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Summary

Water resources in many parts of the world are under increasing pressure due to the
continuously rising demand for clean water and the production of large amounts of
wastewater. In this respect, a good functioning and cost-effective wastewater treatment
system is of crucial importance in order to prevent further pollution and depletion of
water resources. The Secondary Settling Tank (SST) has a prominent function in Waste
Water Treatment Plants (WWTPs) as it directly affects the effluent quality (being the
final step in the treatment) as well as the biomass inventory (through the recycle of the
separated micro-organisms to the biological reactor).
The operation and control of SSTs is still an important performance-limiting factor in
conventional WWTPs as the exact mechanisms that drive the separation process are not
yet fully understood. The performance of a SST is characterised by different regimes
of settling behaviour (discrete settling, hindered settling and compression settling) that
occur simultaneously at different locations in the SST. Most SST models used to date
include only one type of settling (i.e. hindered settling) according to which the sludge
will settle as one mass with a velocity depending on its concentration. However, this is
a very harsh approximation. In order to improve existing models, the working principle
of each different settling regime needs to be investigated. Therefore, this PhD aims to
improve existing SST models by developing further insight into the dynamics of each
settling regime through experimental analysis and modelling.
A first part of this dissertation focussed on the settling behaviour at the bottom of SSTs
where concentrations are typically high and interaction between flocs are known to
occur. Under these circumstances, the settling behaviour is characterised by hindered
and compression settling. First the impact of accounting for both hindered and compression settling on the formation of the sludge blanket, the final sludge concentration
to be recycled, plant sludge inventory and Mixed Liquor Suspended Solids (MLSS)
based control actions were illustrated by using the Benchmark Simulation Model No.
1. The numerical results showed that including compression settling allows more realistic predictions of the underflow sludge concentration and the sludge blanket height,
which are essential for more accurate wet weather modelling and sludge waste predictions. The choice of secondary settler model clearly has a profound impact on the
operation and control of the entire treatment plant. However, including both hindered
and compression settling as opposed to only hindered settling complicates the model
XIX
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calibration. Therefore, a calibration procedure based on well-known batch settling
experiments at different initial concentration was applied on the 1-D SST model by
Bürger et al. (2011) including both hindered and compression settling. This analysis
exposed identifiability issues in the commonly used settling function of Takács et al.
(1991) (which tries to capture both discrete and hindered settling). The identifiability issues could be related to the parameter describing the settling behaviour at low
concentrations indicating that the settling behaviour at low concentrations requires a
separate modelling framework to capture the distinctly different discrete settling dynamics. Moreover, 1-D model simulations with calibrated functions for hindered and
compression settling were not able to simultaneously describe all batch curves with a
single parameter set. Batch curves for different initial concentrations seemed to require
different compression dynamics which is physically not possible. Further investigation
into more suitable constitutive functions to describe the different phenomena is thus
required.
As a first step towards this, the behaviour of different hindered settling functions was
analysed with respect to data of long-term batch settling curves and detailed velocity
profiles. The analysis showed that the exponential forms which are most commonly
used in traditional SST models do not only account for hindered settling but partly
lump compression as well. This makes them unsuitable for advanced 1-D models that
explicitly include each phenomenon in a modular way. A power-law function is shown
to be more appropriate to describe the hindered settling velocity. However, even with
a power-law function the current modelling framework was unable to predict the full
settling dynamics indicating that some variability remains that cannot be attributed
to variations in concentration alone. In this dissertation a hypothesis is formulated
relating this unexplained variability to phenomena such as variations in the flocculation
state and segregation of particles during settling. Experimental evidence to support this
hypothesis was provided by settling experiments under different flocculation conditions
as well as in depth fluctuations in the hindered settling velocity during batch settling.
Moreover, a brief overview of possible extensions/alternatives to the current modelling
frameworks was presented.
A second part of this PhD focussed on the settling behaviour in the diluted top region of
a SST (i.e. the clarification region) where particles undergo a distinctly different settling behaviour characterised by individual particle properties (such as size and density)
instead of the concentration. This regime is called discrete settling and will play an important role with respect to the final effluent quality. The aim of this part was to develop
a framework which is able to model the settling behaviour at these low concentrations
in order to improve predictions of the effluent concentration.
Accurate description of discrete settling requires information on the floc size distribution which in its turn depends on the tank hydrodynamics. A Computational Fluid
Dynamics (CFD) model to describe the hydrodynamics of a SST was coupled with
XX
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a flocculation model (including both aggregation and breakage of particles). Simulation results showed that the integration of a flocculation model with CFD allows to
qualitatively describe the effect of aggregation and break-up and to define specific regions where flocculation is taking place in the SST. Coupling of CFD with flocculation
models can serve as a powerful tool to gain knowledge on the processes affecting clarification and hence, the effluent quality in SSTs. However, the practical application of
these models requires the selection of a number of specific particle size classes as well
as a measurement of the settling velocity for each class. Therefore, a measurement
device was developed which allows collecting detailed data of changes in Particle Size
Distributions (PSDs) during discrete settling. The results show that the discrete settling behaviour of activated sludge can be described by dividing the sludge in roughly
five classes. Moreover, by measuring the evolution in PSD along different depths in
the settling device, the discrete settling velocities of the different classes can be quantified. Hence, this measurement device can serve as a first calibration tool for coupled
flocculation-CFD models. Next to the number of classes and their settling velocity, calibration of the flocculation model requires further insight in the aggregation/breakage
dynamics. The mechanisms driving the aggregation and break-up processes are not yet
fully understood and existing kernel structures for collision frequency and efficiency
are unable to accurately describe activated sludge flocculation data. Therefore, dynamic PSD data of activated sludge flocculation under different conditions of ionic
strength, temperature and dissolved oxygen were analysed with an inverse problem
yielding empirical models. Empirical aggregation kernel structures were recovered
from the experimental data and implemented in a Population Balance Model (PBM)
to model the aggregation process. Furthermore, a methodology was proposed to compare the retrieved kernel with literature kernels in order to identify their flaws. This
comparison indicated the need for an aggregation kernel with a fractal dimension that
depends on floc size.
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Samenvatting

De toenemende consumptie in combinatie met de productie van grote hoeveelheden afvalwater maakt drinkbaar water tot een steeds schaarsere grondstof op vele plaatsen ter
wereld. Een optimaal functionerende waterzuiveringsinstallatie zowel met betrekking
tot kwaliteit als operationele kosten is dan ook uiterst belangrijk om verdere vervuiling
en afname van de huidige watervoorraad in te perken. Een cruciaal proces in de meeste
waterzuiveringsinstallaties is de bezinking van de actief slib vlokken in nabezinktanks.
Hierbij staan nabezinktanks niet alleen in voor de finale scheiding tussen het gezuiverde
water en de actief slib vlokken maar ook voor een constante aanvoer van ingedikt slib
naar de bioreactor.
Een goede bedrijfsvoering en controle van nabezinktanks blijft een heikel punt in de
werking van waterzuiveringsinstallaties door een gebrek aan kennis over de mechanismen die het scheidingsproces aandrijven. Een typische nabezinktank wordt gekenmerkt door verschillende bezinkingsregimes (discrete bezinking, gehinderde bezinking en compressie bezinking) die allemaal gelijktijdig plaatsvinden op verschillende
dieptes in de tank. Populaire modellen voor nabezinktanks vereenvoudigen dit gedrag
sterk door slechts één bezinkingsregime (nl. gehinderde bezinking) te beschouwen
waarbij het slib bezinkt als één enkele massa met een snelheid die afhankelijk is van
de concentratie. Deze aanpak is echter een heel ruwe benadering van de werkelijkheid. Om bestaande modellen te verbeteren, moet het werkingsprincipe van elk bezinkingsregime afzonderlijk worden onderzocht en worden opgenomen in de modelstructuur. Dit doctoraat heeft tot doel om verder inzicht te verwerven in de mechanismen achter ieder bezinkingsregime door middel van zowel experimentele als modelgebaseerde analyse.
Een eerste deel van dit doctoraat concentreert zich op het bezinkingsgedrag onderaan
de nabezinktank waar typisch hoge slibconcentraties en dus veel interacties tussen de
slibvlokken voorkomen. Onder deze omstandigheden ondergaat het slib gehinderde en
compressie bezinking. Het belang van het opnemen van zowel gehinderde als compressiebezinking in modellen voor nabezinktanks werd onderzocht met behulp van het
Benchmark Simulation Model No. 1. Zowel het effect op slibdeken hoogte en onderstroom concentratie als het effect op de slibverdeling doorheen het volledige systeem
en de hierop gebaseerde controle strategieën werd onderzocht. De simulatieresultaten
toonden aan dat met behulp van compressiebezinking meer realistische voorspellingen
XXIII
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van slibdekenhoogte en onderstroomconcentraties worden verkregen wat op zijn beurt
dan weer een grote rol speelt voor een goede voorspelling van de spuislib concentratie
en meer nauwkeurige simulaties tijdens regenweer. Op deze manier zal de keuze van
een goed bezinkingsmodel de werking en controle van de volledige waterzuiveringsinstallatie beïnvloeden.
Het uitbreiden van bezinkingsmodellen met zowel gehinderde bezinking als compressiebezinking zorgt echter voor extra obstakels in het kalibratieproces van deze modellen. Om dit te onderzoeken werd een standaard kalibratie procedure gebaseerd op
batch bezinkingstesten bij verschillende initil̈e concentraties uitgevoerd voor het 1-D
bezinkingsmodel van Bürger et al. (2011) waarbij zowel gehinderde bezinking als compressiebezinking in het model werden opgenomen. Tijdens deze analyse kwamen belangrijke identificeerbaarheidsproblemen aan het licht voor de traditionele gehinderde
bezinkingsfunctie van Takács et al. (1991) (waarmee zowel gehinderde bezinking als
discrete bezinking wordt beschreven). De identificeerbaarheidsproblemen waren te
wijten aan de parameter die de bezinkingssnelheid bij lage concentraties beschrijft.
Hieruit blijkt dat het bezinkingsgedrag bij lage slib concentraties een eigen modelleeropzet vereist i.p.v. dit gedrag te benaderen door aanpassingen in de gehinderde
bezinkingsfunctie. Bovendien toonden de analyses aan dat model simulaties met een
gekalibreerde gehinderde en compressie functie niet in staat waren om alle batch data
te beschrijven met één enkele parameter set. Batch data voor verschillende initiële concentraties vereisten een verschillend compressiegedrag wat niet strookt met de fysische werkelijkheid. Verder onderzoek naar meer geschikte functies om de verschillende
bezinkingsfenomenen te beschrijven is dus noodzakelijk.
Om aan deze nood tegemoet te komen werd eerst en vooral het gedrag van verschillende
gehinderde bezinkingsfuncties geanalyseerd t.o.v. langdurige batch bezinkingscurves
en gedetailleerde snelheidsprofielen. De analyse toonde aan dat populaire exponentiële functies niet enkel gehinderde bezinking beschrijven maar eveneens een stukje
compressiegedrag opnemen in hun structuur. Hierdoor zijn deze functies niet geschikt
voor toepassingen in geavanceerde bezinkingsmodellen aangezien deze laatsten tot
doel hebben om het exacte mechanisme van elk bezinkingsregime afzonderlijk te beschrijven. Een machtsfunctie bleek hiervoor veel beter geschikt. Zelfs na implementatie van de machtsfunctie was de huidige modelstructuur niet in staat om de volledige
bezinkingsdynamiek te voorspellen waaruit bleek dat niet alle variabiliteit in de data
kon worden toegeschreven aan veranderingen in concentratie maar er dus nog andere
factoren een belangrijke rol spelen. Dit inzicht heeft grote implicaties voor de structuur
van bezinkingsmodellen aangezien we hiervoor moeten afstappen van de conventionele
aanpak waarbij bezinkingssnelheid enkel aan de slibconcentraties wordt gekoppeld. In
deze doctoraatsthesis werd een hypothese naar voren gedragen die de onverklaarde
variabiliteit linkt aan variaties in de flocculatietoestand zowel tussen als binnenin slibstalen. Deze hypothese werd gestaafd met behulp van experimentele data van bezinkingsexperimenten bij verschillende flocculatietoestanden en metingen van de bezinXXIV
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kingssnelheid over de diepte van een batch reservoir. Daarnaast werd eveneens een
kort overzicht gegeven van mogelijke uitbreidingen voor de huidige modelleeropzet.
In een tweede deel van dit doctoraat werd het bezinkingsgedrag in de bovenste regio
van nabezinktanks onderzocht. Deze regio is gekenmerkt door zeer lage concentraties
waarbij de bezinking van slibvlokken onafhankelijk van de concentratie plaatsvindt
maar gestuurd wordt door individuele vlokeigenschappen zoals vlokgrootte en dichtheid. Dit regime heet discrete bezinking en draagt in belangrijke mate bij tot de finale
effluentkwaliteit. Het doel van dit deel van het doctoraat was dan ook om een model te
ontwikkelen waarmee het discreet bezinkingsgedrag van individuele vlokken bij lage
concentraties kan worden beschreven.
Aangezien discrete bezinking afhankelijk is van de eigenschappen van individuele
vlokken, is informatie over de vlokgrootte distributie essentieel om dit gedrag te modelleren. De vlokgrootte distributie wordt op zijn beurt sterk beïnvloed door het stromingsprofiel in de nabezinktank vermits hierdoor zones met vlokopbreking en vlokvorming (aggregatie) ontstaan. De koppeling van een stromingsmodel (CFD) met een
flocculatiemodel laat toe om veranderingen in vlokgrootte te modelleren. Simulatieresultaten toonden aan dat het geïntegreerde flocculatie-CFD model in staat is om het
kwalitatieve effect van aggregatie en opbreking te beschrijven en eveneens om specifieke regio’s in de tank te definiëren waar deze processen optreden.
Koppeling van stromingsmodellen met flocculatiemodellen vormt met andere woorden
een zeer krachtig hulpmiddel in het onderzoek naar factoren die discrete bezinking en
hieraan gekoppeld de effluent kwaliteit beïnvloeden. De praktische toepassing van
deze modellen vereist echter nog bijkomende kwantitatieve kennis over de benodigde
complexiteit van het flocculatiemodel (aantal deeltjesklassen), de exacte bezinkingssnelheden voor iedere deeltjesklasse en de dynamiek waarmee aggregatie en opbreking
optreedt binnen elke klasse. Om de complexiteit van het flocculatiemodel en de exacte bezinkingssnelheden voor iedere klasse te bepalen werd een nieuwe meetmethode
ontwikkeld waarbij gedetailleerde data van vlokgroottedistributies kan gemeten worden tijdens discrete bezinking. Uit de resultaten bleek dat slibvlokken kunnen worden
opgedeeld in ruwweg vijf klassen om hun discrete bezinking te beschrijven. Daarenboven kon de discrete bezinkingssnelheid worden afgeleid door de vlokgrootte distributies op verschillende hoogten in de bezinkingskolom te vergelijken doorheen de
tijd. Verder inzicht in dynamiek waarmee aggregatie optreedt werd bekomen door
dynamische data van actief slib flocculatie onder verschillende omstandigheden (temperatuur, zuurstofconcentratie, calcium concentratie) te onderzoeken m.b.v. een inverse methodologie. Hieruit werden empirische aggregatiefuncties afgeleid die vervolgens vergeleken werden met bestaande functies uit de literatuur om zodoende te
onderzoeken op welk vlak de bestaande functies falen in het beschrijven van de werkelijkheid. Dit onderzoek wees aan dat het actief slib aggregatieproces gekenmerkt
wordt door een variabele fractale dimensie die functie is van de vlokgrootte.
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PART I
Introduction, literature review and objectives

The first part of this PhD dissertation presents a short introduction to situate the research in the environmental and modelling context (Chapter 1). Subsequently, a literature overview is given providing the reader with the general background and state-of
the art experimental and modelling techniques in the research domain (Chapter 2).
Finally, in Chapter 3 the research objectives for this PhD dissertation are defined.

3

4

CHAPTER

1

Background, problem statement and outline

1.1

Introduction

Clean, unpolluted water is a key resource for human health and well-being. Water is
also essential for our eco-systems as it provides a natural habitat for many plant and
animal species. However, water resources are under increasing pressure in many parts
of the world due to the continuously rising demand for clean water and the production
of large amounts of wastewater. In this respect, a good functioning and cost-effective
wastewater treatment system is of crucial importance in order to prevent further pollution and depletion of water resources.
The activated sludge process is the most widespread process for the biological treatment of domestic and industrial wastewater. This process consists of two consecutive
steps: (1) the removal of contaminants by specialised micro-organisms in a bioreactor
followed by (2) the separation of the micro-organisms from the effluent in a Secondary
Settling Tank (SST). The SST has a crucial function in Waste Water Treatment Plants
(WWTPs) as it directly affects the effluent quality (being the final step in the treatment)
as well as the biomass inventory (through the recycle of the separated micro-organisms
to the biological reactor). As biomass is the driving force for conversion processes and
should be present at the desired location for the process to function in an optimal way,
secondary clarifier operation will affect the performance of the entire treatment plant.
The operation and control of SSTs is still an important performance-limiting factor in
conventional WWTPs as the exact mechanisms that drive the separation process are
not yet fully understood. Furthermore, more intense rain events and longer draughts
between rain events, caused by climate change, result in WWTPs that are temporarily
overloaded both hydraulically and in terms of pollutant load. These peak events have a
significant effect on the operation of the SST and thus the system’s biomass inventory.
In order to safeguard the quality of our water sources, we need to address the impacts
5
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of these new conditions by improving both infrastructure (improving design) and operational strategy and control. Mathematical modelling is a powerful tool to gain insight
in how this is best accomplished.
However, past modelling efforts have mainly focussed on modelling the biological processes in the bioreactor and SST models are still greatly oversimplified. The performance of an SST is characterised by different regimes of settling behaviour that occur
simultaneously at different locations in the SST. These different settling behaviours
each contribute to a separate function of the SST. Most SST models used to date include only one type of settling according to which the sludge will settle as one mass
with a velocity depending on its concentration. However, this is a very harsh approximation. In order to improve existing 1-D models, the working principle of each settling
regime needs to be investigated separately. At the bottom of SSTs concentrations are
typically high and interaction between flocs are known to occur. Under these circumstances, the settling behaviour is characterised by hindered and compression settling
which play a key role in the formation of the sludge blanket and the final sludge concentration to be recycled and wasted. In the diluted top region of a SST on the other hand,
particles will not interact and settle as individuals at their own velocity depending on
individual properties such as size, density,... This regime is called discrete settling and
will play an important role with respect to the final effluent quality. This PhD aims to
develop further insight into the dynamics of these settling regimes through experimental analysis and modelling.

1.2

Outline

This thesis is structured in four parts as illustrated in Figure 1.1. The first part explains
the setting and problem statement for the current work (Chapter 1). Moreover, a thorough literature review (Chapter 2) provides the reader with the necessary background
and current state-of-the-art for this PhD dissertation leading to the definition of the
research objectives in Chapter 3.
Part II addresses the improvement of existing 1-D models by including both hindered
and compression settling. In this respect, Chapter 4 illustrates the importance of compression settling on operation and control of a WWTP during wet weather conditions.
The calibration of hindered and compression settling functions from literature based on
well-known batch settling tests is described in Chapter 5. This analysis showed that the
selection and calibration of valid functions for both hindered and compression settling
requires a critical analysis of available functions for each of these processes. Therefore,
the behaviour of different hindered settling functions was analysed with respect to data
of long-term batch settling curves and detailed velocity profiles (Chapter 6). Finally,
in Chapter 7 a hypothesis is formulated regarding the physical explanation behind the
remaining variability in the compression phenomenon and experimental evidence is
6
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collected to support this hypothesis.
Part III aims to develop a framework to model the discrete settling behaviour in a SST in
order to improve predictions of the effluent concentration. In Chapter 8, a flocculation
model is successfully integrated with a Computational Fluid Dynamics (CFD) model
to build knowledge on the discrete settling dynamics in SSTs. Subsequently, a novel
measurement device is developed in Chapter 9 which allows collecting detailed data
of changes in Particle Size Distributions (PSDs) during discrete settling and which
can be used to calibrate the integrated model. Furthermore, Chapter 10 applies an
inverse problem methodology to dynamic PSD data to gain insight into the complex
aggregation dynamics described by the flocculation model.
The main conclusions of this PhD dissertation as well as some perspectives for future
work are provided in Part IV.

Figure 1.1: Outline of the PhD thesis.
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CHAPTER

2

Literature review

2.1

Wastewater treatment

The conventional purification process of municipal wastewater generally consists of
three consecutive treatment steps, referred to as primary, secondary and tertiary treatment (Tchobanoglous et al., 2003). A schematic overview of this process is given in
Figure 2.1. The primary treatment involves the preliminary removal of coarse material and large particles by means of mechanical operations such as screening, filtration
and solids sedimentation. In addition, floating materials (e.g. oils and greases) are
skimmed off as a scum.

Grit, oil
removal
Screening

Primary
Sedimentation
Tank

Activated Sludge
Bioreactor

Secondary
Sedimentation
Tank

Effluent
OR
Tertiary
treatment
Primary
sludge

Aeration

Influent wastewater
- industry
- municipality
- rainwater runoff

Return activated sludge (RAS)

Waste activated sludge

Figure 2.1: Simplified overview of a biological wastewater treatment
facility (modified from Nopens (2005)).
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During the secondary treatment, organic compounds and nutrients (e.g. phosphorous
and nitrogen) are degraded from the wastewater by a variety of micro-organisms and
the micro-organisms are separated from the treated water. This treatment is most commonly based on the Activated Sludge (AS) system, which was first introduced in a
Sequencing Batch Reactor (SBR) by Ardern and Lockett (1914). The AS system accelerates the natural purification process that occurs in our water systems by overcoming
the natural limitation for bioconversion such as limited aeration and limited amount of
biomass (Henze et al., 2008).
Nowadays, the application of the AS system typically consists of two main process:
(1) a biological process and (2) a solid-liquid separation process. At the start of the biological process, the wastewater is transferred to a bioreactor. Here, it is mixed with a
diversified group of micro-organisms, called the activated sludge, which is responsible
for the conversion of organic matter and nutrients into biomass. The biomass concentration in the tank is called the Mixed Liquor Suspended Solids (MLSS) concentration.
Dissolved Oxygen (DO) levels throughout the bioreactor are controlled by aeration in
order to supply the micro-organisms with sufficient oxygen for the aerobic bioconversion of the organic matter as well as creating zones for anoxic or anaerobic degradation
of nutrients. From the bioreactor, the Mixed Liquor (ML) is sent to a SST, where the
denser solid phase (the activated sludge mass) is separated from the liquid phase (effluent) by gravitational settling (Henze et al., 2008). A large part of the settled sludge
is recycled (Return Activated Sludge (RAS)) in order to maintain the desired MLSS
concentration in the aeration tank. The remaining part is wasted (Tchobanoglous et al.,
2003).
Besides gravitational settling, the wastewater industry increasingly uses membranes
to perform the solids-liquid separation. These offer the advantage of a higher effluent
quality, a lower space requirement, good disinfection capability and a lower sludge
production. However, they are still expensive and additional research is required to
deal with operational problems (e.g. membrane fouling) (Judd and Judd, 2011; Le
Clech et al., 2006). This work focusses on solids-liquid separation by means of SSTs.
Finally, in the tertiary treatment the objective is to remove residual constituents and to
disinfect the effluent in order to destroy pathogens. This additional treatment is sometimes necessary to meet the stringent effluent quality norms and may become increasingly important in future WWTPs. Typical tertiary treatment consists of filtration steps
(sand filtration and/or membrane filtration) and disinfection steps (Tchobanoglous et al.,
2003).
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2.2
2.2.1

Secondary Settling Tank (SST)
Layout of a typical SST

The most commonly used SST configurations are either circular or rectangular tanks.
In particular, a circular SST with a central feed system and a radially outward flow of
ML to a peripheral effluent weir is one of the most widespread applied configurations
(Henze et al., 2008; Tchobanoglous et al., 2003; De Clercq, 2003). An example of
such a configuration is given in Figure 2.2 and a schematic representation of half the
cross-section in Figure 2.3.
The ML from the biological tank enters the SST through a central inlet structure which
may include an energy dissipation well (to reduce high turbulence) and a separate flocculation zone (where the incoming sludge can reflocculate after transport to the SST).
Furthermore, the placement of baffles in the system prevents the short circuiting of the
flow between the inlet and effluent overflow thus ensuring a minimal residence time in
the tank. Hence, the SST provides quiescent flow conditions allowing the sludge mass
to settle. The thickened sludge blanket formed at the bottom of the tank can be collected in a sludge hopper by means of a tilted tank slope and a rotating scraper system.
Alternatively, the thickened sludge can be removed through a suction system. Clean
effluent flows over the edge at the top of the tank.

Figure 2.2: Circular secondary settling tank with central feed system
and peripheral effluent overflow weir (WWTP of Roeselare, Belgium).
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Figure 2.3: Schematic view of a half cross-section of a circular SST.

2.2.2

Functions of a SST

The secondary settling tank has to fulfill three important functions prior to discharge
of the treated wastewater to the receiving waters (Ekama et al., 1997).
1. The SST has a thickening function to produce a continuous underflow of thickened sludge for return to the aeration tank. It requires the majority of the sludge
mass (generally over 98%) that enters the SST to settle at sufficiently high concentrations. Failing to achieve the thickening function, the treatment plant capacity will noticeably decrease because less sludge is recycled to the biological
reactor. Furthermore, well compacted solids decrease the costs related to sludge
disposal and dewatering processes. The thickening capacity of the SST is controlled by the tank’s geometry, the flow rates, the settleability and compactability
of the sludge, and the concentration of the solid particles in the biological tank.
2. Secondly, the SST has a clarification function. The clarification efficiency depends on the capability to capture the activated sludge particles that enter the SST
in the sludge blanket and is consequently a critical aspect in the performance of
a WWTP. Failure with respect to clarification behaviour of the SST may result
in increased concentrations of Effluent Suspended Solids (ESS). Several factors
influence the clarification function including design features, hydraulic disturbances (e.g. short-circuiting or resuspension of sludge particles due to high
velocity currents), thickening overloads caused by high sludge blankets, denitrification processes in the SST (Ekama et al., 1997) and the flocculation state
and flocculation tendency of the activated sludge. With respect to this last factor
it is not only important to produce flocs of sufficient mass to settle in the SST
but also to reduce the concentration of small, discrete particles that do not have
enough mass to settle in the SST. A more detailed explanation of flocculation
behaviour is given in Section 2.4.1.
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3. Finally, the SST also acts as a sludge storage tank. Under high hydraulic loading conditions (e.g. periods of heavy rainfall) the SST needs to store sludge without causing an increase in ESS concentration. Wet weather events are extremely
stressing conditions in treatment plants due to an increased Solids Loading Rate
(SLR) and Surface Overflow Rate (SOR). Under these conditions, sludge will be
moved from the aeration tank to the SST. In order to prevent loss of sludge, the
SST needs to be able to store this extra sludge. The storage function is mainly
ensured by a proper design of the SST.
Failure of the SST in one of these functions leads to excessive loss of Suspended Solids
(SS) over the effluent weir. The increase in SS content of the effluent will affect the
effluent quality in terms of Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Nitrogen (TN) and Total Phosphorous (TP) concentrations (Ekama
et al., 1997). In addition, it could affect the behaviour of the biological process by uncontrolled decrease of MLSS and hence the sludge age to values below that required
for proper plant performance. Therefore, the SST is regarded as a vital component of
every biological treatment.

2.3
2.3.1

Settling behaviour of the activated sludge
Settling regimes

The settling behaviour of AS varies among different regions in the SST and is governed by the sludge concentration and its flocculation tendency. Based on the latter two factors, the settling behaviour can be classified in four settling regimes (Figure 2.4): discrete non-flocculent settling (Class I), discrete flocculent settling (Class
II), zone settling or hindered settling (Class III) and compressive settling (Class IV).
These regimes occur simultaneously at different locations in a SST.
At low concentrations (below 600-700 mg/l, dependent on the settleability of the sludge
(Mancell-Egala et al., 2012)), the particles are completely dispersed, there is no physical contact between them and the concentration is typically too diluted for particles to
sense each other. Each particle settles at its own characteristic terminal velocity which
depends on individual particle properties such as shape, size, porosity and density.
This regime is called discrete non-flocculent settling.
However, AS with a proper biological make-up has a natural tendency to flocculate
even at low concentrations (Ekama et al., 1997). Through subsequent processes of
collision and cohesion larger flocs are formed during settling. These alterations in
size and shape of the flocs cause their settling velocity to change over time but they
will still settle as individual flocs. This regime is called discrete flocculent settling.
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Figure 2.4: Settling regimes (Ekama et al., 1997)

The two discrete settling regimes are also known as clarification, because they occur
in the clarification zone of a SST. Both settling regimes are of crucial importance to
the performance of the SST as clarifier because it concerns particles that settle poorly,
remain in the supernatant and are eventually carried over the effluent weir causing
increased ESS concentrations.
The transition from discrete settling to hindered settling occurs if the solid concentration in the tank exceeds a threshold concentration where the particles no longer settle
independently of one another. As can be seen from Figure 2.4, this threshold concentration depends on the flocculation state of the sludge. Each particle is hindered by the
other particles and the inter-particle forces are sufficiently strong to drag each particle
along at the same velocity, irrespective of size and density. In other words, particles
settle collectively, as a zone and therefore this regime is also called zone settling. In
this regime, a distinct interface between the clear supernatant and the subsiding flocs
is formed.
When the solids concentration further increases above a certain critical concentration
(5-10 g/l), the settling behaviour changes to compressive settling. The exact transition
concentration depends on the settleability of the sludge (De Clercq et al., 2008). At
these elevated concentrations, the flocs come into physical contact with one another
and are subjected to compaction due to the weight of overlying particles. The mechanical contact subjects the flocs to an additional force due to a compressive stress which
thickens the sludge and pushes the water in an upward direction. The settling velocity
will be much lower than in the hindered settling regime.
14
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2.3.2

Experimental determination of the settling behaviour

To evaluate the performance of a SST, it is essential to quantify the settling behaviour
in these different regimes. Batch settling experiments are an interesting information
source in this respect since they eliminate the hydraulic influences of in- and outgoing flows on the settling behaviour. Therefore, several methods aim to determine the
settling characteristics of the activated sludge by measuring certain properties during
settling in a batch reservoir.
Batch settling experiments
Batch settling curves can be recorded by measuring the height of the suspension/liquid
interface (i.e. the Sludge Blanket Height (SBH)) at several time instants during a batch
settling experiment.
In a batch settling curve, four different phases occur which are explained in more detail in this section. Each phase marks a change in the settling behaviour at the suspension/liquid interface. Figure 2.5 shows the evolution of the SBH in time during
a batch settling experiment with indication of the four phases. However, the settling
behaviour is not only changing at the suspension/liquid interface but throughout the
depth of the batch settling reservoir. Almost immediately after start up of the experiment four regions are being formed at increasing depth. The top region (region A)
consists of supernatant. Below region A, region B, C and D are formed where respectively zone settling, transition settling and compression settling is taking place (Ekama
et al., 1997). Figure 2.6 represents the distribution of these regions at different times
during a batch settling experiment. Hence, the phases in a batch settling curve (Figure 2.5) occur as the suspension/liquid interface passes through these different settling
regions.
From the beginning of the test up to point (a) the suspension/liquid interface is in the
lag phase. In this phase, the mixed liquor needs to recover from disturbances due to
turbulence caused by the filling of the batch column.
During the hindered settling phase or zone settling phase which starts at point (a) and
ends at point (b) the interface is located in the hindered settling region (region B). This
phase is characterised by a distinct linear descent in the batch curve. An equilibrium
between the gravitational forces causing the particles to settle and the hydraulic friction
forces resisting this motion results in the same settling velocity for all the particles in the
region. If the column is not stirred, then the velocity at which the interface is moving
downward is called the hindered settling velocity (vhs ) at the inlet solids concentration
(Ekama et al., 1997).
The transition phase starts (point (b)) when the sludge blanket reaches the transition
layer (region C). The transition layer is a layer of constant thickness and is formed by
15
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Figure 2.5: Evolution of the sludge
blanket height in time with
the indication of the four
phases (Rushton et al.,
2000)

Figure 2.6: Chronological process of a
batch settling test (Ekama
et al., 1997)

particles coming from the decreasing hindered settling layer and particles coming from
the increasing compression layer. Although during this phase the same characteristics
exist as in the zone settling regime, the settling velocity decreases due to an increasing
concentration gradient with depth. The transition phase ends when the sludge blanket
reaches the compression layer.
The last phase starts at point (c) and is called the compression phase. The time at
which the compression phase starts, called the compression point, is difficult to identify. During the compression phase the particles undergo compaction thus creating an
increasing concentration gradient as well as a decreasing settling velocity.
Recent advances in batch settling experiments
By measuring a batch curve the velocity at which the suspension/liquid interface passes
through different settling regions can be investigated. However, the drawback of this
method is that it only provides information on the suspension/liquid interface. No
information on the settling behaviour inside the sludge blanket nor the build up of the
sludge blanket is recorded. Recently, more advanced measurement techniques aiming
to provide more detailed information of the sludge settling behaviour over time and
depth have been presented (Diehl, 2007; Ramin et al., 2014b; De Clercq et al., 2005;
Locatelli et al., 2015).
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Ramin et al. (2014b) extended the standard batch measurement described above with
a Solitax R Total Suspended Solids (TSS) sensor at the bottom of the batch reservoir.
In this way, the evolution of the SBH and the concentration at the bottom of the batch
could be recorded simultaneously providing additional information on the thickening
behaviour.
Diehl (2007) suggested a new type of batch experiment consisting of two glass columns
separated by a moveable plate. Solids can settle in the top column and will accumulate
on the plate. When the plate is subsequently pulled aside, the settling behaviour of a
concentrated sludge sample on top of clear liquid can be studied. The data collected
by this method allow to estimate a larger part of the flux curve.
De Clercq et al. (2005) developed a technique to measure detailed spatio-temporal
solids concentrations during a batch test. In this technique Tc-99m Sestamibi, a cationic
radioactive tracer, is added to the negatively charged sludge. A gamma camera detects
photons emitted by the tracer from which the concentration can be calculated. When
the scanner takes an image every 30 seconds, data can be obtained for every height at
several time instants providing a detailed concentration profile of the sludge as shown
in Figure 2.7. From the concentration profiles the hindered and compression settling
phases can be examined in more detail. However, this technique requires specialised
equipment and cannot be routinely performed.

Figure 2.7: Solids concentration profile recorded by means of a radioactive tracer during batch settling at an initial concentration of 3.3 g/l (De Clercq et al., 2005).

In a recent study, Locatelli et al. (2015) developed an experimental procedure to measure settling velocities within the sludge blanket without disturbing it. An ultrasonic
17

Chapter 2. Literature review

transducer was installed at the top of a batch column to perform vertical measurements. Measurements of the Doppler Effect produced by the displacement of particles on the backscattered ultrasound wave allowed evaluating the settling velocity in
depth (Takeda, 1995). This resulted in direct measurements of settling velocity profiles
throughout the depth of the sludge blanket (Figure 2.8). Experiments were performed
at different initial solids concentrations.

Figure 2.8: Evolution of the settling velocity profile of a sludge sample with an initial concentration of 3.9 g/l during 22 h
of batch settling (Locatelli et al., 2015)

Measuring discrete settling
Each of the procedures described above focusses on the settling behaviour inside the
sludge blanket in order to obtain information on hindered and compression settling
conditions. Neither of these procedures records information on the discrete (flocculent or non-flocculent) settling regime. Generally, the thickening function has been
studied and considered more than the clarification function although this function is
an equally vital component since it has a profound impact on the ESS concentration.
During discrete settling, each particle settles at its own characteristic terminal velocity which depends on individual particle properties such as shape, size, porosity and
density. In a typical heterogeneous sludge sample a distribution of particle velocities
occurs making velocity measurements more challenging compared to hindered or compression settling which are both concentration driven processes. Some experimental
methods to measure settling velocity distributions have been developed.
Chebbo and Gromaire (2009) presented an operating protocol to measure settling velocity distributions in urban drainage (ViCAs). The experimental set-up consisted of
an inversed settling column with the column opening at the bottom of the column and a
vacuum pump at the top to fill the column with a sludge sample. During the experiment
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settled particles are collected at the bottom of the column at specific time instances.
The mass of particles that have settled during a certain time can then be used to calculate the percentage of particles with a certain settling velocity. This methodology
was applied by Bachis et al. (2014) to measure particle size velocity distributions in
primary settling tanks.
Ramalingam et al. (2012) applied a novel settling device to measure the discrete settling velocities of AS for pre-defined particle classes. In this methodology a settling
column is filled with clear water after which an AS sample from the biological reactor is brought on top of the column and allowed to settle through the clear water. At
a predetermined time a well-defined volume is removed at the bottom of the column.
The mass in this sample represents the particles that have travelled the length of the
column during the specified time. Repeating the experiment at different settling times
provides the percentage of particles in each of the pre-defined classes.
Even though each of the techniques above provide a measurement of the velocity distribution they do not provide any information on the underlying property distribution
(size, density, porosity,...) that causes the distributed behaviour of the settling velocity.
Hribersek et al. (2011) used a similar set-up as Ramalingam et al. (2012). However,
instead of collecting the mass of settled particles after a specific settling time, the settling paths of individual particles were tracked with a high-speed camera and linked to
the particle size and porosity.

2.4

Factors influencing sludge settling behaviour

The settling behaviour of AS is mostly governed by the flocculation state and the
hydrodynamics of the tank. Therefore, careful consideration of these factors is necessary to design and operate a proper functioning SST (Ekama et al., 1997). These
influencing factors are discussed in more detail below.

2.4.1

Activated sludge flocculation

The ability of a SST to act successfully as a clarifier is highly dependent on the potential of the micro-organisms to form a flocculent biomass which settles and compacts
well, producing a clear effluent (Das et al., 1993). The aim of the flocculation process
is to combine individual flocs into large and dense flocs that settle rapidly and to incorporate discrete particles that normally would not settle alone. In case of failure of the
flocculation process or break-up of flocs during the activated sludge process, a fraction
of the particles is not incorporated into flocs. They remain in the supernatant of the
SST due to lack of sufficient mass and are carried over the effluent weir deteriorating
the effluent quality. The sections below discuss the composition of activated sludge
flocs and their flocculation mechanisms.
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Composition of AS flocs
Activated sludge flocs are aggregates of SS formed through physico-chemical interactions between different micro-organisms, dead cells and particulate organic and inorganic material. A network of Extracellular Polymeric Substances (EPS) holds the
different floc constituents together in one structure or floc (Wilén et al., 2003). In addition cation bridging phenomena of multivalent cations (Mg2` , Ca2` ) stabilise the
flocs and facilitate flocculation (Cousin and Ganczarczyk, 1999). Figure 2.9 gives an
image of an AS floc on the left and a schematic representation of the composition on
the right.

Figure 2.9: Image of an activated sludge floc (left) and its composition (right) (Govoreanu, 2004).

A mixture of different micro-organisms such as bacteria, fungi, protozoa and metazoa
is found in AS flocs (Jenkins et al., 1993) due to the availability of a large variety of
substrates in wastewaters. With respect to flocculation characteristics micro-organisms
can be divided into floc formers and filamentous micro-organisms. If there is a good
balance between the two groups, the filamentous micro-organisms will provide a network to which floc formers can attach (backbone structure) resulting in large and strong
flocs which are more resistant to shear stresses (Figure 2.10 - center) (Parker et al.,
1970; Sezgin et al., 1980). Moreover, the filamentous network can also constitute a
filter which removes small particles from the sludge/water mixture producing a clear
effluent. It follows that the two main process units of the AS system (bioreactor and
SST) are interdependent. A well operating AS system provides proper conditions for
the development of a balanced group of micro-organisms which gives rise to large and
strong flocs. Failure of the solids-liquid separation process is commonly related to an
undesired shift in the microbial composition of the sludge. For example, low DO concentrations necessary in nutrient removal systems to create anaerobic zones can cause
an excessive growth of filamentous bacteria resulting in the formation of open, porous
flocs with poor settling characteristics. This long standing problem is also referred to
as filamentous bulking sludge (Figure 2.10 - left) (Ekama et al., 1997). In contrast,
over aeration can lead to poor flocculation and pinpoint flocs formation (Figure 2.10 right).
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Figure 2.10: Activated sludge floc types which have an influence on
solids-liquid separation in secondary clarifiers (Govoreanu, 2004).

Flocculation mechanisms
Due to the heterogeneous nature of biological flocs and their complex structure, both
the floc size and the floc morphology can differ considerably in a SST. A broad range of
floc sizes may occur, typically varying from a few to thousand µm (Li and Ganczarczyk,
1991). The average final floc sizes and floc size distribution are the result of a dynamic
equilibrium state between flocculation and break-up of the microbial aggregates (Lu
and Spielman, 1985; Spicer et al., 1996; Mikkelsen, 2001).

Figure 2.11: Network of physical, chemical and biological factors affecting sludge floc characteristics (modified from Jin
et al. (2003)).

Flocculation and breakage of activated sludge in a SST are complex processes and concern biological, physical and chemical phenomena as illustrated in Figure 2.11. More21
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over, WWTPs are dynamic systems. Different process parameters change continuously
such as temperature, substrate loading, shear forces, sludge age, ionic strength and DO
concentration. Due to the complex composition and structure of flocs, alterations in
these factors directly or indirectly affect the flocculation process. As a result, the floc
size and floc stability may change during settling in a SST (Mikkelsen et al., 1996;
Wilén and Nielsen, 2000; Mikkelsen and Nielsen, 2001; Mikkelsen, 2001).
Spicer and Pratsinis (1996b) showed that several phases of floc formation occur before
a steady state between flocculation and break-up processes is reached. First, formation
of flocs predominates as a result of the coagulation of particles in the presence of
polymers. In this way, flocs gain sufficient mass to settle. However, as flocculation
persists large flocs with a more open and porous structure are formed. These flocs are
less resistant against fragmentation in regions with excessive fluid shear.
Thomas et al. (1999) indicated two discrete steps during the flocculation process: transport and attachment of particles. Obviously, a particle first has to be transported before it can approach other particles in a SST and subsequently collide and attach. This
transport step is achieved by local variations in fluid/particle velocities. Three different transport mechanisms exist, each related with a type of aggregation or flocculation
step (De Clercq, 2003). Figure 2.12 gives a schematic overview of the particle transport
mechanisms.
• Perikinetic flocculation is a stochastic process driven by differences in temperature, also known as microflocculation. Particles that follow this transport
process approach each other by random Brownian motions (Figure 2.12 - left).
• Differential settling is determined by differences in settling velocity between
distinct particle sizes (Figure 2.12 - right). Large particles which settle rapidly
can collide and incorporate small, slowly settling particles during the settling
process. As a result small particles may be removed from the supernatant which
otherwise would settle poorly and probably deteriorate the effluent quality.
• Orthokinetic flocculation, also called shear-induced flocculation, involves aggregation by imposed velocity gradients due to mixing. When fast moving particles overtake the slower-moving particles in adjacent regions with a lower velocity, they may collide and form a larger floc that settles more rapidly (Figure 2.12
- center). To determine the extent of this flocculation mechanism, information
about the hydrodynamics is necessary.
Perikinetic flocculation occurs only when particles are very small (ă 1µ m). In contrast, flocculation of larger particles (ą 1 ´ 2µ m) is dominated by differential settling
and orthokinetic flocculation (Tchobanoglous et al., 2003). Whether a transport step
is followed by an attachment step depends on several short range forces related with
the nature of the surfaces themselves such as electrostatic repulsion, van der Waals or
hydrodynamic forces (Thomas et al., 1999).
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Perikinetic
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Figure 2.12: The different flocculation mechanisms that induce particle collisions, adapted from Tchobanoglous et al.
(2003).

2.4.2

Hydrodynamics

The settling and flocculation processes of the SS in a SST are heavily dependent on
the hydrodynamics of the tank. The flow field in the SST is not uniform due to density
stratification caused by a concentration difference between the solid loaded influent
and the ambient water (Anderson, 1945). If the denser incoming ML leaves the inlet
structure, it immediately falls down as a ’density jet’ to the sludge blanket. This socalled density current induces a recirculating flow pattern in the clarifier characterised
by a strong bottom density current and typically a countercurrent at the water surface.
An example of such a flow pattern is shown in Figure 2.13.
Temperature-driven density currents can also occur in a clarifier, but these are not considered here. The multi-layered flow pattern reduces the occurrence of short-circuiting
from inlet to outlet. However, the higher velocities in the vicinity of the inlet structure
may lead to increased turbulence and hence, resuspension of previously settled solids
at the top of sludge blanket (Ekama et al., 1997). The local velocity gradients have a
particularly large impact on the aggregation and break-up of flocs.
The use of Computational Fluid Dynamics (CFD) to describe the hydrodynamics in
the SST has led to a more comprehensive understanding of the different processes and
their interactions in SSTs. These type of models will be discussed in more detail in
Section 2.5.4.
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Figure 2.13: Velocity vector field (m/s) of the ML in a SST of the
WWTP of Roeselare, Belgium.

2.5
2.5.1

Modelling of SSTs
Overview

The use of mathematical modelling has already proven its theoretical, practical and
economical importance in the wastewater industry. Models for SSTs are valuable tools
in this respect as they can be used to describe the physical, biological and chemical phenomena occurring in a SST which will in turn influence the performance predictions
of the entire WWTP. Ramin et al. (2014a) performed a Global Sensitivity Analysis
(GSA) on the Benchmark Simulation Model no. 2 and found that the parameters of
SST models provide a significant contribution to the uncertainty of WWTP predictions,
particularly for biogas production and effluent quality. Hence, development of appropriate SST models deserves considerable attention. In recent years, the application of
SST models has already resulted in an improved understanding of the underlying mechanisms and processes affecting the performance of SSTs. Furthermore, these models
can serve as a tool for process optimisation. It is however important to keep in mind
that mathematical models only provide an approximation or a simplification of reality.
Several types of settling tank models exist ranging from empirical or black box models
to more advanced, deterministic or glass box models (Ekama et al., 1997). The appropriate model type for a certain problem setting depends on the objective and on the
available information sources. Some models serve prediction and/or control purposes
and others are developed for understanding of the underlying mechanisms.
The rather simple black box models consist of mathematical relations, statistically fitted
to experimental data. Because of their empirical nature, application of the latter models
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is restricted within the boundaries of calibration. To date, these lumped parameter
models are still applied to define the settling behaviour of activated sludge in the tank,
such as the simple equations that represent the settling velocity (Section 2.5.2). It is
clear that these models only contribute to insights in the very basic mechanisms of the
studied process.
In contrast, glass box models are able to predict almost any fluid flow and heat transfer
process as a solution of a set of partial differential equations that describes the fundamental physical processes (continuity, momentum, energy, transport of solids and
biological reactions) (Zikanov, 2010). As a consequence glass box models are often
very complex and computationally demanding. An alternative category of models are
the intermediate grey box models that combine physical laws with simplified empirical
relations to approximate the true behaviour.
In SST modelling several grey box models exist where the amount of physical realism
(often linked to the spatial resolution) is defined by the application and objective of the
model. The closest approximation to glass box models are 2-D and 3-D CFD models
(Section 2.5.4). These models are typically used to build process knowledge and improve the design of secondary settling tanks. Due to the high computational burden,
the application of 2-D/3-D models for operation and control is not feasible. Therefore,
1-D models are often used where the flow field and concentration profile are only calculated in the vertical direction of the SST (Section 2.5.3). They may not be able to
capture the detailed hydrodynamics created by the internal configurations in the tank
but they can easily be combined with models for other unit processes in an integrated
WWTP model.

2.5.2

Mathematical description of the settling behaviour

The modelling of SSTs requires a proper mathematical description of the settling behaviour of AS. The development of a general method to characterise the complete settling process is quite challenging due to the co-occurrence of distinct settling regimes.
This section provides an overview of research advances to describe the settling behaviour in the different regimes.
Hindered settling velocity
During the hindered settling regime, particles settle as a zone. As discussed in Section 2.3.2 this phase is characterised by a distinct linear descent in a batch settling
curve. Hence, the velocity at which the interface is moving downwards during this
phase is equal to the hindered settling velocity (vhs or vzs ) and can be calculated as the
slope of the linear part of the batch settling curve. From Figure 2.14 it can be seen that
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these slopes vary for different initial concentrations of the sludge. The hindered settling velocity is thus a function of the sludge concentration with higher concentrations
resulting in lower settling velocities.

Figure 2.14: Solids-liquid interface as function of time. The slope of
the linear part gives the settling velocity in hindered
settling conditions, which decreases as concentration
(X) increases (Ekama et al., 1997).

Several empirical expressions which describe this inverse relation between the settling velocity pvhs q and the initial solids concentration pXq can be found in literature (Vesilind, 1968; Dick and Young, 1972; Vaerenbergh, 1980; Takács et al., 1991;
Cho et al., 1993; Watts et al., 1996; Lakehal and Krebs, 1999). The most commonly
used are the functions by Vesilind (1968) and Takács et al. (1991) which are discussed
below.
Vesilind (1968) suggested an exponential decreasing function to describe the relation
between sludge concentration and vhs (Eq. 2.1). In this equation V0 represents the
maximum settling velocity, X the solids concentration and rV a model parameter.
vhs “ V0 ep´rV Xq

(2.1)

According to the Vesilind function, the settling velocity continues to increase when
the sludge concentration approaches zero (vhs “ V0 if X “ 0). In practice, however,
a decrease in settling velocity at low sludge concentrations (<1 g/l) is observed. The
hindered settling velocity function of Vesilind (1968) predicts unrealistically high sett26
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ling velocities in this low concentration range. To capture the decreasing trend at low
sludge concentrations Takács et al. (1991) proposed a modified form of the Vesilind
function by introducing an additional exponential term and limiting the maximum settling velocity to an arbitrary value V0,max (Eq.2.2):

´
´
´
¯¯¯
vhs “ max 0, min V0,max , V0 ep´rH ¨pX´Xmin qq ´ ep´rP ¨pX´Xmin qq

(2.2)

with Xmin the concentration of non-settleable particles (set as a fraction fns q of the
incoming solids concentration), rH the settling characteristic of the hindered settling
zone and rP the settling characteristic at low solids concentrations. Figure 2.15 illustrates the difference between the functions of Vesilind (1968) and Takács et al. (1991).

Figure 2.15: Settling velocity model for different sludge concentrations (Takács et al., 1991). Dashed line describes the
settling velocity model of Vesilind (1968), solid line describes the function of Takács et al. (1991).

Note that the physical properties of activated sludge flocs and solids-liquid interaction
have not been considered in the empirical models of Vesilind and Takács. In general,
these functions are very empirical in nature and assume that the settling velocity pvhs q
is only a function of the sludge concentration pXq (Vanderhasselt and Vanrolleghem,
2000). In reality settling of flocs depends on a number of factors including particle
density, porosity, shape and size and hydrodynamic resistance (drag force) (Patry and
Takács, 1992).
Kinnear (2002) attempted to include more fundamental properties such as the densities
of dry solids and flocs, viscosity, permeability and specific surface area of primary
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particles to represent the settling velocity. However, the calibration of this function
requires extensive measurements and simulation results of batch settling curves did
not show a significant improvement compared to the empirical function of Vesilind.
Compressive settling velocity
At high solids concentrations previously settled solids will thicken under the weight
of overlying particles and undergo compressive settling. Accounting for compressive
settling in mathematical descriptions of the settling behaviour has a large influence on
the estimation of the SBH and underflow concentration. These latter two parameters
are important for control and operation of the clarifier, especially during wet weather
conditions.
Compression starts at a certain critical concentration Xcrit defined as the concentration
where particles are in actual physical contact instead of merely in each other’s influence sphere. The particles form a compressive network which slows down the settling
velocity. The dynamics of the settling velocity in the compression region will thus differ from the dynamics in the hindered settling region (Eq. 2.3). Several mathematical
expressions for the settling velocity in the compression region (vcomp ) have been developed ranging from basic extensions of the hindered settling velocity (Zhang et al.,
2006; Stricker et al., 2007) to more fundamentally supported equations (Cacossa and
Vaccari, 1994; Kinnear, 2002; De Clercq et al., 2008).

#
vs “

vhs pXq,

for 0 ď X ď Xcrit

vcomp pXq for X ą Xcrit

(2.3)

Zhang et al. (2006) described both hindered and compression settling by the Vesilind
function but calibrated a different parameter set (for V0 and rV ) for each settling regime.
Stricker et al. (2007) accounted for compression through the inclusion of additional
terms in the settling velocity function of Takács et al. (1991). However, from the momentum balance of the solid component, it is known that compression stress necessarily involves the gradient of the concentration. Therefore, the empirical extensions
presented by Zhang et al. (2006) and Stricker et al. (2007) are not able to capture the
compression dynamics.
Cacossa and Vaccari (1994) developed a new settling
velocity function
for vcomp where
ˆ
˙
BX
1
the hindered settling velocity is multiplied by 1 ´
, with KpXq an exBz KpXq
ponential decaying compressibility function and z the height of the settling tank. The
hindered settling velocity was calculated by an empirical equation proposed by Tracy
(1973) for concentrations higher than the critical concentration. For concentrations
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lower than a critical concentration they used a linear extension of the empirical equation of Tracy (1973). Kinnear (2002) developed a settling function for vcomp based on
the continuity and momentum equations for liquid and solids (i.e. water and sludge).
However, neither the model of Cacossa and Vaccari (1994) nor the model of Kinnear (2002) gave satisfactory results for the compression phase when applied to a batch
settling curve.
Bürger (2000) developed a phenomenological theory of the sedimentation-consolidation
process of flocculated suspensions from the mass and linear momentum balances of
the solid and liquid components. Based on this work, the total settling velocity can be
expressed as
$
&vhs pXq,
vs “

for 0 ď X ď Xcrit
ˆ

%vhs pXq

ρs σe1 pXq BX
1´
X g ∆ρ Bz

˙
, for X ą Xcrit

(2.4)

with ρs the density of the solids, X the concentration of the solids, g the gravitational
acceleration and ∆ρ the density difference between the solids and the liquid. The
settling velocity in the compression region consists of the hindered settling velocity vhs
and a compressive term that slows down the settling velocity above a certain critical
concentration Xcrit . During the compression phase, the particles form a network that
can carry a certain stress, the effective solids stress σe pXq. Compression depends on
the concentration gradient, the densities of the solid and liquid component and on the
derivative of the effective solid stress σe1 pXq. It is assumed that σe pXq is an increasing
function of the solids concentration above Xcrit and that it is zero below it (Bürger
et al., 2011; De Clercq et al., 2008).
De Clercq et al. (2008) derived an equation for σe from the detailed spatio-temporal
concentration measurements performed by De Clercq et al. (2005) described in Section 2.3.2. They found a logarithmic relation between the effective solids stress and the
difference between the solids concentration and the critical concentration (Eq. 2.5). In
this equation α and β are two parameters that need to be calibrated.
ˆ
σe pXq “ α ln

X ´ Xcrit ` β
β

˙
(2.5)

Discrete settling velocity
At the top region of a SST characterised by very low concentrations, particles settle
typically according to the discrete settling regime. This settling regime is governed
both by individual particle properties (e.g. particle size, density and porosity) and
solids-water interactions (Vanderhasselt and Vanrolleghem, 2000; Kinnear, 2002). The
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three dominant forces acting on the particle are: gravity pFg q, buoyancy pFb q and drag
pFf q. In theory, the terminal settling velocity of a discrete spherical particle falling in
a quiescent fluid is given by Stokes’ law (Tchobanoglous et al., 2003).

vs “

g pρp ´ ρf q 2
¨
¨d
18
µ

(2.6)

In this equation ρp and ρf are the mass densities of respectively the sludge floc and
the fluid, d is the particle diameter and µ the dynamic viscosity of the liquid. Sludge
particles are however not perfectly spherical, the floc structure is rather irregular and
particle porosity also plays an important role. Furthermore, the mass density of the
sludge particles is difficult to determine (Kinnear, 2002). In other words, AS flocs
cannot be considered as dense particles and therefore the use of Stokes’ law to describe
the settling velocity is questioned (Jorand et al., 1995).
Practical determination of sludge settling velocities at very low concentration is difficult which makes the development of a reliable method to estimate discrete settling
velocities complicated. Therefore, the discrete settling behaviour in AS settling is often
described by directly modifying classical hindered settling velocity functions (Takács
et al., 1991; Dupont and Dahl, 1995). To date, the Takács settling function is widely
accepted and frequently used in design and operation methods, e.g. the solid flux theory (Ekama et al., 1997). Despite the fact that this function predicts more realistic
settling velocities at low X than the Vesilind function, it is unfortunately not accurate
enough for reliable ESS predictions since it does not capture the true (distributed) settling behaviour. In reality, at lower concentrations no clear relation exists between the
settling velocity of particles and the sludge concentrations. Figure 2.16 illustrates that
different discrete settling velocities can be measured for different sludge samples and
different floc sizes.
An alternative approach in order to improve predictions of the ESS concentration is to
take into account the observed distributions in settling velocities (Dupont and Henze,
1992; Lyn et al., 1992; Otterpohl and Freund, 1992; Mazzolani et al., 1998). In this
approach, flocs are assigned to different size classes and each class is characterised by
its own discrete settling velocity. Since particles of many different sizes occur in the
low concentration regions, a limited number of particle size classes is defined together
with a representative settling velocity.
Otterpohl and Freund (1992) made a distinction between microflocs and macroflocs.
For the macroflocs they multiplied a corrective function with the settling velocity of
Vesilind. For the microflocs the settling velocity was set to 0.01 m/h. Measured effluent
concentrations were compared with model results over 2 days. The agreement was only
good for the first 0.5 days.
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Figure 2.16: Predicted velocities by the Vesilind equation and measured discrete settling velocities to illustrate the sharp
discontinuity exhibited in settling velocities when settling type changes, after Kinnear (2002) (Mancell-Egala
et al., 2012).

Mazzolani et al. (1998) proposed the following settling model:
#
0 if X ą Xmax ,
´rV ¨pXq
vs “ f ¨ vs,i ` p1 ´ f q ¨ V0 ¨ e
with f “
1 if X ă Xmin .

(2.7)

Here, vs,i is the discrete settling velocity of particle class i, V0 and rV are the settling parameters of the Vesilind equation. The partition function f depends on the SS
concentration controlled by the parameters Xmax and Xmin . These represent, respectively, the value above which hindered settling conditions are dominant and the maximum value where discrete settling conditions are present. However, a proper method
to determine these latter threshold values is not given by Mazzolani et al. (1998). It is
assumed that f is a linear function between the limits Xmax and Xmin .
During the settling process, the number of particles in a certain class may change due
to flocculation and break-up processes. Therefore, accurate description of discrete settling requires information about the dynamics of the particle size distribution. In recent
years, numerous studies have aimed to develop a proper mathematical model that can
describe the discrete settling velocity more accurately (Griborio, 2004; McCorquodale
et al., 2004; Hribersek et al., 2011; Ramalingam et al., 2012). These studies use a combination of hydrodynamic and flocculation models to account for changes in particle
size distributions. These models will be discussed in Sections 2.5.4 and 2.5.5.
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2.5.3

1-D modelling

Typically, 1-D models are applied for operation and control of SSTs as they can easily
be combined with models for other unit processes in an integrated WWTP model due
to their relatively low computational demand (Section 2.5.1).
These models are based on the following assumptions:
• the incoming solids of a layer are distributed instantly and uniformly over the
cross-sectional area of the layer and
• only vertical movement of solids is considered.
Flux theory
The 1-D modelling of SSTs is based on the flux theory of Kynch (1952). This theory
states that the transport of particles is the result of a gravitational settling flux due
to the settling of particles and a bulk flux due to bulk movement or convective flow.
In Eq. 2.8 the total flux is calculated as the sum of the two fluxes. The first term
represents the gravitational settling flux which is uniquely determined by the local
solids concentration X and the second term the flux due to bulk movement, where vc
is the vertical bulk velocity.
vc pz, tq X
F pX, z, tq “ vlooomooon
s pXq X ` loooomoooon
Settling
flux Fs

(2.8)

Convective
flux Fc

When z is below the inlet, the vertical bulk velocity vc is downwards and is calculated
W
by vc,u “ QR `Q
, with QR the volumetric recycle flow rate, QW the volumetric
A
waste flow rate and A the cross-sectional area of the settler. When z is above the inlet,
the vertical bulk velocity is upwards and is calculated by vc,o “ QAE , with QE the
volumetric effluent flow rate.
Based on the flux theory, the mass balance in the SST can be described by the Partial
Differential Equation (PDE) given in Eq. 2.9. In this equation t represents time and z
the depth of the SST. The last term of Eq. 2.9 is a source term with Qf the volumetric
feed flow rate, Xf the feed concentration and δpzq the Dirac delta function.
B
Qf ptqXf ptq
BX
“ ´ F pX, z, tq `
δpzq
Bt
Bz
A
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Layer approach
In WWTP modelling a model for the SST is coupled to models for other unit processes such as the biological reactor. These models typically consist of a set of Ordinary Differential Equations (ODEs). To facilitate the coupling of these models and
the numerical solution in typical WWTP modelling software, the PDE describing the
SST process is discretised into a set of ODEs which can be handled by standard ODE
solvers. To achieve this, the settling tank is divided into horizontal layers with a uniform concentration within each layer. Eq. 2.9 is thus discretised and a mass balance
can be performed around each horizontal layer. This approach was first applied by
Bryant (1972) and Stenstrom (1976) to model the thickening behaviour in a SST and
further extended to include clarification modelling by Vitasovic (1986).
The numerical approximation of the flux F pX, z, tq between two adjacent layers is
quite challenging since the flux is a discontinuous function of z (Bürger et al., 2012).
Simulating secondary clarifiers thus requires a numerical scheme that deals with this
discontinuous function.
Based on the flux theory of Kynch (1952) in combination with the layer approach several 1-D models have been developed in literature. These models differ in their discretisation level, the numerical scheme used to approximate the settling flux between
adjacent layers and the processes considered (hindered settling, compression settling,
discrete settling, mixing, density currents,...).
Takács settler model
In the model of Takács et al. (1991) the settler is divided in 10 layers of equal thickness.
There are five groups of layers present in the model: the top layer, the layers above the
feed point, the feed layer, the layers below the feed point and the bottom layer. Each
group has its own inputs and outputs which are summarized in Table 2.2.
Table 2.1: Inputs and outputs of the layered settler model (Takács
et al., 1991)
Input
Bulk liquid
Layer
Feed
Settling
flux
Settling
Top layer
Up
+
Layers above feed
+
Up
+
Feed layer
+
+
–
+
Layers below feed
+
Down
+
Bottom layer
+
Down
Note: + = phenomenon considered; - = phenomenon not considered

Output
Bulk liquid
flux
Up
Up
Up-down
Down
Down

The model of Takács uses a numerical approximation of the flux F pX, z, tq developed
by Stenstrom (1976) and Vitasovic (1986). Stenstrom (1976) proposed a constrained
flux which limits the downward flux of solids to that which can be transmitted by the
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layer below (Eq. 2.10). Vitasovic (1986) extended this flux function in the clarification
zone with a threshold concentration XT below which the constraint becomes inactive
(Eq. 2.11). This extension was necessary to avoid unphysical solution oscillations under certain conditions. The settling velocity vs in the model of Takács is calculated by
the hindered settling function of Takács et al. (1991) provided in Eq. 2.2.

Fs,j “ minpvs,j Xj , or vs,j`1 Xj`1 q
#
minpvs,j Xj , or vs,j`1 Xj`1 q, if Xj`1 ą XT
Fs,j “
vs,j Xj ,
if Xj`1 ď XT

(2.10)
(2.11)

In Figure 2.17 the mass balance of each group of layers is summarized (with the flux
Fs represented by Js ).
Watts et al. (1996) found that the optimal number of layers in the model of Takács
et al. (1991) was 10. When a higher number of layers was used for the discretisation,
the model predictions became worse. A coarse 10-layer discretisation introduces significant numerical diffusion between the layers which allows an approximation of the
compression and dispersion effects. However, through this approach, the number of
layers, N , becomes an important model parameter that changes the model’s behaviour
instead of only influencing the numerical approximation. This is contradictory to the
fact that a numerical solution of a model should converge to the physically correct
solution when the discretisation becomes finer.

Advances in 1-D SST modelling
The model of Takács et al. (1991) is used in many simulation programs and performs
reasonably well under normal dry weather conditions. However, under situations that
diverge from normal operating conditions (e.g. peak flows due to rain events) its predictions lose realism. To obtain proper predictions of underflow and effluent concentrations and SBH under peak flow conditions a more sophisticated model is required.
Several shortcomings that cause the lack of predictive power of the model by Takács
et al. (1991) under wet weather conditions have been reported (Jeppsson and Diehl,
1996; Plósz et al., 2011; Bürger et al., 2011; Li and Stenstrom, 2014c,a). First, the
numerical flux between two adjacent layers has to be chosen in accordance with the
theory for the governing PDE. Jeppsson and Diehl (1996) found that the numerical
solutions of Takács’ model do not converge to the exact solution of the PDE when
the number of layers is increased. One reason is that the numerical flux function of
Vitasovic (1986) in the Takács model contains an empirical constant XT that is not
present in the governing PDE. This is in conflict with one of the fundamental principles
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Figure 2.17: Solids balance across each layer (Takács et al., 1991).
The flux F is represented as J in this figure.

for any consistent modelling methodology (Bürger et al., 2011) which states that each
model parameter should be present in the governing equations and not be introduced
in the numerical method itself.
Bürger et al. (2011) demonstrated that the way the calculation of the flux is incorporated in the model of Takács et al. (1991) gives an unphysical solution under certain
conditions. When for example one wants to simulate the filling of a SST to investigate the development of the sludge blanket, the sludge that is introduced in the system
will be trapped in the feed layer (Figure 2.18). Indeed, below the feed layer (Eq. 2.10)
the downward settling flux is calculated by the minimum flux function of Stenstrom
(1976). Hence, when a more concentrated layer is located on top of a layer with a
concentration of zero, no sedimentation will occur.
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Figure 2.18: Numerical solutions of a batch settling test with sludge
on top of clear water with the model of (Takács et al.,
1991).

Jeppsson and Diehl (1996) proposed the Godunov scheme (Eq. 2.12) as an alternative
for the flux function of Takács. The decisive difference of this method is that it does
not make use of an empirical concentration and that it considers all intermediate concentrations between the concentrations of layer j and layer j ` 1 in the calculation of
the flux. The Godunov approach also ensures that the solution of the model converges
to the physically correct solution when the number of layers is increased. This scheme
has since been used in a number of studies (Diehl and Jeppsson, 1998; Plósz et al.,
2007; Bürger et al., 2013) and is mathematically sound (Bürger et al., 2012). Another
suitable numerical flux has recently been introduced by Li and Stenstrom (2014b).

Fs,j “

$
’
&

min

vs pXq X ´ vc X, if Xj ď Xj`1

’
%

max

vs pXq X ´ vc X, if Xj ą Xj`1

Xj ď X ď Xj`1
Xj`1 ď X ď Xj

(2.12)

A second important shortcoming of the model by Takács et al. (1991) is that it only accounts for convective flow and gravity settling. Other phenomena such as compression
settling, turbulent diffusivity and dispersion are not included. Takács’ model compensates for these missing effects by applying a coarse discretisation (10 layers) which
introduces significant numerical dispersion. Although this artificial smoothening produces a more realistic profile, it is not able to describe the true dynamics of a SST
causing modellers to make unrealistic calibrations of the settling parameters or even
to change the number of layers not realizing that this impacts the numerical dispersion (Plósz et al., 2011). Attempts have been made to handle this shortcoming of
Takács’ model by accounting for compression through additional terms in the settling
flux function (Stricker et al., 2007) or by accounting for inlet dispersion and density currents through the addition of short-circuiting flows (Dupont and Dahl, 1995). Through
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these approaches the governing PDE still has only first-order derivatives. However,
BX
from Fick’s law (J “ ´D
with J the diffusion flux and D a diffusion coeffient)
Bz
(Smith, 2004) and the momentum balance of the solids component (Bürger, 2000), it
is known that dispersion and compression necessarily involve also the gradient of the
concentration leading to a second-order PDE.
To address this problem 1-D models have been developed which try to explicitly account for dispersion and compression effects by incorporating either a constant or a
2
concentration or overflow-dependent second order term in their PDE (D BBzX2 , where
D is a dispersion coefficient) (Hamilton et al., 1992; Watts et al., 1996; Plósz et al.,
2007). By adding this term, the PDE becomes a parabolic differential equation (instead
of a hyperbolic differential equation) which will automatically result in a more continuous concentration profile (Zikanov, 2010). For instance, Plósz et al. (2007) showed
that by introducing a second-order term dispersion can be modelled as a separate phenomenon and not by numerical dispersion introduced through the discretisation.
The drawback of this approach is that all the previously unmodelled phenomena are
lumped into one single term. This is still too coarse to capture the true settling dynamics. In fact, this approach lures inadvertent practitioners into compensating the
uncaptured dynamics by either unrealistic calibration of the settling parameters or by
introducing an extra parameter in the numerical solution which is not present in the governing PDE (for example the reduction factor ηc in the model by Plósz et al. (2007)).
As mentioned before, the latter sharply contrasts with one of the fundamental principles for any consistent modelling methodology (Bürger et al., 2011).
Bürger-Diehl settler model
Recently, a new 1-D model has been presented (Bürger et al., 2011, 2012) which differs
from the commonly used model by Takács et al. (1991) in two ways. First, it ensures the
solution of the governing PDE by reliable numerical methods. Secondly, it includes
extra functionalities in the model structure to obtain a more detailed description of
the sludge settling behaviour. This new simulation model, called the Bürger-Diehl
model, allows accounting for sediment compressibility and inlet mixing phenomena
by extending the PDE from Eq. 2.9 with a compression function (dcomp ) and a dispersion function (ddisp ) (Eq. 2.13). These functions can be switched on or off by the
user depending on the model study requirements. The decisive difference between this
model and many of the models described in the previous section is that the BürgerDiehl model includes several phenomena in a modular way instead of trying to lump
different phenomena in a single parameter or function.
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BX
B
“ ´ pF pX, z, tqq
Bt
Bz ˆ
˙
BX
B
Qf ptqXf ptq
pdcomp pXq ` ddisp pz, Qf ptqqq
`
`
δpzq (2.13)
Bz
Bz
A
To numerically solve this PDE, it is discretised by dividing the tank into a user-defined
number of layers (N ). The flux F pX, z, tq is replaced by numerical fluxes containing
the Godunov flux. Moreover, a specific implementation of the compression term is
needed to ensure that as the number of layers increases, the numerical solution converges to the physically correct solution of the PDE. All implementation details can be
found in Bürger et al. (2013). In the Bürger-Diehl model, the number of layers N can
thus be set by the user depending on the desired accuracy (i.e. the goal of the modelling
exercise) and on the computational time and resources available.
In order to calculate the correct effluent and underflow concentrations, two extra layers
are added at the top and bottom of the tank, respectively. There are thus N ` 4 layers,
as indicated in Figure 2.19. It is important to emphasize that the effluent and underflow
concentrations are generally not the same as the concentrations in the top and bottom
layers within the settler (Jeppsson and Diehl, 1996). This is not taken into account in
traditional layer models. The extra layers in the underflow region can be interpreted
as the start of the outlet pipe. The underflow concentration Xu can be defined as
the concentration in any of these two layers. An overview of the different processes
considered over each layer boundary is provided in Table 2.2.
Table 2.2: Processes considered over each layer boundary in the
Bürger-Diehl SST model.
z´2
.
.
.
z´1
z0
z1
.
.
.

Settling

Compression

Dispersion

Bulk liquid
flux

/

/

/

Up

x

x

/

Up

x

x

x

Up

x

x

x

Down

zjf ´1
zjf
.
.
.

zN ´1
zN
x
x
/
zN `1
.
/
/
/
.
.
zN `2
Note: x = phenomenon considered; / = phenomenon not considered
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Figure 2.19: Schematic overview of the discretisation of the settler
(Bürger et al., 2011).

An important feature of the Bürger-Diehl model is the optional inclusion of compressive settling and flow-rate-dependent inlet mixing phenomena. This is achieved by specific terms for compression and dispersion in the 1-D PDE. The Bürger-Diehl model
thus requires three constitutive functions to describe the different phenomena occuring in a SST (hindered settling, compression settling and inlet dispersion). For the
hindered settling velocity any available expression from literature (see Section 2.5.2)
can be used. The compression function is based on the phenomenological theory presented by Bürger (2000) who derived that compression is a function of the densities
of the solid and liquid phases, the constant of gravity and an expression for the solid
stress function (σe ). Hence, the compression function (Eq. 2.14) requires an appropriate function for the solids stress (for example the function of De Clercq et al. (2008) in
Eq. 2.5)
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$
&0,
for 0 ď X ď Xcrit
ρs
dcomp pXq “
1
vhs pXq σe pXq, for X ą Xcrit
%
g ∆ρ

(2.14)

The dispersion function allows to simulate flow-rate-dependent inlet mixing phenomena. Turbulent currents in the settler cause a mixing of lower and higher concentrations
of solids. This phenomenon is especially important around the inlet. Therefore, the
dispersion function ddisp is often set as the product of the fluid velocity and a continuous function of the depth. The continuous function has its maximum at the feed
level and is zero some distance away from the inlet (Bürger et al., 2013). This allows
modelling a region of higher turbulence around the feed inlet at increased hydraulic
loading.
The Bürger-Diehl model is very flexible since the compression and dispersion terms
can be switched on or off to meet the user’s needs without affecting the solvability of
the model. Hence, in its simplest form (no compression and no inlet dispersion), the
Bürger-Diehl model reduces to the one by Diehl and Jeppsson (1998) and is a reliable alternative for current models. Moreover, the constitutive functions for hindered
settling, compression settling and inlet dispersion in the Bürger-Diehl model can easily be updated or replaced whenever further research provides more insight into these
phenomena.

2.5.4

CFD modelling

In recent years, CFD models are gaining popularity as tools to improve insights and/or
optimisation of the settling processes in a SST. Their success results from the ability
to predict the performance of a settling tank by modelling the internal flow pattern
and transport phenomena of solids and solutes in 2-D or 3-D (Wicklein and Samstag,
2009). These models are also applied to perform dynamic simulations of wet weather
events and development of wet weather strategies by combining them with whole plant
simulators (Griborio et al., 2010). The major disadvantage is their need for high computational capacity.
Governing equations
A CFD model is based on the fundamental conservation laws for mass (continuity equation), energy (first law of thermodynamics) and momentum (Newton’s second law)
(Zikanov, 2010).
• The continuity equation
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Bρ Bρu Bρv Bρw
`
`
`
“0
Bt
Bx
By
Bz

(2.15)

with u, v and w the components of the velocity vector in resp. the x, y and z
directions and ρ the fluid density.
For an incompressible flow,

Bρ
“ 0, the equation is reduced to:
Bt
Bu Bv
Bw
`
`
“0
Bx By
Bz

(2.16)

• The momentum equations
Since the momentum equation is derived from Newton’s second law (i.e. mass
x acceleration = force), the momentum equations account for all the body and
surface forces applied on a considered fluid parcel. Body forces are external
forces acting directly on the fluid parcel such as gravity and are proportional to
its mass whereas surface forces result from stresses acting on the sides of the
fluid element. It is common practice to highlight the contributions due to the
surface forces as separate terms in the momentum equation and to include the
effects of body forces as source terms SM .
The stresses working on a fluid surface are the pressure p and viscous stresses. In
Newtonian fluids the viscous stresses can be calculated from the rate of deformation with a proportionality factor µ, the (dynamic) viscosity. This yields the
Navier-Stokes equations (Zikanov, 2010). Eq. 2.17 provides the Navier-Stokes
equation in the x-direction for an incompressible fluid. In Eqn. 2.18 and 2.19
the equation for the y and z directions are written in a more concise form.

Bu Bu2
Bpuvq Bpuwq
1 Bp
`
`
`
“ ´
Bt
Bx
By
Bz
ρ
Bx
looooooooooooooooomooooooooooooooooon
loomoon
Rate of increase of
x-momentum

ˆ

˙

ˆ

Pressure force

˙

ˆ
˙
B
Bu
B
Bu
B
Bu
`
ν
`
ν
`
ν
` loSomo
Mx
on
Bx
Bx
By
By
Bz
Bz
looooooooooooooooooooooooomooooooooooooooooooooooooon
Viscous forces

Body
forces

Bv
1 Bp
` div pvuq “ ´
` div pν grad vq ` SM y
Bt
ρ By
Bw
1 Bp
` div pwuq “ ´
` div pν grad wq ` SM z
Bt
ρ Bz
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with ν “ µ{ρ the kinematic viscosity.
• the energy equation
Temperature variations are not considered in this PhD and hence the energy
equation is omitted. In other words, only the advection-diffusion processes are
taken into account.
The resulting non-linear PDEs often do not have an analytical solution. Hence, a numerical solution or discretisation technique is required to transform the continuous
equations in discrete counterparts. This technique requires discretisation in both space
and time. In practice, this means that the SST geometry has to be divided into a finite
number of grid cells. The governing equations are written for each node of the computational grid. As a result, the flow field over the whole domain is quantified by solving
a set of remaining ODEs at each node with proper boundary conditions. The number
of grid cells should be large enough to represent the flow pattern in the SST. However,
a larger number of cells and hence equations demands longer computational times.
The continuity and Navier-Stokes equations can be combined with additional equations
to capture other phenomena such as turbulence, solids settling, flocculation of particles
and biological reactions (De Clercq, 2003).
Turbulence modelling
Turbulent flow can be defined as a chaotic and random state of motion in which the
velocity and pressure change continuously with time within substantial regions of flow.
A turbulent flow develops above a certain critical Reynolds number (approx. 5000).
The Reynolds number Re can be calculated based on the characteristic velocity U and
length scale L and the kinematic viscosity (Eq. 2.20).
Re “

UL
ν

(2.20)

Despite the low mean flow velocities in a settling tank, the Reynolds number is high
enough to cause turbulent flow. The reasons for this are the rather large dimensions of
the settling tank and the low viscosity of the liquid mixture. In particular, mixing of
the incoming mixed liquor with the flow in the tank causes turbulent flow.
Furthermore, visualisations of turbulent flows reveal rotational flow structures, socalled turbulent eddies, with a wide range of length scales. Parcels of fluid which
are initially separated by a long distance can be brought close together by the eddying
motions in turbulent flows. As a consequence, heat, mass and momentum are very
effectively exchanged. Turbulent flow can be directly modelled by the Navier-Stokes
equations. However, this would require a very fine spatial grid since it would have to
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capture the scale of the smallest turbulent eddies (Kolmogorov length scales) with time
steps sufficiently small to resolve the period of the fastest fluctuations. Often in this
approach the computational time becomes extremely high.
As an alternative, the Reynolds-Averaged Navier-Stokes (RANS) equations can be used
to describe unsteady turbulent flow (Lakehal and Krebs, 1999; De Clercq, 2003; Griborio, 2004). These equations are obtained by decomposing the velocity in a steady mean
value U with a fluctuating component u1 ptq superimposed on it: uptq “ U ` u1 ptq.
This is called the Reynolds decomposition. The Navier-Stokes equations are then averaged out over the turbulent fluctuations in time resulting in laws of motion for mean,
time-averaged flow quantities.
However, the RANS equations should somehow account for the influence of the turbulent fluctuations on the mean velocity. Turbulent eddies create recirculating fluid motions that carry momentum and energy into and out of the control volume (Figure 2.20).
This momentum exchange causes the faster moving fluid layers to be decelerated and
the slower moving layers to be accelerated. Consequently, the fluid layers experience
additional turbulent shear stresses, which are known as Reynolds stresses. Hence, by
including Reynolds stresses as an additional force in the momentum equations, the
RANS account for the influence of turbulence on the mean flow velocity.

Figure 2.20: Momentum and energy exchange due to turbulent flow
(Zikanov, 2010).

The RANS equation for the x-direction can thus be written as follows (y and z-direction
can be derived in an analogue way):
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BU
1 BP
` div pU Uq “ ´
` div pν grad U q
Bt
ρ Bx
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1
1
1
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`
`
` ˝
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looooooooooooooooooooooooooooomooooooooooooooooooooooooooooon

(2.21)

Reynolds stresses

with U and P the mean flow properties. Additional equations are thus required to
define the Reynolds stresses since these are unknown and cannot be expressed as a
function of the mean velocity and density (Zikanov, 2010).
In SST modelling, rather simple equations based on the eddy viscosity concept are
used to evaluate Reynolds stresses. They are based on the presumption that there exists
an analogy between the action of viscous stresses and Reynolds stresses on the mean
flow. Consequently, similar to the viscous stresses in Eq. 2.17 the Reynold stresses
are modelled proportional to the rate of deformation. The proportionality factor for
the Reynold stresses is called the turbulent eddy viscosity νt (Zikanov, 2010). Hence,
the kinematic viscosity ν in the Navier-Stokes equations (Eq. 2.17) is replaced by the
effective viscosity νef f in the RANS equations (Eq. 2.22).
BU
1 BP
` div pU Uq “ ´
` div pνef f grad U q ` SM y
Bt
ρ Bx

(2.22)

The effective viscosity consists of two parts: the molecular viscosity ν and the turbulent viscosity νt (Eq. 2.23).

νef f “ ν ` νt

(2.23)

The value of the parameter νt is determined by the state of turbulence. Therefore a
turbulence model should be included. Different turbulence models exists among which
the k- model is the most frequently used in SST models (De Clercq, 2003; Rodi, 1980).
This model represents a reasonably accurate description of turbulence by linking the
turbulent eddy viscosity to the kinetic energy k and the rate of viscous dissipation 
(Eq. 2.24).

νt “ cµ ¨
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In this equation, cµ is an empirical model constant. The quantities of k and  are calculated by means of two coupled semi-empirical transport equations. These equations
can be found in Zikanov (2010). As such the turbulence model accounts for the transport rates at which turbulence propagates throughout the settling tank.
Solid transport equation
The settling process is a multiphase problem since AS consist of a liquid phase and
a solids phase. It can be modelled as a dispersed phase flow in a multiphase model
where each phase is governed by its own mass- and momentum equations which are
solved simultaneously and coupled by interphase interaction properties (Lakehal, 2002).
This approach is quite complex as it requires a thorough understanding of the particle
properties and interaction mechanisms involved.
As an alternative, often a single phase model is used (De Clercq, 2003). According
to this approach, the activated sludge behaves as one single phase, i.e. a homogeneous mixture of water and solids. The solids concentration is then considered as a
local property of the mixture and is computed by solving an additional scalar transport
equation (Eq. 2.25). When considering multiple particle size classes, separate scalar
equations are defined for each size class.

Bφ
Bt on
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looooooooooooooooooomooooooooooooooooooon
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(2.25)

Source term

Rate of increase
of φ due to diffusion

In Eq. 2.25 φ represents the volume fraction of the sludge and ws “ vs the settling
velocity in the direction of gravity. The parameter σs is the Schmidt number, which
expresses the mass diffusivity in laminar flow conditions and is typically set to a value
of 0.7 (Adams and Rodi, 1990). The settling process is thus computed as a mass flux of
solids with a settling velocity vs and is added to the transport term of the scalar equation. The settling velocity can be described by any of the settling velocity functions in
Section 2.5.2.
Eq. 2.25 should be solved simultaneously with the continuity and the RANS equations.
However, even though the sludge water mixture is considered as one homogeneous
phase, the model should still account for the influence of local variations in sludge
concentration φ on the flow pattern. Indeed, the concentration of solids in the mixture
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will influence the local density and viscosity values. Hence, additional equations to
calculate the density and viscosity state are required.
The fluid bulk density ρ in the RANS equations is determined as a function of the
density of the liquid phase ρl , the density of the solid phase ρs and the volume fraction
of the SS (φ).
ρ“

ρl
`
ρl ˘
1´φ 1´
ρs

(2.26)

The molecular viscosity (ν) in Eq. 2.23 is a property of the sludge-water mixture.
This property depends on the sludge rheology, which is defined as its deformation
(strain) under influence of shear stresses. The sludge-water mixture cannot be considered as a Newtonian fluid due to particle-particle interactions (Forster, 2002). Consequently, the viscosity of the mixed liquor is not directly proportional to the applied
shear rate, but also depends on mixed liquor properties such as the SS concentration (De Clercq, 2003). Different rheological models that describe the relation between
9 exist (Ratkovich et al., 2013). Examples of rhethe shear stresses (τ ) and shear rate (γ)
ological models for a non-Newtonian (Herschel-Bulkley model) and a Newtonian fluid
are shown in Figure 2.21. The corresponding shear stress vs. shear rate relations are
given in Table 2.3.

Figure 2.21: Newtionan and non-Newtonian flow behaviours
(Herschel-Buckley), modified from De Clercq (2003).

The Herschel-Bulkley model assumes that fluid movement is only initiated when shear
stress overcomes a certain critical stress (τ0 ). However, De Clercq (2003) investigated
the rheology of biological sludge with a sensitive rheometer and demonstrated empirically that a true yield stress does not exists. Instead, the viscosity suddenly becomes
extremely high as the shear rate reaches a certain (rather low) value. Therefore, a mo46
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Table 2.3: Possible shear stress-shear rate relationships

fluid

stress-shear rate relation
τ “ µγ9

Newtonian fluid

τ “ τ0 ` µγ9 n

non-Newtonian fluid
(Herschel-Bulkley model)
(with µ, the dynamic viscosity and µ “ ρν)
dified form of the Herschel-Bulkley model is proposed:

ˆ
τ“

˙
˘
τ0 pXq `
1 ´ e´mγ9 ` KpXqγ9 n´1 γ9
γ9

(2.27)

9 written as follows:
with the molecular viscosity (µ “ τ {γ)
µ“

˘
τ0 pXq `
1 ´ e´mγ9 ` KpXqγ9 n´1
γ9

(2.28)

and m and n two constants. The variables τ0 pXq and KpXq are both functions of the
solids concentration (X) according to Eqn. 2.29 and 2.30 with β1 , β2 and β3 parameters
to be calibrated and µw the viscosity of water (Lakehal and Krebs, 1999).

τ0 pXq “ β1 eβ2 X
KpXq “ µw ` β3 X

(2.29)
2

(2.30)

Application of CFD models for SSTs
An important aspect of SST modelling is to find a proper balance between simulation
accuracy and computational time. No universal SST model exists due to numerous
factors that can all affect the model, such as the inlet position, side water depth and
the sludge removal mechanism (Anderson, 1945; Matko et al., 1996). Frequently the
simulation times of CFD models for circular settling tanks are significantly reduced
by lowering the dimensionality of the model or omitting structures such as the sludge
removal system (De Clercq, 2003). The benefits of these simplifications in the model
should not affect the desired model accuracy.
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The first numerical SST model was presented by Larsen (1977). Even though several
assumptions were made in this model, it was accurate enough to indicate both the existence of density currents and their impact on the flow pattern of a rectangular settling
tank. After this pioneering work, several SST models have been proposed in literature.
Especially during the early and mid-nineties a lot of progress was made in 2-D modelling of circular settling tanks. For example, Devantier and Larock (1986) simulated
the stratified turbulent steady 2-D flow in a circular clarifier through incorporation of
the rather strong density effect in a SST. Another important contribution was made by
Krebs (1991) who investigated the optimal position of the inlet baffle with a 2-D model.
Lakehal and Krebs (1999) and Armbruster et al. (2001) examined the importance of
a proper rheology function to account for increased viscosity of highly concentrated
sludge mixtures by means of dynamic CFD simulations.
Over the last decade, the use of CFD to describe the hydrodynamics in the SST has
led to a more comprehensive understanding of the different processes and their interactions in a SST. This knowledge provides the opportunity for optimisation of the
settling tank design and retrofitting (De Clercq, 2003). Different studies attempted to
find a proper configuration and strategical placement of internal physical features in
order to improve the effluent quality and the underflow solids concentration (He et al.,
2008; Stamou et al., 2009; Tamayol et al., 2010; Xanthos et al., 2011, 2013). Moreover,
as computational power is becoming increasingly available, more advanced CFD simulations become feasible. For example, Patziger et al. (2012) presented a CFD model
of a SST coupled to the biological reactor in order to investigate optimal sludge return
scenarios. CFD can thus be considered as a powerful tool to gain system knowledge
and can be used to avoid tedious and time consuming experiments (Guvonvarch et al.,
2015).

2.5.5

Flocculation models

Next to the settling behaviour and the tank’s hydrodynamics also the flocculation state
of activated sludge plays an important role in the performance of SSTs. Knowledge
on the floc size distribution is of crucial importance in the clarification zone where the
discrete settling mechanism prevails. Classical models do not account for the interactions between activated sludge particles but simply describe the biomass in a SST
by means of a lumped variable such as the sludge concentration (Nopens, 2005). The
dynamics of floc size distributions can be described by means of a flocculation model.
Flocculation models should explain two opposing processes: aggregation and breakup. Von Smoluchowski (1917) made a first attempt to model the aggregation process.
Later on, models for breakage of particles were added. Several types of flocculation
models were proposed ranging from rather simple models such as the model of Parker
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et al. (1972) which includes only two particle size classes, to more advanced Population
Balance Models (PBMs) that consider a broad range of floc size classes (Biggs, 2000;
Nopens et al., 2002).
Flocculation model by Parker et al. (1972)
Parker et al. (1972) divided the AS into 2 classes: primary particles and flocs. Based
on these two size classes the flocculation kinetics of turbulent mixing are described
assuming that break-up and aggregation processes occur simultaneously. The net rate
of change of the number of primary particles (np ) and flocs (nf ) with respect to time
is given by the following differential equations:
$
dnp
’
’
“ Kb ¨ X ¨ Gm ´ Ka ¨ X ¨ G
’
& dt
(2.31)
’
’
’
% dnf “ ´Kb ¨ X ¨ Gm ` Ka ¨ X ¨ G
dt
with X the concentration of suspended particles, G the mixing intensity or shear rate
and m a parameter. The coefficients Kb and Ka represent the breakage rate and the
aggregation rate, respectively.
Population Balance Models
As discussed in Section 2.4.1 aggregation of flocs is the result of two consecutive steps:
transport and attachment of particles. Different transport mechanisms exist and the
attachment step depends on several short range forces related with the nature of the
surfaces themselves. Hence, the model of Parker et al. (1972) gives a very coarse
approximation of reality by modelling all these processes with a constant coefficient
and dividing the entire floc size interval into only two classes.
PBMs represent a more detailed modelling framework to describe the dynamics of
PSDs (Ramkrishna, 2000). The advantage of these type of models compared to the
model of Parker et al. (1972) is their ability to describe the whole dynamical distribution of floc sizes influenced by the different flocculation mechanisms and break-up
processes.
The governing equation in its most general form is given as
¯
Bf1 px, tq
B ´9
`
Xpx, tqf1 px, tq “ hpx, tq
Bt
Bx

(2.32)

9
where x is the distributed property, f1 px, tq is the number density function, Xpx,
tq is
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a continuous growth term and hpx, tq is a reaction term (through discrete events such
as aggregation and break-up) (Nopens et al., 2015).
Biggs (2000) developed a population balance model to describe the dynamics of the
number density (Ni ) in different size classes (i). Since biological growth in a SST
occurs on a much longer time scale than aggregation and break-up processes, it can be
9
ignored (Xpx,
tq “ 0). Only changes in PSD due to discrete aggregation and break-up
processes are considered in the reaction term hpx, tq. Both aggregation and break-up
processes can give rise to birth (source term) and death (sink term) of flocs of a certain
size (Eq. 2.33) as illustrated in Figure 2.22.
dNi
“ Birthaggregation ´ Deathaggregation ` Birthbreakage ´ Deathbreakage
dt

(2.33)

Figure 2.22: Schematic overview of the birth and death concept of
aggregation and breakage (Biggs, 2000).

These models require information regarding the frequency of collision between particles (β), the efficiency of these collisions (α) and the breakage rate (S) which are
influenced by various factors, such as shear rate, dissolved oxygen, temperature, pH,
total suspended solids and sludge age. The mathematical functions used to describe
these functions are called kernels but have been proven difficult to determine for AS
flocculation (Nopens et al., 2002; Ding et al., 2006).
Coupled flocculation-CFD models
Obviously, mixing plays an essential role in the (de)flocculation process, especially for
the introduction of particle-particle interactions (Von Smoluchowski, 1917; Wahlberg
et al., 1994). Often the mixing intensity or shear rate, expressed as velocity gradient
G is included in the aggregation/breakage rates of a flocculation model. However,
these velocity gradients will vary for different locations throughout the SST. A CFD
model determines the velocity gradient G on each node of a very fine spatial grid.
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Thus, coupling of a flocculation model with a CFD model enables quantification of
the flocculation rates at each location of the tank.
Griborio and McCorquodale (2006) successfully coupled the flocculation model of
Parker et al. (1972) with a single phase CFD model in which three particle size classes
were considered: primary particles, small flocs and large flocs. The coupled model
was used to improve understanding of the flocculation processes within a center well
in a circular SST in order to optimize the geometry of this structure for optimal energy
dissipation and AS flocculation. Gong et al. (2011) coupled the model of Parker et al.
(1972) with a 3-D CFD model of a rectangular SST to optimise baffle placement. They
investigated the dependency of the coefficients Kb and Ka on the shear rate G and the
SS concentration in order to incorporate more realism into the flocculation model.
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CHAPTER

3

Objectives

From the literature review in Chapter 2 it becomes clear that several experimental methods and modelling frameworks are available to study the different processes (hydrodynamics, flocculation and settling behaviour) in a SST. The available modelling
frameworks do not only differ with respect to the processes they include but also in
their complexity and application. In this respect, 1-D models are most suited for operation and control (in particularly in combination with other WWTP unit operations)
whereas 2-D and 3-D models can be used to build process knowledge which can subsequently aid to improve tank design or existing 1-D models. However, no generally
accepted approach to describe the combined effect of the different settling regimes in
SSTs is available.
This PhD aims to develop further insight into the different settling dynamics in SSTs by
applying different modelling frameworks in combination with experimental analysis.
Therefore, a number of objectives are defined which will be addressed in the remaining
chapters of this dissertation.
• To investigate under which conditions commonly used models fail to capture
the true dynamics in order to assess why and how compression settling becomes
important for the operation and control of full-scale WWTPs.
• To select mathematical functions for each of the different settling regimes in a
SST based on their ability to describe the underlying process and the feasibility
to calibrate their parameters.
• To investigate the impact of tank hydraulics and flocculation on the clarification
process through integration of a flocculation model and CFD.
• To calibrate and enhance the integrated flocculation-CFD model based on detailed experimental data of dynamic PSD.
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PART II
Towards improved 1-D models for operation and
control of SSTs

The second part of this PhD addresses the improvement of existing 1-D models by
including both hindered and compression settling. In this respect, Chapter 4 illustrates
the importance of compression settling on operation and control of a Waste Water
Treatment Plant (WWTP) during wet weather conditions. The calibration of hindered
and compression settling functions from literature based on well-known batch settling
tests is described in Chapter 5. This analysis showed that the selection and calibration
of valid functions for both hindered and compression settling requires a critical analysis
of available functions for each of these processes. Therefore, the behaviour of different
hindered settling functions is analysed with respect to data of long-term batch settling
curves and detailed velocity profiles (Chapter 6). Finally, in Chapter 7 a hypothesis
is formulated regarding the physical explanation behind the remaining variability in
the compression phenomenon and experimental evidence is collected to support this
hypothesis.
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CHAPTER

4

Impact of secondary settling tank models on the
development of operation and control strategies for
WWTPs

Redrafted from: Torfs, E., Maere, T., Bürger, R., Diehl, S., and Nopens, I. (2015c).
Impact on sludge inventory and control strategies using the Benchmark Simulation
Model no. 1 with the Bürger-Diehl settler model. Water Sci. Technol., 71(10):1524–
1535.

Abstract
An improved 1-D model for the secondary clarifier, i.e. the Bürger-Diehl model,
was recently presented. In this chapter, the impact of specific features of the BürgerDiehl model on settler underflow concentration predictions, plant sludge inventory and
Mixed Liquor Suspended Solids (MLSS) based control actions is investigated by using the Benchmark Simulation Model No. 1. The numerical results show that by
accounting for compression settling, the Bürger-Diehl model allows for more realistic predictions of the underflow sludge concentration and the Sludge Blanket Height
(SBH), which are essential for more accurate wet weather modelling and sludge waste
predictions. The choice of secondary settler model clearly has a profound impact on
the operation and control of the entire treatment plant and it is recommended to use
the Bürger-Diehl model as of now in any wastewater treatment plant modelling effort.

4.1

Introduction

The performance of Secondary Settling Tanks (SSTs) significantly affects the effluent
quality as well as the biomass inventory (i.e. the biomass distribution in the bioreactor
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and clarifier) in a WWTP. As biomass is the driving force for the biokinetic conversion
processes, SST operation will affect the performance of the entire treatment plant - both
in reality as well as when modelling WWTPs.
A new 1-D model which allows improved and more realistic simulations of secondary
clarifiers has recently been presented (Bürger et al., 2011). The decisive difference
to traditional layer models is that every detail of the implementation is in accordance
with the theory of Partial Differential Equations (PDEs). Furthermore, the BürgerDiehl model allows accounting for hindered and compressive settling as well as inlet
dispersion.
The purpose of this chapter is to evaluate the qualitative effect of the Bürger-Diehl
model on the operation and control of a WWTP. Moreover, the impact of specific features of the Bürger-Diehl model on settler underflow concentration predictions, plant
sludge inventory, MLSS based control actions and effluent concentration are investigated. The results obtained with the Bürger-Diehl model are compared to the Takács
model to illustrate when and why traditional layer models fail to capture the true dynamics of a WWTP and how this can be improved by the specific features of the BürgerDiehl model. For this purpose simulations are performed with the COST/IWA Benchmark Simulation Model No. 1 (BSM1) (Copp, 2002; Gernaey et al., 2014). Finally,
some guidelines for the application of this new settler model in WWTP modelling are
also provided.

4.2
4.2.1

Materials and methods
Benchmark Simulation Model No. 1

The BSM1 is a standardised simulation procedure for the design and evaluation of
control strategies of conventional WWTPs in terms of effluent quality and operational
costs, comprising a detailed description of plant layout, models, inputs and evaluation
criteria (Gernaey et al., 2014); see Figure 4.1.
The results shown in this chapter were obtained with the BSM1 with two different
settler models (Bürger-Diehl and Takács) in the modelling and simulation platform
WEST (http://www.mikebydhi.com, mark; Vanhooren et al., 2003). The fourth-order
Runge-Kutta numerical integration method with variable time step (RK4ASC) was
used for the numerical integration of the ODE system. All simulations were performed
with the standard input file for storm weather conditions (i.e. 100 days of steady-state
followed by 21 days of dry weather and 7 days of storm weather). The input flow
rate (Qin) and the incoming concentrations of readily biodegradable substrate (SS)
and ammonium (SNH) during the 7 days of storm weather are shown in Figure 4.2.
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Figure 4.1: General overview of the BSM1 plant.

The incoming flow during storm weather is cut-off at 60,000 m3 due to automatic bypassing.
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Figure 4.2: Incoming flow rate, soluble substrate concentration and
ammonium concentration of the BSM1 model under
storm weather conditions.

Furthermore, unless explicitly stated otherwise, all simulations of the Bürger-Diehl
model in this chapter have been performed with the same coarse discretisation level as
is required for the Takács model (i.e. 10 internal SST layers, 14 layers in total). This
choice was made for reasons of comparison. More information on the impact of a finer
discretisation is provided at the end of the chapter.
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4.2.2

Constitutive functions used in the Bürger-Diehl model

The hindered settling velocity is modelled by the double exponential settling velocity
function of Takács as it is the most commonly used in WWTP modelling:

´
´
´
¯¯¯
vhs “ max 0, min V0,max , V0 ep´rH ¨pX´Xmin qq ´ ep´rP ¨pX´Xmin qq

(4.1)

with V0 , V0,max , rH and rP as settling parameters and Xmin “ fns ¨ Xin (with fns a
parameter to quantify the non-settleable fraction and Xin the incoming solids concentration).
The compression function is based on the work of De Clercq et al. (2005). Despite
accurate measurements of batch tests of activated sludge (De Clercq et al., 2005) and
different approaches to solve the inverse problem (De Clercq et al., 2008; Diehl, 2014),
it is difficult to obtain an appropriate compression function. The logarithmic function
obtained by De Clercq et al. (2008) contains three parameters that are difficult to identify. Here, a function is selected with similar features as the function from De Clercq
et al. (2008) but with only two parameters (α and Xcrit ):
$
&0
dcomp pXq “ ρs ¨ α ¨ vhs pXq
%
g ¨ pρs ´ ρf q

if 0 ď X ă Xcrit
if X ě Xcrit

(4.2)

with ρs and ρf the densities of the solids and the fluid respectively and g the constant
of gravity. In contrast to the function by De Clercq et al. (2008), this function has an
exact primitive which implies a simplified implementation.
The dispersion function ddisp is often set as the product of the fluid velocity and a
continuous function of the depth. The continuous function has its maximum at the feed
level and is zero some distance away from the inlet (Bürger et al., 2013). This allows
modelling a region of higher turbulence around the feed inlet at increased hydraulic
loading. The following constitutive function was chosen in this chapter:

ddisp

ˆ
˙
$
π¨z
& a ¨ Q ¨ cos2
f
2 ¨ b ¨ Qf
“ A
%
0

if |z| ă pb ¨ Qf q

(4.3)

if |z| ě pb ¨ Qf q

with a and b two dispersion parameters.
Note that it is not the scope of this chapter to propose Eqn. 4.2 and 4.3 as the ultimate
approach to model sludge compression or inlet dispersion but merely to illustrate the
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added value of extending a settler model with these phenomena. Due to the modular
structure of the numerical scheme presented by Bürger et al. (2013) each one of these
constitutive functions can easily be updated or replaced if future research would lead
to further insight into these phenomena. The parameter values used for the different
simulations throughout this chapter are summarised in Table 4.1. For the hindered
settling function the standard values for BSM1 were used, the compression and dispersion parameters were selected based on the work of resp. De Clercq et al. (2008) and
Bürger et al. (2013).
Table 4.1: Parameter values for the different constitutive functions
used in this chapter

Parameter
Hindered settling
V0 [m/d]
V0,max [m/d]
rh [l/g]
rp [l/g]
fns [-]
Compression settling
Xcrit [g/l]
α [m2 /s2 ]
Inlet dispersion
a [m]
b [d/m2 ]

4.2.3

Value
474
250
0.576
2.86
0.00228
5
1.2
0.4
3e-5

Case-study: the Eindhoven WWTP

To better understand the added value of the specific features of the Bürger-Diehl model,
it is helpful to first consider the behaviour of a full-scale SST under both dry and wet
weather conditions. Therefore, online measurements of both underflow concentration
(Xu ) and SBH during a two-day period of dry weather followed by a two-day storm
event at the WWTP of Eindhoven (The Netherlands) are provided in Figure 4.3. The
circular SST at this WWTP has a maximum height of 4 m and a central feed inlet. The
underflow rate is controlled as a fixed ratio (0.65) of the incoming flow rate.
From these data an important distinction can be made between the operational state
and consequent control requirements during respectively dry and wet weather. During
dry weather (up to day 2.5), no sludge blanket is detected signifying that under these
conditions the settler is overdesigned and operating at only a fraction of its potential
capacity. This is unfortunately the case for many WWTPs worldwide and indicates that
during dry weather the system’s efficiency could be increased significantly for example
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0

Figure 4.3: On-line measurement data of underflow concentration
and SBH during the period of June 1-6, 2013 at the
WWTP of Eindhoven (The Netherlands). Two consecutive rain events can be observed after 2.5 days.

by operating the bioreactors at a higher sludge concentration. In contrast, when a storm
peak hits the WWTP, a sludge blanket of almost 2 meter is formed and care needs to
be taken to avoid the loss of sludge from the system. The underflow concentration on
the other hand does not undergo any large variations during the storm event. Only a
small dilution effect can be observed. Hence, for this case the main impact of a storm
weather event can be found in the SBH variations.
The SBH can thus be a crucial operation and control variable during a storm weather
event or when imposing higher solids loads to e.g. operate the bioreactors at a higher
sludge concentration even during dry weather conditions (implying higher conversion
rates and hence, more flexibility in operation). It is important to develop improved insight (which also implies good quality predictions) to judge as of when process control
should focus on keeping sludge in the system and safeguarding effluent quality or on
maximising biokinetic conversions.

4.3
4.3.1

Results and discussion
Impact of compression settling on predicted concentration profiles in the SST

To illustrate the effect of compression settling on the SST performance, open-loop simulations (with a fixed underflow rate Qu =18,831 m3 /d) are performed (1) with the
model of Takács and (2) with the Bürger-Diehl model with the compression function
activated. Inlet dispersion is not considered for these simulations (ddisp “ 0). Fig64
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ures 4.4 and 4.5 show the differences in SBH and underflow concentration predictions
between both models. The SBH is defined as the height of the first layer with a concentration that exceeds the threshold value of 0.9 g/l. This threshold value was selected
as it approx. corresponds to the concentration where a clear sludge/water interface is
starting to form (i.e. transition between discrete and hindered settling).
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An increased flow rate to the SST in the simulations with the Bürger-Diehl model
causes the sludge blanket level to rise significantly and results in only a modest increase in the underflow concentration. This contrasts with a very drastic increase in
the underflow concentration and a moderate effect on the SBH in the Takács model. By
only considering hindered settling, the sludge in the Takács model will settle unrealistically fast resulting in a highly concentrated bottom layer. By including compression,
the settling velocity will be slowed down at higher concentrations due to a compressive force. Hence, the inclusion of compression settling creates a dampening effect
on the underflow concentration resulting in smaller variations on the underflow but a
pronounced increase of the SBH.

0
7

Figure 4.4: Open loop (Qu =18,831 m3 /d) dynamic simulations of
the sludge blanket height for the models of Takács and
Bürger-Diehl under storm weather conditions.

To compare the behaviour of the models to the measured trends observed in Figure 4.3,
closed-loop simulations were performed with Qu “ 0.65 ¨ Qin (operational strategy
as in the WWTP of Eindhoven). As the waste flow rate is kept at a constant value of
385 m3 /d, only the recycle flow rate to the biological reactors is affected. The results
are shown in Figures 4.6 and 4.7.
In the case of the Takács model, an increased loading to the clarifier during a storm peak
results in a significant dilution of the underflow concentration and only a brief elevation
of the sludge blanket. In contrast, the simulations with the Bürger-Diehl model (with
compression) predict only a slight dilution effect during the storm peaks. Here, the
65
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Figure 4.5: Open loop (Qu =18,831 m3 /d) dynamic simulations of
the underflow concentration for the models of Takács and
Bürger-Diehl under storm weather conditions.
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Figure 4.6: Closed loop (Qu “ 0.65 ¨ Qin ) dynamic simulations of
the sludge blanket height for the models of Takács and
Bürger-Diehl under storm weather conditions.

elevation in sludge blanket is clearly the dominant effect which corresponds to the
observations made in reality (Figure 4.3). It thus becomes evident that by accounting
for compressive settling, the dynamics of SBH and underflow concentrations during
storm weather can be modelled in a much more realistic way. This will impact the
recycle flow as well as sludge wastage (and related operational costs).
To further illustrate the differences in behaviour between the two settler models, the
complete concentration profiles for the open loop simulations at times t=0.1 d (before
the storm event) and t=4.2 d (when the maximum flow rate hits the SST) are shown
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Figure 4.7: Closed loop (Qu “ 0.65 ¨ Qin ) dynamic simulations of the
underflow concentration for the models of Takács and
Bürger-Diehl under storm weather conditions.

in Figure 4.8. From these concentration profiles the importance of another feature of
the Bürger-Diehl model becomes evident. The inclusion of additional layers at the
outlet boundaries does not only allow more realistic predictions of the underflow concentrations but also influences the SBH and the concentration profile inside the sludge
blanket.

Figure 4.8: Concentration profiles during dry weather (t=0.1 d - left)
and storm weather (t=4.2 d - right) for the two settling
models.

As could be seen from Figure 4.4, the SBH in Takács’ model never drops below a value
of 0.4 m, corresponding to the thickness of the bottom layer. This minimum SBH is
inherent to the structure of the Takács model: sludge settles to the bottom of the tank
and accumulates in the last layer. (Adding additional layers to reduce the thickness of
the bottom layer is not to be done for the Takács model as one changes the numerical
dispersion and hence the dispersion of the settler.) Unless the settler would be operated
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at extremely dilute circumstances, Takács’ model will never be able to predict a sludge
blanket of 0 m. However, in a full-scale treatment plant, the absence of a sludge blanket
is often encountered during dry weather operation. Consequently, the Takács model
predicts a persistent error of 10% of the height of the SST. The reason for this behaviour
is the common but erroneous assumptions that the underflow concentration is always
equal to the one in the bottom layer. In the Bürger-Diehl model this problem does not
occur due to the existence of additional layers below the bottom which represent the
underflow region. As both hindered and compression settling occur over the outlet
boundary (see Table 2.2), sludge can settle into the underflow layers and the absence
of a sludge blanket inside the SST can be modelled. Thus, by explicitly modelling
the underflow region as well as extending the settling behaviour with a compression
function, a more advanced 1-D model provides more realistic predictions of the SBH
behaviour which would allow operating the SST in a more efficient way.

4.3.2

Impact of compression settling on the performance
of the biological reactors

The previous section illustrates that sediment compressibility notably influences the
SBH and the underflow concentration. Whereas the SBH is mainly important with respect to the performance of the SST, the impact range of the underflow concentration
stretches out much further as a large part of the underflow is recycled to the bioreactor. Hence, compression settling will also influence the biosolids concentration in the
bioreactors. Figure 4.9 shows the predictions for the MLSS concentration in the first
Activated Sludge Unit (ASU 1) for both the Takács model and the Bürger-Diehl model
with compression (for an open loop simulation). The latter model increases the predicted effect of a storm peak on the MLSS concentration (i.e. dilution directly after the
peak and increased concentration during the recovery phase after a peak event). Due to
the dampening effect of compression on Xu , less sludge is instantaneously returned to
the bioreactor when a storm hits compared to the Takács model’s predictions. This results in less recovery and a more pronounced effect of the storm peak on the bioreactor
performance. Thus, traditional settler models, which do not account for compressive
settling, might severely underestimate the effect of a storm event due to an underestimation of the biomass dilution effect in the bioreactor and hence instantaneous severely
reduced conversion rates. The latter will result in underprediction of potential peaks
in the effluent COD and NH4 . When using such a model for developing mitigation
strategies under wet weather, one risks taking insufficient action.
Moreover, the MLSS concentration will directly influence the conversion rates in the
biological reactors since these are typically of the form r “ µ X, where µ is a growth
kinetics function. As an example, the nitrification rate in the first aerated activated
sludge unit and the relative differences in predicted nitrification rate between the two
models are shown in Figure 4.10. The relative differences are calculated as follows
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Figure 4.9: Simulated MLSS concentration in the first activated
sludge unit for an open-loop simulation.

(with T for Takács, BD for Bürger-Diehl):

Relative difference “

|rT ´ rBD |
rT

(4.4)

From the figure it becomes clear that the effect of compression settling influences the
performance of the entire plant. The observed differences in underflow concentration
between the models result in a maximal difference of almost 20% for the predicted
nitrification rate. Hence, when only hindered settling is considered (as is the case for
the traditional layer models), this might ’force’ modellers to calibrate kinetic parameters for the wrong reasons. If X is wrongly predicted by the model, the degrees of
freedom in µ (e.g. µmax , affinities , etc.) will be used to obtain the correct value for
the total conversion rate r. Figure 4.10 further demonstrates that slight differences in
conversion rates already exist during dry weather operation. The relative error also
needs significant time (approx. 0.5 days) to reduce to lower values after a storm event.

4.3.3

Impact of compression settling on the development
of control strategies

Since the sludge inventory is the driving force behind the performance of a WWTP, a
pronounced difference in the predictions of the biomass concentrations will also influence plant-wide control strategies. Therefore, the impact of the two settler models on
the implementation of a control strategy that aims to maintain the MLSS concentration
in a desired range through manipulation of the underflow rate Qu is investigated (see
Figure 4.1).
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Figure 4.10: Simulated nitrification rate in the 3rd activated sludge
unit (1st aerated unit) during storm weather conditions.

As a first step, the very simple control strategy of Figure 4.6 was adopted, (Qu “
0.65 ¨ Qin ). This control strategy should reduce the plunge in the MLSS concentration during a storm event since more sludge will be recycled to the biological tanks.
However, during highly dilute conditions (which usually occur during storm weather)
this control strategy can become insufficient. Therefore the constant-ratio controller
is extended with a PI controller which controls the MLSS concentration in ASU 1 at
a setpoint of 2800 g/m3 by adapting the underflow rate. The control strategy is implemented in ASU 1 since this is the first location where disturbances in the incoming
flow will be perceived. If the dilution effect is counteracted here, it will also counteract the effect in the downstream bioreactors. The PI controller serves as an auxiliary control strategy and will therefore only become active if the MLSS concentration
drops below 2,500 g/m3 . Once the MLSS concentration surpasses an upper threshold
(MLSS>2,850 g/m3 ), the PI controller is switched off. The limits for manipulation of
the underflow rate are set to 0.33 and 1.5 times Qin (Tchobanoglous et al., 2003).
As both settler models predict different concentrations in the underflow of the SST, a
similar manipulation in Qu will lead to different responses in the MLSS concentration.
Hence, both models require different tuning of the control parameters. To further understand the nature of each model’s requirements, the responses to a step increase in
the volumetric underflow rate Qu are examined. In order to mimic the behaviour under high flow conditions, a step increase in Qu from 18,831 m3 /d to 20,000 m3 /d was
applied under a constant incoming flow of 30,000 m3 /d (and corresponding incoming
concentrations selected from the standard BSM1 input file). (Note that investigating
the step response during actual storm weather (60,000 m3 /d) is not feasible since simulations with a long period of such increased flow conditions would upset the system too
much making it no longer representative of realistic operating conditions.) Figure 4.11
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shows the resulting step responses for both models. On the left-hand side the absolute values of the MLSS concentrations are depicted, on the right-hand side the net
step-response values are shown with respect to the steady-state value of each model
before the step increase. For both models the MLSS concentration shows an initial
steep increase followed by a much slower increase until a new steady state is reached.
The initial steep increase can be related to a period where the sludge that is present
at the bottom of the clarifier is simply recycled at a higher rate. However, this sludge
will not be replenished at the same velocity as it is pumped away causing the underflow
concentration to drop and a switch to a second period where the system response slows
down until a new steady-state value for the MLSS concentration is reached.
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Figure 4.11: Response of the MLSS concentration in the first activated sludge tank to a stepwise variation in the underflow rate from 18,831 m3 /d to 20,000 m3 /d with a
constant incoming flow of 30,000 m3 /d. MLSS˚ means
the net step response with respect to the initial steady
state.

The initial steep increase in MLSS concentration is 30% larger for the Bürger-Diehl
model compared to the Takács model. Due to a combined effect of compression settling and the additional layers in the underflow region, more sludge is present in the
SST when using the Bürger-Diehl model. Consequently, as more sludge is readily
available to be recycled when Qu increases, it will take somewhat longer before the
underflow concentration will be affected and the settling sludge flux to the bottom layers becomes limiting. Due to the underprediction of the SBH in the Takács model
during storm weather, the response to the control action will be wrongly predicted
which may result in a poorly tuned controller. Hence, developing a control strategy
based on Takács’ model poses a risk of not producing the desired system behaviour
under closed-loop conditions in practice. As the Bürger-Diehl model (which has been
shown to predict a more realistic system behaviour) predicts a larger response for the
same increase in Qu , it will require a more conservative tuning of the parameters
in the PI controller to ensure a stable system response. Moreover, the control strategy developed for the Bürger-Diehl model requires a higher ratio in the constant-ratio
controller. The explanation for this lies in the much lower underflow concentration
predicted by the Bürger-Diehl model during storm weather as was illustrated in Fig71
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ure 4.5. Figure 4.12 shows the manipulations in underflow concentration and the MLSS
concentration when a control action with a constant ratio and a PI controller is tuned
and implemented for both models. The control parameters for the Takács model are
Kp =10 [(m3 /d)¨(g/m3 )´1 ] and τI =1 [g/m3 ] and a constant ratio of 0.65. In the BürgerDiehl model a constant ratio of 0.75 and a more conservative PI controller with parameter values Kp =1 [(m3 /d)¨(g/m3 )´1 ] and τI =5 [g/m3 ] are applied. The large dilution
in MLSS concentration that was observed in the open loop simulation results of Figure 4.9 is successfully counteracted by the applied control strategies. Due to the lower
PI settings in the Bürger-Diehl model, much lower control actions for the underflow
concentration are now applied during the storm event. This will not only influence the
recovery period of the MLSS concentration but will also affect the cost calculations in
the BSM model.
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Figure 4.12: Dynamic simulation with the implementation of an
MLSS control strategy (Qu “ 0.65 ¨ Qin + PI controller with Kp =10 [(m3 /d)¨(g/m3 )´1 ] and τI =1 [g/m3 ]
for Takács and Qu “ 0.75 ¨ Qin + PI controller with
Kp =1 [(m3 /d)¨(g/m3 )´1 ] and τI =5 [g/m3 ] for BürgerDiehl). Manipulations in underflow rate (top) and
MLSS concentration in the first activated sludge tank
(bottom) under storm weather conditions.

These results show that the choice of settler model can notably influence the evaluation of proposed control schemes. Since a real SST typically undergoes a significant
increase in the SBH during storm weather, thereby storing additional sludge in the system, its response to an increase of the underflow rate can be more extreme than would
be predicted by the Takács model as the latter underpredicts the elevation of the SBH.
Consequently, operating a real SST calls for more conservative control parameters than
would be suggested by the Takács model. Hence, switching to more advanced settler
models can potentially benefit the development of many future operation and control
strategies. Moreover, this would allow for more advanced control strategies to be de72
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veloped (for example control of the SBH in order to operate the system at higher sludge
concentrations).

4.3.4

Impact of inlet dispersion on predicted effluent concentrations

The dispersion term active around the inlet allows modelling a region of higher turbulence around the feed inlet at increased hydraulic loading. The height of the affected
region is related to the incoming flow rate. The effluent concentration will thus be influenced by the incoming feed flow and can be calibrated with the dispersion function
and not using the settling function’s degrees of freedom as is artificially done nowadays. The problem with the latter is that such an action adapts the settling behaviour at
all locations (instead of only in a certain region around the feed inlet) and in a similar
fashion in time. Moreover, it changes the wrong mechanism as shear is the reason for
the upset in the settler, not the settling properties. Including dispersion will therefore
improve predictions in the right zone, i.e. the clarification zone and only during times
when hydraulic loading is elevated.
Figure 4.13 shows the effluent concentrations predicted by different settling models.
The model by Takács et al. (1991) predicts higher effluent concentrations than the
Bürger-Diehl model without dispersion. The difference in the effluent concentrations
is a result of the different boundary implementations. In the traditional models, a small
number of layers is used to produce the desired effect of numerical dispersion. This is,
however, an incorrect approach, since the user should be able to choose any N based
on the desired accuracy and available simulation time. In the Bürger-Diehl model,
physical dispersion is treated as a function that can be calibrated independently of N .
It should be noted that neither of the presented models include discrete settling behaviour (i.e. settling of individual flocs rather than function of X) which is the governing settling mechanism in the clarification zone. Therefore, none of these models will
be able to accurately predict effluent concentrations, although dynamic trends can be
captured qualitatively. Including discrete settling in a 1-D model remains challenging
since settling behaviour at very low concentrations is not dependent on the local sludge
concentration but on the flocculation state and the Particle Size Distribution (PSD) of
the sludge. Hence, these phenomena and their effects on discrete settling should be
included to better predict effluent SS concentrations. This will be further discussed in
Part III.
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Figure 4.13: Dynamic simulation of the effluent concentration under
storm weather conditions.

4.3.5

Practical implications of switching to a more advanced settler model

As the Takács model depends on the numerical dispersion (which is inherent in the
model structure) for its simulation results, it should only be used with a 10-layer discretisation (as this approximately mimics dispersion under dry weather). However,
Jeppsson and Diehl (1996) demonstrated that a discretisation with 10 layers is too
coarse an approximation to capture the detailed dynamic behaviour of the settler. By
applying the Godunov scheme for the settling flux and handling the compression term
in a mathematically sound way, the Bürger-Diehl model ensures that increasing the
number of layers will result in a more accurate approximation of the governing PDE
thus producing smaller errors in the underflow concentration. Note that for reasons of
comparison, all simulations of the Bürger-Diehl model in this chapter have been performed with the same coarse discretisation level as is required for the Takács model.
Their accuracy could easily be improved by a finer discretisation.
To quantify the added value of an increasing number of layers on the model accuracy,
simulations at different discretisation levels are compared to a reference simulation
with a very fine discretisation (360 layers), which is assumed to be a close approximation of the exact solution. Simulations were performed under both dry and wet weather
conditions. The numerical errors in the underflow concentration were quantified by
calculating the relative error at each time point ti as follows:
REpXu , ti q “

|Xu,360 pti q ´ Xu,N pti q|
Xu,360 pti q
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with Xu,N the concentration in the underflow, N the discretisation level and Xu,360
the underflow concentration of the reference simulation with 360 layers.
Calculating the numerical errors of the SBH is less straightforward since the SBH is
limited to the layer intervals as determined by the discretisation. Moreover, as the SBH
can be zero, the errors are simply quantified as absolute errors:
AEpSBH, ti q “ |SBH360 pti q ´ SBHN pti q|

(4.6)

Unlike the underflow error, the error in the effluent concentration will not propagate
throughout the system. Furthermore, accurate predictions of effluent concentrations
in a 1-D model are currently still troublesome as 1-D models do not include discrete
settling behaviour. Therefore the numerical error on the effluent concentration is not
shown here.
Figure 4.14 shows the numerical errors in Xu and SBH for simulations with the BürgerDiehl model with compression. The grey boxes indicate the time-intervals over which
the numerical errors were calculated. During dry weather, the errors in the underflow
concentration are quite small, even for the 10-layer discretisation. However, during
wet weather, when the underflow concentration increases rapidly, the error for the 10layer discretisation augments up to an average of approximately 10%. By using a 30layer discretisation this error is reduced to less than 5%. Note that the numerical error
will increase if compression settling is not considered since compression somewhat
dampens the variations in the underflow concentration.
Also for the SBH a 10-layer discretisation (with a minimum variation of 40 cm) is
clearly quite coarse to describe the dynamic behaviour. The numerical error reduces
significantly when a 30-layer discretisation is applied.
However, more accurate predictions will inevitably come at a cost of increased simulation time. More layers imply more computations at each time step. Furthermore, the
maximum allowed time step of the numerical scheme to ensure a stable and correct
solution becomes smaller as the number of layers increases. For explicit fixed-step
solvers (such as Euler or RK4) the maximum allowed time step is restricted by the socalled CFL condition, which unfortunately restricts the time step substantially when
compression or dispersion is included (details can be found in Bürger et al. (2013)).
In recent work Diehl (2014) compared different ODE solvers with respect to their efficiency for the simulation of BSM1 with the Bürger-Diehl model under storm weather
conditions. Moreover, they introduced a semi-implicit time-discretisation method for
which the simulation time with a 30-layer discretisation was shown to be approximately
7 times faster than a standard explicit solver such as Euler (placing it in the same range
of computational effort as a 10-layer simulation with an explicit solver).
These results show that the currently used Takács model can be replaced by the Bürger75
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Figure 4.14: Simulated underflow concentrations with corresponding relative numerical errors (top) and simulated sludge
blanket heights with corresponding absolute numerical
errors (bottom) for different discretisation levels in dry
and wet weather conditions (DW and WW).

Diehl model providing a reliable alternative without having to make too many sacrifices
with respect to simulation time. Consequently, from the results presented in this section, it is recommended to use a discretisation with at least 30 layers for simulations
where the SST is coupled to one or more biological reactors. With a discretisation
of 30 layers, the relative errors on the underflow concentration and SBH are reduced
significantly while the simulation time is still acceptable. If more detailed simulation
results are required from the modelling study or when the settler is modelled as a standalone system, the number of layers is recommended to be increased in order to have
more accurate predictions.

4.4

Conclusions

In this chapter the impact of the recently proposed Bürger-Diehl settler model on operation and control of a WWTP in comparison to the traditional Takács model is investigated by using the Benchmark Simulation Model No. 1.
• Open- and closed-loop simulations were performed with both settler models during storm weather conditions and the simulated underflow concentration (Xu )
and SBH were qualitatively compared to online settler data of the WWTP of
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Eindhoven. It was shown that the Takács model overpredicts the variations in
Xu and underpredicts the SBH elevation whereas the Bürger-Diehl model provides more realistic predictions of Xu and SBH behaviour by accounting for
compression settling and explicitly modelling the underflow region.
• The impact of the two settler models on the sludge inventory and conversion rates
in the bioreactors was investigated as poor predictions of the recycled biomass
force modellers to calibrate kinetic parameters for the wrong reasons. A substantial difference of up to 20% for the predicted nitrification rate was observed
between the two settler models during storm weather indicating that the choice
of settler model influences the simulation results of the entire treatment plant.
• An MLSS-based control strategy was implemented. Simulation results showed
that operating a SST calls for more conservative control parameters than would
be suggested by the Takács model due to the underprediction of the SBH elevation in this model. In order to improve operation and control of WWTPs,
we need to step away from traditional layer models towards more sophisticated
models such as the Bürger-Diehl model.
• Simulations were performed with and without inlet dispersion and the impact
on the effluent concentration was investigated. By accounting for inlet dispersion an increase in effluent concentration due to high loading rates can be calibrated. Dispersion is thus modelled as a separate constitutive function instead
of artificially imposing a desired level of numerical dispersion by fixing the discretisation at a small number of layers. However, accurate prediction of effluent
concentrations requires further research into the discrete settling behaviour in
the clarification zone. This will be discussed in Part III.
• Although the Bürger-Diehl model is not associated with a fixed number of layers, it was found that a discretisation of the model with 30 layers provides an
acceptable trade-off between model accuracy and required simulation time.
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5

Parameter estimation and identifiability analysis of the
Bürger-Diehl settler model

Redrafted from: Torfs, E., Vlasschaert, P., Amerlinck, Y., Diehl, S., Bürger, R., and
Nopens, I. (2013b). Towards improved 1-D settler modelling: calibration of the Bürger
model and case study. In Proceedings of 86th Annual Water Environment Federation
Technical Exhibition and Conference (WEFTEC), Chicago, Illinois, USA, October 5-9.

Abstract
In the previous chapter it was shown that the new 1-D model by Bürger et al. (2011,
2013) allows for more realistic predictions of underflow concentration and SBH by
accounting for compression settling. However, the addition of a compression function in this new 1-D model complicates the model calibration. The specific objective
of this chapter is to calibrate the Bürger-Diehl model for a full-scale WWTP based on
well-known settling velocity tests. The hindered settling velocity functions by Vesilind
(1968) and Takács et al. (1991) were calibrated based on the linear slopes of batch settling curves at different concentrations. Both settling velocity functions gave a good
fit to the experimental data but identifiability issues were observed for the function
of Takács et al. (1991) resulting in very large confidence intervals for its parameters.
Subsequently, the calibrated Vesilind settling velocity was implemented in the BürgerDiehl model and the parameters of the additional compression function were calibrated
by fitting the model to the batch settling curves. Also for the parameters of the compression function, identifiability issues were observed. Moreover, 1-D model simulations with calibrated functions for hindered and compression settling were not able
to simultaneously describe all batch curves with a single parameter set. Batch curves
for different initial concentrations seemed to require different compression dynamics.
These results suggest that further investigation into more suitable constitutive functions
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is required.

5.1
5.1.1

Materials and methods
Constitutive functions for the Bürger-Diehl model

To describe the hindered settling velocity, the exponential settling function by Vesilind
(1968) (Eq. 5.1) and the double exponential settling function by Takács et al. (1991)
(Eq. 5.2) are selected as these are most commonly used to date. The original function
by Takács et al. (1991) (Eq. 2.2) with five parameters was hereby simplified to include
only three parameters: V0 , rH and rP (Eq. 5.2). This can be justified as V0,max and
Xmin present arbitrary parameters to better mimic the settling behaviour in the clarification zone. As the goal of this chapter is to calibrate hindered and compression
settling (based on data of sludge blanket heights), including these parameters will unnecessary complicate the calibration process.

vhs “ v0 ¨ e´rV ¨X
`
˘
vhs “ v0 ¨ e´rH ¨X ´ e´rP ¨X

(5.1)
(5.2)

Compression settling is characterised by Eq. 4.2. Accounting for compressive settling
thus requires the calibration of two additional model parameters α and Xcrit .
Since this study focusses mainly on the calibration of the sludge settling behaviour and
not on the hydraulics of the settling tank, inlet dispersion is not considered (ddisp =0).

5.1.2

Data collection

To calibrate the novel 1-D model data was collected at 3 different WWTPs: the WWTP
of Destelbergen (Belgium), the WWTP of Roeselare (Belgium) and the WWTP of
Eindhoven (The Netherlands). At each treatment plant sludge samples were collected
from the underflow of the SSTs and effluent samples were collected from the overflow
weirs.
The settling behaviour of each collected sludge sample was characterised during a
series of batch settling experiments. The batch settling experiments were performed in
a cylindrical reservoir with a volume of 1.5 L and a diameter of approximately 9 cm.
The reservoir was filled with a sludge sample at a certain initial solids concentration
after which the position of the suspension/liquid interface was measured after 0, 0.5, 1,
2, 3, 4, 5, 7.5, 10, 15, 20, 30 and 45 min of settling. This methodology is illustrated in
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Figure 5.1 where the positions of the suspension/liquid interfaces during experiments
at different initial concentrations are indicated by the red arrows.

Figure 5.1: Photograph of a batch settling tests indicating the suspension/liquid interface

To investigate the settling behaviour as function of the solids concentration batch settling data need to be collected at different initial solids concentrations. Therefore, a
dilution series was made by diluting sludge samples from the underflow of the SST
with effluent from the same WWTP. The settling tests were performed with dilutions
of respectively 100%, 80%, 60%, 40% and 20% of sludge from the underflow of the
SST.
It should be noted that a diameter of 9 cm is quite small for a batch settling reservoir
and significant wall effects have been known to occur during settling in such small
reservoirs. Consequently, the measured settling behaviour may deviate from the corresponding behaviour in a full-scale SST and estimated parameters should not be extrapolated. However, the estimated parameters can be used to model the data from which
they were derived and as such these data serve as valuable information to assess a SST
model’s ability to describe the dynamics of hindered and compression settling.

5.1.3

Parameter estimation

The optimal parameters for the constitutive functions in the Bürger-Diehl model are
determined through the minimisation of an objective function that quantifies the quality
of the model’s fit to the experimental data. For the calibration exercise in this chapter
the Sum of Squared Errors (SSE) calculated by Eq. 5.3 is selected as objective function.
In this equation N is the number of data points, yi the measured value at time i and
ŷi pθq the corresponding model prediction for a certain parameter set θ.
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SSE “

N
ÿ

pyi ´ ŷi pθqq

2

(5.3)

i“1

Finding the optimal parameter set that corresponds to a minimum value for the objective function requires an efficient search of the parameter space. As a highly accurate
solution to the optimisation problem is not required (since the data are already subjected to measurement noise), the simple and quick Simplex iteration algorithm was
used here (Nelder and Mead, 1965).

5.1.4

Confidence intervals

To check the quality of the parameter estimations, confidence intervals are calculated.
The confidence intervals can be determined by using the error covariance matrix CH pθ̂q.
However, calculating this matrix requires the inverse of the Hessian of the objective
function which can be quite cumbersome to compute. Therefore, the inverse of the
Fisher Information Matrix (FIM) is used as an approximation of the error covariance
matrix (Donckels, 2009). The FIM can easily be calculated through eq. 5.4 as it only
requires a´matrix
¯ with the measurement errors Q (eq. 5.5) and the local sensitivity
functions By
Bθ at each time instant i for which experimental data is collected.

FIM “

˙T
N ˆ
ÿ
By
Bθ

i“1

»

1
σ12

—0
—
—
—
Q“—0
—
—
–0
0

0

Qi

i

0

0
0
..
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0
0

0
0
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σ22

ˆ
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(5.4)
i

fi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
fl

(5.5)

1
2
σN

The local sensitivity functions are computed by a numerical approximation as described in Eq. 5.6. In this equation y is the model output and θ a model parameter.
∆θ can be calculated by p θ, where p is the pertubation factor. Here, a pertubation
factor of 10´5 is used to ensure an adequate approximation of non-linearities in the
model without risking interference of numerical errors.
ypt, θ ` ∆θq ´ ypt, θq
Byptq
“ lim
∆θÑ0
Bθ
∆θ
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Finally, the confidence intervals of the estimated parameters can be calculated from the
FIM with eq. 5.7, where tα
N ´p is the two-tailed t-distribution, with N the number of
data points, p the number of estimated parameters, α the significance level and where
FIM´1 pi, iq is the element on row i and column i of the inverse of the FIM.
δi “ ˘tα
N ´p

5.1.5

b
FIM´1 pi, iq

(5.7)

Identifiability of the model parameters

A Global Sensitivity Analysis (GSA) was applied to investigate the identifiability of
the estimated parameters. This GSA was performed with the Brute-Force Monte Carlo
(BFMC) method developed by Beven and Binley (1992).
To execute the BFMC method, a large number of simulations are performed each using a different parameter set sampled from an a priori defined parameter space. The
latter can be based on expert knowledge, literature findings or previously calculated
confidence intervals. Subsequently, the simulations are classified into behavioural and
non-behavioural simulations depending on whether or not they provide a satisfactory
fit to the experimental data. To facilitate this classification, each simulation is evaluated by an objective function. When the value of the objective function is above an a
priori defined threshold value, the simulation is marked as behavioural (Saltelli et al.,
2008). The objective function is shown in Eq. 5.8. (Note that this function is closely
related to the objective function used for parameter estimation.)

ln |L| “ ´

N
ÿ

ppŷi ´ yi q W piqq

2

(5.8)

i“1

In this equation, L represents the likelihood, N the number of data points, ŷ the model
outputs, y the measured data and W a vector of weighting factors. The choice of the
weighting factors will be explained in the next sections.
The BFMC method is illustrated in Figure 5.2. The left graph shows the different
model runs vs. the experimental data. In the right graph the values of the objective
function for each run are plotted as a function of the value of (one of) the parameter(s).
Behavioural runs are indicated in grey whereas non-behavioural runs are indicated in
black. By plotting the values of the likelihood as a function of the parameter values,
the identifiability of the model parameters can be investigated. If the objective function
shows a clear maximum in a narrow range of parameter values, this parameter has a
distinct optimum and is thus identifiable. However, if the behavioural runs are spread
over a very broad parameter range, no clear optimum can be found which indicates that
the parameter is not identifiable.
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Figure 5.2: Representation of the BFMC-method.

In order to facilitate the interpretation and visualisation of the results, all likelihood
values in this chapter are rescaled to obtain values between 0 and 1. Rescaling was
done according to the following equation:
Lrescaled “

5.2

L ´ Lmin
Lmax ´ Lmin

(5.9)

Results and discussion

Only the results for the WWTP of Destelbergen are shown in this chapter. However,
all conclusions drawn are valid for each of the cases. The results for the WWTPs of
Roeselare and Eindhoven can be found in Appendices A and B.

5.2.1

Calibration of the hindered settling velocity

Determining the hindered settling velocity from batch settling experiments
A number of batch settling experiments are carried out with sludge from the underflow
at different dilutions. The sludge concentration of the sample is determined by a Total
Suspended Solids (TSS) test according to method 2540 D of Standard Methods (Eaton
et al., 1995). During the batch settling tests the height of the suspension/liquid interface
is measured at several time instances resulting in a curve with the evolution of the
sludge blanket height for each dilution (Figure 5.3).
The hindered settling regime is characterised by an equilibrium between the gravitational forces causing particles to settle and the hydraulic friction forces resisting this
motion. Therefore, all particles settle collectively as a zone and the sludge blanket
height will show a linear descent. The concentration in the hindered settling region
is uniform and equal to the initial solids concentration of the batch. Hence, the slope
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Figure 5.3: Batch settling curves for different initial solids concentrations with sludge from the WWTP of Destelbergen.

of the linear part of a batch settling curve at a certain initial solids concentration corresponds to the hindered settling velocity at this concentration, providing the initial
concentration is lower than Xcrit . (Once the initial concentration is higher than Xcrit
the sludge is already undergoing compression at the start of the experiment making it
impossible to have an independent measurement of the hindered settling velocity.) By
calculating the slopes of the linear part of the batch curves for different initial concentrations, the hindered settling velocity can be determined as a function of the solids
concentration.
The hindered settling velocity for the data in Figure 5.3 was computed in MATLAB R by
determining the steepest slope between three consecutive datapoints. This procedure
is illustrated in Figure 5.4 (left) and the resulting velocities are presented in Figure 5.4
(right) and Table 5.1.
Table 5.1: Measured hindered settling velocities at different initial
concentrations

Concentration (g/l)
1.37
2.73
3.42
4.10
5.46
6.83
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Figure 5.4: Batch settling experiments at different initial solids concentrations with indication of the maximum slope for
each curve (left). The maximal slope represents a measurement of the hindered settling velocity (right).

These experiments thus provide direct measurements of the hindered settling velocity
which can be used to estimate the parameters of the hindered settling functions by
minimising the objective function defined in Eq. 5.3. The results of this parameter
estimation will be discussed later on in this chapter.
Calibration by empirical relations based on SSPs
In practice people prefer to avoid the rather time-consuming batch experiments. However, without the batch settling data to provide direct measurements of the hindered
settling velocity, they need to rely on empirical relations to obtain values for the hindered settling parameters. Several empirical equations that relate the hindered settling
parameters of the function of Vesilind (1968) to simple measurements of Sludge Settleability Parameters (SSPs) have been described in literature (Härtel and Pöpel, 1992;
Koopman and Cadee, 1983; Pitman, 1984).
Typical SSPs are the Sludge Volume Index (SVI), Diluted Sludge Volume Index (DSVI)
and Stirred Specific Volume Index at 3.5 gMLSS/l (SSVI3.5 ). The SVI is defined as
the volume of 1 g of settled sludge after 30 minutes of settling. DSVI and SSVI3.5 are
both extensions of the standard SVI-test where the sludge is either diluted to avoid very
high sludge concentrations as this may influence the results (DSVI) or a fixed sludge
concentration of 3.5 g/l in combination with gentle stirring is applied (SSVI3.5 ). More
information on the measurement procedures can be found in Ekama et al. (1997).
In this section, the validity of these empirical relations to estimate the hindered settling
parameters is investigated. Therefore, a single SVI-, DSVI- and SSVI3.5 test were
performed with sludge from the underflow of the WWTP of Destelbergen. The results
are shown in Table 5.2.
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Table 5.2: Measured SSPs in ml/g for sludge from the WWTP of
Destelbergen

Test
SVI
DSVI
SSVI3.5

SSP (ml/g)
99
83
105

The measured SSP values from Table 5.2 were subsequently used to calculate the hindered settling parameters v0 and rV according to three different empirical equations
from literature (Härtel and Pöpel, 1992; Koopman and Cadee, 1983; Pitman, 1984).
The empirical equations and the resulting parameters are given in Table 5.3.
Table 5.3: Estimated values for v0 (m/h) and rV (l/g) by empirical
relations based on SSPs
Reference
Härtel and Pöpel (1992)

Equations
v0 “ 17.4 e´0.0113 SVI
rV “ ´0.9834 e´0.00581 SVI ` 1.043

Koopman and Cadee (1983)

ln pv0 q “ 2.605 ´ 0.00365 DSVI
rV “ 0.249 ` 0.002191 DSVI

Pitman (1984)

v0
“ 67.9 e´0.016 SSVI3.5
rV
´
¯
v
rV “ 0.88 ´ 0.393 log r 0
V

Parameter values
v0 “ 9.647
rV “ 0.488
v0 “ 9.993
rV “ 0.431
v0 “ 5.669
rV “ 0.446

The validity of these empirical relations is examined by simulating the function of
Vesilind (1968) with the parameter values predicted by each of the equations from
literature. Subsequently, the results are compared to the measured hindered settling
velocities (Table 5.1) in Figure 5.5.
Figure 5.5 shows that the function of Vesilind (1968) calibrated using any of the empirical equations is not able to describe the measured data. This could be expected as
sludges with a similar SVI may show a different settling behaviour depending on the
sludge properties. Moreover, when using the empirical relations, two parameters are
estimated based on only one data point. The SSPs thus provide insufficient information
to describe the settling behaviour at different sludge concentrations. For these reasons,
it can be concluded that the use of empirical relations based on SSPs is not a valid
method to estimate the parameters of the settling functions and should be avoided.
The parameter values calculated from the empirical relations can however be used as
initial values for further parameter estimation.
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Figure 5.5: Settling velocity as function of the solids concentration.
Symbols: measured settling velocities from batch settling tests. Lines: calculated settling velocities by the
function of Vesilind (1968) with parameter values based
on empirical equations.

Parameter estimation based on batch settling data
As discussed above the hindered settling velocity can be determined from the linear
slopes of the batch settling curves resulting in several measurements of hindered settling velocity as a function of sludge concentration. These data points can be used to
perform a parameter estimation for the hindered settling velocity functions by Vesilind
(1968) and Takács et al. (1991).
Initial parameter estimates for v0 and rV /rH were obtained from the empirical equation of Härtel and Pöpel (1992) (see Table 5.3). The initial value for rP was set to
tenfold the initial value for rH (Takács et al., 1991). Starting from these initial estimates optimal parameters are found by minimising the SSE between the hindered
settling velocities measured from the batch experiments and the velocities predicted
by the hindered settling velocity functions (see Section 5.1.3). Confidence intervals
were calculated according to the procedure described in Section 5.1.4.
Table 5.4 provides the initial parameter estimates, the optimal parameters after optimisation and the 95% confidence intervals of the estimated parameters. Calculation
of the confidence intervals requires knowledge on the measurement errors in order to
define the matrix Q (see Eq. 5.5). As the measured sludge blanket heights were determined visually in graduated cylindrical reservoir, their measurement errors depend
on the coarseness of the graduation (i.e. 50 ml for the reservoir used). Hence, a measurement error of 20 ml was considered on the measured SBH data. To determine the
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error on the calculated hindered settling velocities, this error was propagated through
the calculation process. By randomly sampling in the interval [x-20ml x+20ml] for
each data point and calculating the corresponding slopes, a measurement error for the
calculated hindered settling velocities is obtained. This measurement error was then
used in the matrix Q to calculate confidence intervals on the estimated parameters.
The simulation results of both calibrated functions vs. the experimental data points
are shown in Figure 5.6.
Table 5.4: Initial values, optimal values and confidence intervals of
the estimated parameters of the settling functions

Vesilind
v0 (m/h)
rV (l/g)
Takács
v0 (m/h)
rH (l/g)
rP (l/g)

Initial value

Optimal value

Confidence interval

9.647
0.488

10.608
0.634

˘ 1.265
˘ 0.038

9.647
0.488
4.88

82.082
0.989
1.160

˘ 11668
˘ 3.316
˘ 3.957

Settling velocity [m/h]

12
Data
Vesilind function
Takács function
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Sludge concentration [g/m³]
Figure 5.6: Settling velocity as function of the solids concentration.
Symbols: measured settling velocities. Lines: calculated
settling velocities after calibration of the functions by
Vesilind (1968) and Takács et al. (1991).

From Figure 5.6 it can be seen that both hindered settling functions show a good fit to
the experimental data. However, some problems with respect to the parameter estimation of the Takács function are observed in Table 5.4. First of all, unrealistically high
values are found for the parameter v0 (representing the maximum settling velocity)
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as well as uncommon values for rP . Values reported in literature are in the order of
magnitude of 10 m/h for v0 and approx. a tenfold of the value of rH for the parameter
rP (Takács et al., 1991). Moreover, very large confidence intervals are found for the
parameters of the function of Takács et al. (1991). These observations indicate that
based on the available data, it is not possible to obtain an accurate estimation of the
optimal parameters of the settling velocity function by Takács et al. (1991).
The decisive difference between both settling velocity functions is that the function of
Takács et al. (1991) requires an additional parameter rP to be estimated. This additional parameter is introduced to capture the decrease in settling velocity at low sludge
concentrations (<1 g/l) which is observed in practice. The hindered settling velocity
function of Vesilind (1968) predicts unrealistically high settling velocities in this low
concentration range. However, introducing the additional parameter rP in the hindered
settling function is a very artificial way to mimic the settling behaviour at low concentrations. In reality, at lower concentrations the sludge follows a completely different
settling regime: discrete (flocculent or non-flocculent) settling. During discrete settling the sludge will no longer settle as a zone and no distinct sludge/water interface
is formed making it impossible to record a batch settling curve. Hence, as no data is
available in the operating range of the parameter rP , this parameter cannot be properly
estimated based on the available data resulting in the large confidence intervals from
Table 5.4.
Global sensitivity analysis of the settling functions
To evaluate the identifiability of the calibrated parameters, a global sensitivity analysis
is performed with the BFMC-method (Section 5.1.5). Therefore, the settling velocity functions are evaluated 10,000 times with different parameter sets. The following
ranges are defined for the different parameters:
• v0 (Vesilind)=[0-50] m/h
• v0 (Takács)=[0-200] m/h
• rV /rH =[0-2] l/g
• rP =[0-20] l/g.
The weighting factors in the likelihood function of Eq. 5.8 were set to 1, except for the
2 highest concentrations. Here, the weighting factors were set to 0.2 since it becomes
increasingly difficult to determine the linear part of the batch settling curves at high
sludge concentrations (see Figure 5.4).
Figure 5.7 and Figure 5.8 show the evolution of the likelihood value across the parameter ranges for both hindered settling functions. Parameter sets that result in a higher
likelihood than the initial parameters (derived from the empirical relation of Härtel
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and Pöpel (1992)) are classified as behavioural and indicated in grey. Non behavioural
runs are indicated in black. For the function of Vesilind (1968) (Figure 5.7), it can
be observed that all behavioural runs can be found in a relatively small range of parameter values resulting in one unique parameter set to fit the experimental data. The
parameters for the settling function of Vesilind (1968) are thus identifiable.
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Figure 5.7: Plot of the likelihood as a function of the parameter values for v0 (left) and rV (right) of the settling function of
Vesilind (1968). Behavioural runs are indicated in grey,
non behavioural runs in black.

From Figure 5.8 it can be seen that the optimal values for the parameters of Takács’
function are not as clearly defined as was the case for the parameters in the Vesilind
function. The parameter rH shows a clear optimum (similar to rV ) albeit that the behavioural runs are spread over a wider range. For the parameter rP high likelihood
values are found throughout the entire sampling interval indicating that it is not possible to estimate this parameter in a unique way from the available data. Moreover, the
identifiability of the parameter v0 is compromised by the presence of rP in the parameter estimation exercise as a small fraction of the behavioural runs occurs at very high
values of v0 (Figure 5.9).
The outcome of the BFMC analysis provides further insight into the parameter optimisation problem of the hindered settling velocity. The results in Figure 5.8 confirm
that it is not possible to find a unique value for the parameter rP based on data of batch
settling curves. Moreover, including this parameter in the parameter estimation will
result in worse predictions for the remaining parameters. A possible solution would
be to use a fixed value of rP when calibrating the hindered settling function of Takács
et al. (1991) thus only estimating v0 and rH . Calibration of the parameter rP can then
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Figure 5.8: Plot of the likelihood value as a function of the parameter
values for v0 , rH and rP . Behavioural runs are indicated
in grey, non behavioural runs in black.
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Figure 5.9: Plot of the likelihood values for the different parameter
combinations of v0 and rP resulting in behavioural runs.

be done at a later stage in the modelling exercise (for example based on data of effluent concentrations). However, this approach poses the risk of altering the settling
behaviour in the entire concentration range instead of only at low concentrations. A
more rigorous approach would be to step away from the hindered settling function of
Takács et al. (1991) that tries to mimic the settling behaviour at low concentrations in
an artificial way and to try and capture the true discrete settling regime of the particles
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at low sludge concentrations in a different expression and collect data to calibrate it.
The latter approach requires a completely new framework and will be explored further
in Chapter 8.
1-D SST simulation
Once the parameters of the settling velocity function are calibrated, they can be used
in a 1-D SST model to simulate the settling behaviour during the batch settling experiments. A model is built in WEST R (http://www.mikebydhi.com, Denmark) that
allows to simultaneously predict batch settling curves at different initial concentrations
(Figure ??). Each batch experiment is simulated as a SST with the dimensions of the
cylindrical reservoir and an initial concentration corresponding to one of the batch settling tests. Furthermore, the incoming and outgoing fluxes are set to 0. The position of
the sludge blanket height is modelled as the first layer where the concentration exceeds
0.9 g/l.
For each SST the Bürger-Diehl model is selected. Due to the aforementioned identifiability issues with the hindered settling function of Takács et al. (1991) and since
the settling behaviour in the clarification zone is not of interest when simulating the
sludge blanket height, it was chosen to use the settling function of Vesilind (1968) as
constitutive function for hindered settling. Compression settling is not considered in
these simulations.
Figure 5.10 shows the batch settling data (solid lines) and the corresponding model
predictions (dashed lines). The initial steep increase of the SBH (characteristic for
hindered settling) is captured well by the model. However, after this initial descent
the model underpredicts the SBHs. At low initial solids concentrations this underprediction is small to moderate but the predictions worsen as the initial concentrations
increase. As only hindered settling is considered in these simulations, the model overpredicts the settling velocity when sludge starts to thicken causing a severe underprediction of the sludge blanket height at higher sludge concentrations. These results
clearly illustrate the need to include compression settling in a 1-D model. The BürgerDiehl model allows to account for compressive settling as well as hindered settling.
However, this requires the calibration of additional parameters for the compression
function.
It should be noted that two things were not taken into account in the presented calibration exercise. First, it can be argued that the measured settling curves for initial
concentrations of 5.46 g/l and 6.83 g/l are already in the compression phase at the
start of the experiment and should thus not be used to estimate the hindered settling
parameters. However, when these curves were removed from the parameter estimation exercise the predictions became worse (more explanation on this will be provided
in Chapter 6). Second, a clear lag phase is present in the measured settling curve at
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4.10 g/l which is not considered in the model. This lag phase can be either removed
from the data according to the procedure presented by De Clercq (2006) or explicitly
modelled as described in Diehl (2014). However, the conclusions for this chapter do
not change if the behaviour in the lag phase is considered.
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4.10g/l
5.46g/l
6.83g/l

SBH[m]

0.2
0.15
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0
0
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t[h]
Figure 5.10: Batch settling curves for different initial solids concentrations. Solid lines: measured sludge blanket heights.
Dashed lines: sludge blanket heights modelled by the 1D Bürger-Diehl SST model with the hindered settling
functions of Vesilind (1968).

5.2.2

Calibration of the sludge compressibility

The compression term lowers the actual settling velocity at higher concentrations which
allows for more realistic predictions of the SBH. This function contains two additional
parameters that need to be calibrated: α, an empirical parameter (in m2 /s2 ) and Xcrit ,
the critical concentration where sludge flocs start to undergo compression (i.e. when
they are in physical contact). In contrast to the hindered settling velocity which can be
measured directly from the linear slopes of the batch settling curves, no straightforward
measurements for compression settling exists. Therefore, the compression function is
calibrated by fitting the evolution of the SBHs as predicted by the 1-D model to the full
batch settling curves that were recorded during the batch experiments (Figure 5.3).
Given that no a priori knowledge is available on the objective function or the probability of running into local optima, a preliminary screening of the parameter space is
performed by means of the BFMC method. This explorative screening provides important information on the identifiability of the parameters, correlations between the
parameters and the location of optimal parameter ranges which can then be used in a
further optimisation. The following ranges were defined for α and Xcrit :
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• α [m2 /s2 ]=[0-1.5]
• Xcrit [g/m3 ]=[0-8000]
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The BFMC analysis is performed based on 10,000 model runs of the 1-D Bürger-Diehl
model with random sampling from the defined parameter ranges. The hindered settling
parameters are already calibrated from the procedure described above and are thus kept
at a fixed value. Each model run is evaluated by calculating the likelihood function.
However, a slight modification was made to the likelihood function of Eq. 5.8. Instead
of squaring the errors between the experimental data and the model predictions, the
absolute value of the errors was used. As the maximum SBH is only 0.25 m (height of
the settling column) the difference between the predicted SBHs and the measured SBHs
is always smaller than 1. Squaring these differences would thus reduce the significance
of large errors. Figure 5.11 shows the evolution of the modified likelihood values across
the parameter ranges for the compression parameters α and Xcrit . Model runs that
provide a better fit to the data than the case with only hindered settling are classified
as behavioural.
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Figure 5.11: Plot of the likelihood in function of the parameter values for α (left) and Xcrit (right). Behavioural runs are
indicated in grey, non behavioural runs in black.

The results of the BFMC-analysis illustrate that behavioural runs are found over a broad
range for both parameters. For Xcrit a clear preference for high parameter values can
be observed but some higher likelihood values are also found at low values for Xcrit .
Hence, it is not possible to find a unique optimum for the parameters of the compression
function. The reason behind this becomes apparent by visualising the location of the
highest likelihood values in the 2-D parameter space (Figure 5.12). A logaritmic trend
can be observed indicating a distinct correlation between the parameters. Both the
combination of high α and high Xcrit values as well as the combination of low α and
low Xcrit values provide high likelihood values. Numerous parameter combinations
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providing an optimal fit to the data can thus be found signifying that the parameters
are not identifiable.
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1.5

α [m2/s2]
Figure 5.12: Plot of the likelihood in function of different parameter
combinations of α and Xcrit .

The highest value for the likelihood function is found at α=0.037 and Xcrit =4068. To
investigate the added value of the compression function, simulation results with this
parameter set are compared to the experimental data in Figure 5.13.
The 1-D model without compression settling (Figure 5.10) performed reasonably to
predict the batch curves at low initial sludge concentrations but severely underpredicted
the SBH for higher initial sludge concentrations. Including compression improves predictions at high initial sludge concentrations but at the expense of a lower predictive
power for the low initial concentrations. By including compression, elevated SBHs
are predicted for all batch settling curves as the settling velocity and consequently the
descent of the sludge/water interface is slowed down due to the formation of a compressive network. When considering the simulation results without compression (Figure 5.10) the required elevation of the SBH to match the measured data differs substantially between the batch settling curves suggesting that different amounts of compression are required for different initial solids concentrations. However, as the formation
of a compressive network during settling of sludge is a physical phenomenon, the dynamics of this phenomenon should not depend on the initial concentration in the batch
column but only be time dependent (i.e. kicking in earlier or later when a certain Xcrit
is reached). Hence, the results in this section demonstrate that the currently selected
combination of constitutive functions for hindered settling and compression settling
does not succeed in capturing the true settling dynamics. Further investigation into the
nature of these constitutive functions is necessary which will be the subject of the next
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Figure 5.13: Batch settling curves for different initial solids concentrations. Symbols: measured sludge blanket heights.
Lines: sludge blanket heights modelled by the 1-D
Bürger-Diehl SST model with the hindered settling
functions of Vesilind (1968).

chapters.

5.3

Conclusions

The objective of this chapter was to calibrate the 1-D SST model by Bürger et al.
(2011, 2013) including a function for hindered settling and a compression function.
The identifiability of the calibrated parameters was investigated as well as the model’s
ability to predict batch settling data.
• The validity of several empirical equations to estimate the parameters of the hindered settling functions by Vesilind (1968) based on simple SSPs was verified. It
was found that SSPs provide insufficient information to describe the settling behaviour at different sludge concentrations and that their application to calibrate
hindered settling parameters should be avoided.
• The parameters of the commonly used hindered settling function of Vesilind
(1968) and Takács et al. (1991) were calibrated based on the linear slopes of
batch settling curves at different initial concentrations. Both functions provided
a good fit to the experimental data. However, large confidence intervals were
found for the parameters of the hindered settling function by Takács et al. (1991).
• The identifiability of the hindered settling parameters was investigated with the
BFMC-method. The parameters of the settling velocity function of Vesilind
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(1968) were found to be identifiable resulting in a unique optimal set of parameters. The settling velocity function of Takács et al. (1991) is, however, not
identifiable. Including an extra term in the hindered settling function to mimic
the settling behaviour in the clarification zone reduces the identifiability and reliability of the parameter estimation. Either rP should be calibrated separately
or an alternative approach to model discrete settling at low sludge concentrations
should be implemented.
• 1-D model simulations of the batch settling data with the optimised hindered
settling function of Vesilind (1968) produced an underestimation of the measured SBH at high initial solids concentrations indicating a clear need to include
compression settling in 1-D modelling.
• To calibrate the parameters of the compression function a coarse screening of
the parameter space was performed by means of the BFMC-method and the predicted SBHs were compared to the SBH measurements. This revealed clear
identifiability issues caused by significant correlation between the parameters.
• 1-D model simulations with an optimal parameter set for the compression function were not able to simultaneously describe all batch curves with a single parameter set. Batch curves for different initial concentrations seemed to require
different compression dynamics. These results suggest that the combination of
the hindered settling function by Vesilind (1968) and the currently selected compression function is not able to capture the true settling behaviour. Further investigation into more suitable constitutive functions is required.
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6

Critical analysis of constitutive functions for hindered
settling velocity in 1-D settler models

Redrafted from:Torfs, E., Balemans, S., Locatelli, F., Bürger, R., Laurent, J., François,
P., Diehl, S., and Nopens, I. (2015a). Critical analysis of constitutive functions for
hindered settling in 1-D settler models. In Proceedings of Watermatex2015, Gold
Coast, Australia, June 15-17.

Abstract
Advanced 1-D models for SSTs aim to incorporate more realism by explicitly accounting for several phenomena that influence the settling process. For each of them a valid
mathematical expression needs to be selected to obtain a calibrated model that can
be used for operation and control. The presented work evaluates different available
expressions for hindered settling based on long term batch settling data. The analysis shows that the exponential forms which are most commonly used in traditional SST
models not only account for hindered settling but partly lump other phenomena as well.
This makes them unsuitable for advanced 1-D models that explicitly include each phenomenon in a modular way. A power-law function is shown to be more appropriate to
describe the hindered settling velocity.

6.1

Introduction

The strength of the Bürger-Diehl SST model is twofold. It presents a numerical scheme
that is consistent with current PDE-theory to ensure convergence in the solution and
it allows the modeller to account for several phenomena (such as hindered settling,
sludge compression and inlet dispersion) in a modular way making it very flexible in
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its application. However, the latter aspect requires the selection of a set of constitutive functions that are able to describe the dynamics of each of these processes. Eq. 6.1
indicates the different constitutive functions that need to be defined (vhs - hindered settling, dcomp - compression settling, ddisp - inlet dispersion). Each of these functions
can easily be updated or replaced whenever research provides further insight in any
of these phenomena. As gravitational settling and compression settling are the governing processes to predict important operating variables such as sludge blanket height
and recycle concentration, the selection of constitutive functions for ddisp will not be
considered here. Note that the compression function in Eq. 6.1 is written in its most
general form as all analysis and conclusions in this chapter are made independently of
any specific structure for dcomp .
BX
“
Bt
´
´
`
`
`

B
pvc ptq Xq
Bz
B
pvhs pXq Xq
Bz ˆ
˙
B
BX
dcomp pXq
Bz
Bz
ˆ
˙
B
BX
ddisp pz, Qf ptqq
Bz
Bz
Qf ptqXf ptq
δpzq
A

convective flow
gravitational settling
(6.1)
compression settling
inlet dispersion
incoming feed flow

In the previous chapter it was shown that the combination of the most commonly used
hindered settling functions (Vesilind, 1968; Takács et al., 1991) and a compression
function based on the work of Bürger (2000) and De Clercq et al. (2008) is not able
to accurately predict batch settling data. However, for each of these constitutive functions several alternatives have been presented in literature (Richardson and Zaki, 1954;
Vesilind, 1968; Takács et al., 1991; Cho et al., 1993; De Clercq et al., 2008; Diehl,
2014; Ramin et al., 2014b). As hindered settling is active both in the hindered settling
regime as well as in the compression regime (with compression settling working as
a force against hindered settling), it follows that the hindered settling velocity should
be the first function to examine. An inadequate choice for this function can after all
impede the selection and calibration process of the remaining functions.
Literature on hindered settling is dominated by exponential and power law functions
with the exponential functions being most established in commonly used layer models.
However, since hindered settling is the only driving force considered in many of these
layer models, the exponential relation may not have been selected for its superiority in
describing the phenomenon of hindered settling as such but for its overall performance
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including the ability to partially compensate for missing phenomena. De Clercq et al.
(2008) found that an exponential expression for the hindered settling velocity in combination with an expression for compression settling was not able to describe experimental batch settling data whereas a power-law function could. Moving to advanced settler
models which try to explicitly account for each phenomenon separately thus requires
to re-evaluate available hindered settling functions.
Moreover, a thorough understanding of the different settling regimes requires more
detailed data than simple batch settling curves. Hence, this chapter evaluates the validity of different constitutive functions for hindered settling based on detailed data of
long-term batch experiments.

6.2

Material and methods

Constitutive functions for hindered settling
Four hindered settling functions are considered in the current analysis: the most commonly used exponential functions of Vesilind (1968) (Eq. 6.2) and Takács et al. (1991)
(Eq. 6.3), the power-law function of Cole (1968) (Eq. 6.4) which gave satisfactory results in the work of De Clercq et al. (2008) and finally a power-law function proposed
by Diehl (2014) (Eq. 6.5). The latter selected this power-law function based on an extensive study to identify an expression for vhs by solving an inverse problem. In these
equations X represents the sludge concentration and V0 , rV , rH , rP , k, X̄ and q are
positive parameters to be calibrated.

vhs pXq “ V0 e´rV X
`
˘
vhs pXq “ V0 e´rH X ´ e´rP X
vhs pXq “ k X
vhs pXq “

6.2.1

´n

V0
ˆ ˙q
X
1`
X̄

(6.2)
(6.3)
(6.4)
(6.5)

Experimental data

The analysis of these constitutive functions is performed based on two sets of batch
settling data. The first dataset was collected by De Clercq et al. (2005) who performed
in-depth batch experiments by means of a radio-tracer. These experiments were performed with sludge from the WWTP of Destelbergen (Belgium) at three different initial
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concentrations (2.4, 3.23 and 4.3 g/l) resulting in three sets of complete concentration
profiles during 6 hours of settling (referred to as Dataset 1).
The second set of data was collected by Locatelli et al. (2015) who applied an ultrasonic velocity profile technique to measure settling velocities within the sludge blanket
without disturbing it. The measurements were performed by an ultrasonic transducer
which was installed above a settling column to perform vertical measurements of the
settling velocity. The ultrasonic velocity profile technique was originally developed
by Takeda (1995) who reported the following specifications: a spatial resolution of
0.75 mm, a spatial measurement error of 1.1%, a velocity resolution of 0.75 mm/s and
a velocity measurement error of 3.5%, indicating that this methodology provides accurate measurements of the in-depth settling velocity. Locatelli et al. (2015) performed
experiments with sludge from the WWTP of Rosheim (France) at 6 different initial
concentrations (1.5, 2.7, 3.2, 4.0, 4.6 and 5.6 g/l). As the initial concentration for each
experiment is known and the settling velocities are measured, the settling fluxes can be
calculated at each time from which changes in concentration can be tracked in order to
determine the concentration profile. The experiments thus resulted in 6 sets of complete velocity and concentration profiles during approx. 1 hour of settling (referred to
as Dataset 2). Moreover, this dataset was extended with one additional experiment at
a concentration of 3.9 g/l where the settling process was monitored during 22 hours of
settling.

6.2.2

Akaike’s Information Criteria (AIC) for model selection

The performance of the selected constitutive functions with respect to the experimental
data can be quantified with a criterium for model selection such as AIC (Burnham
and Anderson, 2004). This criterium assesses different model structures taking into
consideration their goodness of fit as well as their complexity (Eq. 6.6). Lower values
for AIC indicate a better model.
ˆ
AIC “ N log

SSE
N

˙
` 2p

(6.6)

In this equation N represents the number of datapoints, p the number of model parameters and SSE the sum of squared errors between the measured and simulated values.
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6.3

Results and discussion

6.3.1

Calibration of hindered settling functions

For each dataset the settling parameters of Eqs. 6.2-6.5 were calibrated. Calibration
was performed based on the slope of the linear descent of the sludge blankets (Figure 6.1) as described in Chapter 5.
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Figure 6.1: Measured SBH data from De Clercq et al. (2005) (left)
and Locatelli et al. (2015) (right).

This resulted in three datapoints for the first dataset and 6 datapoints for the second
dataset. Subsequently, the parameters for the hindered settling functions were calibrated by solving a least squares problem. The resulting parameter sets and model fits
are shown in Table 6.1 and Figure 6.2. In Dataset 1 no confidence intervals could be
calculated for the functions of Takács et al. (1991) and Diehl (2014) as for these functions three parameters need to be estimated based on only three datapoints. Hence, the
t-test statistic in Eq. 5.7 cannot be calculated. Infinite confidence intervals are found
with Dataset 2 for the function of Takács et al. (1991) as the local sensitivity at the measured concentrations is zero for parameter rP confirming once more that parameter rP
is not identifiable based on hindered settling data.
From Figure 6.2 it can be observed that all four hindered settling functions provide a
good fit to the data. The performance of each hindered settling function is quantified
with the AIC criterium in Table 6.2 (lowest AIC value for each dataset indicated in
bold). Next to the analysis for Dataset 1 and Dataset 2 also the results for the batch
settling data from Chapter 5 are included. The power-law functions seem to perform
better for the data of Locatelli et al. (2015) whereas the exponential functions perform
better for the data of De Clercq et al. (2008) and Chapter 5. In general all four functions produce AIC values in a similar range. Hence, it is difficult to select an optimal
constitutive function based on these results.
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Table 6.1: Optimal parameter values for the different hindered settling functions.

parameter
Vesilind
V0 [m/d]
rV [l/g]
Takács
V0 [m/d]
rH [l/g]
rP [l/g]
Cole
k [kg/m2 h]
n [-]
Diehl
V0 [m/d]
X̄ [g/l]
q [-]

Dataset 1

Dataset 2

256 ˘81
0.55 ˘0.09

310 ˘11
0.57 ˘0.01

4.38e5 ˘ NaN
0.872 ˘ NaN
0.873 ˘ NaN

310 ˘8
0.573 ˘8
0.025 ˘8

12.72 ˘4.52
1.701 ˘0.294

10.11 ˘0.34
1.423 ˘0.027

277 ˘ NaN
1411 ˘ NaN
2.0831 ˘ NaN

440 ˘165
931 ˘0.301
1.73 ˘0.112
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Figure 6.2: Comparison of different hindered settling functions calibrated to measured data of De Clercq et al. (2005) (left)
and data of Locatelli et al. (2015) (right).

Table 6.2: Model selection of the different constitutive functions
based on Akaike’s Information Criterium.

Dataset 1
Dataset 2
Dataset chapter 5

Vesilind
-18.19
-7.49
-7.58
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Takács
-22.55
-5.49
-6.92

Diehl
-10.46
-11.70
-6.58

Cole
-11.04
-16.06
-4.89

12
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However, a similar fit to the hindered settling data does not imply similar simulation
results when implementing the functions in a 1-D model. Both at low and high concentration ranges (where hindered settling does not occur or cannot be measured separately) differences between the presented functions can influence the predictions of
the 1-D model. At low concentrations (<1 g/l) discrete settling prevails (i.e. settling of
individual flocs with size as the dominant influence rather than concentration). Including discrete settling in a 1-D model remains challenging and is outside of the scope of
this chapter. At concentrations above approx. 6 g/l the differences in predicted settling
velocities in Figure 6.2 may seem small, however, from a relative perspective, they are
profound. This is illustrated by the more detailed view of the predicted hindered settling velocities at high sludge concentrations in Figure 6.3. In reality, at these higher
concentrations hindered settling will be slowed down by the formation of a network of
particles that undergo a compressive force. The choice of the hindered settling function in this region will thus be important for the subsequent selection and calibration
of a constitutive function for compression.
3
Vesilind
Takács
Cole
Diehl
Data

1.5

1

0.5

0
0

2

4

6

8

10

Settling velocity [m/h]

Settling velocity [m/h]

2

2
1.5
1
0.5
0
0

12

Sludge concentration [g/m³]

Vesilind
Takács
Cole
Diehl
Data

2.5

2

4

6

8

10

12

Sludge concentration [g/l]

Figure 6.3: Zoom of the predicted hindered settling functions calibrated to measured data of De Clercq et al. (2005) (left)
and data of Locatelli et al. (2015) (right) to illustrate
differences at high concentrations.

To assess this influence, the hindered settling functions need to be implemented in
a 1-D model to see how they perform in predicting SBH data and velocity profiles.
One exponential and one power-law function are selected for this further analysis. For
the exponential functions, the function of Vesilind is selected due to the identifiability
issues observed with the function of Takács in Chapter 5 and Table 6.1. The powerlaw functions are represented by the function of Diehl. The latter choice was made
from an implementation perspective. As can be seen from Figure 6.2 the function of
Cole goes to infinity when X approaches 0. Hence, implementing this function in a
1-D model requires an additional settling function for low solids concentrations. The
settling behaviour at low concentrations is however not yet fully understood nor can it
be properly modelled to date.
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6.3.2

Impact of different hindered settling functions on
long-term SBH predictions

The hindered settling functions of Vesilind (Eq. 6.2) and Diehl (Eq. 6.5) are implemented in the Bürger-Diehl settler model (discretised with 90 layers) and used to simulate the experimental batch settling data. For the first dataset, the resulting predictions
of SBH are provided in Figure 6.4.
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Figure 6.4: Measured SBHs (solid line - from De Clercq et al. (2005))
and predicted SBHs (dashed lines) by the Bürger-Diehl
model with only hindered settling. Left: hindered settling function of Vesilind (1968), right: hindered settling
function of Diehl (2014). Results during first 45 min of
batch settling (top) and 6 hours of settling (bottom).

First, the SBH predictions during the first 45 minutes of settling are investigated (shown
at the top of Figure 6.4) as this is the typical duration of batch settling experiments.
For both hindered settling functions the 1-D model performs well in predicting the
initial linear descent of the sludge blanket but the models underpredict the SBH once
the curve of the SBH starts to bend (corresponding to the onset of compression settling). This underprediction is much larger for the hindered settling function of Diehl.
From a modelling point of view, the underprediction is as expected. A 1-D model
that only accounts for hindered settling will evidently overpredict the settling velocity
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at high concentrations and thus underpredict the SBH since it disregards the gradual
compressibility that the formed particle network undergoes. To include more physical
realism a compression function should be added which further slows down the settling velocity at high solids concentrations causing the sludge blanket to descend less
rapidly.
However, as the dataset collected by De Clercq et al. (2005) provides data of up to 6
hours of settling these effects can be investigated in more detail. Therefore, the full
measurements and simulation results for 6 hours of settling are shown at the bottom of
Figure 6.4. These results clearly show that the 1-D model simulations with the exponential function of Vesilind perform much better in describing the overall trend in the
experimental data. However, from a physical perspective these predictions do not make
any sense. The predictions switch from an underprediction of the SBH (at t<2h) to an
overprediction of the SBH (at t>2h) whereas we expect the SBH to be underpredicted
over the entire experiment since no compression settling is taken into account. Hence,
using an exponentially decaying function to describe hindered settling does not only
account for hindered settling but already (unintentionally) lumps in some compressive
behaviour (by predicting very low values for vhs at high sludge concentrations - see
Figure 6.3). Although this results in a model that performs relatively well in predicting the general trends, it will hamper further efforts to include more realism in 1-D
models by accounting for other phenomena such as compression. Adding any type of
compression function will decrease the settling velocity at higher concentrations and
thus increase the predicted SBHs resulting in somewhat better predictions for t<2h but
much worse predictions at t>2h. The power-law function suggested by Diehl (2014)
does perform as expected from a hindered settling function, i.e. an underprediction
of the SBH over the entire time-interval and can thus be combined with a constitutive
function for compression settling to obtain a more advanced 1-D model that accounts
for both hindered and compression settling. Note that the seemingly small differences
in vhs predictions at high concentrations that were observed in Figure 6.2 cause considerable differences in SBH predictions and should not be ignored.

6.3.3

Impact of different hindered settling functions on
velocity profile predictions

These findings were further validated on the second dataset by Locatelli et al. (2015)
which provided experimental data of the settling velocity as well as the concentrations
over the entire depth of the settling column during 22 hours of settling at an initial concentration of 3.9 g/l. The measured velocity and concentration profiles were compared
to 1-D simulation results with the hindered settling functions of Vesilind (1968) and
Diehl (2014) in the Bürger-Diehl model (discretised with 90 layers). Both experimental measurements and simulation results consist of data in three dimensions (velocity,
time and depth). To facilitate the visualisation, the experimental data and the simu107
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lation results are presented in two dimensions from two different viewing points in
Figure 6.5. The left side of Figure 6.5 shows the evolution of the velocity profile as
a function of time and the right side shows the evolution of the sludge blanket height
as a function of time. The most important features of the batch profiles are further
summarized in Table 6.3.
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Figure 6.5: Velocity profiles inside the sludge blanket (left) and evolution of the SBH (right) for a batch settling experiment
at an initial concentration of 3.9 g/l. Experimental data
(top), simulation with the settling velocity of Vesilind
(middle) and simulation results with the settling velocity of Diehl (bottom).

First, the simulation results with the commonly used exponential function of Vesilind
are evaluated with respect to the experimental data. Comparing the SBHs between
the experimental data and the model predictions leads to similar observations as in
the previous section. The model with the hindered settling velocity of Vesilind over108
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Table 6.3: Comparison of important features between the experimental data of Locatelli et al. (2015) and 1-D simulations
with the calibrated hindered settling functions of Vesilind
and Diehl after 22 hours of settling

SBH [m]
vs,bottom [m/s]
vs,SBH [m/s]
Xbottom [g/l]
XSBH [g/l]

Exp. data
Locatelli et al. (2015)
0.15
0.0124
0.0380
32.0
9.0

1-D simulations
vhs of Vesilind vhs of Diehl
0.21
0.02
0.0022
0.0059
0.0027
0.0200
21.8
315.6
10.5
31.6

predicts the SBH at long settling times (predicted value of 0.21 m vs. a measured
value of 0.15 m) indicating that it predicts settling velocities that are too low at higher
sludge concentrations. This is further confirmed through the analysis of the velocities
and concentration values. Where the 1-D model with the hindered settling velocity of
Vesilind predicts a sludge concentration similar to the measured value at the height of
the sludge blanket, the predicted velocity is approx. 10 times smaller. At the bottom
of the batch reservoir, this effect is even more pronounced with a measured concentration much higher than the predicted concentration even though the measured velocity
still exceeds the predicted value. In summary, the prediction of low velocities at high
concentrations in the commonly used exponential hindered settling functions hamper
the thickening behaviour resulting in underpredictions of the bottom concentration and
overpredictions of the SBH making these functions unsuitable to combine with a compression function in advanced 1-D models.
The simulation results with the power-law hindered settling velocity of Diehl (2014)
show a remarkably different behaviour. The model predicts a sludge blanket of only
two layers thick and an extremely concentrated bottom layer. Intuitively, this may seem
strange, however, from a theoretical point of view this behaviour corresponds to what
is expected from a hindered settling function. Without the presence of a compressive
stress the particles can thicken at will resulting in an integral accumulation of particles
in the bottom layer.
If the modelling study requires a very simplified settler model (i.e. only accounting
for hindered settling), an exponential settling function is clearly the best choice as it
partially lumps other phenomena thus enforcing more realism. However, if these simplified settler models do not suffice for the objective of the modelling study (as is often
the case for example in dynamic wet weather simulations in WWTP modelling) these
models cannot simply be extended with additional phenomena such as compressive
settling. A more advanced settler model that explicitly accounts for each phenomenon
should be applied. For the latter models a power-law type function is found more
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appropriate in describing the hindered settling behaviour. This can subsequently be
extended with a compression function for more accurate predictions of the sludge settling behaviour. The choice of the compression function will be discussed in the next
chapter.

6.3.4

Identifiability of the power-law functions
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Following the identifiability analysis that was performed for the exponential hindered
settling functions in Chapter 5, the parameter identifiability for the power-law functions
of Diehl (2014) and Cole (1968) are investigated here. Each hindered settling function
was evaluated 10,000 times for different parameter combinations and the likelihood
function (Eq. 5.8) was calculated for each simulation. The threshold for behavioural
runs was set to a value of 0.8. Figures 6.6 and 6.7 present the results for the power-law
functions of Diehl (2014) and Cole (1968), respectively.
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Figure 6.6: Plot of the likelihood value as a function of the parameter
values for V0 , X̄ and q of the hindered settling function
of Diehl (2014). Behavioural runs are indicated in grey,
non behavioural runs in black.

Whereas the parameters X̄ and q in the function of Diehl (2014) show a distinct optimum, optimal values for the parameter V0 are found in a broad interval. Hence, the
parameter V0 is not identifiable based on the available data. The parameter V0 defines
the intersection with the Y-axis (i.e. the maximum value of the settling velocity at a
concentration of zero) and will exert it’s main influence on the settling behaviour at
low sludge concentrations (as indicated by the local sensitivity analysis in Figure 6.8).
Similarly as for the parameter rP in the settling function of Takács et al. (1991) identifiability issues arise due to a lack of data in regions of low sludge concentrations. The
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Figure 6.7: Plot of the likelihood as a function of the parameter values for k and n of the hindered settling function of Cole
(1968). Behavioural runs are indicated in grey, non behavioural runs in black.

power-law function of Cole (1968) with only two parameters does not show any identifiability issues. However, it is not able to model the settling behaviour at low sludge
concentrations as it predicts settling velocities up to infinity in this region. These results demonstrate once more the need to develop a novel approach to model the discrete
settling behaviour at low sludge concentrations which will be investigated further in
Part III.

6.4

Conclusions

Two types of hindered settling functions were examined. The exponential relations as
presented by Vesilind (1968) and Takács et al. (1991) and power-law type functions
as presented by Cole (1968) and Diehl (2014). The behaviour of these functions was
evaluated based on long-term data of SBHs, concentration profiles and velocity profiles.
• The most commonly used exponential hindered settling functions produce contradictory results when confronted to long term batch data. At long settling
times they underestimate the thickening behaviour of sludge resulting in SBH
predictions that are too high and bottom concentrations that are too low. This
behaviour does not correspond to the concept of hindered settling indicating that
they do not only account for hindered settling but partially lump in compression
in their model structure as well. One needs to bear in mind that the inclusion
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Local sensitivity of V0
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Figure 6.8: Local sensitivity of the settling velocity function of Diehl
to the parameter V0 .

of compression here cannot be further tuned and cannot be disconnected from
hindered settling.
• The power-law functions predict lower settling velocities at high sludge concentrations compared to the exponential functions. This results in almost perfect
thickening behaviour (represented by extremely high bottom concentrations and
a very thin sludge blanket). Hence, these functions perform as expected from a
hindered settling function.
• Whereas the exponential functions are clearly the best choice for simplified settler models that only include a hindered settling function, they are not suitable if
we want to move towards advanced settler models that aim to explicitly account
for several phenomena. For the latter models a power-law type function is shown
much more appropriate in describing the hindered settling behaviour. Hence, it
is recommended to use a power law function in the further quest to solve the
compression part of the settling problem.
• Identifiability issues were observed when estimating the hindered settling parameters that define the settling velocity at low sludge concentrations indicating
the need for a novel approach to measure and model discrete settling.
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7

Impact of the flocculation state on settling behaviour:
experimental evidence and overview of available modelling
frameworks

Redrafted from: Torfs, E., Locatelli, F., Balemans, S., Diehl, S., Bürger, R., François,
P., Laurent, J., and Nopens, I. (2015b). Impact of the flocculation state on hindered
and compression settling: experimental evidence and overview of available modelling
frameworks. In Proceedings of Watermatex2015, Gold Coast, Australia, June 15-17.

Abstract
In order to move towards advanced 1-D models for secondary settling a more thorough understanding of compression settling is necessary. The inability of the current
modelling frameworks to capture the variability in the compression phenomenon indicates that there is a missing link in the expression describing compressive settling.
This can potentially be attributed to phenomena such as variations in the flocculation
state and segregation of particles during hindered settling which are not considered in
the modelling frameworks. In this chapter evidence is provided to support this hypothesis together with a brief overview of possible extensions/alternatives to the current
modelling frameworks allowing to account for a changing flocculation state.

7.1

Introduction

Several studies have shown that only accounting for hindered settling is insufficient to
capture the complex settling behaviour of activated sludge (De Clercq et al. (2008);
Ramin et al. (2014b), Chapter 4). Therefore, an important aspect when moving to
more advanced settler models is the phenomenon of compression, i.e. the resistance
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to hindered settling caused by the network of flocculated particles that arises at high
concentrations. The compression phenomenon is modelled in the Bürger-Diehl model
as shown in Eq. 7.1. (Note that the dispersion term is omitted in this representation.)

BX
B
B vhs pXqρs dσe pXq BX
Qf ptqXf ptq
“ ´ F pX, z, tq `
`
δpzq (7.1)
pρs ´ ρf q g dX
Bt
Bz
Bz looooooooooomooooooooooon
Bz
A
Compression function
dcomp

The compressive term is dependent on the densities of the solid ρs and liquid component ρf , on the derivative of the effective solids stress σe and on the hindered settling
velocity vhs . The dependency of the compression function on vhs is derived from the
mass and linear momentum balances of the solid and liquid components by Bürger
(2000) and can be explained intuitively by considering hindered settling as the rate at
which the compressive network expands. Whereas Eq. 7.1 finds its origin in established conservation laws and a power-law function was shown to be most suitable to
describe hindered settling (Chapter 6) no convincing physically motivated expression
for σe exists today.
The effective solids stress is considered as a non-decreasing function of X when the
concentration exceeds a certain critical concentration Xcrit at which the solid particles
are in permanent contact with each other.
dσe pXq
“
dX

#

0

if X ă Xcrit

ą0

if X ě Xcrit

(7.2)

This chapter illustrates typical problems associated with the selection and calibration
of a solids stress function and provides an experimentally motivated hypothesis as to
the nature of these problems.

7.2

7.2.1

Typical problems when calibrating compression behaviour
Calibration of solids stress function

In Chapter 4 a solids stress function was selected based on the work of De Clercq et al.
(2008). This function was unable to accurately predict batch settling data in combination with the hindered settling function of Vesilind (1968) or Takács et al. (1991) (see
Chapter 5). Through a more detailed analysis of the behaviour of different hindered
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settling functions Chapter 6 showed that a power law function (such as the hindered
settling function proposed by Diehl (2014)) is more suited to describe hindered settling. Therefore, the ability of the solids stress function from Chapter 4 (Eq. 4.2) combined with the power-law function of Diehl (2014) (Eq. 6.5) to predict compression
behaviour is tested here. Both functions are implemented in the Bürger-Diehl model
and their potential to predict the batch curve data of Locatelli et al. (2015) is analysed.
The parameters of the hindered settling velocity are calibrated based on the slopes of
the batch curves (see Chapter 6) and the parameters of the solids stress function are
calibrated by directly fitting the Bürger-Diehl model to the batch settling curves. The
simulation results with the optimal parameter set are shown in Figure 7.1 (right).
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Figure 7.1: Measured SBHs (solid line - from Locatelli et al. (2015))
and predicted SBHs (dashed lines) by the Bürger-Diehl
model with a power-law hindered settling function (left)
the combination of a power-law hindered settling function and a calibrated compression function (right).

The simulation results show a clear improvement with respect to the simulations where
only hindered settling is considered Figure 7.1 (left). However, the model is still not
able to capture the behaviour of the complete batch curves. For simulation times up
to 20 minutes, the batch curves of the lowest concentrations are predicted quite well
but an overprediction of the batch curves at higher concentrations is observed. For
longer simulation times all batch curves are underestimated except the curve for the
lowest initial concentration which is overestimated. It is impossible to compensate for
all these prediction problems through adjustments of the compression parameters only.
For example, the overprediction at the high concentrations for tă20 min suggests that
the onset of compression (Xcrit ) is set too low. Increasing Xcrit will worsen the underpredictions at later time instances. The latter indicates a need for more compression
and could thus be compensated for by increasing α. However, increasing α will in
its turn worsen the overpredictions of the batch curve at the lowest initial concentration. Hence, accurate predictions of all settling curves with a single parameter set are
not possible indicating that a phenomenon that occurs in reality is not present in the
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model. Moreover, as attempts to improve predictions in some parts of the batch settling
curves will worsen predictions in other parts of the experimental data, several parameter combinations will provide similar overall prediction results suggesting a structural
identifiability problem. The latter is confirmed by the occurrence of high likelihood
values over large parameter ranges as shown in Figure 7.2.
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Figure 7.2: Plot of the likelihood in function of the parameter values
for α and Xcrit . Behavioural runs are indicated in grey,
non behavioural runs in black.

7.2.2

Time-variable critical concentration

These observations indicate that some variability is still present in the data which is not
captured by the current constitutive function for σe . In recent years, a number of studies
have tried to extract an expression for σe from experimental batch settling data by
means of inverse modelling (De Clercq et al., 2008; Ramin et al., 2014b; Diehl, 2014).
De Clercq et al. (2008) collected detailed in-depth concentration profiles by means of
a radiotracer and used these data to derive a logarithmic function for σe . Ramin et al.
(2014b) collected data of sludge blanket heights and bottom concentrations during
batch settling tests at different concentrations and derived an alternative equation for
σe . However, both authors concluded that the use of a solids stress function that is
only depending on X is insufficient to describe the physics of compression. They were
able to overcome this problem by introducing a variable critical concentration (Xcrit ).
Figure 7.3 shows SBH predictions for simulations with a variable critical concentration
obtained by De Clercq et al. (2008) and Ramin et al. (2014b).
De Clercq et al. (2008) deduced from experimental observations that the critical concentration is located just below the discontinuity of the sludge blanket height. Hence,
a variable Xcrit was introduced by tracking this discontinuity throughout the model si116
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Figure 7.3: SBH predictions with a variable critical concentration
obtained by De Clercq et al. (2008) (left) and Ramin
et al. (2014b) (right). Experimental data (symbols) vs.
simulation results (solid lines). Simulation results for
Ramin et al. (2014b) indicate 95% prediction uncertainty.

mulations and setting the critical concentration to the value just below it (thus making
Xcrit vary in time for each experiment). Ramin et al. (2014b) implemented a critical
concentration with a value of 0.1 g/l higher than the initial concentration in the batch
thus making it vary between different experiments. The reasoning behind the latter
is that as long as the sludge undergoes hindered settling the concentration should remain constant. Hence, as soon as the concentration exceeds the initial concentration,
a gradient starts to form which indicates the onset of compression. However, during
batch settling a concentration gradient will always occur from time t>0 since no sludge
can exit the column at the bottom. Hence, the initial formation of a gradient can be
a feature of the settling reservoir and does not necessarily correspond to the onset of
compression.
However, two problems occur with the approach of a variable Xcrit . First, looking
at the history of Eq. 7.1 we can state that from a physical point of view, the critical
concentration should be a constant value for the same type of sludge since it represents the concentration at which particles have permanent contact with one another.
The question arises why independent studies find evidence of a variable critical concentration when from a physical point of view we would expect this to be constant.
One simple hypothesis could be that the empirical relations that were developed for
σe are simply insufficient to capture the true behaviour and the variable Xcrit serves
to compensate for this. To test this hypothesis Diehl (2014) performed an extensive
study on the concentration profiles collected by De Clercq et al. (2005) to identify expressions for vhs pXq and dcomp pXq without assuming any a priori information on the
functions. It could be concluded that no identification of dcomp pXq was possible and
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that the physics of compression cannot be modelled with a solids stress function that is
only depending on X. This confirms the findings of De Clercq et al. (2008) and Ramin
et al. (2014b) that some time varying phenomenon is occurring that is not captured by
the currently used modelling framework.
A second problem with the introduction of a variable Xcrit is that no physical explanation for the observed variance was found in any of the studies above and the introduced
variability on Xcrit is based on information that is only available in controlled batch experiments. During continuous operation of a full-scale clarifier, no information on the
initial concentration is available and the location of the sludge blanket height cannot
easily be tracked as predicting this value is actually one of the goals of the modelling exercise. Hence, applying the implementation schemes proposed by De Clercq
et al. (2008) and Ramin et al. (2014b) to model full-scale dynamic systems is likely
not feasible.
Therefore, the remainder of this chapter aims to investigate the physical or biological
phenomenon behind the unexplained variability in the compression behaviour. An important assumption that was made in the derivation of Eq. 7.1 is that the suspended
particles are monosized and cannot overtake each other. Hence, variations in the flocculation state and segregation of particles during settling are not included and could
potentially explain the nature of the variability in the compression phenomenon.

7.3

Experimental data collection

Three types of experimental data were analysed in order to investigate the impact of the
flocculation state of a sample on its compression behaviour. The experiments differ in
the scale of the process affecting the flocculation state: microbial make-up (experiment
1), exposure to shear stress prior to settling (experiment 2) and local variations over
the depth of a settling reservoir (experiment 3).
For the first type of data, batch settling curves of conventional Activated Sludge (AS)
from the WWTP of Destelbergen (Belgium) are compared to settling curves with
sludge from a lab-scale High-rate Contact Stabilisation (HiCS) reactor. Figure 7.4
shows a schematic representation of the HiCS system. In the first reactor, called the
contactor, the bacteria come into contact with the substrate. The second reactor (the
stabiliser) is aerated to stimulate the growth of bacteria. The HiCS system combines a
feast-famine regime with very short Sludge Residence Times (SRTs) (« 1 day) to select for biomass with high storage rates in order to maximise the energy recuperation
(Dionisi et al., 2005; Meerburg et al., 2015). The specific selection for certain microbial species will naturally influence the floc formation process and hence, the settling
behaviour.
For the second set of experimental data a sample is collected from the biological reactor
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Figure 7.4: Schematic representation of a high-rate contact stabilisation system (Meerburg et al., 2015).

at the WWTP of Destelbergen (Belgium) and a number of batch settling tests were
conducted in 2 liter columns with a diameter of 9 cm. The evolution of the SBH was
monitored during 30 minutes of settling. All tests were performed at the same initial
sludge concentration (3.5 g/l) but at a different initial flocculation state. The latter was
obtained by applying different amounts of shear (force) to the sample prior to settling.
These experiments were performed in parallel with two identical settling columns.
The third dataset consists of the experimental data collected by Locatelli et al. (2014)
who developed an experimental procedure to measure settling velocities within the
sludge blanket by means of an ultrasonic transducer. These data were introduced in
Chapter 6 and provide measurements of the evolution of the settling velocity in both
time and depth.

7.4

Experimental observations and discussion

Impact of floc composition on compression settling
Batch settling curves for conventional AS from the WWTP of Destelbergen (Belgium)
and sludge from a lab-scale HiCS reactor are shown in Figure 7.5. A significant difference in the settling behaviour of the two systems can be observed. The settling curves of
the two highest concentrations of the conventional sludge (5.46 g/l and 6.83 g/l resp.)
show very poor settling properties. The absence of an initial linear descent in these
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curves signifies that compression is present from the start of the settling experiment.
The critical concentration will thus be smaller than 5.46 g/l. For the settling curves of
the sludge of the HiCS reactor a clear linear descent is present up to a concentration
of 8.5 g/l, indicating that Xcrit ą 8.4 g/l. This sizeable difference in compression
behaviour can be attributed to the combination of a very short SRT in combination
with a feast-famine regime in the HiCS reactor. Such growth conditions are known to
have an advantage for floc-formers (Guo et al., 2014) resulting in small, dense flocs
with good-settling and compaction properties. (It should be noted that the absence of
a filamentous network hampers the ability of the flocs to act as a filter to remove small
particles resulting in an increased turbidity of the supernatant.)
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Figure 7.5: Comparison of batch settling curves for conventional AS
from the WWTP of Destelbergen (left) and sludge from
a lab-scale HiCS-reactor (right).

7.4.1

Impact of variations in shear stress on compression
settling

In this experiment a sludge sample from the WWTP of Destelbergen was forced to
undergo different amounts of shear stress prior to settling. The results of the batch
settling test are presented in Figure 7.6. The experiments were performed on the same
day in two parallel settling columns shown resp. in the left and the right side of the
figure. The evolution of the sludge blanket height (and thus the settling velocity at
the top of the sludge blanket) changes noticeably between the different experiments.
Since each of these tests was performed at exactly the same initial concentration the
differences in settling behaviour cannot be attributed to variations in concentration but
only to variations in the flocculation state. By stirring the sample, loosely bound flocs
are broken up into more stable aggregates with better settling properties resulting in
a faster decrease in the sludge blanket height. This can be explained by the release
of EPS acting like a polymer to increase flocculation (Laurent et al., 2009). (Stirring
the sample at high shear rates also resulted in increased supernatant turbidity due to
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the formation of colloids. However, modelling the clarification process is outside the
scope of this chapter.)

Reference
Stirring 100 rpm 10 min
Stirring 1700 rpm 50 min

0.5

0
0

0.1

0.2

0.3

1

normalised SBH [-]

normalised SBH [-]

1

Reference
Stirring 100 rpm 10 min
Stirring 16000 rpm 50 min

0.5

0
0

0.4

Time [h]

0.1

0.2

0.3

0.4

0.5

Time [h]

Figure 7.6: Evolution of the sludge blanket height during batch settling experiments at the same initial sludge concentration
but a different flocculation state.

Both hindered and compression settling are influenced by these variations in the flocculation state. When mixing is applied prior to settling, steeper slopes can be observed
in the linear part of the batch curves indicating an increase in the hindered settling
velocity. The impact of the flocculation state with respect to the onset of compression
settling is illustrated in Figure 7.6 (right). The horizontal and vertical grey dotted lines
indicate the point where the sludge blanket enters the compression zone. Hence, at this
point the concentration at the top of the sludge blanket should equal Xcrit . When shear
is applied prior to settling, the sludge water interface reaches the compression zone at
an earlier time and more importantly at a much lower sludge blanket height (and thus
in a more concentrated state). A more concentrated sludge blanket at the onset of the
compression zone thus indicates a higher critical concentration. This confirms that
changes in flocculation state can account for variations in the critical concentration.
Due to the applied shear, larger, less stable flocs will be reduced to smaller, denser
flocs with different packing properties resulting in a sample that can reach higher concentrations before the particles are in permanent contact.

7.4.2

In-depth analysis of the settling velocity

The previous experiments clearly indicated the impact of changes in the flocculation
state prior to settling on the compression behaviour. However, they are not able to
explain the time-variability observed by De Clercq et al. (2008) within a single batch
experiment. Therefore, the settling velocity measurements of Locatelli et al. (2015)
are analysed throughout the depth of the settling column in order to provide further
insight into this phenomenon.
Figure 7.7 shows two velocity profiles measured by Locatelli et al. (2015) at initial
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sludge concentrations of 1.5 g/l and 4.6 g/l. On these profiles, two regions with different settling behaviour can be distinguished. The top of the profiles (above the horizontal grey, dashed lines) corresponds to the hindered settling region and should be
characterized by a vertical trend. At the bottom of the profile a downward decreasing
trend can be observed corresponding to the compression region.

Figure 7.7: Settling velocity profiles recorded with an ultrasonic
transducer during batch settling at an initial concentration of 1.5 g/l (left) and 4.6 g/l (right).

In the hindered settling zone the measured velocity profile does not show one fixed velocity but a vertical trend with horizontal fluctuations. Analysis of the velocity profile
over time illustrates that these fluctuations are not random but can be tracked throughout the settling process. In these fluctuations, negative velocities can be attributed
to particles moving upwards with the water flow whereas high settling velocities can
be attributed to particles with very good settling properties. These observations indicate that particles do not settle collectively as a zone as is a common assumption
for hindered settling. Moreover, by comparing the two graphs in Figure 7.7, it clearly
appears that the magnitude of the velocity fluctuations decreases when the concentration increases. This observation was confirmed by other measurements obtained
with different concentrations and quantified by calculating the standard deviation of
the derivative of the settling velocity with respect to depth in the hindered settling
region (see Table 7.1).
The fact that the observed fluctuations in the hindered settling region are not random
suggests that the fluctuations correspond to variations in the internal properties of the
sludge blanket, such as heterogeneities in the floc size distribution and that a segregation of particles with different size is occurring in the hindered settling region. This
is supported by the decrease in magnitude of the fluctuations with increasing concen122
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Time
250 s
300 s
350 s

1.5 g/l
1.3e-02
6.0e-03
6.1e-02

3.2 g/l
5.2e-03
3.9e-03
2.8e-03

4.6 g/l
1.7e-03
1.4e-03
1.2e-03

Table 7.1: Standard deviations of the derivative of the settling velocity with respect to depth in the zone settling region.

tration. Indeed, at higher concentrations the flocs are more densely packed making a
distinct segregation of particles more difficult. Local variations in floc size distribution and the segregation of particles over the depth of the hindered settling region may
be the reason for the variations in the critical concentration as changes in particle size
influence the formation of a compressive network.

7.4.3

Overview of available modelling frameworks

From the experiments above it becomes clear that the flocculation state of a sludge
sample prior to settling has a profound influence on its compression settling behaviour
and the concentration (Xcrit ) at which the sample starts to form a compressive network.
Moreover, segregation of particles during the settling process may cause the critical
concentration to vary over time.
Accurate description of this behaviour will therefore require refinement of the currently
used modelling framework. Polydispersed systems undergoing break-up and flocculation have already been extensively studied in many chemical engineering applications
and different modelling frameworks are available in literature. The available frameworks include very detailed models consisting of a system of n coupled PDEs (with n
a chosen number of particle size classes). These models can account for polydisperse
sedimentation where particles of different sizes overtake one another or can even be
further extended to include reaction terms for flocculation and break-up (i.e. Population Balance Models (PBMs)) (Nopens et al., 2015). Such detailed models will of
course come at a cost of an increased simulation time as well as additional calibration challenges and are therefore less suitable to be used for operational and control
purposes. More simplified models that only introduce one additional PDE have also
been developed. Gustavson et al. (2001) introduced a memory function that stores the
maximum volume fraction a particle has encountered during sedimentation to describe
irreversible changes in permeability. A second example is the work by Betancourt et al.
(2014) who developed a model for continuous sedimentation that is able to account for
the influence of flocculant dosage on the settling velocity. The authors introduced one
additional variable (one additional PDE) which tracks the local flocculation state and
allows to have a settling velocity that varies with changes in the flocculation state.
Hence, these available modelling frameworks can serve as a starting point for the fur123

Chapter 7. Impact of the flocculation state on settling behaviour: experimental
evidence and overview of available modelling frameworks

ther development of SST models to include additional variability caused by changes in
the flocculation state.

7.5

Conclusions

A compression function with constant parameters was shown unable to simulate batch
settling curves at different initial concentration with a single parameter set indicating that some unexplained variability remains. The application of a variable critical
concentration (corresponding to the onset of compression) is reported in literature.
However, no physical explanation for this variability is provided and current implementation strategies are not feasible for dynamic simulations in full-scale SSTs. In
this chapter a hypothesis was formulated relating the unexplained variability in the
critical concentration to changes in the flocculation state of the sludge. Experimental
evidence supporting this hypothesis was presented and an overview of potential model
extensions was provided.
• In a first experiment, the compression behaviour of sludges with a different microbial make-up was investigated by comparing batch settling curves of conventional activated sludge to sludge from a HiCS reactor (operated to specifically
select for floc-forming species resulting in small, dense flocs). Significant differences with respect to the onset of compression were observed with a critical
concentration smaller than 5.46 g/l for conventional sludge and larger than 8.5 g/l
for the sludge from the HiCS reactor. Hence, changes in the flocculation state
caused by differences in the microbial make-up of the sludge flocs greatly influence the dynamics of compression.
• A second experiment examined the settling behaviour of sludge samples with
identical concentrations but different flocculation states (obtained by applying
different amounts of shear (force) prior to settling). Applying shear to a sludge
sample resulted in distinctly different hindered settling velocities. Moreover, a
more concentrated sludge blanket at the onset of the compression (i.e. a higher
critical concentration) could be observed. Changes in the flocculation state can
thus provide an important contribution to variations in the critical concentration
as they will alter the rate at which the compressive network expands as well as
the packing properties of the network.
• Finally, settling velocity measurements (Locatelli et al., 2015) were analysed
throughout the depth of a settling column. Measurements in the hindered settling zone showed a broad range of settling velocities indicating that different
particles are settling at different velocities. These results suggest that the common definition of hindered settling which states that particles settle collectively
as a zone, is not valid for activated sludge. Instead, segregation of particles is
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occurring resulting in local variations in floc size distribution. As changes in
particle size influence the formation of a compressive network, segregation of
particles could explain the occurrence of a time-varying critical concentration.
Further analysis of these type of detailed velocity data can significantly improve
the understanding of activated sludge settling behaviour.
• In order to accurately predict the settling behaviour of AS, a model should include information on the flocculation state of the sludge. Polydispersed systems undergoing break-up and flocculation have already been extensively studied in many chemical engineering applications. Different modelling frameworks
which differ in the level of detail are available in literature. The applicability of
these models to activated sludge should be tested.
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PART III
Towards improved predictions of effluent concentrations in Wastewater Treatment Plants

The third part of this PhD aims to develop a framework which is able to model the
discrete settling behaviour in a Secondary Settling Tank (SST) in order to improve predictions of the effluent concentration. In Chapter 8 a flocculation model is successfully
integrated with a Computational Fluid Dynamics (CFD) model to build knowledge on
the discrete settling dynamics in SSTs. Subsequently, a novel measurement device is
developed in Chapter 9 which allows collecting detailed data of changes in Particle Size
Distributions (PSDs) during discrete settling and which can be used to calibrate the integrated model. Furthermore, Chapter 10 applies an inverse problem methodology to
dynamic PSD data to gain insight into the complex aggregation dynamics described
by the flocculation model.
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8

Towards improved predictions of effluent suspended solids
in wastewater treatment plants by integration of a
flocculation model with computational fluid dynamics

Redrafted from:

Torfs, E., Vesvikar, M., and Nopens, I. (2013a). Improved
Predictions of Effluent Suspended Solids in wastewater
treatment plants by integration of a PBM with Computational Fluid Dynamics. In Proceedings of the 5th Population Balance Modelling Conference, Bangalore, India,
September 11-13.
Balemans, S. (2014). Towards improved secondary settling tanks by means of computational fluid dynamics.
Master’s thesis, Dept. of Mathematical Modelling, Statistics and Bioinformatics, Ghent University, Ghent, Belgium.

Abstract
In the clarification region of SSTs settling is characterised by the size, shape and density
of each individual floc instead of their concentration. This is called discrete settling.
Accurate description of this settling behaviour requires information on the floc size
distribution which in its turn depends on the tank hydrodynamics.
A CFD model to describe the hydrodynamics of a SST was coupled with the flocculation model by Parker et al. (1972) which divides the particles into primary particles and
flocs and includes both aggregation and breakage of particles. Simulation results show
that the integration of a flocculation model with CFD allows to qualitatively describe
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the effect of aggregation and break-up and to define specific regions where flocculation
is taking place in the SST. Moreover, through the integrated model it becomes possible
to describe the discrete settling behaviour of particles in regions with low sludge concentrations, allowing for more detailed simulations of the effluent concentration under
various conditions.

8.1

Introduction

Classical settling models relate the settling velocity to the sludge concentration. However, this relation will only be valid if the concentration of the flocs exceeds a certain
threshold where the (in)direct inter-particle forces become sufficiently strong to drag
each particle along at the same velocity irrespective of size or density (i.e. hindered
settling). At lower concentrations, as can be found in the upper region of a SST, concentrations are too dilute for particles to sense each other and the settling velocity will
depend on the size and density of each individual floc. Each particle will thus settle at
its own characteristic velocity independent of the concentration. This regime is called
discrete settling (Ekama et al., 1997). Moreover, Chapter 7 provided evidence of particle segregation during hindered settling which may induce additional variability in the
hindered settling and compression behaviour. Hence, also at higher sludge concentrations, the approach to relate sludge settling only to concentration may be questioned.
However, this chapter will focus on settling in the clarification zone.
The clarification region of a SST is of particular interest since particles that settle
poorly here, will not make it into the sludge blanket and be carried over the overflow
weir deteriorating the effluent quality. As the settling velocity in this region depends
on the individual floc properties, detailed information on the PSD is required to accurately describe the clarification process. The dynamics of the PSD can be tracked by a
flocculation model which describes changes in PSD due to aggregation and break-up
processes. Several types of flocculation models exist to date and have been applied to
activated sludge flocculation. These range from rather simple models including only
primary particles and flocs (Parker et al., 1972) to more advanced Population Balance
Models (PBMs) that include a wide range of floc size classes (Biggs and Lant, 2002;
Nopens et al., 2005, 2015).
The aggregation and breakage dynamics governing the PSD are not constant but depend on the local velocity gradients and thus on the hydrodynamics in the SST. The use
of CFD to describe the hydrodynamics has already severely improved the understanding of some phenomena (He et al., 2008; Stamou et al., 2009; Tamayol et al., 2010;
Xanthos et al., 2011, 2013) which has lead to new designs of inlet structures and more
knowledge-based location and dimensions of baffles. However, in order to thoroughly
understand the complex performance of SSTs both hydrodynamics and flocculation
need to be addressed in an integrated way in order to capture all phenomena.
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Some studies have already aimed at integrating these different processes in order to improve the understanding of the SST performance. Griborio and McCorquodale (2006)
combined a CFD model with a flocculation model to investigate the optimum design
of a center well in SSTs. This chapter aims at integrating a flocculation model with a
CFD model as a first step towards simulating the discrete settling behaviour in order too
obtain improved predictions of the Effluent Suspended Solids (ESS) concentration. A
schematic overview of the envisioned modelling framework is provided in Figure 8.1.
Local velocity gradients are modelled in a CFD model and fed to a flocculation model
in order to track changes in PSDs throughout the SST. This is the focus of the current
chapter. In a future step, each floc size class in the integrated model can be characterised by its own settling velocity allowing to describe the discrete settling behaviour
in the clarification zone with more rigour. The latter step requires further refinement
and calibration of the integrated model which will be the topics of Chapters 9 and 10.

Figure 8.1: Schematic overview of processes affecting discrete settling and modelling frameworks to account for them.

The downside of such integrated flocculation-CFD models is the high computational
demand making them unsuitable for real-time applications in operation and control of
clarifiers. They can, however, be used as a tool to build process knowledge by studying
the impact of different operational and design conditions on the ESS concentration.
The detailed knowledge provided by these type of models will aid in improving existing
1-D models. Laurent et al. (2014) developed a protocol to use CFD as a supportive tool
to develop improved models for operation and control (so called next generation simple
WWT models). The conceptual protocol is shown in Figure 8.2. This methodology can
also be applied to SST models where integrated flocculation-CFD models are applied
to build system knowledge. This is envisioned in the current chapter.
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Figure 8.2: Conceptual protocol for the potential use of CFD as a
supportive tool for WWT process modelling (Laurent
et al., 2014).

8.2
8.2.1

Materials and methods
The system under study

The SST under study is a part of the Waste Water Treatment Plant (WWTP) of Roeselare (Aquafin, Belgium). The WWTP of Roeselare has a total biological capacity
of 73,600 Inhabitant Equivalents (IE). The incoming domestic (87%) and industrial
wastewaters (13%) undergo a preliminary treatment by means of mechanical operations (screens) and primary settling after which the biological treatment takes place
in two parallel aeration tanks. The Mixed Liquor (ML) from both aeration tanks is
collected in a central pit and distributed equally over four circular SSTs (I 32m) with
a volume of approximately 2,000 m3 . A schematic overview of the treatment plant is
given in Figure 8.3.
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Secondary settling tanks

Primary settling tanks
Aeration tank

Preliminary treatment

Figure 8.3: Overview of biological wastewater treatment plant of
Roeselare

The system under study in this chapter consists of the upper right SST in Figure 8.3.
The SST receives the ML through four inlets in the central feed structure. The inlet
structure includes a flocculation well and a reflection baffle. The depth of the SSTs
varies from 4 m in the centre to 2 m at the outside wall. The flow is directed radially
outward to the peripheral effluent weir and the overflowing water is discharged into
the Mandel river, a tributary of the Leie. The concentrated Return Activated Sludge
(RAS) at the bottom of each tank is guided to the central sludge hopper by the tilted
tank bottom slope and a rotating scraper mechanism. In Figure 8.4, the geometry of
the complete SST as well as a schematic of the inlet structure is provided.

Figure 8.4: Schematic overview of the SST geometry (left) and the
inlet structure (right) (Aquafin nv).

Average values of operational parameters under dry and wet weather flow conditions
are listed in Table 8.1.
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Table 8.1: Summary of operational parameters (average values)

Dry weather (DW)

Wet weather (WW)

345 ´ 370
420 ´ 470
˘ 220

870
870
˘ 270

3

Inlet discharge per SST (m /h)
in summer
in winter
QRAS (m3 /h)

8.2.2

Acoustic Doppler Current Profiler (ADCP) measurement

To validate the CFD model, a non-invasive Acoustic Doppler Current Profiler (ADCP)
Workhorse Rio Grande (Teledyne RD Instruments - Figure 8.5) was used to measure
the velocity magnitude and direction of the Suspended Solids (SS) inside the SST.

Figure 8.5: The Acoustic Doppler Current Profiler (ADCP).

The working principle of the ADCP is based on the Doppler effect. The device has four
transducers which transmit sound signals at a constant frequency (1200 kHz) into the
water. These sound waves travel through the water column and are partially scattered
back by particles suspended in the moving water. The ADCP records these echoes at
precise time intervals corresponding to fixed depths in the water column which can be
determined based on the traveling time of the signals. The water column is thus divided
in successive vertical elements (called bins) along the axis of the beams (Figure 8.6).
The ADCP measures the change in wavelength between the emitted signal and the
received signal coming from successive bins (Doppler frequency shift). This allows
the determination of the particle velocity over a range of depths (Cobb, 1993; Kinnear
and Deines, 2001). The software package WinRiver II R (Teledyne RD Instruments)
is used for data collection and processing. Measurements in this work were performed
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with the Rio Grande High Resolution Mode (Mode 12) which is characterised by an
acoustic frequency of 1200 kHz, a sampling interval of 1 s, a velocity resolution of
1 mm/s and which allows measurements up to 25 m depth.
It is important to consider that this technique measures the velocity of solid particles,
not the liquid velocity itself. These latter two velocities may differ in a SST, e.g. the
velocity of large and dense flocs may deviate from the liquid velocity due to settling
and drag forces.

Figure 8.6: Schematic representation of the working principle of the
ADCP.

The four transducers are positioned around a horizontal circle every 90 degrees and directed outwards at a certain angle to the vertical. This configuration allows to estimate
the 3-dimensional velocity components: a tangential, radial and vertical component.
However, only three beams are required to determine these three velocity components.
The fourth beam allows to calculate two separate vertical velocities and hence the difference can be considered as an estimate of the measurement error in order to check
the homogeneity of the flow field (Kinnear and Deines, 2001).
The larger the beam angle with the vertical, the more sensitive the ADCP becomes to
horizontal velocity measurements. However, simultaneously the capacity of the ADCP
to measure particle velocities at larger depth decreases. This can be explained by the
occurrence of side lobs when an acoustic signal is transmitted by the transducers. If
these side lobs reach the bottom or any other internal structures (baffles or the scraper
mechanism) before the main signal the transducers will first receive the reflected sidelob signals (typically stronger than the signals reflected from particles). This may blur
the particle return signals and hamper the measurements (Cobb, 1993). Consequently,
the ADCP is not able to measure velocities near the wall or other internal structures
(for example inside the flocculation well) nor can it record velocity measurements at the
bottom region of the tank due to acoustic reflection of the bottom wall. In addition, the
ADCP cannot conduct measurements within 0.5 m of its head due to the time needed
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to convert the equipment head from transmitter to receiver (the blanking period).

8.3

Integrated model development

8.3.1

CFD model

Geometry
Although the processes occurring in a real-life clarifier are three dimensional in nature,
frequently a 2-D modelling approach is used in order to reduce the complexity of the
model and the necessary computational time (Ekama et al., 1997). The geometry of the
SST under study in this chapter, creates a flow that is approximately evenly distributed
in the radial plane. This allows to model the SST along a radial cross-sectional plane
in two dimensions (axisymmetric flow). To avoid long computational times, the sludge
removal system is not considered in the model.
The inlet structure of the settling tank, including the inlet pipe, was considered in the
computational domain in order to describe the flow field in the flocculation well more
accurately. This is especially important when modelling the flocculation process in the
settling tank. However, only one inlet opening of the inlet structure is considered in
2-D. The model does not consider the full 3-D inlet structure. The resulting geometry
(Figure 8.7) is implemented in the commercial software package Fluent R (ANSYS,
USA).
Effluent baffle
Flocculation well

300
15500
190

850
1370
2170

5520

3000

overflow
Reflection baffle
All dimensions in mm

350

inlet

850

Underflow

Figure 8.7: The geometry of the SST (in mm).
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Governing equations
By considering a 2-D axi-symmetric geometry, the continuity and momentum equations described in Chapter 2 can be simplified. Continuity and momentum equations
for an axisymmetric, incompressible flow in the 2-D SST are written as follows:
• the continuity equation:
Bu Bv
`
“0
Bx Br

(8.1)

• the momentum equations
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with x and r, the two dimensions of the system, g the acceleration of gravity, p is the
pressure, u and v the fluid bulk velocity components in x and r directions, respectively.
The sludge-water mixture is modelled as a single phase and the solids are accounted
for as a User Defined Scalar (UDS) with an additional scalar transport equation. The
transport equation is written as follows:
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with φ the volume fraction of the particles, us “ vs the settling velocity in the direction
of gravity and Sφ a source term.
Sludge viscosity is described by a modified Herschel-Bulkley model (Eq. 2.27) with
parameter values as summarised in Table 8.2 (taken from Lakehal and Krebs (1999)).
Turbulence is modelled by a standard k-ε turbulence model.
Mesh
Next, the computational domain is meshed into a finite number of grid cells (discrete
control volumes). According to the Finite Volume Method (FVM) the governing equa-
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Table 8.2: Parameters for the modified Herschel-Bulkley model

Parameter
β1
β2
β3
m
n

Value
9.04e-3
1.12
2.48e-4
163.4
0.777

tions are integrated over each control volume (or cell) of the computational mesh such
that conversion of mass and momentum is enforced for each control volume. The meshing step is an essential part of the CFD analysis since the selection of the shape and
size of the control volumes will determine to a large extent the numerical accuracy and
convergence time of the solution (Zikanov, 2010).
The presence of non-parallel walls in the geometry of the SST adds additional complexity to the meshing process. For these reasons, an unstructured grid is selected
mainly due to its geometric flexibility. This grid arrangement allows to use a mixture of quadrilateral and triangular cell types, providing a flexible way to introduce
non-parallel walls, such as the inclined bottom and the reflection baffle.
The mesh quality can be investigated based on different criteria. Here, the aspect ratio
and skewness of the mesh were evaluated (Table 8.3). The aspect ratio of a cell is the
ratio of the longest edge length to the shortest edge length. Hence, an optimal aspect
ratio has a value of one. Grid cells with large aspect ratios should be avoided since they
may cause convergence problems and unacceptable interpolation errors. The skewness
is defined as the deviation of a cell to its ideal shape (equilateral or equiangular). For
example, the skewness of a quadrilateral element indicates the deviation of its angles
from 90˝ . For good meshing practices, the skewness should be between 0 and 0.5. For
the selected mesh, more than 90% of the grid cells has an aspect ratio between 1 and
1.2 and a skewness below 0.07.
Table 8.3: Mesh quality metrics

Quality metric
Aspect ratio
Skewness

minimum

maximum

average ˘ std. dev.

1
0

3.52
0.6

1.10 ˘ 0.051
0.013 ˘ 0.0025

Operational and boundary conditions
The SST is simulated for the prevailing flow conditions at the WWTP on 18/11/2013.
The average flow rates used to define the SST in the CFD model are given in Table 8.4.
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Comparing these conditions to the yearly average values from Table 8.1 shows that the
treatment plant was subjected to wet weather conditions during the measurement day.
Table 8.4: Average operating characteristics of the Roeselare
WWTP on 18/11/2013

Operating characteristic

Value
701 m3 /h
266 m3 /h
331 m3

Inflow rate
Return flow
Waste flow

Six different boundary types are defined in the CFD model (Figure 8.8): (1) an inflow
(2) an underflow, where the thickened sludge is withdrawn from the SST, (3) an outflow
at the effluent overflow, (4) a symmetry boundary at the water surface, (5) rigid walls
and (6) a symmetry-axis.
Flocculation baffle
(wall)

Free surface

Effluent baffle
(wall)

Outflow

symmetry
axis

Reflection baffle
(wall)
inlet
(velocity outlet)

Underflow
(velocity outlet)

Figure 8.8: Illustration of the different boundary conditions: outer
walls (black), interior walls (blue), inlet and outlets
(green), free surface (red) and axis (purple).

The free water surface is considered as a symmetry plane or fixed surface, assuming
that changes in the water surface positions are negligible. Across the symmetry plane,
there is no convective or diffusive flux. As only half of the SST cross-section is modelled, the left side of the inlet pipe can be considered as a symmetry-axis.
A uniform velocity profile is applied at the inlet and underflow boundary. For the inlet,
the velocity equals the average inflow rate divided by the cross-section area of the inlet
pipe (diameter = 0.70 m). At the underflow boundary a negative velocity is defined
since the flow is directed outwards. The velocity magnitude is calculated based on the
underflow rate and the hydraulic diameter of the sludge withdrawal surface (0.85 m).
Next to the flow rates also the turbulence quantities need to be specified at the inlet
and underflow boundaries. Due to a lack of knowledge about the specific values of
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the kinetic energy k and the energy dissipation  at these boundaries, the turbulence
quantities are defined in terms of the turbulent intensity and the hydraulic diameter
assuming a fully developed upstream flow. The turbulence intensity for the inflow and
outflow is calculated as follows:
1
` ˘´
I “ 0.16 Re 8

(8.5)

with Re, the Reynolds number. The Reynolds number for the flow in the inlet pipe and
the withdrawal pipe depends on their hydraulic diameters Dh and is determined by:
Re “

Dh ρv
µ

(8.6)

where, µ and ρ are the viscosity and the density of the fluid, respectively, and v is the
mean velocity of the fluid. Here, the physical properties of water at 20˝ C are used (µ=
1.003e-3 kg/(m.s) and ρ=998 kg/m3 ).
The calculated variables used to define the boundary conditions for the turbulent quantities are summarised in Table 8.5 for the inflow boundary (left) and the underflow
boundary (right).

Table 8.5: Summary of variables used to define the inflow boundary
conditions (left) and the underflow boundary conditions
(right)
Variable
Inflow velocity (m/s)
Hydraulic diameter (m)
Reynolds number (-)
Turbulent intensity (%)

Value

Variable

0.51
0.70
2.82e4
3.24

Inflow velocity (m/s)
Hydraulic diameter (m)
Reynolds number (-)
Turbulent intensity (%)

Value
-0.013
0.85
1.0e4
4.59

The effluent weir is defined with zero gradient for velocity and atmospheric pressure
(pressure outlet BC in Fluent). No conditions need to be defined as all variables are
extrapolated from the computed variables in the cells near the outlet.
Obviously, the turbulent flow is influenced by the presence of walls in the computational domain. At the rigid walls (i.e. sides, bottom, interior baffles) of the SST, the
no-slip boundary condition is applied. According to Adams and Rodi (1990) walls in
the SST can be considered as smooth due to the occurrence of a large viscous layer
near the surface where the flow field is almost laminar. This assumption allows to use
the k- turbulence model with standard wall treatments (Launder and Spalding, 1974).
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With this approach, turbulence modelling is only applied up to a certain distance to the
wall whereas semi-empirical wall functions are used to bridge the viscosity-affected
region between the wall and the fully-turbulent region.
At the inlet boundary, a uniform SS volume fraction is added to the water flow. This
volume fraction is determined by the solids concentration (average measured value on
18/11/2013 = 2.897 g/l) divided by the sludge density (1050 kg/m3 ). At the underflow
boundary, a zero-gradient for turbulent properties and solids concentrations is adopted.
In order to avoid solids flowing through the walls, a zero-gradient for the SS is applied
at both outer and interior walls.

8.3.2

Sludge settling velocity

The settling behaviour of the SS is modelled in the scalar transport equation as a mass
flux of solids in the direction of gravity with a settling velocity vs (Eq. 8.4). The
settling velocity is described by the exponential hindered settling velocity function of
Vesilind (1968) (Eq. 2.1). The parameters of the settling function are calibrated based
on the linear slopes of batch settling curves collected at the WWTP of Roesselare
on 18/11/2013. The calibration procedure is described in Chapter 5. The optimal
values and confidence intervals (95% significance level) of the parameters are listed in
Table 8.6.
Table 8.6: Optimal value and confidence intervals for the estimated
parameters of the settling function of Vesilind (1968)

V0 [m/h]
rV [l/g]

8.3.3

Optimal value

Confidence interval

10.2696
0.2920

˘0.0958
˘0.0040

Flocculation model

Several types of flocculation models are available in literature (Parker et al., 1972;
Biggs, 2000; Nopens et al., 2005). These models differ in their degree of complexity
defined by the number of classes considered and the level of detail included in their
aggregation/breakage rates. In this chapter, the aim is to investigate the feasibility of
a coupled flocculation-CFD model to study the settling behaviour in the clarification
zone. Therefore, as a proof of concept, the rather simple flocculation model by Parker
et al. (1972) is used. This model divides the Activated Sludge (AS) into two classes:
primary particles and flocs. Based on these two size classes the flocculation kinetics of
turbulent mixing are described assuming that break-up and aggregation processes occur simultaneously. The net rate of change of the volume fraction of primary particles
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(Φp ) and flocs (Φf ) with respect to time is given by the following set of differential
equations:
$
dΦp
’
’
“ Kb ¨ ρ ¨ Φf ¨ Gm ´ Ka ¨ ρ ¨ Φf ¨ Φp ¨ G
’
& dt
(8.7)
’
’
’
% dΦf “ ´Kb ¨ ρ ¨ Φf ¨ Gm ` Ka ¨ ρ ¨ Φf ¨ Φp ¨ G
dt
with G the mixing intensity or shear rate, m a parameter, ρ the density of the mixture,
Kb the breakage rate and Ka the aggregation rate.
The dimensionless exponent m is set to a value of 2 based on analysis by Parker et al.
(1972). The aggregation and break-up coefficients are determined experimentally by
Griborio and McCorquodale (2006). The applicability of this theoretical model is supported by Wahlberg et al. (1994) who tested this model on batch flocculation data of
activated sludge samples from 21 full-scale clarifiers.
The local mixing intensity expressed as velocity gradient G is calculated by the CFD
model through the concept of maximal strain rate (Kramer and Clark, 1999). Coupling
of the flocculation model with the CFD model allows to calculate the flocculation rates
at each location in the SST. This coupling is achieved through the definition of two
UDSs (for flocs and primaries resp.). The flocculation model is added as a source
term in the transport equations of these scalars (Eq. 2.25). (Note that for simulations
without flocculation, the sludge is defined by a single UDS. The number of classes in
the coupled flocculation-CFD model can thus easily be extended with additional UDSs
and corresponding transport equations.)
The models for flocculation and sludge settling velocity are implemented as separate Cfunctions and subsequently loaded into the software package Fluent R as User Defined
Functions (UDFs).

8.4

Results and discussion

In the first part of this section simulation results of the CFD model are shown with
a single UDS representing the sludge. The model is initialised, the accuracy of the
numerical solution is verified and the results are validated with experimental data.
Subsequently, the flocculation model is coupled to the CFD model and the impact of
aggregation and breakage on the sludge concentration profile is investigated.
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8.4.1

CFD model

Grid dependency test
In any CFD study, the accuracy of the approximate numerical solutions with respect
to the exact solution of the underlying equations needs to be evaluated. Therefore, it is
investigated whether the discretisation of the computational domain (i.e. the mesh) is
chosen sufficiently fine. A mesh dependency test is performed to check the extent to
which the solution changes by refining and/or coarsening the grid size (McCorquodale
and Zhou, 1993; De Clercq, 2003). Although the ideal final mesh refinement should
result in an invariable solution, also the required simulation time should be considered.
A finer mesh results in a longer simulation time. Hence, the objective is to determine
the ’optimal’ mesh in terms of accuracy and computational time by making a costbenefit analysis. To determine the impact of the mesh resolution on the numerical
solution, three different mesh sizes were investigated: a coarse, medium and fine
mesh (resp. called mesh 1, mesh 2 and mesh 3). The mesh size (i.e. the number of
cells) for the different meshes together with the corresponding ESS concentration and
RAS concentration at steady-state are given in Table 8.7.
Table 8.7: Results of the mesh dependency test

Size (nr of cells)
ESS concentration [g/l]
RAS concentration [g/l]

mesh 1

mesh 2

mesh 3

35052
3.905e-3
6.161

56069
3.157e-3
5.687

103166
3.152e-3
5.684

For the medium and fine mesh only small differences between the predicted ESS and
RAS concentrations can be observed whereas the results for the coarse grid deviate
notably from the two other grids. The simulation time approximately doubled for each
mesh refinement. From this it can be concluded that the medium mesh is sufficiently
accurate to be used in further simulations.
Preliminary CFD simulation results
The CFD model is first simulated with only water until steady-state. Subsequently the
UDS representing the sludge is switched on and a uniform SS volume fraction of 2.897
is added to the incoming flow. Figure 8.9 illustrates how the SST is gradually filled
with ML. (Note that the flocculation model is not considered in these simulations.)
The SS enter the SST through the opening of the inlet structure. A recirculation pattern causes an intense mixing of the SS in the flocculation well. The density difference
causes the denser incoming ML to fall down to the bottom of the tank. Here, it splits up
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(1)

(4)

(2)

(5)

(3)

(6)

Figure 8.9: Concentration profiles during the filling of the SST with
ML. No colorbar is provided as it differs between the different profiles. However, higher concentration are always
indicated in red and lower concentrations in blue.

into a current towards the sludge hopper and a bottom current towards the peripheral
effluent weir. The sludge blanket develops further until a steady state is reached with a
RAS concentration of 5.57 g/l (Figure 8.10). A substantial sludge blanket can be observed which could be expected as the SST is simulated under wet weather conditions.
The predicted velocity vector field at steady-state is shown in Figure 8.11. An important feature of the flow field is found in the central flocculation well where intense
mixing is occurring due to a recirculating flow pattern. The recirculation process increases the residence time of sludge in the flocculation well and promotes the contact
between the suspended particles. Moreover, it can be seen that the velocities at the
outflow of the flocculation well are much smaller compared to the velocities at the inlet indicating that the kinetic energy of the inlet flow has dissipated in the center well.
Energy dissipation in the centre well plays a major role in improving the tank hydrodynamics as it decreases the strength of the density jet and avoids high turbulence at
the sludge blanket interface which could otherwise cause resuspension of previously
settled SS (Griborio, 2004).
Furthermore, a clear multi-layered recirculation pattern is observed. The density difference between the incoming flow and the sludge blanket creates an outward horizontal
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Figure 8.10: Concentration profile in the SST at steady-state.

Figure 8.11: Velocity vector field of the mixed liquor in the SST
(m/s) at steady-state.

flow at the top of the sludge blanket. When this flow reaches the tilted tank bottom at
the end of the sludge blanket, the flow is forced upward and redirected back to the center
of the tank, i.e. a counter-current is introduced. This recirculation pattern is advantageous in a SST since it avoids short-circuiting of ML to the effluent weir. The effect of
this recirculating pattern on the sludge becomes evident when rescaling the concentration profile to enhance the visibility at low sludge concentrations (Figure 8.12). The
upward flow at the edge of the sludge blanket transports particles into the clarification zone. Should this occur near the effluent weir (for example if the Sludge Blanket
Height (SBH) would increase further due to increased loading), these particles could
be carried over the overflow weir and deteriorate the effluent quality.
Model validation
The simulated hydrodynamic profile is validated with ADCP measurements performed
at the full-scale SST. Measurements were conducted at different locations along the ra147
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Figure 8.12: Concentration profile in the SST at steady-state. Color
scale zoomed in on concentrations below 0.1 g/l

dius of the SST. In order to stabilize the ADCP, the device was mounted on a vertical
pole and fixed to the bridge, as illustrated in Figure 8.13. The bridge was turned off
during the measurements to avoid interference of the ADCP signal with the sludge removal system under the bridge. The device was used in the down-looking position and
submerged 20 cm under the water surface. Each measurement represents an average
value over approx. 20 minutes.

Figure 8.13: The experimental set-up of the ADCP

Four measurements were performed at resp. (1) 3.40 m, (2) 6.5 m, (3) 10.1 m and
(4) 13.5 m from the center of the tank. The resulting velocity profiles of the ADCP
measurements are shown in Figure 8.14. The corresponding measurement errors are
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plotted in Figure 8.15.
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Figure 8.14: Measured velocity profiles with the ADCP at the
WWTP of Roeselare.
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Figure 8.15: Measurement errors (cm/s) for the different measurement locations as a function of depth.

The largest errors in the ADCP measurements are observed close to the outflow of the
centre well indicating that these measurements may be influenced by the nearby baffle. The measured velocity profile confirms that the incoming ML follows a circular
pattern throughout the lower part of the SST. The density jet flowing outwards from
the flocculation well towards the effluent weir can clearly be observed. This horizontal
flow is located directly above the sludge blanket. The ADCP measurements can thus
be used to predict the location of the sludge blanket. For both the simulated and the
predicted velocity profile the position of the sludge blanket is located at the outflow of
the flocculation well (in the extension of the reflection baffle). Inside the sludge blanket a horizontal flow towards the sludge hopper is observed. This bottom current in
the sludge blanket was also predicted by the simulation results. Although the general
features of the flow pattern in the bottom region of the clarifier are similar, the simulation results do not correspond to the measurements in the top region of the SST. In the
top region the CFD model predicts a recirculation pattern which cannot be observed in
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the measured velocity profiles. These discrepancies may have multiple reasons. First,
no ADCP measurement are available for the last meter from the surface. Hence, it is
possible that in the real SST the recirculation flow is present in this region. Second, the
measurements in the upper region of the tank are less reliable as the ADCP only measures particle velocities and only few particles are present in this region (De Clercq,
2003). An alternative measurement technique should be used to characterise the top
part of the SST in terms of velocity profiles. This is still an important bottleneck in
the validation of CFD models of SSTs (De Clercq, 2003). Hence, although the general
trends are predicted well by the CFD model it is not yet fully validated and its results
(especially quantitatively) should be interpreted with care.

8.4.2

Integration of a flocculation model

Subsequently, the flocculation model of Parker et al. (1972) is coupled to the CFD
model and the concentration profiles of the flocs and primary particles are investigated.
The aggregation and breakage coefficients were taken from Griborio and McCorquodale (2006) who measured the values of Ka = 7.4e-5 m3 /kg and Kb = 8e-6 number.s/kg
from batch flocculation tests. The concentrations of flocs and primaries in the feed flow
to the clarifier were arbitrarily defined as 2.75 g/l and 0.095 g/l, respectively.
Impact of aggregation/breakage
Simulation results are shown in Figure 8.16. Only the concentration profiles of the primary particles are shown here since small particles are known to have a lower settling
velocity and will thus have the highest impact on the effluent quality. The left-hand
side of Figure 8.16 shows the concentration profiles of the primary particles without
flocculation (Ka and Kb equal to 0). The right-hand side shows the resulting distribution when aggregation and breakage of particles is included (Ka = 7.4e-5 m3 /kg
and Kb = 8e-6 number.s/kg). The complete concentration profile between the ESS and
RAS concentrations covers a large range of concentrations making local variations difficult to observe. Therefore, the colour scale was adjusted with a maximum of 0.1 g/l to
improve the visibility of the flocculation dynamics in regions with lower concentration.
It can be seen that the inclusion of a flocculation model has a profound impact on the
prediction of primary particles. The importance of the flocculator well is clearly shown
as floc break-up can be observed in this region resulting in a higher concentration of
primary particles. No breakage can be observed at other locations in the tank, indicating that the energy in the incoming flow is adequately dissipated in the flocculator
well.
These observations do not correspond to the findings of Griborio and McCorquodale
(2006) who concluded that aggregation was occurring for the measured parameter val-
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ues. However, it should be noted that the simulations in Figure 8.16 are performed
under wet weather conditions. Increased flow rates will likely induce more shear in
the flocculation well thus causing floc break-up. A comparative simulation for dryweather conditions would be an interesting scenario to assess the impact of different
flow rates on the flocculation behaviour. However, this analysis is not performed in the
present research.

Figure 8.16: Concentration profiles of primary particles in the secondary clarifier without flocculation (left) and with
a flocculation model included (right). Colour scale
adapted with a maximum of 0.1 g/l.

Subsequently, the qualitative effect of aggregation (for example by addition of polymers) is investigated by increasing Ka with a factor 1000. Figure 8.17 shows the effect
of increased aggregation on the concentration profile. The results confirm that a large
fraction of the incoming primary particles is now included into flocs which will improve their settling.
These observations are a straightforward result of the flocculation model. However, the
coupling of the flocculation model with the CFD model provides important information
on the specific locations in the tank where flocculation is taking place. Significant
aggregation of primary particles into flocs can be observed in the inlet channel, in the
flocculation well and in the sludge blanket itself. The first two regions are of particular
importance when predicting the effluent concentration since primary particles that are
not captured into flocs here have a high probability of being conveyed towards the
overflow weir. Flocculation that occurs inside the sludge blanket is of lesser importance
with respect to the effluent concentration but can potentially provide more insight in the
compression phenomenon (see Chapter 7). However, compression is not considered
in the current CFD model.
Impact on ESS concentration
Next to the concentration profiles, the effect of aggregation and breakage dynamics on
the ESS concentration is investigated. Table 8.8 presents ESS and RAS concentrations
for the different flocculation scenarios. An increase in aggregation rate Ka causes a
decrease in ESS and RAS concentrations of the primary particles as these particles
are aggregated into flocs. In general, the simulated ESS concentrations (« 0.003 g/l)
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Figure 8.17: Effect of increased aggregation on the concentration
profile of primary particles in the SST. Simulation with
Ka = 7.4e-5 m3 /kg and Kb = 8e-6 number.s/kg (left)
and Ka = 7.4e-2 m3 /kg and Kb = 8e-6 number.s/kg
(right).

are much lower than observed in reality (« 0.02 g/l). The reason for this is the selection of the settling function of Vesilind (1968) which predicts unrealistically high
settling velocities at low concentrations. A more realistic range could be obtained with
the settling velocity function of Takács et al. (1991). Alternatively, as the developed
modelling framework allows to simulate the concentration of different particle classes,
the settling behaviour at low concentration can be modelled in a more realistic way by
including discrete settling. This would require further extension and calibration of the
coupled flocculation-CFD model.
Table 8.8: ESS and RAS concentrations for the different flocculation
scenarios.
Flocs
Primaries
ESS [g/l] RAS [g/l] ESS [g/l] RAS [g/l]
Ka “ Kb “ 0
Ka “ 7.4e ´ 5 & Kb “ 8e ´ 6
Ka “ 7.4e ´ 2 & Kb “ 8e ´ 6

8.4.3

3.21e-3
3.14e-3
3.19e-3

5.49
5.43
5.51

4.99e-5
8.21e-5
7.33e-5

0.19
0.19
0.098

Further model development

The results show that valuable insight in the performance of a secondary settling tank
can be obtained from the integration of a flocculation model with a CFD model. By
gaining insight into the specific locations where flocculation is taking place, the combination of these models can be used to optimise the design of settling tanks. Nevertheless, the results shown above provide only qualitative information on the ESS
concentration. The distribution between primary particles and flocs can be predicted
at different locations throughout the tank. Since primary particles are known to have
a very low settling velocity, a higher concentration of primary particles will consequently result in a higher ESS concentration. However, if we want to be able to model
the quantitative effect of flocculation on the effluent quality, the discrete settling behaviour of the sludge needs to be taken into account.
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This can be achieved by adjusting the settling velocity function to include a different
settling regime below a certain threshold (Xlim « 500 mg/l). Above this threshold
the settling velocity can still be described by the hindered settling velocity function.
In regions where the total sludge concentration is below the threshold value, discrete
settling prevails and each particle class will be given a constant individual settling
velocity. This approach requires data on the discrete settling velocity of the different
size classes.
Hence, for this model to be used in practical applications to improve operational strategies or design features, a number of questions need to be answered. Firstly, the required
complexity of the model needs to be defined. The model by Parker et al. (1972) represents a very simplified flocculation model. More complex flocculation models have
been developed in literature (Biggs, 2000) which would obviously increase the accuracy of the predictions. However, when choosing the number of size classes one needs
to account for the computational effort that this brings along as well as the desired accuracy. Basically, the coupling results in the incorporation of n transport equations in
each bin of the mesh (n being the number of size classes considered in the PBM). The
number of classes thus needs to be chosen with care. The number of classes required
to meet the model’s goal can be assessed by collecting experimental data of changes
in particle size distribution during settling. Secondly, experimental data is needed to
determine the discrete settling velocities of the different size classes. Both these issues
will be addressed in Chapter 9 where a novel methodology to perform measurements
of discrete settling is developed.
Finally, the aggregation and breakage rates need to be determined. Griborio and McCorquodale (2006) calibrated the parameters Ka and Kb based on batch flocculation
tests. However, a more recent analysis by Gong et al. (2011) showed that different
values for Ka and Kb are obtained depending on the Mixed Liquor Suspended Solids
(MLSS) concentration suggesting that it is not possible to describe the flocculation
process with constant values for Ka and Kb . Different functions that aim for a more
accurate description of the complex aggregation and breakage processes have been
presented in literature (Spicer et al., 1996). However, none of these kernels is able
to accurately describe the activated sludge flocculation process (Nopens et al., 2005).
Hence, the definition of the aggregation and breakage rates in the flocculation model
and their calibration deserves ample attention. A detailed analysis of aggregation dynamics under different conditions is therefore presented in Chapter 10.

8.5

Conclusions

A 2-D axisymmetric CFD model was developed for a circular SST of the WWTP of
Roeselare and simulated under wet weather conditions. Preliminary simulation results
showed the development of an elevated sludge blanket and a recirculating flow pat153
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tern in the SST. Subsequently, the CFD model was coupled with a flocculation model
to investigate the effect of aggregation/breakage throughout the SST. The following
conclusions could be drawn.
• Through the coupling of a flocculation model with a CFD model a qualitative
analysis of the effect of aggregation and breakage on the distribution of flocs and
primary particles can be made. Moreover, the integrated model allows to detect
specific regions in the SST where flocculation and breakage are taking place.
The importance of the flocculator well for proper mixing and energy dissipation
was clearly shown by the simulation results.
• Moreover, the integrated model allows the implementation of a more realistic
settling behaviour for the clarification zone in future simulation studies. As the
concentrations of different particle size classes are tracked by the flocculation
model, the discrete settling behaviour could be modelled by providing each size
class with its proper settling velocity.
• In order to use this model for the development of improved design or operational
strategies, further information is required through experimental data collection
and analysis. The number of classes necessary to accurately describe the particle
size distribution needs to be determined as well as a discrete settling velocity for
each class. This will be addressed in Chapter 9. Furthermore, more insight in the
aggregation/breakage dynamic is needed which will be the subject of Chapter 10.
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9

A novel methodology for the calibration of discrete settling
behaviour of activated sludge

Redrafted from: Torfs, E., Mahdavi Mazdeh, F., Bellandi, G., and Nopens, I. (2014).
A novel methodology for the calibration of discrete settling behaviour of activated
sludge. In Proceedings of the IWA Specialist Conference on Advances in Particle Science and Separation, Sapporo, Japan, June 15-18.

Abstract
Coupling of CFD with flocculation models can serve as a powerful tool to gain knowledge on the processes affecting clarification and hence, the effluent quality in SSTs.
However, the practical application of these models requires the selection of a number
of particle size classes as well as a definition of the settling velocity for each class.
Therefore, a new measurement device was developed which allows collecting detailed
data of changes in PSDs during discrete settling. The results show that the discrete settling behaviour of activated sludge can be described by dividing the sludge into roughly
5 classes. Moreover, by measuring the evolution in PSD along different depths in the
settling device, the discrete settling velocities of the different classes can be quantified.
This information can subsequently be used in a coupled flocculation-CFD model in order to model the impact of different environmental and operational conditions on the
effluent quality.

9.1

Introduction

The previous chapter illustrated how a CFD model can be coupled with a flocculation
model in order to study the settling and flocculation processes in the clarification re-
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gion of a SST. The flocculation model that was used in this chapter is the very simple
flocculation model by Parker et al. (1972) which divides the sludge particles into two
classes and assumes constant aggregation and breakage rates. Through the coupling
of these models specific regions in the SST where flocculation is taking place could
be determined. This approach allows simulating the quantitative effect of varying conditions on the effluent concentration from which appropriate operational and control
strategies can be developed.
Although these types of coupled models provide a promising tool to gain system knowledge, additional information on the required complexity of the flocculation model (i.e.
selection of a number of representative classes) and the discrete settling velocities for
each of the defined classes are needed for their practical application in WWTP modelling. Hence, a measurement technique through which high quality data of the discrete
settling process can be collected is needed.
Some experiments to measure discrete settling have been presented in literature (Ramalingam et al., 2012; Chebbo and Gromaire, 2009). These techniques provide measurements of the velocity distribution as a certain mass fraction of particles that settles
during a certain time. However, they do not provide any information on the underlying
property distribution (size, density, porosity,...) that causes the distributed behaviour
of the settling velocity.
Therefore, this work aims to develop a new measuring technique through which detailed information on the dynamics of the PSD both in time and throughout the depth
of a settling reservoir can be collected. This information allows to select the required
number of particle classes as well as a measurement of the discrete settling velocity
for each class.

9.2
9.2.1

Materials and methods
Settling column

A new measurement device was developed to determine discrete settling velocities of
different size ranges of activated sludge useful as inputs to a coupled CFD-flocculation
model. The device consisted of a settling column of approximately 9 liters with an inner
diameter of 150 mm and sampling points at different heights along the column. A total
of sixteen sampling holes were located at four different heights. At each height 4 holes
were spread equally over the diameter of the settling column. The dimensions and a
schematic representation of the settling column are shown in Figure 9.1. This set-up
allows taking frequent samples at different heights in the settling column during a batch
settling experiment. By alternating the sampling locations at one depth between the 4
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sampling holes along the diameter, subsequent samples can be taken independently of
hydraulic disturbances that might have been caused by previous sampling.

Figure 9.1: Schematic representation of the settling column.

With respect to the choice of sampling technique, care was taken to ensure that the
measurements are not biased by wall effects or sample disturbances. Finding the optimal sampling technique is not straightforward. Larger diameters will have less chance
of causing interaction between the particles and the wall of the sampling channel but
will create larger sample volumes and thus more disturbance in the column. Sampling
at a larger distance from the wall entails less risks of wall effects but forces the sample
to cross a longer trajectory through the sampling tube which can again disturb the sample. Therefore, a number of sampling strategies (differing in diameter of the sampling
tube and the distance of the sampling point from the inner wall of the column) were
tested and compared to a reference sample. The reference sample was collected with
a pipette of approx. 2 mm in diameter at the same height as the first sampling holes
by submerging the pipette from the top of the column. By comparing the different
sampling techniques to the reference sample, it was found that the length of the sampling tube should be kept as short as possible and that a diameter of 1 mm is sufficient
to obtain a very good correspondence to the reference sample. However, through this
rather small sampling tube, large flocs will be excluded from the measurement. The
consequences of this choice will be addressed in the results section.

9.2.2

PSD measurements

The set-up above allows taking frequent samples at different heights in the settling
column during a settling experiment. To investigate the discrete settling behaviour,
PSDs are measured for each sample. Changes in PSDs at one height in time give
information on which particle sizes have preferentially settled during a certain time
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(i.e. are no longer present in the PSD). Comparing PSDs at different heights allows
to determine the velocities of particle classes as the distance between height 1 and 2
divided by the time between the disappearance of size x in the PSD at height 1 and the
disappearance of size x from the PSD at height 2.
Several methods are available to analyse particle size: microscopy, laser diffraction,
laser obscuration, image analysis (Govoreanu, 2004). Here, PSD were measured with
the Eye-Tech particle size analyser (Ankersmid, The Netherlands). Sludge samples to
be analysed were placed into 3 ml cuvettes and put into the magnetic stirrer cell of the
Eye-Tech where the magnetically driven mixer maintains the particles in suspension
during measurement. Subsequently, analysis of the PSD can be performed by two
different methods: (1) a laser channel which uses a measurement of Laser Obscuration
Time (LOT) and (2) a video channel which uses image analysis. A general overview
of the set-up is shown in Figure 9.2.

Figure 9.2: Dual measurement channels of the Eye-Tech.

For the laser channel, the measurement set-up consists of a He-Ne laser beam. A single
particle in the sample is scanned by a rotating wedge prism (at constant rotating speed:
200 Hz). The size of each particle can be determined from the duration of the beam
obscuration signal (= LOT). As LOT represents a direct measurement of particle size,
this technique provides a significant advantage compared to laser diffraction. In the
latter technique, the size of a particle needs to be determined from the measured refraction profiles by an optical model which is based on some assumptions (e.g. known
refractive index, particle sphericity,...). The measurement range of the laser channel is
0.1-2000 µm.
In the second analysis channel (i.e. the video channel) a CCD video camera microscope provides images of the particles which can then be processed through image
analysis software. A diverse selection of lenses with different magnifications are available resulting in a measurement range of 1 - 1200 µm. Moreover, this channel allows
to include information with respect to the two dimensional shape of a particle whereas
the laser channel assumes sphericity of the particles. Information on shape is included
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through the calculation of the average Feret diameter. Instead of only calculating the
diameter in one-dimension, the average Feret diameter determines the diameter along
three specified directions and calculates the statistical average. This is illustrated in
Figure 9.3.

Figure 9.3: Definition of feret diameter.

As sphericity is often a rather harsh assumption for activated sludge flocs, the video
channel was selected to measure PSDs in this chapter.

9.2.3

Sludge samples

The settling column tests were performed on activated sludge collected from the WWTP
of Roeselare (Belgium). To investigate the discrete settling behaviour, a sludge sample
from the aeration tank was diluted with effluent to a concentration of approximately
1 g/l and allowed to settle in the column. The experiments were performed at a concentration of 1 g/l to ensure that the initial settling behaviour is still in the hindered
settling regime. In this way both transition from hindered settling to discrete settling
and the subsequent dynamics of discrete settling can be studied.

9.3

Results and discussion

Batch settling experiments were performed in the settling column on two different measurement days. On each measurement day, several experiments were conducted during
which frequent samples were collected in time and the dynamic evolution of the particle size distribution was measured with the Eye-Tech analyser. The resulting PSDs
are shown as absolute number of particles vs. particle size (µm) (i.e. Feret diameter).
Presenting the results as number distributions was preferred over volume distributions
since the latter are very sensitive to small variations in large particles (the occurrence of
only 1 or 2 large particles can cause a severe shift in volume distribution) but much less
sensitive to changes in small particles. As small particles typically make up most of
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the ESS concentration, the absolute number distribution provides more relevant information than the volume distribution when investigating the discrete settling behaviour.
The measured particles in each sample are divided in the following classes of increasing size (µm):
0-6
6-9
9-12
12-16
16-20
20-25
25-31

9.3.1

31-37
37-44
44-53
53-62
62-73
73-85
85-99

99-116
116-134
134-155
155-180
180-207
207-239
239-275

275-316
316-363
316-363
363-417
417-479
479-549

Qualitative measurements of discrete settling behaviour

Figures 9.4-9.7 show a detailed evolution of the changes in PSD at the top of the column
(sampling point 1) during 2 hours of settling. It should be noted that particles larger
than 500 µm were not sampled with the current device even though they were visually
detected in the settling column. The reason for this lies in the small diameter of the
sampling tube and the fact that these larger particles (even though they represent a
significant volume) are only present in very low numbers. A possible improvement
for this would be to increase the diameter of the sampling tube. However, this would
hamper the measurement of smaller particles as significant alterations in the volume
of the column would disturb the settling process too much. Moreover, even at larger
sample volumes, accurate detection of the larger particles cannot be ensured since the
volume for analysis in the Eye-Tech device is only 3 ml making the chance of capturing
particles larger than 500 µm in this volume rather small. Nevertheless, from visual
observations it could be concluded that these large particles settle very fast and will
be removed from the system at a very early stage in the experiment. In a coupled
flocculation-CFD model, they can thus be classified as a single class of fast settling
particles.
From Figure 9.4 it can be seen that during the first 2 minutes of settling, the number
of particles in all particle classes decreases simultaneously indicating that the settling
process is dominated by the hindered settling regime (i.e. particles settle collectively
as a zone independent of size). After this initial period of hindered settling, discrete
settling starts with the preferential settling of particles larger than 400 µm between 2
and 3 min. after the start of the experiment. These particles together with larger flocs
that could only be detected visually can thus be classified as a class of good settling
particles.
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Number of particles

After 10 minutes of settling particles larger than 300 µm are no longer found in the
sample (Figure 9.5). This class of particles was thus removed from the top of the
settling column between 5 and 10 min. after the start of the experiment. Particles in the
range of 220-300 µm and particles in the range of 150-220 µm are resp. removed after
20-30 minutes (Figure 9.6) and 1-2 hours of settling (Figure 9.7). Particles smaller
than 100 µm do not show any significant decrease in numbers even after 2 hours of
settling (Figure 9.7).
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Figure 9.4: Evolution in absolute number distribution at sampling
point 1 during the first 3 minutes of settling.
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Figure 9.5: Evolution in absolute number distribution at sampling
point 1 between 3 and 10 minutes of settling.

These results indicate that the discrete settling behaviour of an activated sludge sample can be described by dividing the sludge in approx. 5 classes going from large flocs
(ą400 µm) with a high settling velocity to very small particles ă150 µm that hardly
show any tendency to settle in the discrete settling regime. In between these two extremes, 3 more classes can be defined (300-400 µm, 220-300 µm and 150-220 µm)
with decreasing settling velocities. Note that in reality the discrete settling of particles
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Figure 9.6: Evolution in absolute number distribution at sampling
point 1 between 10 and 30 minutes of settling.
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Figure 9.7: Evolution in absolute number distribution at sampling
point 1 between 30 minutes and 2 hours of settling.

as a function of size is not as strictly defined. However, the classification of particle
sizes with similar settling velocities as defined above provides a good approximation
of the true continuous process.
In order to verify these findings, the batch settling experiment was repeated on a second measurement day and the results are shown in Figure 9.8. Similar trends as for
the first measuring day can be observed: hindered settling prevails during the first few
minutes of settling followed by sequential settling of particles of different sizes during
the remainder of the experiment. Particles smaller than 150 µm show very poor settling properties although some reduction in particles between 100 and 150 µm can be
observed after 2 hours. Particles between 150 µm (non-settleable fraction) and 500 µm
(fast settling particles that could be observed visually) behave somewhat different than
for the previous experiment. For example, after 1 hour of settling particles larger than
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220 µm can still be observed whereas these had all disappeared from the top of the
column in the previous experiment. Hence, for a proper definition of the intermediate
size classes more repetitions are needed.
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Figure 9.8: Evolution in absolute number distribution at sampling
point 1 during 2 hours of settling (on measurement day
2).

Finally, the settling column test was repeated at a lower initial concentration (by diluting the mixed liquor sample to approx. 500 mg/l). With this set-up, the initial concentration is too low for hindered settling and the settling should immediately start in
the discrete regime. The resulting PSD distributions (Figure 9.9) indeed do not show
a simultaneous initial decrease in all size ranges as could be observed for the previous
experiments thus confirming that no hindered settling is taking place. During the first
5 minutes of settling no significant changes in PSD are measured, however, discrete
settling of particles ą 500 µm could be observed visually during this time. Between 5
and 10 minutes after the start of the experiment, discrete settling of particles between
220 and 500 µm can be observed (Figure 9.9). The remainder of the experiment shows
similar trends as the experiments at higher initial concentrations.

9.3.2

Comparison to effluent quality

To investigate the quality of the settling process during settling in the batch column,
the supernatant PSD after 2 hours of settling was compared to the PSD in the effluent
of the WWTP (Figure 9.10). The number distribution after 2 hours of settling shows
very good correspondence to the number distribution in the effluent sample for particles smaller than 100 µm. This confirms that particles smaller than 100 µm can be
considered as a class of non-settling particles, even in a full-scale settler. Removal
of particles smaller than 100 µm should thus be accomplished through flocculation of
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Figure 9.9: Evolution in absolute number distribution at sampling
point 1 during the first 10 minutes of settling at an initial
concentration of 500 mg/l.

these particles in the flocculation well or by capturing them in the sludge blanket during
the hindered settling regime. The effluent sample, however, still shows the presence of
particles larger than 150 µm whereas after 2 hours of settling in the settling column
all particles in this range were removed. Online measurements of the incoming flow
rates during sampling show that the average hydraulic residence time in the SST is approx. 9 hours. However, in a full-scale clarifier, particles are not only subjected to a
gravitational settling flux but will undergo an additional upward convective flux (due
to the overflow) in the clarification zone. This explains the somewhat worse settling
behaviour in the effluent compared to the batch experiments.

9.3.3

Quantitative determination of the discrete settling
velocity

The results above (measured at the first sampling point) allow distinguishing different
classes of particles depending on their settling velocity. However, in order to quantify
their discrete settling velocities, the time it takes for particles of a certain class to travel
the distance along the column needs to be measured. This can be accomplished by
comparing the changes in PSD at different heights throughout the column. Information
from the lowest sampling point cannot be used since this sampling point is located
inside the sludge blanket. Therefore, the changes in PSD at sampling point 3 (located
27 cm below sampling point 1) during 2 hours of settling are investigated (Figure 9.11)
and compared to the results at sampling point 1 (Figure 9.8).
Similar as to what was observed at the top of the settling column, also in the lower
regions of the column a first period of hindered settling can be observed. Approx. 5
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Figure 9.10: Comparison between the absolute number distributions
after 2 hours of settling in a settling column and in an
effluent sample of the WWTP of Roeselare.

minutes after the start of the experiment, the settling behaviour shifts to the discrete
regime. As mentioned earlier, particles larger than 500 µm are not recorded in the
PSD measurements. However, the removal of these fast settling flocs beyond point 3
could be detected visually after approx. 3 min. thus giving them a settling velocity
ą 10 cm/min. As can be seen from Figure 9.11, it takes a long time for particles
ă 400µm from the top of the column to settle past point 3. Only after 2 hours of settling
particles ą 300µm are no longer detected in the measured PSD. From Figure 9.8 it can
be seen that this same group of particles could no longer be detected at the top of the
column after 1 hour of settling. Hence, it takes particles between 300 and 500 µm
about 1 hour or less to travel the 27 cm distance between point 1 and point 3 setting
the lower limit of their settling velocity at 0.5 cm/min.
In order to quantify the settling velocities of the smaller size classes, the experiment
should be conducted for longer settling times and more frequent data should be collected at later times during the settling process. Moreover, additional repetitions are
needed to confirm the presented findings.

9.4

Conclusions

A new measurement device was constructed which allows to measure changes in PSD
during settling at low concentrations in a batch settling column. Through measurements of PSDs at different settling times and at different heights of the settling column
both quantitative and qualitative information on the discrete settling behaviour of activated sludge was collected.
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Figure 9.11: Evolution in absolute number distribution at sampling
point 3 between 10 minutes and 2 hours of settling (on
measurement day 2).

• By comparing PSDs at different settling times at the top of the column, particles could be classified in roughly 5 classes with comparable settling velocities:
a class of large flocs (ą500 µm) that settle rapidly and will be preferentially
removed during the first few minutes of settling, a class of non-settling particles ă150 µm and 3 intermediate classes (300-400 µm, 220-300 µm and 150220 µm) with settling velocities that are decreasing with size. However, for a
reliable definition of the intermediate size classes more repetitions of the experiment are required.
• The PSD after 2 hours of settling in the column was compared to a measurement
of the PSD in the effluent of the WWTP. A good correspondence between the
number of particles ă150 µm confirming that these particles can be classified
as a non-settleable fraction. The PSD of the effluent showed an increase in particles ą150 µm compared to the batch settling results after 2 hours. This can
be explained by the additional convective flux due to the overflow in a full-scale
SST.
• Moreover, measuring the evolution in PSDs at different depths throughout the
column allows quantifying the discrete settling velocities in the different size
classes. Discrete settling velocities were calculated from the difference between
the time a certain class is removed from the top of the column and the time
that the same class can no longer be detected at a pre-defined distance further
down the column. This indicated a settling velocity of 10 cm/min for particles
ą500 µm and a minimal velocity of 0.5 cm/min for particles between 300 µm
and 500 µm. Experiments including longer settling times are needed to determine the settling velocity of smaller size classes.
166

9.4. Conclusions

• The results in this chapter showed that a simple newly developed measurement
device can bring a lot of new insights with respect to activated sludge settling.
Detailed information on dynamic PSD can significantly aid in understanding
(and modelling) the complex settling and flocculation behaviour of sludge particles at low concentrations which will consequently lead to improved predictions
of the effluent concentrations.
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Towards mechanistic models for activated sludge
flocculation under different conditions based on inverse
problems
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Torfs, E., Dutta, A., and Nopens, I. (2012b). Investigating kernel structures for Ca-induced activated sludge aggregation using an inverse problem methodology. Chem.
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Torfs, E., Bellandi, G., and Nopens, I. (2012a). Towards
mechanistic models for activated sludge flocculation under different conditions based on inverse problems. Water
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Abstract
The flocculation of AS is a crucial process in SSTs as the PSD will significantly influence the settling behaviour and thus the effluent quality (Chapter 8). However, the
mechanisms driving the flocculation processes are not yet fully understood and current kernel structures for collision frequency and efficiency are unable to accurately
describe activated sludge flocculation data (chapter 2). Therefore, in this chapter, dynamic PSD data of activated sludge flocculation under different conditions of ionic
strength, temperature and dissolved oxygen concentration are analysed with an inverse
problem yielding empirical models.
A similarity analysis of the experimental data showed multiple sequential similarity
regions for Ca-induced flocculation suggesting different flocculation mechanisms occurring in time. Empirical aggregation kernel structures are recovered from the exper169
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imental data and implemented in a PBM to model the aggregation process. The use of
multiple kernels for specific similarity regions in the data results in improved model
predictions. Furthermore, a methodology is proposed to compare the retrieved kernel
with literature kernels in order to identify their flaws. This comparison indicated the
need for a fractal dimension that depends on floc size. This chapter shows the useful
application of inverse problems to improve the understanding of complex mechanisms
such as aggregation.

10.1

Introduction

In Chapter 8 it was shown that a flocculation model integrated with CFD allows to
model the influence of local velocity gradients on the flocculation and clarification dynamics. As a proof of concept the simplified flocculation model of Parker et al. (1972)
was used in which aggregation and breakage dynamics are described as a constant
value. In reality the flocculation of activated sludge is much more complex and the
mechanism has neither been thoroughly investigated nor successfully quantified.
PBMs have been developed to model the dynamics of PSDs (Ramkrishna, 2000). In
these models, aggregation and breakage dynamics are described by mathematical functions, called kernels. To model the aggregation process, information regarding the frequency of collision between particles and the efficiency of these collisions is required.
The frequency of collisions is generally described by a transport equation also called
the collision frequency kernel or β kernel. The efficiency of the collisions between
flocs is described in the collision efficiency kernel or α kernel. The latter represents a
function that incorporates information concerning attachment of the particles (surface
properties, short range forces. . . ). Different expressions for both α and β kernels have
been presented in literature (Spicer and Pratsinis, 1996a). However, Ducoste (2002)
and Nopens et al. (2005) confronted these models with experimental data by numerically solving the PBM (see Figure 10.1 - conventional path) and showed that the kernels from literature are not able to describe the activated sludge flocculation process.
Hence, important processes are likely missing in existing kernel structures. Determining the exact cause using a forward simulation (i.e. numerically solving the PBM with
a specific kernel function) is difficult as it resembles “finding a needle in a haystack".
An alternative approach is to solve the inverse problem based on dynamic experimental
data, yielding empirical models (Wright and Ramkrishna, 1992; Nopens et al., 2007b).
The concept of the inverse problem methodology is illustrated in Figure 10.1 - inverse
path.
It is important to stress that no kernel functions are used in the inverse problem methodology. Experimental data of dynamic particle size distributions are used to extract an
empirical kernel. Solving the inverse problem is, hence, an elegant way to retrieve a
mathematical function that is able to describe the dynamics in the data. The downside
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Figure 10.1: Schematic representation of the different routes that
can be followed: the conventional path (left) versus
the inverse path (right). Note that the bad prediction
for mechanistic kernels was only shown for the process
studied and should not be generalised.

of this approach lies in the empirical nature of the recovered kernel functions making them unsuited for direct application in system analysis or process optimisation.
They can, however, provide valuable insights into the true dynamics of the flocculation
mechanism and allow evaluating where conventional kernel structures fail to capture
the true dynamics and how they can be improved.
Knowledge related to the flocculation process can be improved only by a careful analysis of the physico-chemical factors affecting it. Both environmental conditions and
process parameters will influence the floc properties. A deeper, thorough investigation
of these effects will eventually allow understanding the complex processes related to
the floc formation. This could improve the activated sludge performance with regard
to separation. In this chapter, aggregation dynamics under different conditions of ionic
strength (in terms of calcium (Ca2` ) concentration), Dissolved Oxygen (DO) and temperature are investigated. Next to these factors, also pH has been reported to have a
significant influence on activated sludge structure and properties (Mikkelsen, 2001).
However, the effect of the latter is not considered in this chapter.
Sludge concentration and ionic strength affect bioflocculation where an increase in
ionic strength can lead to flocculation whereas a decrease can cause deflocculation,
since it weakens the floc strength. Govoreanu (2004) found a relationship between
increased ionic strength and floc size by showing that the average floc diameter could be
increased at high shear (mixing intensity) when Ca2` was added. Addition of calcium

171

Chapter 10. Towards mechanistic models for activated sludge flocculation under
different conditions based on inverse problems

acts as a sludge conditioning agent resulting in larger flocs; although the degree of
flocculation is not linearly proportional to the amount of Ca2` added (Biggs et al.,
2001).
Moreover, evidence is provided in literature that short-term effects of temperature and
DO concentration have a significant influence on the flocculation process of activated
sludge (Sürücü and Çetin, 1989; Wilén and Balmér, 1999; Liao et al., 2001). Temperature has a complex influence on the performance of the activated sludge flocculation process. The temperature effect is related to both transport and attachment of the
flocs. When temperature increases, the mixed liquor viscosity decreases, improving
its mixing behaviour and enhancing Brownian motion of small particles. The latter
is, however, only important for relatively small particles (< 1µm) and is, therefore,
often not considered to be important in activated sludge flocculation compared to the
magnitude of other transport mechanisms. Next to the viscosity effect, the separation
properties of the activated sludge are also influenced by temperature due to a change
in function and charge of the EPS (Sürücü and Çetin, 1989; Wilén, 1999). However,
very little is known about the direct impact of the short-term temperature effect on floc
size dynamics.
Li and Ganczarczyk (1993) found that the availability of DO is one of the most significant factors which influence the size distribution of activated sludge flocs. Wilén and
Balmér (1999) performed an intensive research study regarding the effect of DO concentration on flocculation. Long term effects were mostly governed by growth of filamentous bacteria. From a short-term perspective, oxygen limitation had a pronounced
effect on the amount of small flocs in the supernatant after settling and introduced an
increase in effluent turbidity, although the size and structure of the larger flocs was not
significantly affected.
This chapter applies the inverse problem methodology on experimental data of dynamic PSD under different conditions in order to unravel the effect of physico-chemical
factors on aggregation dynamics. Furthermore, a consistent methodology is proposed
to compare the recovered kernels to expressions from literature in order to investigate
where existing kernel structures fail to capture the true dynamics and how they could
potentially be improved.

10.2
10.2.1

Material and methods
Experimental data

Experimental data of dynamically evolving PSDs are borrowed from Biggs et al. (2001)
and Govoreanu (2004). Biggs et al. (2001) conducted different flocculation experiments where either shear-induced (lowering the average shear from 113 to 19.4 s´1 )
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or Ca-induced (addition of resp. 8, 16 and 32 meq Ca2` l´1 ) aggregation was applied.
The Ca2` concentrations are chosen in such a way as to represent concentrations that
are typically dosed in full-scale wastewater treatment plants to promote sludge flocculation. The behaviour of shear-induced flocculation was investigated in a previous
study (Nopens et al., 2007a). In this chapter, the focus will be on Ca-induced flocculation. However, the data on shear-induced flocculation are also employed for the
purpose of comparison between shear-induced and Ca-induced flocculation.
Govoreanu (2004) conducted several experiments under different conditions in which
flocculation dynamics were measured by on-line monitoring of PSD. This was done by
recording the number of particles in 44 particle size classes every 30 seconds by means
of laser diffraction (MastersizerS R ). In this chapter, only the data of PSD under changing conditions of temperature and DO are studied. The DO concentration limits were
set between anaerobic conditions (DO=0 mg/l) and an aerobic level at DO=4 mg/l.
DO=2 mg/l was chosen as an intermediate reference value. To raise the oxygen in the
vessel O2 -gas was supplied through a permeable silicon tube, from where the gas diffuses into the liquid in a bubble-less manner (avoiding additional shear). To decrease
the oxygen level, N2 -gas is used in a similar way. Temperature experiments were conducted at resp. 5˝ C, 15˝ C and 25˝ C.
The workflow of each experiment of Govoreanu (2004) is shown in Figure 10.2. First,
a sludge sample was taken from a SBR breeding reactor and transferred into a flocculation vessel (separate setup). Initial conditions in this vessel were set by diluting the
sludge to the desired concentration using SBR effluent (step 1) and controlling the experimental parameters (e.g. DO, T,...) at reference values (step 2), to which the sludge
was given time to acclimatize (t1 ). This allowed each experiment to start with a similar sludge, acclimatized under identical conditions. PSDs were recorded at these initial
conditions during t2 =10 min (step 3). Subsequently, one or more of the experimental
parameters were changed to correspond to the design of the specific experiment (step
4). Once again, the sludge was given time to acclimatize (t3 ) after which particle size
distributions were measured at the new design point during t4 = 10 min (step 5). Finally, Ca2` was added to promote flocculation (step 6) in order to study the Ca-induced
flocculation dynamics for the new experimental conditions (step 7).
Next to these dynamic experiments, Govoreanu (2004) performed a second set of
experiments which consisted of consecutive variations of each studied parameter in
the reactor vessel without addition of Ca2` . These experiments allow comparing the
steady state floc size for different experimental conditions. These experiments will be
referred to as the steady state experiments.
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Figure 10.2: Time scale evolution of the flocculation experiments by
Govoreanu (2004).

10.2.2

Inverse problem methodology

As the goal of this chapter is to investigate the aggregation dynamics of activated sludge
a PBM is adopted which contains only aggregation and whereby breakage is assumed
negligible. This can be justified based on Figure 10.4 from which it can be observed
that the floc size distribution is evolving in time towards a larger size range, indicating
that aggregation is the dominant process for Ca-induced flocculation.
The methodology for solving the inverse problem is adopted from Wright and Ramkrishna (1992). Figure 10.3 provides a schematic representation of the different steps
that comprise the solution of an inverse problem and the recovery of a valid kernel.
First, similarity analyses are performed on all data sets. Subsequently, the aggregation
kernel structures are extracted and used to perform a check with regard to the quality
of the inversions. More details of the different steps are given below.
Similarity analysis
The idea behind a similarity analysis (step 1 in Figure 10.3) is to look for a scaling
function that can rescale the set of experimental PSDs collected at different time instants, in such a way to make all those separate distributions collapse onto a single
distribution (i.e. the similarity distribution). Note that no information is lost during
this procedure since no datapoints are omitted from the analysis, only a transformation of the data is accomplished. Transforming the separate PSDs into one collapsing
distribution allows to rewrite the Population Balance Equation (PBE) in a simplified
form, which considerably enhances the solution of the inverse problem. Practically,
this means that for each time instant a scaling function hptq is computed and used to
rescale the particle volume x into the similarity variable η:
η”

x
hptq
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(10.1)
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Figure 10.3: Schematic representation of the inverse problem
methodology.

In the case of pure aggregation the scaling function is given by the ratio of two successive integral moments µ of the number density function f px, tq as shown in Eq. 10.2
(Wright and Ramkrishna, 1992). The process of determining k typically proceeds
through trial and error.
8
ş

µk`1 ptq
hptq “
“
µk ptq

xk`1 f px, tq dx

0
8
ş

(10.2)
xk f px, tq dx

0

Figure 10.4 demonstrates the principle behind this similarity analysis. The cumulative PSD measurements of a flocculation experiment are given on the left side of Figure 10.4. After rescaling x for each experimental distribution to the similarity variable
η with an optimal k-value Figure 10.4 (right) is obtained. Every measurement of each
distribution from the left figure is included in the right figure, the data have merely
been transformed to make them collapse onto one single distribution as function of η
by eliminating time.
Performing a similarity analysis is a crucial step in solving the inverse problem, for if
no similarity can be found, the PBE cannot be written in terms of the similarity variable
and consequently finding a solution for the inverse problem becomes more challenging
(but is not impossible).

175

Chapter 10. Towards mechanistic models for activated sludge flocculation under
different conditions based on inverse problems
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Figure 10.4: Time evolution of the cumulative distribution of an aggregation experiment (left) and its rescaled similarity
distribution (right)

Solving the inverse problem
The PBE for pure aggregation as function of the similarity variable η is given by
(Wright and Ramkrishna, 1992):
żη
1

ż8
1

ηΦ pηq “

1

1

dη 2

dη Φ pη q
0

Φ1 pη 2 q αpη 1 , η 2 q
η2
xαy

(10.3)

η´η 1

Here, Φ1 pηq is the first derivative of the cumulative similarity function and αpη 1 , η 2 q{xαy
is the unknown function that needs to be reconstructed. It represents the scaled aggregation frequency (in terms of similarity variable) divided by the mean scaled aggregation frequency (Ramkrishna, 2000). After solving the inverse problem, αpη 1 , η 2 q{xαy
can be converted back to the unscaled kernel (in terms of size) which can then be used
in a forward simulation. The procedure for solving the PBE in terms of similarity
variable (Eq. 10.3) is summarized below.
For each experiment the similarity distribution (Φpηq) is approximated using an expansion of γ-functions (step 2 in Figure 10.3). Note that this leads to the additional advantage of filtering out noise that might possibly be present in the dynamic dataset. The
unknown aggregation frequency αpη 1 , η 2 q{xαy can be represented by linear combinations of basis functions (Laguerre polynomials). As aggregation is a particle-particle
interaction process, a linear combination of Laguerre polynomials is defined for each
particle axis and the unknown aggregation frequency is calculated as the inner products
of the Laguerre polynomials over each axis at all discretised η-values. The number of
inner products used in the inversion depends on the number of basis functions nb used
per axis. Here, nb is chosen to be 2.
The inverse problem can then be solved by fitting the right hand side of Eq. 10.3, which
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can be computed, to the left hand side that can be extracted from the experimental data,
resulting in an optimal set of coefficients for the linear combination of Laguerre polynomials (step 3 in Figure 10.3). The optimization method is a constrained one where
symmetry is enforced on the kernel. Identifiability was not investigated as such, however it is expected that this would not pose problems. After all, the recovered optimal
coefficients have no actual physical meaning and the goal of this chapter is to study
the structure of the recovered kernel, which will not be influenced by identifiability
in the coefficients. Finally, the recovered kernel can be reconstructed from the linear
combination of Laguerre coefficients using the optimal set of coefficients (step 4 in
Figure 10.3). The quality of the recovered kernel can be checked by implementing this
kernel in the PBM and performing a forward simulation (step 5 in Figure 10.3).
Comparison of inversely recovered kernels and literature kernels
The inversely recovered kernels have the drawback of being empirical, i.e. having no
physical meaning. Once a kernel has been recovered succesfully, it can be compared to
kernels from literature in order to evaluate where the conventional kernels fail (step 6
in Figure 10.3). Aggregation is typically considered to be based on two distinct steps:
transport and attachment. The former is described by the collision frequency (β), the
latter by the collision efficiency (α). For each process, numerous kernel structures have
been suggested in literature. The kernel recovered through the inverse problem actually
represents the product of α and β. Comparing this recovered kernel to literature kernels
becomes quite challenging in this manner since various combinations of α and β can
be made. Therefore, a rigorous methodology for kernel comparison is proposed in
Section 10.3.1.

10.3

Results

The inverse problem was solved for experimental data of dynamical PSDs from Biggs
et al. (2001) and Govoreanu (2004). First, the effect of ionic strength is investigated
based on three datasets of Biggs et al. (2001) which differ in the amount of Ca2`
that was added to induce flocculation. Earlier data on shear-induced flocculation are
employed for the purpose of comparison. The datasets are referred to as experiment 1
(8 meq Ca2` ), experiment 2 (16 meq Ca2` ) and experiment 3 (32 meq Ca2` ).
Next, PSDs measurements from Govoreanu (2004) are used to study short term effects
of dissolved oxygen concentration (experiment 4) and temperature (experiment 5) on
the structure of the aggregation kernel.
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10.3.1

Experiment 1: 8 meq Ca2`

Similarity analysis
Obtaining a feasible solution for the inverse problem depends on the transformation of
the experimental PSDs into a self-similar distribution. In order to acquire this transformation, an optimal scaling factor (Eq. 10.2) is required. The original time evolution
of the cumulative volume distributions is depicted in Figure 10.5. Figure 10.6 shows
the resulting similarity distributions after transformation of the experimental data for
different values of the scaling factor k. It is important to note that the first time steps
are left out during the similarity analysis since no k-value is found for which similarity
can be observed in this region.

Figure 10.5: Time evolution of the cumulative volume distribution.

Figure 10.6: Similarity distribution for different values of the scaling
factor k.
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From the graphs in Figure 10.6, it seems that the optimal k-value can be found around
-0.15/-0.25. Here the different PSDs collapse onto one single distribution although
some deviation from similarity in the smaller size ranges can be observed. Changing
the k-value to more negative values results in the loss of a single similarity distribution. However, not all similarity is lost. The single distribution is simply split into
two new similarity distributions whose individual shapes demonstrate a much better
similarity than the distribution at k “ ´0.15. Moreover, the experimental PSDs are
not randomly distributed amongst these two similarity distributions. Each similarity
distribution consists of a well defined time series of consecutive measurements. A further decrease in k introduces a third similarity curve, again formed by a number of
consecutive measurements. Hence, three different regions of similarity in time can be
observed in the data. For k-values beyond -0.85, all similarity is slowly lost.
Figure 10.7 (left) gives a more detailed representation of the similarity distributions for
a k-value of -0.85 where three separate similarity curves can be observed. This figure
clearly shows that each similarity region consists of a well-defined time region of the
experimental data. From the time instant similarity is first observed up to 806 s, the
measured PSDs collapse onto the first similarity distribution. All PSDs measured at
later time instances up to 1368 s form the second similarity region. The last four time
instants up to 1525 s form the third similarity region.

Figure 10.7: Similarity distribution at different time instances for a
k-value of -0.85 (left) and the corresponding change in
volume percentage for the different classes (right).

The question now arises, what causes these different similarity distributions? Does
the loss of similarity always follow a stepwize pattern (this was not the case for the
data on shear-induced flocculation investigated by Nopens et al. (2007b)) or is there
an underlying phenomenon? To answer these questions, the evolution of the volume
fraction for the different size classes in function of time is investigated. Figure 10.7
(right) reveals discontinuities in the evolution of the volume fractions at the exact time
instants that the separations of the similarity distributions are found (indicated by the
black arrows). Also the directions of the observed discontinuities are opposite for the
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two time instants, which can possibly explain why one similarity shift is observed to
the left whereas the other one moves to the right. As will be illustrated later, similar
observations are made in the other Ca2` addition cases, ruling out the possibility of
an experimental artefact. Hence, it is believed that these different similarity regions
are caused by the occurrence of different flocculation mechanisms in time, possibly
Ca-induced flocculation followed by shear-induced flocculation.
Inverse problem solution
If similarity is observed in the data, the inverse problem can be solved and the aggregation kernel recovered. The observation of different similarity regions in the data
indicates that different aggregation kernels may be needed to describe these various
regions. To investigate the significance of these similarity regions in predicting aggregation, the inverse problem is solved for three different cases. In the first case (k=-0.15)
only one similarity curve is considered resulting in one extracted kernel for the entire
data interval. For the second (k=-0.35) and third case (k=-0.85), respectively, two
and three inverse problems are solved providing each similarity region with its proper
kernel.
For each case, and each time region within one case, an optimisation procedure is
applied to find the best fit between the right-hand side and left-hand side of Eq. 10.3.
At this stage, the inversion is completed and kernels are recovered for the 3 cases.
The quality of the recovered aggregation kernels can now be verified by performing
a forward simulation (simply numerically solving the PBE) using the kernel structure
found through inversion. If inversion is successful, the model should be able to follow
the experimental data from which it was extracted. Since only the dynamic behaviour at
time instants where similarity could be observed, is considered, the forward simulation
is performed only for these experimental data. The initial distribution is thus set at the
time instant where similarity is first observed (i.e 425 s).
The results of the forward simulations for the three defined cases are shown in Figure 10.8. For the first case only one kernel is extracted which is used to describe the
entire data range. The resulting forward simulation shows that although the overall
trend is captured quite well by the model, an overestimation of the peak values and an
underestimation of the upper tail occurs. The overall Sum of Squared Errors (SSE) of
the model prediction amounts to 1033.
In the second case (k=-0.35), two different regions of similarity are considered and
accordingly two different aggregation kernels are extracted. Each similarity region is
thus simulated using its proper kernel and with an initial distribution equal to the distribution of the first time instant in the corresponding region. The overall result of these
two simulations is depicted in Figure 10.8 (top right). Although for the first region
there is still an overprediction in the peak values and an underprediction of the upper
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Figure 10.8: Results of the forward simulations for the first (top left),
second (top right) and third (bottom) case. The colours
indicate the consecutive similarity regions for which different kernels were recovered.

tail, the later time instants (distributions shown in red in Figure 10.8) corresponding to
the second region show a much better prediction for peak values as well as the upper
tail. The SSE of the model predictions are found to be respectively 274 and 0.35 summing to a total SSE of 274.35 supporting the hypotheses that the overall performance
is much better using two different similarity regions. Especially the second region is
reproduced very accurately by the model.
The third case (k=-0.85) applies three different kernels to the data according to the
three similarity regions that are reported. Here, the forward simulations consists of
three separate simulations with analogue properties as in the second case. Figure 10.8
(bottom) shows the final results. SSE values of 55, 16 and 0.61 are observed for the
different time regions, resulting in an overall SSE of 71.61. Compared to the two
previous cases, this represents a significant improvement. These results indicate that
performing a thorough similarity analysis provides valuable information on the aggregation dynamics of the data. Accurate predictions of the experimental data are obtained
when extracting a separate kernel for each similarity region suggesting that different
aggregation dynamics are valid for each similarity region.
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Kernel reconstruction
The structure of the different extracted kernels can now be reconstructed (i.e. the scaled
recovered kernel should be unscaled by transforming the similarity variables back to
original sizes). Subsequently, these kernels can be compared to one another (for the
different cases) and, moreover, to the kernel extracted from shear-induced flocculation
data (Nopens et al., 2007b). The latter is depicted in Figure 10.9 (left), where the Xand Y-axes represent the floc sizes (in m3 ) and the Z-axis shows the aggregation rate
(αinv ˆ βinv ). A monotonic increase in aggregation frequency can be observed for
increasing size of both colliding flocs. The increase is, however, most pronounced for
homogeneous collisions (i.e. collisions of similar-sized particles).
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Figure 10.9: Kernels recovered through solving the inverse problem
using nb=2 for shear-induced flocculation (left) and
8 meq Ca-induced flocculation - case 1 (right)

The recovered kernel for the first case of 8 meq Ca-induced flocculation is represented
in Figure 10.9 (right). The general shape for the different kernels is similar. They do,
however, differ in absolute value (on Z-axis), i.e. two orders of magnitude higher in the
case of Ca2` -addition. This is expected since Ca2` is used as a flocculation promoter.
Kernel evaluation
From the previous sections it has become clear that by solving the inverse problem,
a kernel structure can be extracted which is able to accurately describe the activated
sludge aggregation dynamics in contrast to conventional kernels which fail in this respect (Nopens et al., 2005). However, the extracted kernel is of a mere empirical nature
(Figure 10.1). Consequently, this kernel does not aid in understanding the physical
mechanism behind aggregation nor does it provide information on how to optimise the
system. Nevertheless, it can be used for comparison with existing mechanistic kernels
to find out what is missing in the existing kernel structures and moreover in which
direction to focus further research for improvement of the existing kernels.
The kernel recovered through the inverse problem represents the product of both collision frequency and efficiency (i.e. αinv ˆ βinv ). Comparing this kernel to literature
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kernels becomes quite challenging in this manner since various combinations of αlit
and βlit can be made. Therefore, in this section a rigorous methodology for kernel
comparison is proposed and applied for the investigation of the recovered kernel structures. The schematic outline of this methodology is shown in Figure 10.10.

Figure 10.10: Methodology for obtaining expression for α from inverse problem solution.

In order to compare the extracted kernel structure to literature expressions for α and β,
a fixed expression for either collision efficiency or collision frequency needs to be chosen from literature. In this way, only one unknown variable remains. It is chosen to fix
the collision frequency and focus on the effect of changing physical-chemical factors
on the collision efficiency. The reason for this is two-fold. First, given that addition of
Ca2` will influence the attachment processes rather than the transport of particles, it is
expected that its effect will manifest in the expression for the collision efficiency. Also
for DO and temperature this assumption is deemed valid. For the experiments at different DO concentrations, care was taken to supply O2 /N2 gas in a bubble-less manner
so as not to cause additional mixing and shear. The effect of temperature on the transport kernels is limited to very small particles (<1 µm) by influencing their Brownian
motion. However, the smallest size classes in the available dataset consisted of particles of approximately 4 µm. Second, more confidence is put into the applicability of
literature expressions for β since these are based on studies of hydrodynamics whereas
α is governed by a number of short range forces (e.g. electrostatic repulsion, curvilinear vs. rectilinear path) (Thomas et al., 1999) which are much harder to quantify since
they are largely pertaining to the nature of the surfaces themselves.
In order to obtain a structure for α from the inverse problem, the recovered kernel needs
to be divided by a fixed collision frequency from literature. The methodology is generic
and can thus be applied for any choice of β from literature. However, the validity of the
chosen β will determine how well the dynamics of collision frequency and efficiency
are separated. If the chosen function for β is not valid, a portion of the transport effect
will be incorporated in the collision efficiency resulting in an expression for α which is
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not satisfactory (e.g. values larger than 1, shape not in correspondence to experimental
findings from literature,...). The transport kernel used here (Lee et al., 2000) accounts
for shear and incorporates the fractal dimension of the colliding flocs:

βlit pi, jq “

Ḡ 1´ D3f
v
π 0

ˆ

1
Df

vi

1
Df

˙3

` vj

(10.4)

with Ḡ the average velocity gradient; v0 , vi and vj the volumes of the smallest particle and the two aggregating particles and Df the fractal dimension. This expression
has been successfully used by Ducoste (2002) to model aggregation in a water treatment process (it should be noted that this was a purely chemical flocculation process).
Studies have shown Df values range from 1.4 for fragile flocs and 2.2 for stronger aggregates with an average of about 2 (Dyer and Manning, 1999). Therefore, a fractal
dimension of 2 is chosen.
Finally, the validity of the resulting expression for α can be checked by comparing it
to observations from literature concerning the collision efficiency process. If discrepancies are found, the expression used for βlit needs to be re-evaluated. If the resulting
structure for α is satisfactory, it can be used to evaluate and extend existing literature
functions for the collision efficiency.
Figure 10.11 represents the recovered collision efficiency for shear-induced flocculation based on the above described methodology. Collisions between larger particles
seem to be more effective than between smaller particles. Values between 0 and 1
are observed which is to be expected since α represents the fraction of collisions that
results in the aggregation of particles.

Figure 10.11: Remaining α if literature kernel is valid for shearinduced flocculation.

For 8 meq Ca-induced flocculation the inverse problem is solved for three different
cases according to the different similarity distributions that are found. The best performance in the forward simulation is achieved by applying separate kernels for the
observed similarity regions. Hence, the recovered kernels for this case are examined
here. Dividing the recovered kernel for each similarity region by the expression for βlit
184

10.3. Results

(Eq. 10.4) provides the corresponding collision efficiencies as depicted in Figure 10.12.

Figure 10.12: Remaining α if literature kernel is valid for the three
similarity regions of case 3. Top left: first region, top
right: second region, bottom: third region.

For the first similarity region, the collision efficiency is found to be largest for collisions
of smaller particles, the lowest values are obtained for intermediate particles. For larger
particles, α increases again with particle size. The recovered shapes for the second and
third similarity regions compare very well with the one of shear-induced flocculation
(Figure 10.11).
When comparing the scaling for the three different similarity regions, it can be observed that generally α decreases from the first to the last similarity region. From this
it can be concluded that the effect of Ca2` addition on the collision efficiency varies
as a function of time (effect being large at first and then fading out). In the first similarity region, where the effect of Ca2` addition appears to be the most pronounced,
values larger than 1 are found whereas α is expected to be between 0 and 1. This could
indicate that addition of Ca2` does not only enhance the collision efficiency but also
influences the frequency of collisions between particles. If this is the case, Eq. 10.4
needs to be extended to incorporate some effect of Ca2` (this will be discussed later).

10.3.2

Experiment 2: 16 meq Ca2`

The second set of flocculation data only differs from the first in terms of the amount
of added Ca2` . In this case, flocculation is induced by adding 16 meq Ca2` . The
procedure for solving the inverse problem remains identical. Figure 10.13 shows the
distribution of the similarity variable for different values of the scaling factor k. Similar
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to the previous case it can be observed that for more negative values of the scaling
factor, the similarity distribution splits into a number of distinct similarity regions.
When applying a k-value of -0.25, all time instants collapse onto one single distribution
with some deviations in the smaller size ranges. A scaling factor of -0.35 introduces
two distributions which show much better overall similarity. The separation occurs
between time instants 660 s and 707 s. For more negative k-values (up to -0.85) a third
and fourth similarity region become visible. However, a more detailed examination
shows that the latter each consist of only one time instant. Thus, only two distinct
similarity regions are withheld.

Figure 10.13: Similarity distribution for different values of the scaling factor k.

No similarity can be observed for the first time instants, although similarity is observed
at an earlier time instant than for experiment 1 (after 283 s vs. 425 s). Further, the split
of the similarity distribution into two separate regions is found to occur at an earlier
time instant (707 s vs. 1368 s). Similar as for experiment 1 the observed similarity
regions correspond to specific discontinuities in the volume fraction data (figure not
shown). This excludes the hypothesis of an experimental flaw since the phenomenon
is repeatable.
The inverse problem is solved for two cases, considering respectively 1 (case 1) or 2
(case 2) similarity regions and their corresponding kernels are extracted. Figure 10.14
shows the result of the forward simulations. For the first case, the outcome is similar
to 8 meq Ca-induced flocculation: peak values are overestimated and the upper tail
is underestimated. The resulting SSE amounts to 2988. As for the second case, the
SSE of the model predictions are found to be respectively 167 and 53 summing to a
total SSE of 220 confirming earlier observations that the overall prediction improves
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by extracting separate kernels for the two different similarity regions.

Figure 10.14: Results of the forward simulations for the first case
where only one kernel is considered (left) and the second case where the two similarity regions are modelled
by their proper kernel (right).

After dividing the recovered kernels by the collision frequency expression according to
Eq. 10.4, the collision efficiencies are obtained. Figure 10.15 represents the resulting
structures of α for the two similarity regions of case 2. When comparing the collision efficiencies for 16 meq Ca-induced flocculation to the values obtained for 8 meq
Ca-induced and shear-induced flocculation, it can be observed that higher α values are
retrieved when more Ca2` is added. Once more, α values exceeding the expected maximum value of 1 are encountered, suggesting some unmodelled effect in the expression
that was used for βlit .

Figure 10.15: Remaining α if literature kernel is valid for the two
similarity regions of case 2. Left: first region, right:
second region.

The second similarity region shows much lower values for the collision efficiency than
the first region confirming that the effect of Ca2` addition is more pronounced during earlier time instants. At later time instants, the collision efficiency will still show
elevated values but no longer to the extent as for the first time instants. Not only the
magnitude of the Ca2` effect changes in time but also the proportion between different
size classes. At earlier time instants, the largest elevation in collision efficiency can
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be found for the smaller particles whereas at later time instants, the larger size classes
show the highest values for α.

10.3.3

Experiment 3: 32 meq Ca2`

In the third experiment, flocculation is induced by adding 32 meq of Ca2` . Once
more the similarity analysis shows different similarity regions depending on the applied
scaling factor (figure not shown) with a single similarity distribution at k=-0.25 and
two distinct regions for k=-0.35. In accordance to the previously studied datasets,
the time instants of the split between different similarity regions, can be associated
to discontinuities in the volume fraction data (figure not shown). Hence, two cases
(k=-0.25 and k=-0.35) are considered for solving the inverse problem.
Forward simulations show SSE values of respectively 1570 and 318 (143 and 175 for
the independent similarity regions) for the two cases, resulting in a considerably improved prediction when using separate kernels for the two different similarity regions.
The same prediction problems are encountered as with the previous datasets: overprediction of peak values and underprediction of the upper tail.
In general, higher collision efficiencies are found than for the case of 16 meq Cainduced flocculation. Collision efficiencies up to 35 are found at the earlier time instants, corresponding to the first similarity region. Here, the most prominent effect of
Ca2` addition is observed. The second similarity region shows much lower values for
α (up to 4.5).

10.3.4

Summary effect of Ca2` addition

Table 10.1 gives an overview of a number of important observations that are made in
the analysis of the different experiments of Ca-induced flocculation with the proposed
methodology. The results clearly show that the efficiency of collisions between particles increases as more Ca2` is added. Elevated amounts of Ca2` will thus enhance
aggregation. However, the observed trend does not exhibit a linear relation. This is in
accordance with the findings of Biggs et al. (2001).
Furthermore, it is discovered that for flocculation induced by Ca2` -addition, more than
one region of similarity is present and that by applying different flocculation dynamics
for each of these regions, model predictions can be enhanced significantly suggesting
that different aggregation dynamics are occurring over time.
Each experiment shows at least two different similarity regions where the first region
(corresponding to the first time instants) consistently represents much higher α values
than the subsequent region. The lower α values found in the second similarity region
can indicate a switch back to shear-induced flocculation. This can be due to a saturation
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Table 10.1: Overview of important properties for different Ca2` concentrations

Ca2`2` concentration (meq)
0
8
16
32
Size αinv first similarity regionp1q
Size αinv second similarity regionp1q
Time instant similarity shift (s)
SSE case 1 (1 similarity region)
SSE case 2 (2 similarity regions)
SSE case 3 (3 similarity regions)
1
2

1
n.a.2
n.a.2
41
n.a.
n.a.

2
1
861
1033
274
72

20
2.5
707
2988
220
n.a.

35
4.5
507
1570
318
n.a.

Values for collision between the largest particles
not applicable

effect (i.e. all negative sites on the floc have been bound by a Ca2` ion) since this
switch occurs earlier with higher Ca2` concentrations (Table 10.1). Also, at earlier
timesteps smaller particles show the largest values for α, whereas for later time steps
collisions between larger particles become more dominant. This could be explained by
the number of sites available for binding Ca2` . In the experiment with 8 meq Ca2` addition, a third similarity region is observed which is not present in the experiments
with higher Ca2` dosage. The recovered α values for this region show values less than
0.1 implying that almost no aggregation is taking place here and an equilibrium state
is reached. Possibly, this third region is not visible for the other experiments because
the duration of the experiments was too short.
The high values (ą 1) observed for the recovered collision efficiencies indicate that
a re-evaluation of the expression used for βlit (Eq. 10.4) is required since α-values
are expected to be situated between 0 and 1. However, for shear-induced flocculation,
Eq. 10.4 did result in satisfactory values for the collision effciency kernel suggesting
that the collision frequency will somehow be influenced by Ca2` -addition. Since the
application of Ca2` will not alter transport in the system, the effect of Ca2` will most
probably be of an indirect nature by influencing the structure of the sludge flocs. This
structural effect is incorporated in the expression for collision frequency through the
fractal dimension.
Any object found in a real physical process has a mass fractal dimension Df between 1
and 3. High fractal values indicate compact aggregates whereas low values correspond
to more ‘loose’ agregates (Govoreanu, 2004; Li et al., 2006). Jin et al. (2003) found
that the fractal dimension of flocs decreases with increasing floc size. Thus, since Ca2`
enhances the rate of floc growth, the application of Ca-induced flocculation will reduce
the fractal dimension of the sludge flocs. Indeed, by decreasing the fractal dimension
in Eq. 10.4 with increasing Ca2` concentration collision efficiencies of 0 ă α ă 1 are
obtained for all data sets. For example, Figure 10.16 shows the collision frequency
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for the case of 16 meq Ca2` -addition (case 2, first similarity region) adjusted with
a constant fractal dimension of 1.8 (instead of 2) in order to illustrate the effect of a
lower Df . However, applying a single fractal dimension for the entire size distribution
is a crude simplification since the fractal dimension changes with floc size (Vahedi and
Gorczyca, 2012). Therefore, a size dependent fractal dimension should be included in
the expression for βlit to obtain an accurate collision frequency kernel. Defining the
exact relationship between size and Df requires further investigation.

Figure 10.16: Recovered α for 16 meq Ca2` flocculation (case 2, second region) considering a constant fractal dimension
of 1.8.

Addition of Ca2` has been shown to enhance flocculation of activated sludge flocs
as higher amounts of Ca2` result in an increased collision efficiency. This would indicate that short range aggregation kinetics are altered by the application of Ca2` .
Figure 10.17 presents a conceptual hypothesis of the change in aggregation kinetics as
more Ca2` is added.
Without Ca2` addition (a), the negative charges on the surfaces of the sludge flocs will
repel one another. Collisions can only be efficient if the large energy barrier, created by
the electrostatic forces between two sludge flocs, is overcome. When a small amount
of Ca2` is added (b), Ca2` -ions will bind on some of the negative sites on the sludge
surface each replacing a negative charge with a positive one. The overall charge of
the interface between two colliding particles will thus be less negative, resulting in a
decrease of the electrostatic repulsion. Since the corresponding energy barrier is lower
for this case, the efficiency of collisions will be enhanced.
As more Ca2` is added (c) the introduction of positive charges on the sludge flocs
will not only aid in overcoming the electrostatic forces between two particles but the
positive Ca2` -ion bound on one floc can react with a negative site on a second floc
linking both particles together. The resulting floc will no longer be a merge of the two
original flocs but a looser structure where the original particles are simply bridged by
the Ca2` -ion. A further increase in Ca2` concentration will cause more and more
bridging to occur instead of merging of flocs and will even result in multiple bridging
where more than two particles are linked together by several Ca ions (d).
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Figure 10.17: Schematic representation of aggregation kinetics as a
function of the amount of added Ca2` . (a) electrostatic repulsion, (b) charge neutralisation, (c) charge
neutralisation & bridging, (d) bridging & multiple
bridging

Although the addition of Ca2` enhances the aggregation rate resulting in the fast formation of large flocs, the resulting flocs will have a structure that is more open and thus
less dense than that of merged particles, resulting in a lower fractal dimension of these
flocs. The higher the amount of Ca2` added, the lower the fractal dimension and thus
the floc density which will have a negative impact on the settling velocity. From this
it can be hypothesized that an optimal Ca2` concentration can be determined where
the rapid growth of large flocs is enhanced in combination with a minimal formation
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of loose aggregates by bridging. However, this hypothesis needs further confirmation
through experimental observation.

10.3.5

Experiment 4: impact of DO

In this section, the impact of the DO-concentration on the aggregation dynamics of
activated sludge is investigated based on PSDs from experiments at 3 different DO
concentrations, resp. 0, 2 and 4 mg/l. Figure 10.18 shows the evolution of the mean floc
diameter for both the dynamic and steady state experiments. From both experiments it
can be observed that altering the DO concentrations affects the mean floc diameters.
The aggregation dynamics for the entire distribution can be analysed in more detail by
solving the inverse problem for each dynamic dataset. The performance of the inverse
problem solution relies entirely on the information content of the measurements. This
means that the interval at which measurements are taken should be sufficiently small in
order to capture the dynamics and allow the inverse problem to accurately recover the
corresponding kernels. For the first few minutes after flocculation was induced through
Ca2` addition, the inverse problem could not be solved since the aggregation dynamics
are too fast in comparison to the measurement interval. Therefore, the inverse problems
were solved for the time interval as indicated by the black box in Figure 10.18. In this
interval the aggregation dynamics have returned to shear induced aggregation allowing
to investigate the DO effect without interaction of Ca2` . Hence, only one similarity
region was found for this time interval.

Figure 10.18: Effect of dissolved oxygen concentration on the mean
floc diameter. Left: dynamic experiment, right:
steady state experiment.

The quality of the recovered aggregation kernel is verified by performing a forward
simulation resulting in SSE values of 92, 23 and 68 (for DO concentrations of resp. 0,
2 and 4 mg/l). For reasons of comparison, the data for 0 mg/l DO were also simulated
using the frequency kernel by (Lee et al., 2000) (Eq. 10.4) and a constant collision efficiency. The value of the collision efficiency was determined through an optimization
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experiment. The simulation resulted in an SSE of 2443. These results show that the
inverse problem was able to extract a valid kernel structure from the experimental data.
To investigate the effect of the DO concentration on the aggregation efficiency for different particle sizes, the recovered kernels are compared amongst the different DO
concentrations by calculating the ratios of the aggregation efficiencies with respect to
the intermediate DO concentration as shown in Figure 10.19. The highest efficiencies
are found for the intermediate concentration of 2 mg/l DO. Both 0 mg/l DO and 4 mg/l
DO exhibit less efficient aggregation dynamics compared to a concentration of 2 mg/l.
Anaerobic conditions (0 mg/l) appear to be slightly worse than high DO concentrations
(4 mg/l). For the anaerobic conditions, the collision efficiency is reduced by a factor
of about 5-7. The effect of higher DO concentrations is less severe with a collision
efficiency that is about 4 times lower than for the optimal concentration. Furthermore,
it can be observed that the impact of a change in DO concentration is more pronounced
for the flocculation of larger particles than for smaller flocs.
These results clearly show the importance of the DO concentration with respect to the
flocculation behaviour of the sludge. Given the rather rapid nature, the mechanism
that drives this phenomenon is thought to be a physico-chemical mechanism. DO is
strongly related to activity and production of Soluble Microbial Products (SMP) which
act as a glue for the flocs. However, unraveling the exact mechanism behind the influence of DO is outside the scope of this PhD and needs further investigation involving
more detailed data collection.
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10.3.6

Experiment 5: impact of temperature

A similar analysis is performed for sludge flocculation at three different temperatures,
resp. 5˝ C, 15˝ C and 25˝ C. The evolutions of the mean floc diameter for both the
dynamic and steady state experiments are shown in Figure 10.20. An increase in floc
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size can be observed for a decrease in temperature. The observed differences are much
more pronounced than was the case for the different DO concentrations.

Figure 10.20: Effect of temperature on the mean floc diameter. Left:
dynamic experiment, right: steady state experiment.

The black box in Figure 10.20 shows the time interval for which the kernel was recovered. The aggregation dynamics immediately after flocculation was induced by Ca2`
addition could not be captured by the inverse problem methodology because flocculation was occurring too fast compared to the measurement interval.
Forward simulations with the recovered kernels resulted in SSE values of 150, 55 and
81 for resp. 5˝ C, 15˝ C and 25˝ C. The effect of temperature variations on the aggregation efficiency is investigated by calculating the ratios of the collision efficiencies
(Figure 10.21). A clear impact of temperature can be observed. Lowering the temperature to 5˝ C induces a remarkable increase in collision efficiency whereas a decrease
in α is observed at higher temperature. Moreover, the aggregation of larger particles
increases at lower temperature and, in contrast, smaller particles show an improved
collision efficiency at higher temperatures.
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However, these results should be interpreted with care. Although several studies revealed larger flocs and better settling at lower temperatures, the exact relation is difficult to quantify since different activated sludge samples respond differently to various
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temperatures depending on the temperature at which they were acclimatized (Wilén,
1999).

10.4

Conclusions

An inverse problem methodology is successfully applied to data of dynamic PSDs
to extract information on the influence of different physico-chemical factors (Ca2` addition, DO and temperature) on the aggregation dynamics of activated sludge.
• A similarity analysis of Ca2` -induced flocculation showed at least two welldefined consecutive similarity regions which require different kernel structures.
Simulating each region with its own kernel significantly improved the model
predictions indicating that different aggregation kinetics are taking place sequentially. This makes sense as different mechanisms of flocculation are expected to
occur: a first one just after Ca2` addition and a second one when all the Ca2`
has been bound to the flocs (actually returning to shear-induced flocculation).
• The recovered kernels were compared amongst different Ca2` concentrations.
This showed that the addition of Ca2` significantly enhances the aggregation
kinetics. Moreover, from the different similarity regions it becomes clear that
Ca2` -addition will have its most prominent influence right after the application.
After a certain time, the effect will become less severe (i.e. much lower values
in the recovered kernel), yet still clearly visible. This time instant occurs earlier
with higher Ca2` concentrations, suggesting that saturation takes place.
• A rigorous method to compare the recovered kernel structures to literature kernels has been developed in order to find out where existing kernels fail to capture
the true dynamics. This method has been applied to compare the recovered kernels to a literature kernel (i.e. shear-induced flocculation kernel including fractal dimension). Although the effect of Ca2` on the aggregation kinetics occurs
mainly by enhancing the collision efficiency, an indirect effect on the transport
kernel (through changes in the fractal dimension of the flocs) could be observed.
More research concerning the exact relation between fractal dimension and floc
size is the first step in improving existing kernel structures.
• A hypothesis is presented concerning the different mechanisms occurring with
increased concentrations of Ca2` . Application of Ca2` will enhance the collision efficiency resulting in fast growth of flocs. However, it will also induce
bridging causing the formation of less dense structures with a lower fractal dimension. This formation of loose aggregates with low fractal dimensions can
have a negative impact on the settling velocity. Hence, an optimal Ca2` concentration should be determined where rapid growth of large flocs is stimulated but
the formed structures are sufficiently compact to ensure good settling behaviour.
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• By applying the inverse problem methodology to dynamics of PSD data at different DO concentrations, a clear impact of the DO concentration on the flocculation dynamics was found. The most efficient aggregation occurs at a concentration of 2 mg/l. The influence of the DO concentration was more pronounced
for larger than for smaller particles. Flocculation data at different temperature
showed improved aggregation when temperature decreases with the effect being
most pronounced for larger particles.
• For all analysed datasets, the kernels recovered through solving the inverse problem are able to accurately describe activated sludge flocculation dynamics. This
makes the inverse problem methodology a powerful tool for system analysis and
allows to gain valuable insight in aggregation dynamics and the factors influencing flocculation. A rigorous comparison of the recovered empirical kernels to
literature kernels is necessary to translate their information content into actual
physical expressions. The latter needs further work, starting with experimental
testing of the hypothesis that was put forward in this chapter.
• Finally, the analysis in this chapter has shown that the application of a constant
aggregation rate in flocculation models (such as Ka in Chapter 8) is a harsh
approximation. Moreover, relating the aggregation dynamics to the MLSS concentration as suggested by Gong et al. (2011) will also not be able to capture the
true dynamics as aggregation dynamics are shown to have an increasing relation
with particle size and should include information on the fractal dimension of the
sludge flocs.
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PART IV
Conclusions and perspectives

The work presented in previous parts provided new insights into the different settling
regimes in a Secondary Settling Tank (SST) through the combination of experimental
analysis and model simulations. The following chapters provide the main conclusions
of the presented work as well as a number of suggestions for future research.
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11

General discussion and conclusions

The performance of a SST is characterised by different regimes of settling that occur
simultaneously at different locations in the SST. These different settling behaviours
each contribute to a separate function of the SST. The settling behaviour at the bottom
of the settling tank (i.e. at higher sludge concentrations) is responsible for a proper
control of the biomass inventory by recycling a thickened sludge to the bioreactor. At
the top of a SST (i.e. at low sludge concentrations), the settling behaviour is responsible
for a proper clarification of the sludge from the water to ensure a good effluent quality.
Most simplified 1-D SST models used to date include only one type of settling according to which the sludge will settle as a single mass with a velocity depending on
its concentration. However, this is a very harsh approximation. In reality, high concentrations at the bottom of a SST cause flocs and particles to form a network where
they undergo a certain solids stress that hampers further settling. This regime is called
compressive settling and will play a key role in the formation of the sludge blanket and
the final sludge concentration to be recycled. In the diluted top region of a SST on
the other hand, particles will not interact and settle at their own velocity depending on
individual properties such as size, density,... This regime is called discrete settling and
will play an important role with respect to the final effluent quality.
Moreover, more intense rain events caused by climate change, result in Waste Water
Treatment Plants (WWTPs) that are increasingly subjected to conditions of high hydraulic and pollutant load. Commonly used SST models loose realism under these conditions as they do not sufficiently account for the different settling dynamics throughout a SST. Proper operation and control of WWTPs under situations that diverge from
normal dry wheather requires the development of more advanced SST models that explicitly account for the different settling regimes in an SST. In this PhD thesis further
insight into the dynamics of the different settling regimes was developed through both
experimental work and model-based analysis in order to improve current SST models.
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This section provides an overview of the main conclusions drawn.

11.1

Importance of compression settling on operation and control of WWTPs

Comparison of open and closed-loop simulations with the Benchmark Simulation Model
No. 1 to online settler data of the WWTP of Eindhoven showed that models that only
account for hindered settling overpredict the variations in underflow concentration and
underpredict the Sludge Blanket Height (SBH) elevation during storm weather (Chapter 4). By accounting for compression settling much more realistic predictions were
obtained for these variables.
As the underflow concentration will directly influence the sludge inventory and related
reaction rates, the influence of compression on conversion processes in the bioreactors was investigated. A substantial difference in the predicted nitrification rate was
observed indicating that accurate predictions of the recycle concentration will influence the predicted performance of the entire treatment plant. Poor predictions of the
recycled biomass due to the lack of compression settling may force modellers to calibrate kinetic parameters for the wrong reasons. These results clearly showed that in
order to improve operation and control of WWTPs under wet weather conditions, we
need to step away from traditional layer models towards more sophisticated models
that explicitly account for compression settling in their model structure.

11.2

Model selection and calibration for hindered
and compression settling

In order to model the compression behaviour, a valid mathematical expression to describe the compression dynamics needs to be selected and calibrated. A preliminary
attempt to calibrate a 1-D model with both hindered and compression settling based on
batch settling data was not succesfull (Chapter 5). Hence, a more detailed analysis of
the different constitutive functions used to describe hindered and compression settling
is needed in order to select a combination of functions that is able to describe the true
dynamics (Chapters 6 and 7).
First, a critical analysis of hindered settling functions was performed. As compression
is typically described by a force working against hindered settling, the two processes
are interrelated and an inadequate choice for the hindered settling function can impede
the further selection and calibration process of the compression behaviour. Different
hindered settling functions (with either an exponential or a power-law nature) were
investigated. All functions performed equally well in predicting measured hindered
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settling velocity data. However, these data can only be measured in a limited concentration interval. It was shown that seemingly small differences in the predicted
hindered settling velocities between the different functions outside of this range can
cause significant differences in 1-D predictions (Chapter 6).
Analysis of 1-D model simulations with different hindered settling functions (no compression considered) on long term batch settling data showed that the commonly used
exponential functions underestimate the thickening behaviour of sludge at long settling times indicating that the exponential functions partially lump compression into
their model structure. Whereas this behaviour makes exponential settling functions
clearly the best choice to be used in simplified 1-D models as it enforces more realism,
it makes them unsuitable to be used in next generation 1-D models which aim to explicitly account for each of the different settling behaviours. Hence, in order to model
compression settling as an explicit phenomenon in a 1-D SST model, a power-law type
function should be used to describe hindered settling (Chapter 6).
Moreover, it was shown that hindered settling velocity functions that include a parameter to model the settling behaviour at low concentrations, cannot be reliably calibrated
based on batch settling data. Including an extra term to mimic the settling behaviour in
the clarification zone reduces the identifiability and reliability of the parameter estimation. An alternative approach to model discrete settling at low sludge concentrations
needs to be developed (Chapter 5 and 6).
Despite this new insight into the modelling of the hindered settling dynamics, a 1-D
model with a power-law hindered settling function and a compression function remained unable to simultaneously describe different batch settling curves with a single
parameter set. Batch curves for different initial concentrations seem to require different
compression dynamics indicating that some unexplained variability still remains in the
compression behaviour. Literature findings suggest the existence of a variable critical
concentration (i.e. the concentration where compression first occurs). However, no
physical explanation for this was presented to date and current implementation strategies rely on specific features of batch settling and are therefore not feasible for dynamic
simulations in full-scale SSTs.
In this PhD thesis a hypothesis was formulated relating the observed variability in
the critical concentration to changes in the flocculation state and this hypothesis was
supported by experimental evidence (Chapter 7). Changes in the flocculation state
due to changes in the microbial make-up or application of shear were shown to have a
significant influence on the onset of compression settling. Moreover, investigating indepth settling velocity profiles indicated that segregation of particles along the depth
of a settling column is occurring resulting in local variations in floc size distribution.
As smaller particles will show different packing properties than larger particles, this
segregation influences the build-up of a compressive network and could thus explain
the occurrence of a time-varying critical concentration.
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11.3

Development of an integrated flocculationCFD model to model discrete settling

The discrete settling behaviour is often modelled by directly modifying classical hindered settling velocity functions. Unfortunately, this approach is not accurate enough
for reliable Effluent Suspended Solids (ESS) predictions since it does not capture the
true (distributed) settling behaviour. Moreover, attempting to mimic discrete settling
behaviour in a hindered settling function hampers the calibration of these functions
(due to parameter identifiability issues) (Chapters 5 and 6).
As discrete settling is not a concentration driven process but dependent on individual
particle properties, knowledge on the Particle Size Distribution (PSD) is required to
gain further insight into its dynamics. Changes in PSDs in a SST are in turn influenced
by shear-driven aggregation and break-up processes. Hence, modelling these processes
requires information on the hydrodynamics in the tank. Therefore, a 2-D axisymmetric
Computational Fluid Dynamics (CFD) model was developed for a circular SST of the
WWTP of Roeselare and coupled to a simple flocculation model with two size classes.
The development of these kind of detailed models allows to build knowledge on the true
dynamics which may in turn lead to improved next-generation 1-D models (Chapter 8).
The integrated flocculation-CFD model allowed for a qualitative analysis of the effect of aggregation and breakage dynamics on the distribution of particles throughout
the SST by detecting specific regions in the SST where flocculation is taking place
(Chapter 8). Moreover, by tracking the concentration of different particle size classes
throughout the SST, the discrete settling behaviour can be modelled as each size class
can be provided with its proper settling velocity. The integrated model thus allows the
implementation of a more realistic settling behaviour for the clarification zone in future
simulation studies.

11.4

Extension and calibration of an integrated
flocculation-CFD model

Application of this model in design or operation studies requires further information on
the necessary model complexity, discrete settling velocities and aggregation/breakage
dynamics through experimental data collection and analysis (Chapters 9 and 10).
A new measurement device was developed and constructed which allows to measure
changes in PSD during settling at low concentrations at different settling times and at
different heights in a batch settling column. By comparing PSDs at different settling
times at the top of the column it became clear that particles could be classified in
roughly five classes: a class of large flocs (ą500 µm) that settle rapidly and will be
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preferentially removed during the first few minutes of settling, a class of slow-settling
particles ă150 µm and three intermediate classes. The measurements of the slowsettling particles corresponded remarkably well to measured particles in the effluent of
the WWTP indicating that these particles will not settle in a full-scale system either and
can thus be classified as a non-settleable fraction (Chapter 9). Moreover, measuring
the evolution in PSDs at different depths throughout the column allows quantifying the
discrete settling velocities in the different size classes and can thus be used to calibrate
the integrated flocculation-CFD model.
An inverse problem methodology was applied to extract information on the influence
of different physico-chemical factors on the aggregation dynamics of activated sludge
(Chapter 10). The analysis showed that empirical kernel functions describing the
aggregation process could be accurately extracted. This makes the inverse problem
methodology a powerful tool for system analysis as it allows to gain valuable insight
in aggregation dynamics and the factors influencing flocculation. A rigorous method
to compare the recovered kernel structures to literature kernels has been developed in
order to find out where existing kernels fail to capture the true dynamics. A preliminary analysis showed that the implementation of a size-dependent fractal dimension is
the first step in improving existing kernel structures.

11.5

General conclusions

As WWTPs are under increasing pressure through the combination of stringent effluent requirements and increased periods of high hydraulic and pollutant loads, their
operation and control require more advanced SST model that account for the different
settling regimes in the system. Compression settling and discrete settling should be
included in next generation 1-D SST models. However, to accomplish this, existing
1-D models should not simply be extended with new processes. A rigorous analysis of
the (empirical) dynamics that are already present should be made in order to allow the
inclusion of more realism.
PSDs influenced by flocculation and break-up processes were shown to be a key factor
in describing the different settling behaviours. Hence, flocculation processes in SSTs
still deserve ample attention. More advanced modelling frameworks such as Population Balance Model (PBM) and CFD should be used to build process knowledge which
can in turn be translated into next-generation 1-D SST models.
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Perspectives and future work

In this PhD thesis compression settling was shown to be an important process to describe the sludge inventory in a WWTP and the development of related control strategies. However, the influence sphere of compression settling is potentially much wider.
A rigorous analysis of the effect of compression settling on different processes in a
WWTP should be made as this could potentially open up perspectives for a range of
advanced operation and control strategies.
• In this respect the SBH can be a crucial operation and control variable. Accurate
predictions of SBH (which is highly influenced by compression) would allow
to model the influence of imposing higher solids loads than the ones currently
being used. This could not only improve operation during storm weather but
also allow to assess the feasibility of operating the bioreactors at a higher sludge
concentration even during dry weather conditions. Moreover, the effect of new
design strategies (for example deepening the SSTs) could be tested.
• Accurate predictions of the sludge concentrations and retention time in the SST
can also contribute to improved predictions and control of rising sludge (caused
by flotation of solids by nitrogen gas). The most important factor to influence
this process in a SST is the biological denitrification rate which is indeed related
to the sludge concentration. Reactive settler models are already used to predict
biological reactions occurring in SSTs but their performance can be improved
by including the effect of compression settling.
• The concentration in the underflow of a SST will not only influence conversion
processes in the SSTs and the bioreactors. Processes such as anaerobic digestion and sludge dewatering are highly dependent on the Return Activated Sludge
(RAS) as well. For example, a similar analysis as was presented in this PhD
thesis could be made with the Benchmark Simulation Model No.2 in order to
analyse the impact on anaerobic digestion.
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Existing 1-D SST models should be further improved through the following steps:
• Discrete settling can be included by introducing a limited number of particle
classes and defining a discrete settling velocity for each class which becomes
active once the total sludge concentration drops below a certain threshold value.
• Also the accurate prediction of the compression behaviour requires the inclusion of information on the flocculation state of the sludge. Different modelling
frameworks (including different levels of detail) for polydispersed systems undergoing break-up and flocculation are available in literature. The applicability
of these models to activated sludge should be tested. An alternative approach
would be to define a relation between the critical concentration where compression starts and the concentration in the different size classes that are needed to
describe discrete settling. Moreover, including flocculation state as a variable in
1-D SST models would allow to describe the impact of polymer addition on the
SST performance.
More information on the optimal approach to extend existing 1-D models can be gathered through the use of advanced modelling frameworks such as PBM and CFD.
• Based on the experimental methodology developed in this PhD thesis, the integrated flocculation-CFD model can be extended with additional classes and
corresponding discrete settling velocities.
• Compression settling should be added to the integrated flocculation-CFD model.
This would allow to build further knowledge on the variability of the critical
concentration with respect to the flocculation state inside the sludge blanket.
• Further calibration of the coupled flocculation-CFD model with velocity measurements in the SST and PSD measurements in the effluent is needed in order
to draw more reliable conclusions.
• The implementation of a size dependent aggregation rate (through the inclusion
of a size dependent fractal dimension) could include more realism in the flocculation model. Moreover, more insight into the dynamics of breakage needs to be
collected (for example by performing flocculation experiments at different shear
rates).
• The geometry to which the integrated flocculation-CFD model is applied can
be further extended to include the transport system from the bioreactor to the
SST. This would allow simulating the impact of breakage during transport of
the sludge to the SSTs and assess whether the flocculation well is sufficiently
equipped to compensate for this.
• After calibration and validation a coupled flocculation-CFD model can be used
to study the behaviour of SSTs under different operational and environmental
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conditions. This knowledge can subsequently be translated into so called ’next
generation’ 1-D SST models. Compartmental models can be an important tool
in this respect. From the two dimensional flow pattern predicted by the coupled
flocculation-CFD model the geometry can be divided into a number of completely mixed compartments connected by convective and settling fluxes. The
decisive difference to the current layer approach is that compartments can also be
connected horizontally, thus including 2-D behaviour into a simple SST model.
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Calibration of hindered settling functions based on batch
settling data of the WWTP of Roeselare
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Figure A.1: Batch settling experiments at different initial solids concentrations with indication of the maximum slope for
each curve (left). The maximal slope represents a measurement of the hindered settling velocity (right).
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Table A.1: Measured hindered settling velocities at different initial
concentrations

vhs (m/h)
6.06
5.33
4.59
4.06
3.60
3.01
2.00
0.23

Concentration (g/l)
1.19
1.78
2.37
2.96
3.56
4.15
4.74
5.33

Table A.2: Initial values, optimal values and confidence intervals of
the estimated parameters of the settling functions

Vesilind
v0 (m/h)
rV (l/g)
Takács
v0 (m/h)
rH (l/g)
rP (l/g)

Initial value

Optimal value

Confidence interval

9.647
0.488

9.403
0.318

˘ 1.780
˘ 0.0368

9.647
0.488
4.88

61.96
0.632
0.817

˘ 1049
˘ 1.260
˘ 1.972

Zone settling velocity [m/h]

12
Data
Vesilind function
Takács function

10
8
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2
0
0

2

4

6

8

10

Sludge concentration [g/l]
Figure A.2: Settling velocity as function of the solids concentration.
Symbols: measured settling velocities. Lines: calculated
settling velocities after calibration of the functions by
Vesilind (1968) and Takács et al. (1991).
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Figure A.3: Plot of the likelihood in function of the parameter values
for v0 (left) and rV (right) of the settling function of
Vesilind (1968). Behavioural runs are indicated in grey,
non behavioural runs in black.
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Figure A.4: Plot of the likelihood value in function of the parameter
values for v0 , rH and rP . Behavioural runs are indicated
in grey, non behavioural runs in black.
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Calibration of hindered settling functions based on batch
settling data of the WWTP of Eindhoven
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Figure B.1: Batch settling experiments at different initial solids concentrations with indication of the maximum slope for
each curve (left). The maximal slope represents a measurement of the hindered settling velocity (right).
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Table B.1: Measured hindered settling velocities at different initial
concentrations

vhs (m/h)

Concentration (g/l)
1.19
1.48
2.96
4.46
5.93
7.41

4.39
2.01
0.46
0.09
0.05

Table B.2: Initial values, optimal values and confidence intervals of
the estimated parameters of the settling functions

Vesilind
v0 (m/h)
rV (l/g)
Takács
v0 (m/h)
rH (l/g)
rP (l/g)

Initial value

Optimal value

Confidence interval

9.647
0.488

11.352
0.633

˘ 3.358
˘ 0.0499

9.647
0.488
4.88

113.00
0.982
1.105

˘ 4336
˘ 1.992
˘ 2.838
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Figure B.2: Settling velocity as function of the solids concentration.
Symbols: measured settling velocities. Lines: calculated
settling velocities after calibration of the functions by
Vesilind (1968) and Takács et al. (1991).
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Figure B.3: Plot of the likelihood in function of the parameter values
for v0 (left) and rV (right) of the settling function of
Vesilind (1968). Behavioural runs are indicated in grey,
non behavioural runs in black.
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Figure B.4: Plot of the likelihood value in function of the parameter
values for v0 , rH and rP . Behavioural runs are indicated
in grey, non behavioural runs in black.
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