu-gebaseerd
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model (IBM) om de beweging van gesuspendeerde bolvormige deeltjes te beschri-

jven door middel van een krachtenbalans op elk deeltje. Dit model kan met

name behulpzaam zijn bij de studie van trajectories van deeltjes onder verschil-

lende hydrodynamische condities en voor deeltjes met verschillende kenmerken.

Dit model gaf aan dat alle deeltjes die in een tubulair membraan stromen een

radiale kracht naar het membraan ervaren, zelfs in de afwezigheid van een �ux

doorheen het membraan. Deze kracht bleek groter te zijn voor grotere deelt-

jes, wat in overeenstemming is met de gegevens verzameld op basis van de

laboschaal �ltreereenheid. Deze radiale kracht bleek ook meer uitgesproken

te zijn bij een toenemende stroomsnelheid, een e�ect dat echter niet duidelijk

werd waargenomen in de metingen als gevolg van het ontstaan van turbulentie

bij hogere stroomsnelheden. Polydisperse inlaatstromen gaven aanleiding tot

een snellere �lterkoekvorming dan monodisperse inlaatstromen met een gemid-

delde deeltjesgrootte. Het model is zo gebouwd dat het kan worden uitgebreid

met andere processen, zoals een gedetailleerde beschrijving van de mechanis-

men voor de aanhechting/onthechting van deeltjes in de �lterkoek op basis van

een uitbreiding van de krachtenbalans.

Tot slot is het niet alleen mogelijk om de operationele condities van een bepaalde

installatie te optimaliseren, maar ook om de membraan�ltratie-eenheid zo te

ontwerpen dat de membraanvervuiling wordt beperkt door de inherente hy-

drodynamica van het ontwerp. Dit werd geïllustreerd met behulp van een

tubulair membraan, waarbij een spiraalvormige richel op het membraan de

prestaties van de membranen verhoogde door vervuiling te verminderen. Met

behulp van een stromingsmodel werd geveri�eerd dat de turbulentie binnen

dit nieuwe ontwerp leidt tot een hogere gemiddelde wandschuifspanning die de

accumulerende vervuiling beperkt. Verder werd ontdekt dat het ontwerp ook

mogelijkheden voor optimalisatie biedt, omdat er een dode zone ontstaat in de

nasleep van de spiraalvormige structuur, waardoor er een verhoogde vervuil-

ing kan optreden. Bovendien gaf de vloeistofstroming aanleiding tot een extra

middelpuntvliedende kracht op gesuspendeerde deeltjes op die locatie, die mo-

gelijks ook vervuiling bevordert. Dergelijk stromingsmodel kan helpen bij een

verder modelgebaseerd ontwerp van membraan�ltratie-installaties.

Zoals werd geïllustreerd in dit proefschrift, kunnen grey box modellen voordeel

halen uit de mogelijkheden voor monitoring die black box modellen bieden en de

capaciteit tot kennisopbouw die white box modellen typeert. Bovendien kun-

nen microscopische gegevens de vaak gebruikte macroscopische vervuilingsindi-

catoren ondersteunen om de mechanismen achter membraanvervuiling in het

algemeen, en �lterkoekvorming in het bijzonder, te ontrafelen.
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Appendices

(a)

(b)

Figure A1: A detailed visualisation of the mesh grid used for the helix case, front
view (a) and a side view of a section of the domain (b).
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