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Prof. dr. Korneel Rabaey for providing excellent feedback and fruitful discussions and
comments to bring my PhD thesis up to standards. In particular, I would like to thank
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Summary

Anaerobic Digestion is a promising sustainable technology that can reinforce the ongoing
human efforts to fight climate change. It provides several benefits, the most important
one being its ability to convert organic carbon from waste sources into a convenient gas
stream called biogas, which is a suitable renewable energy source as compared to other
fossil-fuel sources. Thus, the incoming waste, upon conversion to biogas, can be valorised
by converting it into heat or electricity. Although the technology has matured over the
last decades, it is not widely popular as compared to other alternative technologies. Stable
production of biogas might be difficult to achieve in full-scale digesters due to complexities
associated with controlling the wild fluctuations in digester inlet feed. There are many
types of digesters in wastewater treatment facilities, where stirring tanks are widely present.
Stirring tanks are designed to provide fully mixed conditions and hence their upscaling is
crucial. Therefore, this thesis attempts to develop a modelling framework suitable for
stirring tanks, where the objective is to build a computer model that can predict the main
hydrodynamic features present in a stirring tank anaerobic digester. Instead of focusing on
traditional biokinetic models, the study focuses on accurately predicting sludge movements
using a Computational Fluid Dynamics (CFD) model.
The first part of the thesis thoroughly reviews the state-of-the-art of Anaerobic Digestion
CFD modelling. The main source of modelling error and uncertainty, namely lack of
knowledge on how to physically characterise the sludge, is first identified. This uncertainty
is then propagated into the CFD model by performing questionable validity modelling
approximations. Given the multidisciplinary nature of the problem, both experimental
and modelling approaches are considered.
An experimental chapter discusses a full-scale measurement campaign, where samples from
a full-scale digester are taken at different heights. An analysis of density and viscosity
revealed no significant stratification in the reactor along its vertical dimension. Moreover,
a detailed study demonstrated the complexity of accurately describing the rheological
properties of sludge. The results are found to be highly dependent on the rheological
protocol used. A second experimental chapter contains a detailed hydrodynamic analysis
of a stirring tank using flow visualisation techniques. Carbopol is selected as a suitable
iii

surrogate fluid to rheologically mimic the behaviour of digested sludge. The non-Newtonian
behaviour is identified thereafter, and its effect on the flow is quantified by linking local
viscosity properties with velocity fields. Post-processing data results are used to analyse
the validity of using dimensionless numbers in predicting the macroscopic behaviour in the
tank.
A first modelling chapter describes the methodology used to build a general CFD model
for stirring tanks. The system selected has a similar stirring tank like the one used in
digesters (fitted with an axial impeller). The accuracy of the model is first tested by
comparing results obtained with that from literature when water is used as a fluid. This
study provides an understanding of the potential magnitude of the errors that the CFD
model would experience when used with a non-Newtonian fluid. An in-depth comparison
of CFD fields with velocity components, kinetic energy, and kinetic energy dissipation rate
was performed. The results suggest that the CFD model is accurate enough to capture the
main flow features of a stirring tank fitted with an axial impeller. Moreover, the use of a
steady-state approach to model the stirring tank proved to be successful.
A second modelling chapter describes the CFD model used to predict hydrodynamics when
a non-Newtonian fluid is used. In a first stage, additional hydrodynamic experiments
performed in the laminar regime indicated the development of a fluid cavern. Preliminary
CFD results obtained in the laminar regime suggest that rheological properties could
be the main cause of errors. A recalibration of the rheological properties resulted in
significant improvements, but other sources of errors need to be taken into account. These
improvements consisted of better predicting the velocity fields around the impeller, and
the size of the cavern at two different rotating speeds.
This thesis contains several methodologies that focus on modelling and analysis of flows in
stirring tanks when non-Newtonian fluids are considered. Moreover, it describes a proven
modelling methodology to achieve highly predictive CFD models for Newtonian and nonNewtonian fluids. The knowledge gained in this study will not only contribute to modelling
of anaerobic digestion, but also to modelling in other fields with similar problems.
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Samenvatting

Anaërobe vergisting is een veelbelovende duurzame technologie die de voortdurende
menselijke inspanningen ter bestrijding van klimaatverandering kan versterken. Het
biedt verschillende voordelen, waarvan de belangrijkste het vermogen is om organische
koolstof uit afvalbronnen om te zetten naar een interessante gasstroom genaamd biogas,
een geschikte hernieuwbare energiebron in vergelijking met andere fossiele brandstoffen.
Zo kan het binnenkomende afval bij conversie naar biogas worden gevaloriseerd door
het om te zetten in warmte of elektriciteit. Hoewel de technologie de afgelopen
decennia volwassen is geworden, is deze niet erg populair in vergelijking met andere
alternatieve technologieën. Stabiele productie van biogas kan soms moeilijk haalbaar zijn
in volle schaal vergisters vanwege de complexiteit in verband met het beheersen van de
significante schommelingen in het influent van de vergister. Er zijn veel soorten vergisters
in afvalwaterzuiveringsinstallaties, waar geroerde tanks op grote schaal aanwezig zijn.
Geroerde tanks zijn ontworpen om volledig gemengde omstandigheden te creëren en daarom
is opschaling van cruciaal belang.
Daarom probeert dit proefschrift een modelleerraamwerk te ontwikkelen dat geschikt is voor
geroerde tanks, waarbij het doel is om een computermodel te bouwen dat de belangrijkste
hydrodynamische kenmerken kan voorspellen die aanwezig zijn in een anaërobe vergister
van een geroerde tank. In plaats van ons te concentreren op traditionele biokinetische
modellen, richt de studie zich op het nauwkeurig voorspellen van slibverplaatsingen met
behulp van een Computational Fluid Dynamics (CFD)-model. In het eerste deel van
het proefschrift wordt de stand van zaken van Anaerobic Digestion CFD-modellering
grondig besproken. De belangrijkste bron van modelleerfouten en onzekerheid, namelijk
gebrek aan kennis over hoe het slib fysisch te karakteriseren, wordt eerst geı̈dentificeerd.
Deze onzekerheid wordt vervolgens in het CFD-model gepropageerd door validiteitsmodelbenaderingen uit te voeren, die men in vraag kan stellen. Gezien het multidisciplinaire
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karakter van het probleem, worden zowel experimentele als modelmatige benaderingen
overwogen.
Een eerste experimenteel hoofdstuk bespreekt een grootschalige meetcampagne, waarbij
monsters van een volle schaal vergister op verschillende hoogten worden genomen. Een
analyse van dichtheid en viscositeit onthulde geen significante gelaagdheid in de reactor
als functie van de hoogte. Bovendien toont dit gedetailleerd onderzoek de complexiteit
aan van het nauwkeurig beschrijven van de reologische eigenschappen van slib. Het
blijkt dat de resultaten sterk afhankelijk zijn van het gebruikte reologische protocol. Een
tweede experimenteel hoofdstuk bevat een gedetailleerde hydrodynamische analyse van een
geroerde tank met behulp van stromingsvisualisatietechnieken. Carbopol wordt gekozen
als een geschikte surrogaatvloeistof om het gedrag van gedigesteerd slib reologisch na te
bootsen. Het niet-Newtoniaanse gedrag wordt daarna geı̈dentificeerd en het effect ervan
op de stroom wordt gekwantificeerd door lokale viscositeitseigenschappen te koppelen aan
snelheidsvelden. Naverwerkte gegevens en resultaten worden gebruikt om de geldigheid
te analyseren van het gebruik van dimensieloze getallen bij het voorspellen van het
macroscopische gedrag van de tank.
Een eerste modelleringshoofdstuk beschrijft de methodologie die wordt gebruikt om een
algemeen CFD-model voor geroerde tanks te bouwen. Het geselecteerde systeem heeft
een soortgelijke geroerde tank zoals die wordt gebruikt in vergisters (uitgerust met een
axiale roerder). De nauwkeurigheid van het model wordt eerst getest door de verkregen
resultaten te vergelijken met die uit de literatuur wanneer water als vloeistof wordt
gebruikt. Deze studie geeft inzicht in de potentiële omvang van de fouten die het CFDmodel zou ondervinden bij gebruik ervan met een niet-Newtoniaanse vloeistof. Een
diepgaande vergelijking van CFD-velden met snelheidscomponenten, kinetische energie
en dissipatiesnelheid van kinetische energie werd uitgevoerd. De resultaten suggereren
dat het CFD-model nauwkeurig genoeg is om de belangrijkste stromingskenmerken van
een geroerde tank met een axiale roerder op te vangen. Bovendien bleek het gebruik
van een steady-state benadering om de roertank te modelleren succesvol. Een tweede
modelleringshoofdstuk beschrijft het CFD-model dat wordt gebruikt om de hydrodynamica
te voorspellen wanneer een niet-Newtoniaanse vloeistof wordt gebruikt. In een eerste fase
wijzen aanvullende hydrodynamische experimenten uitgevoerd in het laminaire regime op
de ontwikkeling van een vloeistofcaverne. Voorlopige CFD-resultaten verkregen in het
laminaire regime suggereren dat de reologische eigenschappen de belangrijkste oorzaak
van fouten kunnen zijn. Een herijking van de reologische eigenschappen resulteerde in
aanzienlijke verbeteringen, maar er moet rekening worden gehouden met andere bronnen
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van fouten. Deze verbeteringen bestonden uit het beter voorspellen van de snelheidsvelden
rond de roerder en de grootte van de caverne bij twee verschillende rotatiesnelheden.
Dit proefschrift bevat verschillende methoden die stromingen in geroerde tanks analyseren
en modelleren wanneer niet-Newtoniaanse vloeistoffen worden beschouwd. Bovendien
beschrijft het een beproefde modelleringsmethode om zeer voorspellende CFD-modellen
voor Newtoniaanse en niet-Newtoniaanse vloeistoffen te bekomen. De kennis die in
dit onderzoek is opgebouwd, zal niet alleen bijdragen aan het modelleren van anaërobe
vergisting, maar ook aan het modelleren van soortgelijke problemen in andere gebieden.
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CHAPTER 1
Problem statement, research objectives
and outline

The saddest aspect of life right now is
that science gathers knowledge faster
than society gathers wisdom.
Isaac Asimov

2

1.1

1.1 BACKGROUND

Background

The United Nations (UN) General Assembly resolution (25/09/2015, United Nations
[2015]) adopted an agenda for a plan of action with 17 Sustainable Development Goals
(SDGs) to be reached by the year 2030. In this action plan [United Nations, 2019], SDGs
6 aims to “Ensure availability and sustainable management of water and sanitation for
all”, and highlights the importance of the involvement of all environmental engineering
sectors in achieving this goal. Although SDGs 6 does not provide any concrete measure
to reach this goal, it still highlights the challenges that humanity will face for the next
decade and the direction we should follow. Thus, the term “sustainability” is not only
a media buzzword, but a social requirement. In Europe, the European Union (EU)
establishes the framework for all community members to reach these sustainability goals by
unifying legislation (through national transposition of EU Directives), by steering research
In key areas for sustainability (e.g. Horizon 2020 or Horizon Europe innovation funding
frameworks), or by proposing Best Available Techniques (BAT) for different industries
[European Commission, 2018].
The circular economy concept is starting to reshape the EU landscape by forcing society,
academia, and industry to constantly interact with each other in order to reuse all resources
and streams as much as possible [Mo and Zhang, 2013, Van Loosdrecht and Brdjanovic,
2014, Mansouri et al., 2017, Kehrein et al., 2020]. For instance, minimum water quality
and supply must be ensured for urban systems, water-dependent industries, and the
environment. Although there are many possible ways to achieve this, some of these are
currently technologically feasible. Examples are the reuse of stormwaters, the design of
better energy efficient WWTPs, or the use of river water for highly dependent water
industries (food, energy, transport, chemical, etc.). In essence, water quality must be
ensured for use by all water-demanding agents in a sustainable manner.
For WWTPs, Anaerobic Digestion (AD) is one of the key processes for reducing energy
requirements and can be implemented both in WWTPs and in industry [Acosta and
De Vrieze, 2019, Tchobanoglous et al., 2014]. This is achieved by partial conversion
(valorisation) of the organic content into biogas and digested sludge. The former is a
renewable energy source that can meet most energy requirements of industrial plants,
while the latter is a potential fertiliser and a fuel. Hence, a sound understanding of this
technology is of utmost importance with a view to providing a stable and commercially
attractive digestion. Although AD has been in use for more than 100 years [Tchobanoglous
et al., 2014], little is known about the interaction between the micro-organisms therein and
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their environment when upscaling the technology. Although not restricted to AD, proper
mixing of sludge is still not well understood, especially at larger scales, for maximising
biogas production. This statement is in stark contrast to the ideal mixing assumption
continuously invoked in many environmental systems, which is believed to be so, not only
because it is easy to use in design, but because other alternatives to include some spatial
dependency on digestion performance are still under research.
In short, the motivation to carry out this work stems from the expectation that expanding
our understanding in mixing (and especially in non-Newtonian fluids) will hopefully
contribute to achieving more sustainable systems (e.g. through more efficient energy use
in ADs).

1.2

Problem statement

Although waste water contains sufficient energy to cover all of the wastewater treatment
plant’s energy requirements, its full energy potential is yet to be fully exploited [Qadir
et al., 2020]. Therefore, optimising the energy efficiency of wastewater treatment plants is
still attractive from a financial point of view. In this respect, mixing (using aeration and
stirrers) constitutes the most energy intensive operation in WWTPs: which approximately
takes up 1-18% of the electricity used by urban systems [Olsson, 2015].
Mixing is a general concept used to express the reduction of inhomogeneity in a given
system. In AD, one of the most common ways (but not the only one) to achieve mixing
of sludge is thorough mechanical agitation. Although some work has been done in the
past with respect to mixing, this process lags behind other WWTP processes that have
been under intensive academic research for the past decades. In large-scale systems,
mixing is often studied or taken into account by conducting pilot-plant experiments, in
order to demonstrate the feasibility of the technology, or by conducting expensive mixing
experiments such as tracer tests. Mathematical modelling of mixing process is a promising
alternative to obtain information on the interaction of the system with its fluid dynamics.
In this respect, advanced models such as CFD constitute one of the most remarkable
mathematical methods available in the engineering toolbox. These models not only produce
high amounts of information, but also provide an unprecedented level of detail. Although
CFD has been used traditionally in aerospace and mechanical engineering, its use in
environmental engineering and more specifically in WWTPs is spreading [Samstag et al.,
2016]. Given that AD is one of the least known unit operations in WWTPs, the use of
CFD becomes the natural choice for an in-depth study of the hydrodynamics of a closed
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1.3 OBJECTIVES OF THIS RESEARCH

system such as a full-scale digester [Batstone et al., 2015]. The main limitation on how
to use CFD, from a research point of view, is the selection and closure of all the CFD
sub-models, preferably after their proven accuracy. However, as described in Section 2.4,
various sources from literature often provide little or no justification when selecting the
most appropriate CFD sub-models. Although not restricted to AD, CFD in environmental
systems is often viewed with certain skepticism, and often quoted as being “an art rather
than a science”. This last statement itself is an important incentive for researching into
developing better CFD models.

1.3

Objectives of this research

More specifically, and as indicated in Section 1.2, the problem lies in the selection of
the best CFD sub-models to obtain precise and reliable predictions of the hydrodynamic
patterns for full-scale ADs. Thus, the main objectives of this doctoral dissertation are:
1. To expand the knowledge on mixing in non-Newtonian fluids (applicable to AD
sludge) when subject to mechanical agitation. This is done by carrying out flow
visualisation experiments using a surrogate fluid that displays the main fluid dynamic
characteristics of AD sludge.
2. To build the most accurate mechanical stirrer CFD model for a non-Newtonian
fluid. This is accomplished by studying the accuracy of the different sub-models
by comparison with experimental data.
This thesis seeks to provide answers to the problems outlined in Section 1.2, and will
attempt to bridge our knowledge gap, and thus demonstrate the reliability of advanced
modelling approaches such as CFD to describe hydrodynamics of ADs. This is why, both
experimental and modelling work was carried out.
It is important to note that the work described in this dissertation uses a “more mechanistic
approach” and is thus more fundamental in nature than most work carried out in AD. This
statement will be supported by a critical review on the topic in Sections 2.5 and 2.6.

1.4

Outline: The roadmap of this dissertation

In order to provide a structured answer to the aforementioned research questions, this
thesis is comprised of the following chapters as shown in Figure 1.1:
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 Chapter 1 describes the rationale behind this thesis. Advanced mathematical
modelling is introduced as a tool to fulfil the objectives while establishing the link
with the UN’s SDGs goals.
 Chapter 2 provides a detailed description of AD, all of its relevant processes, and
its relation with mixing. It also provides the results of a literature survey to analyse
the state-of-the-art capabilities of current CFD models for AD. Knowledge gaps are
then identified using this critical review.
 Chapter 3 describes the results of a full-scale measurement campaign to characterise
AD sludge in terms of physical properties.
 Chapter 4 analyses the hydrodynamics of a surrogate fluid (Carbopol) that
rheologically mimics the behaviour of AD sludge at different hydrodynamic regimes
when stirred with an axial impeller.
 Chapter 5 describes the steps taken to develop a CFD model to predict the
hydrodynamics using water as a fluid and compares performance with literature data
using different validation metrics.
 Chapter 6 in a first section, describes the verification of the open-source CFD
software (OpenFOAM) to solve the fluid motion of non-Newtonian fluids using
literature benchmark data. In the second section, the CFD model accuracy is
evaluated using PIV data for the laminar regime, and suggestions to improve the
model are discussed. This is followed by a discussion on impeller cavern size and
literature correlations for its prediction.
 Chapter 7 is devoted to summarise the main findings of this dissertation and
establishes some future perspectives to model CFD stirring tanks, and in particular
for anaerobic digesters.
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1.4 OUTLINE: THE ROADMAP OF THIS DISSERTATION

Problem statement, research objectives, and outline

Chapter 1

Introduction to Anaerobic Digestion and CFD modelling

Physical characterisation of
AD sludge in a full-scale
digester

Hydrodynamic analysis of
an axial impeller in a
non-Newtonian ﬂuid through
Particle Image Velocimetry

Chapter 3

Chapter 4

Chapter 2

Computational Fluid Dynamic
simulation of an axial
ﬂow impeller in OpenFOAM:
model construction and
validation
Chapter 5

Computational Fluid Dynamics validation study of an axial ﬂow
impeller in OpenFOAM: Carbopol
Chapter 6

Conclusion and perspectives

Chapter 7

Figure 1.1: Outline of this dissertation. The connection between chapters is shown with an
arrow. The dashed line around a chapter indicates an experimental chapter, and a grey line
indicates a modelling chapter.

CHAPTER 2
Introduction to Anaerobic Digestion and
CFD modelling

“Any sufficiently advanced technology
is indistinguishable from magic.”
Arthur C. Clarke 3rd law.

Chapter 2 presents a detailed review of the physical processes that may occur
in Anaerobic Digestion, with a view to improving our understanding of processes
in full-scale systems and their modelling.
The critical review presented in this
chapter reveals that the traditional research done in CFD AD is hampered by the
lack of appropriate validation data, which in turn has led to the use of simplified
CFD models that may not be appropriate to model certain anaerobic digesters.
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2.1
2.1.1

The rationale behind Anaerobic Digestion
Anaerobic Digestion technology

AD has become an important and attractive technology in the last decades for the
production of renewable energy from organic waste. AD is a widely used technique because
it not only stabilises organic compounds, but also generates biogas. Methane, the main
product of biogas, is an energy intensive by-product that can conserve the energetic value
of the organic substrate. It can be further valorised into a useful energy form such as
heat and/or electricity. Anaerobic digestion is present in many different types of waste
treatment industries such as agriculture crops, manure, fish-canning wastes, and other
highly organic strength waste streams. However, AD is particularly well-suited to valorise
the organic carbon from waste streams present in WWTPs (e.g. sludge produced during
the aeration process). Therefore, a proper understanding of the AD process is essential
for optimizing production of biogas and ensuring a stable operation, thereby leading to
important economic savings. In WWTPs, this can be translated into important energy
savings that cover most energy requirements of industrial plants, thus leading to more
sustainable WWTPs. For this particular reason, the research performed in this thesis will
be confined to AD present in WWTPs.
2.1.2

Biochemistry of Anaerobic Digestion

AD is the biodegradation of organic matter, and reduction of inorganic matter (mainly
sulphate) in the absence of molecular oxygen to produce a digested sludge and a biogas
stream [Tchobanoglous et al., 2014]. Biochemically, the absence of conventional electron
acceptors forces bacteria to rely on fermentation reactions. Thus, organic matter is
degraded via a complex cascade of reaction pathways performed by a consortium of
microorganisms (see Figure 2.1). The process is fairly understood nowadays and it is
accepted and convenient to divide the entire digestion process into four main simplified
subprocesses [Batstone et al., 2002, Batstone and Jensen, 2011]:
 Hydrolysis: Disintegration and solubilisation of complex particulate substrate
(carbohydrates, proteins, and lipids) into simpler compounds (sugars, amino acids,
and fatty acids).
 Acidogenesis: Fermentation process to obtain simpler organic compounds such as
alcohols and short-chain organic acids.
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 Acetogenesis: Oxidation of acidogenesis compounds into acetic acid.
 Methanogenesis: Conversion of intermediate products into methane and carbon
dioxide, released in gaseous form.

Figure 2.1: Main anaerobic processes in ADM1: 1) acidogenesis from sugars, 2) acidogenesis
from AA, 3) acetogenesis from LCFA, 4) acetogenesis from propionate, 5) acetogenesis from
butyrate and valerate, 6) acetoclastic methanogenesis, and 7) hydrogenotrophic methanogenesis.
Abbreviations: AA (Amino Acids); LCFA (Long Chain Fatty Acids); HVa (Valeric Acid); HBu
(Butyric Acid). Figure adapted from Batstone et al. [2002].

Moreover, some of these processes are linked, and their kinetic rates are dependent
on temperature. For instance, several reactions are only possible within a narrow
thermodynamic range, and certain microorganisms depend on syntrophy for production
and consumption of H2 to produce CH4 . Moreover, it is also recognised that the
biochemistry of the process is a function of different physico-chemical processes that
directly affect the rate of conversion of all species involved. This means that several
processes may occur while digestion is taking place such as ion transformation, gas-liquid
mass transfer, and liquid-solid transformations (e.g. solubilisation and precipitation). One
important variable often used to describe the physico-chemical state of the system is pH.
It is mainly used to quantify the net state of all acids and bases present in a system.
Additionally, some reactions may be thermodynamically limited due to the presence of
intermediates (e.g. H2 ), and various forms of inhibition and/or toxicity may occur under
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certain conditions (e.g. NH3 , SO−2
4 ). Depending on the system, the design of the digester
will be guided by the most rate-limiting step (usually hydrolysis or methanogenesis) as a
result of the interaction of the physico-chemical and the biological reactions.
2.1.3

Physical processes in Anaerobic Digestion

Although there is abundant research on the detailed mechanisms that occur and the
diverse microorganisms that perform them, one can also analyse the digestion process
by considering other non-conventional approaches. This feature was already acknowledged
several decades ago [Verhoff and Echelberger Jr., 1974, Monteith and Stephenson, 1981]
and motivated the use of tracer-tests to obtain information about the active mixing
volumes. Physically, these reactions take place in a complex multiphase matrix consisting
of various sized solids, a liquid slurry, and biogas bubbles. Much of the success of AD to
become a potential net energy producer relies on a well-controlled and stable operation
to produce a steady biogas stream. This is usually achieved in lab-scale AD experiments
where it is possible to analyse the process in great detail and perform the digestion under
controlled conditions. However, this is not always the case when the process is upscaled
as demonstrated in Van Hulle et al. [2014] between a lab and pilot scale digester. New
and/or unknown phenomena can disrupt the digestion process since it is often reported by
operators and WWTP process engineers that phenomena ranging from minor operational
disturbances to complete shutdown of biogas production may occur. Some potential
problems that may arise during operation of an upscaled digester are presented below:
 Sedimentation and precipitation: A common problem in full-scale digesters is the
build-up of a layer of inorganics that range from sand to various precipitates formed
during the digestion process (e.g. struvite). This process is especially problematic
due to the gradual reduction of active volume, and eventual stoppage of the operation
(with the associated costs of removing such layer).
 Corrosion: Formation of highly corrosive fluids such as hydrogen sulphide imposes
limits on the durability and costs of the internal materials used.
 Obstruction of equipment: The presence of solids is detrimental to reactor
equipment such as inlet feeders, heat exchangers, and overflow devices, and internal
elements such as pipes or impellers. The nature of these elements is difficult to
predict but cover fibres, plastics, human hair, and inorganics, and largely depends
on the pre-treatment of the substrate.
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 Foaming/Surface crust formation: It is the formation of a surface layer consisting
of a foamy thick layer made of biogas bubbles or solids. Internal entrapment of biogas
might also lead to sudden biogas bubble bursts.
 Stratification: It is the process related to the development of spatio-temporal
gradients within the digester volume. This might include concentration of species
(e.g. intermediates like Volatile Fatty Acids (VFA)), density, viscosity, temperature,
and hydrodynamic variables (e.g. bulk velocity).
 Mixing: It is related to transport processes occurring inside the reactor volume
that may negatively impact digestion and its economic profitability. Although this
is a very loose definition, from a hydrodynamic point of view it can involve the
development of fluid caverns, by-passes, dead volumes, etc. Economic benefits may
arise by not considering the application of conventional conservative mixing strategies
(e.g. high P/V). This concept is further discussed in Section 2.1.4.

It is clear that optimal design guidelines should not only focus on achieving similar
theoretical lab-efficiencies but avoid or minimise most of the aforementioned process flaws.
However, conventional design guidelines provide little or no information to prevent these
flaws from occurring. Although classical design guidelines [USEPA - U. S. Environmental
Protection Agency, 1987] suggest engineering solutions to avoid/minimise these problems,
it is still not well understood why these happen in the first place and how to prevent them
from a design point of view. This lack of knowledge, leads to the use of simple design
strategies and strong protection by design companies and consultants. As a result, most
designs are based on providing a minimum retention time to size digester volumes in order
to achieve a certain stable biodegradability [Tchobanoglous et al., 2014]. However, it is
important to state that the use of simple design strategies is usually motivated by the desire
to minimise design costs. This is usually expressed in terms of reduction of carbon content
(% reduction of the influent Volatile Solids (VS)), at an incoming Organic Loading Rate
(OLR). Table 2.1 summarises some common operational factors for full-scale digesters.
2.1.4

The link between mixing and digestion performance

In Section 2.1.3, it was assumed that a successful and wide application of AD could in
principle benefit from a better understanding of the processes that take place in a digester.
In literature, it is hypothesized that knowledge of the interaction of the microorganisms
with its environment is key to improving our understanding of anaerobic digestion as a unit
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Table 2.1: Common operational factors for full-scale digesters.

Variable
Hydraulic Retention Time (HRT)[1]
Digester Volume
Organic Loading Rate [2]
Organic Loading Rate
Inlet Total Solids (TSinlet )[3]
Outlet Total Solids (TSoutlet )
pH
Methane yield
Biogas composition
Mesophilic range
Thermophilic range

Range

Units

10-30
100-10000
1-5
0.5-3
3-10
1-6
6.5-8.5
200-600
50-80
30-40
50-65

d
m3
kg COD m−3 d−1
kg VS m−3 d−1
[-]%
[-]%
[-]
L CH4 kg−1 VS
[-]%
◦
C
◦
C

[1] :

A safety factor is often introduced to ensure appropriate digestion and process stability.
VS reduction of 50-80% is expected with a 70% sludge biodegradability.
[3] : Co-digestion with manure may significantly increase these values by 15-20%.
[2] :

process. Several recent review articles [Lindmark et al., 2014, Mao et al., 2015, Kariyama
et al., 2018, Wang et al., 2018, Singh et al., 2019] have analysed the possible physical
effects that could positively/negatively affect the digestion performance under different
mixing conditions. These reviews analysed a vast amount of experimental works. Biogas
performance is analysed in terms of yield (L CH4 L−1 d−1 ) with respect to mixing intensity
and duration (including different types of mixing devices), at a given HRT, OLR and
substrate composition. These works range from small lab-scale to pilot-scale, and include
some full-scale digesters. The main findings can be summarised as follows:
 Operational mode: Intermittent mixing. Most works agree that an intermittent
mixing operation may be equal or superior with respect to biogas production
compared to the traditional continuous mixing mode. The intermittent modes can
range from minutes to several hours of continuous mixing (mostly in an on/off
fashion). In the majority of the cases, minimum mixing digesters always performed
better than unmixed digesters, and slow mixing is recommended for digester start-up.
 Intensity of mixing: Not clear. Although the existence of an “optimal” mixing speed
has been demonstrated for some digesters (e.g. Sindall and Bridgeman [2013]), there
is no currently available procedure to establish general guidelines. The reason is that
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mixing intensities are very dependent on the characteristics of the mixing means,
which are usually expressed as L/min (recirculation or biogas injection) and stirring
speed (Revolutions Per Minute (RPM), in mechanical stirrers). Another important
industrial mixing quantity related to mixing intensity is the G-value, which is defined
and further discussed when Eq. 2.3 is introduced.
An important observation with these findings is the huge potential to optimise the digester
operation in terms of energy process efficiency. Just reducing the energy consumption
required by mixing tasks offers the possibility to reduce the plant’s energy demands, and
may even shift the WWTP to a net energy producer. It is then evident, that the digester
performance is highly dependent on the mixing operation, the feed substrate used, the
physical properties of the sludge, and the microorganism consortium involved (from the
inoculum to its time-evolution).
However, the scientific community still debates about the exact mechanisms that govern
the interplay between mixing operation and digester performance. These debates primarily
arise from the inherent complexity of measuring inside full-scale digesters as described
by the few works in Section 3.1.1. Since there are large mixing differences between the
different types of digesters, extracting general mechanisms seems complex or may not be
even possible. Consequently, these guidelines would be very specific to the mixing means
used and the sludge properties (e.g. %TS). In order to understand the relationship, some
theories try to understand the digester behaviour when the digester contents are no longer
homogeneous.
Biochemically, a completely different and unique microorganism community may exists
in each digester. This adds additional complexity because it forces the digester to be
characterized in terms of bacterial families or clusters and shifts the problem to finding
statistical correlations between bacterial fingerprints and process parameters. Although
this line of research is worth pursuing, its full potential is unclear for a priori digester
optimization. In literature, other studies focus on quantifying the degree of mixing with
performance. A negative correlation of high mixing modes associated with floc breakage
has been observed in some digesters . Other lines of research focus on the disruption
of the syntrophic relations between acidogenic and methanogenic bacteria, which would
result in an imbalance of the different biokinetic rates. This was hypothesized to be
the result of a faster hydrolysis and a negative build-up of VFAs as modelled in Vavilin
and Angelidaki [2007]. These findings can be summarised by quoting Lindmark et al.
[2014]: “Different mixing regimes affect the flow fields, turbulence and shear stress and the
connection between the mixing and the disrupting effect on the biogas process needs to
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be studied further at the microbial and chemical level. The root causes of the effects seen
during different mixing regimes are still not well established”.
Nevertheless, the link could be safely established as soon as a complete internal description
of the digester is available and metrics are developed to quantify the hydrodynamic regime
and its optimality (see Section 2.7 for a more detailed discussion). Although there are
some experimental promising works (see Section 3.1.1), the internal description of digesters
remains an extremely difficult task since they are still under research. Therefore, full-scale
digesters do not permit detailed control of digester or full-scale sampling and monitoring
is still very rudimentary. Fortunately, the use of mathematical models that attempt to
describe digesters no longer seem to be a research curiosity and are gaining traction in
industry.
2.1.5

Anaerobic Digestion time scales

Although Section 2.1.4 has established the connection between mixing and digester
performance, this is not entirely obvious based on the difference between their characteristic
time scales. As reviewed in Sections 2.1.2 and 2.1.3, there are different processes taking
place simultaneously during digestion. In mixing, if the smallest hydrodynamic time
scales are similar to the main reaction time scales, mixing will definitely impact process
performance. In order to assess if this is the case in AD, we need to perform a rough
estimate of the order of magnitude of the main characteristic time scales:
 The largest hydrodynamic scale corresponds to the macromixing time (blend time or
turnover time), which depends on the scale and system. It can be usually associated
with a characteristic length and velocity of the system, which is found to be in the
order of minutes or even hours for digesters [Tchobanoglous et al., 2014]. If the
digester operates in the turbulent regime, micromixing times can be directly related
with the Kolmogorov scales [Pope, 2000], which are much smaller than macromixing
time scales (ms).
 Determination of characteristic time scales in digestion is rarely performed (which
would involve the computation of reaction rates). However, a rough estimate can
be obtained by comparing the kinetic parameters based on dimensional analysis of
the different processes. If a first order kinetic mechanism is assumed for hydrolysis,
khyd ≈ 0.1 − 1 d−1 [Batstone et al., 2002], then this would imply thyd ≈ 1 − 10 d.
Some of the fastest biokinetic reactions in AD can be considered in acidogenesis or
acetogenesis. In Monod-type of kinetics, the maximum specific growth rate widely
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ranges from µmax = 0.1-5 d−1 [Batstone et al., 2002] , which would imply tupt ≈ 0.2−10
d. Note that these values depend on the substrate used, reaction conditions, and that
they refer to maximum specific rates.
 The fastest physico-chemical process involved in AD would be ion
association/dissociation from different acid-base pairs (e.g. CO2
HCO−1
3
−2
CO3 ). Although these processes are assumed to be instantaneous (based on their
high dissociation constants in the ADM1 [Batstone et al., 2002]), their timescales
could be estimated in ms [Rosén and Jeppsson, 2006].
 Other physico-chemical processes have larger timescales than ion dissociation and
are more difficult to estimate. Examples are gas-liquid mass transfers and timescales
associated with self-generated biogas bubbles.
 Sedimentation and stratification may have larger time scales than most biological
processes (which could range from hours to years).

Based on these estimates, one could argue that the biological reaction rates can be
considered as unaffected by any mixing scales. However, as hypothesized earlier,
macromixing scales would play a role in dispersing localised high concentrations of
intermediates, and in minimising dead volumes and fluid by-passes. Since macromixing
time scales could be in the order of minutes, sufficient blending times would in principle
guarantee homogenisation of the digester contents with new substrates. In healthy
digesters, this is especially the case when hydrolysis is the rate-limiting step since methane
production is unlikely to be affected by homogenising VFA concentrations [Vavilin and
Angelidaki, 2005]. However, as stated in Section 2.1.4, there are still large uncertainties
associated with these hypotheses. For large scale digesters, this will highly depend on
the scale of the system, sludge properties, mixing device, and the unknown effect of local
mixing produced by the self-generated biogas bubbles. On the other hand, ion equilibrium
may have similar time scales as mixing time scales, but it is not entirely clear whether the
time-dependent rates of ion association/dissociation have any effect on biological process
rates. Conventional knowledge demonstrates that microorganisms have built-in resilience
to instantaneous fluctuations.
Despite these uncertainties, the estimation of the above-mentioned time scales provides
strong arguments to justify the separation of hydrodynamics and biological processes.
This fact is invoked in this thesis to justify the calculation of steady-state hydrodynamic
fields when modelling digesters with CFD. Even if the CFD model does not contain any
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prediction of digester performance (e.g. biogas flowrate), its usefulness relies on identifying
whether the digester hydrodynamics would be prone to any of the processes listed in Section
2.1.3.

2.2

Objectives of Anaerobic Digestion from a design point of view

The observations from Section 2.1.4 and 2.1.5 clearly indicate a connection between the
digester design and its performance. In this respect, different designs exist to homogenise
the digester contents while the digestion process is taking place. However, a digester
must comply with additional requirements to ensure a stable operation. Below, is a short
collection of possible objectives that are desirable from a design point of view:
 Reduce the organic carbon content of the substrate by allowing enough minimum
residence time to hydrolyse complex particulates. Incomplete digestion may lead
to problematic effluents not meeting discharge requirements. Moreover, it may
negatively impact downstream processes (e.g. by allowing higher TS content) for
outlet pumps or biologically sensitive downstream processes for C and/or N reduction
(e.g. anammox).
 Ensure stable production of biogas and convenient biogas collection methods.
 Maintain a balance between the different degradation processes to avoid excessive
accumulation of intermediates (e.g. VFA). Although this highly depends on the
substrate, different strategies might be considered (e.g. two-step digestion, codigestion, etc.).
 Homogenise the inlet sludge and the digester contents to avoid strong spatial
variations that can lead to process disruption. This includes prevention of
stratification of species, sludge concentration, temperature, etc. Methanogens are
particularly sensitive to temperature variations. Additional equipment may be
needed if this condition is not met. For instance, withdrawal of bottom grit with
internal pipes, auxiliary heat exchangers, or thicker insulation.
 Establish a robust control system to resist strong variations of the inlet feed (e.g.
OLR, TS, pH, etc.), including washout of active biomass.
 Design an efficient outflow system. This system will ensure that residence time
distribution is equal to the design parameters (e.g. to avoid inlet sludge by-passes,
or volumes that take a long time to refresh their contents).
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 Design digester for ease of access, cleaning, and removal of internal parts. Windows
can be installed to visually inspect the digester.
 Comply with specific design constraints (e.g. available surface area, odour limit,
budget, available technology, etc.).

2.3

Review of existing designs

The objectives of Section 2.2 allow some degree of freedom to select the best technology
from a variety of already implemented existing designs. Historically, many different digester
configurations and their suitability (over other sludge stabilising technologies) have often
guided successful implementation and design in different regions. The purpose of this
Chapter is not to provide a detailed review of digester types or the motive behind regional
variations in design. However, we need to have an idea of the general designs to understand
the selection of the mixing device (mechanical mixing) specifically covered in this thesis.
2.3.1

Wet Digestion vs Dry Digestion

In AD, a general distinction can be made between wet and dry digestion depending
on the TS concentration of the inlet feed. Even though technologies do exist for high
solid concentrations (TS> 15%, named Dry Digestion (DD)), only relatively low solid
concentrations (TS< 15%) digester technologies (named Wet Digestion (WD)) will be
covered and described here. The main reason is that the sludge in wet digestion can
be treated as a flowable liquid and thus be modelled by CFD. For WD, as described
extensively in Tchobanoglous et al. [2014], the design is an overall function of 1) geometry
of the digester, 2) the mixing technique used, and 3) the state of biomass (suspended or
attached), in order to achieve most of the aforementioned requirements. Thus, the TS
concentration, the SRT and the OLR requirements will often guide digester type selection
[Batstone and Jensen, 2011].
2.3.2

Digester types

A wide range of digester types are available in general with different geometries ranging
from cylinders with different aspect ratios to egg-shaped digesters. The majority of
digesters use mechanical devices such as impellers to promote bulk movement of the
sludge in a certain direction. Conventionally, impellers are centrally mounted but they
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can also be found at the sides to eliminate the appearance of dead volumes. Draft tubes
can also be located inside digesters to promote axial bulk movement of the contents.
Internal recirculation of sludge can also be done by external pumps to promote further
mixing and/or to reheat the sludge. Other common types of digesters recirculate the
generated biogas to avoid using mechanical devices. Granular sludge has been extensively
used in agricultural streams and applications requiring a relatively high OLR. The Upflow
Anaerobic Sludge Blanket (UASB) is a prime example of this, and it is currently the most
used digester across many different industries. However, the preferred selection is still large
volume digesters equipped with mechanical mixing devices due to the relatively low OLR,
high flow rates, and low to moderate sludge TS concentrations required by WWTPs. For
this reason, the selection of a mechanical stirrer equipped with an axial impeller seems to
be a reasonable choice in a standard digester.

2.4

CFD applied to Anaerobic Digestion

An increasing trend of using CFD models to study the hydrodynamics of digesters is the
reason why a large variety of digester types are covered in Section 2.3. Given that several
general reviews of CFD used in AD have already been published [Wu, 2013, Sindall, 2014,
Samstag et al., 2016, Sadino-Riquelme et al., 2018, Wang et al., 2018], we refer to them for
an in-depth coverage of the full CFD spectrum of studies. However, the following general
review is provided to obtain a state-of-the-art screenshot of the current capabilities of
CFD modelling (chronologically ordered) that contributed to major developments of CFD
in AD.
CFD models have been used to study the hydrodynamic behaviour of several types of
anaerobic digesters. The majority of commercial and academic work has been in nonreactive hydraulic analysis where the main goals were to describe and analyse the type of
flow produced by a digester design.
Jayranaiwachira and James [1999] made one of the earliest attempts to study the nonNewtonian effect in anaerobic digesters using CFD. The main conclusion from this article
was that non-Newtonian behaviour should be included to simulate a full-scale digester.
This was experimentally demonstrated by Monteiro [1997] who justified the use of nonNewtonian behaviour for digesters as a requirement. Next, the thesis work of Fleming
[2002] laid down the foundations for AD modelling with CFD. The author identified
and modelled some of the main processes that can occur in anaerobic lagoons such as
sedimentation, heat transfer, buoyancy, biokinetics, and sludge convection. Vesvikar and
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Al-Dahhan [2005] then used CFD to study a multiphase Air-Lift Reactor (ALR) digester
and compared their results with hydrodynamic data from the same research group [Vesvikar
et al., 2004].
Marx et al. [2006] presented results of a pilot CFD model to assess the influence of the
design Jet Mixing Loop (JML) and high sludge feed concentrations. They used Xantham
Gum (XG) as a clear fluid model to mimic the rheology of sludge for validation purposes.
The objective of their work was to enhance mixing by increasing the inlet feed flow rate,
using an intermittent operation of mixing nozzles, and top and bottom suction headers
to avoid any eventual stratification (in temperature and concentration) while promoting
vertical mixing. Karim et al. [2007] proposed an improved CFD model to optimize the
hydrodynamics of the ALR.
Hoffmann et al. [2008] performed CFD simulation at different rpms of a mechanical mixer
and validated the model against their own hydrodynamic data. The objective was to
obtain the influence of the mixing mode on biogas performance and bacterial community
composition. Terashima et al. [2009] provided CFD results of an existing full-scale digester
(modelled in laminar flow) and attempted validation with a full-scale tracer test. Maier
et al. [2010] provided an optimization study of a biogas plant with CFD where they
modelled the sludge as three phase liquids, each with their own rheological behaviour.
Later, a well known researcher in AD published a collection of relevant articles [Wu and
Chen, 2008, Wu et al., 2009, Wu, 2010a, Wu and Chen, 2011, Wu, 2012, 2014]. This author
studied the influence of digester geometry, mixing mode, and turbulence model selection
in the context of wet anaerobic single and multiphase digestion for lab, pilot, and full-scale
digesters.
Martı́nez Mendoza et al. [2011] used a CFD model to represent the hydraulic behaviour
of an existing full-scale plant. A novel criterion was used to determine dead zones based
on local terminal sedimentation velocities of sludge particles. Yu et al. [2011] used CFD
to demonstrate the impact of using impellers across a range of TS values on the flow field,
especially at high concentrations.
Bridgeman [2012] performed CFD simulations of a lab-scale mechanical mixer to obtain
information on the effect of mixing and biogas yield, and emphasised on reducing energy
mixing input. He proposed the use of shear rate distribution values to analyse the mixing
state in the digester (a concept linked with biogas performance in Sindall and Bridgeman
[2013]). Coughtrie et al. [2013] provided an unusual but very detailed analysis, which
included an in-depth discussion about sub-model selection (including turbulence modelling
and gas phase modelling) for an ALR. Craig et al. [2013] studied the sludge rheology
evolution effect on a full-scale digester with an upward draft tube for mixing using CFD.
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Kamarád et al. [2013] used a CFD model of full-scale digesters to reveal that the overall
flow pattern was governed by the slow motion agitators rather than the fast-motion mixing
impellers.
Dapelo et al. [2015] presented a validation study using a multiphase CFD pilot-scale model
and evaluated velocity and shear rate at different locations. Hurtado et al. [2015] developed
a full-scale CFD model to study the influence of digester operation with respect to active
volume and mixing time. Their results confirm the suitability of operating the mixing
pump in an intermittent configuration from a modelling point of view.
Hernandez-Aguilar et al. [2016] developed an egg-shaped CFD model to study the time
dependence of sludge properties and selected the best feed flow rate while minimising energy
input. Sajjadi et al. [2016] used a CFD model of a lab-scale rheologically mimicking digester
with submerged recirculating jets. They found that the rheological properties dictate the
presence of cavern structures and studied different mixing modes to optimise active volume
with respect to energy input. Lebranchu et al. [2017] used a CFD model to study the mixing
effect of two impellers in high TS lab-scale digesters and obtain hydrodynamic data to
understand the higher efficiencies in terms of biogas production of the helical ribbon over
a Rushton turbine.
During the past two years, multiple relevant and original works have been published that
emphasize the influence of physical properties, reactor geometry, and mixing efficiency on
digester performance [Dapelo and Bridgeman, 2018, Meister et al., 2018, Wiedemann et al.,
2018, Mohammadrezaei et al., 2018, Leonzio, 2018, Zhu and Jing, 2019, Mao et al., 2019,
Conti et al., 2019, Wei et al., 2019]. Of particular interest is the work of Nsair et al. [2019].
The authors used CFD to assist in the evaluation of two different mixing strategies in
full-scale digesters for a period of six years to maximise biogas production and minimize
dead volumes.
Additional promising and novel modelling frameworks have appeared to model more
complex processes in AD. Lattice-Boltzmann models [Dapelo et al., 2019], the Kinetic
Theory of Granular Flow (KTGF) approach [Yu et al., 2013], or the Lagrangian Smoothed
Particle Hydrodynamics (SPH) [Rezavand et al., 2019] are used for multiphase flow and/or
biochemistry integration modelling.
Although these works are representative of the global state-of-the-art, other original CFD
works not published in English may be forthcoming from other regions of the world. This
is because digesters are an especially active area of research in Spanish speaking countries
[Rubal, 2016], in Germany [Brehmer et al., 2012, Hennig et al., 2011], and in China [Gu
et al., 2016, Wang et al., 2018].
From the review provided in Section 2.4, a couple of observations can be made.
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1. AD is a complex process that benefits from advanced mathematical models such as
CFD to provide unique and detailed answers in tightly closed systems. Therefore,
its use in academia and industry has experienced a boost in the last decade. Hence,
the field has progressed from its early developmental stages as demonstrated by the
more advanced models presented in the past years.
2. A large variety of CFD AD models are now available to model numerous digesters
including single and multiphase systems, with Newtonian and non-Newtonian
behaviour, and with complex reactor geometries.
3. CFD models have been mainly used for characterizing the hydrodynamics of lab,
pilot, and full-scale digesters. Their use for troubleshooting, retrofitting, and energy
minimisation exploration scenarios will still be quite popular in the foreseeable future.

2.5

Literature “validation” methodologies for CFD results

As stated in Section 1.2, CFD faces an interesting but poor acceptance compared to other
available modelling frameworks in WWTP modelling [Samstag et al., 2016]. There still
exists a lack of credibility and even widespread rejection despite the community being
aware of the benefits from its use. Other popular WWTP modelling frameworks such as
biokinetic modelling (e.g. Activated Sludge Model (ASM)/ADM1 models [Henze et al.,
2000, Batstone et al., 2002].), sludge sedimentation (e.g. Bürger-Diehl models [Bürger
et al., 2011]), Residence Time Distribution (RTD) and mass-transfer models are widely
used and have a better modelling reputation since they are much more developed. The
reason why other emerging advanced modelling frameworks such as CFD or Population
Balance Modelling (PBM) [Nopens et al., 2015] are not widespread (and faced with
additional problems) is firstly their higher complexity in both sub-models and mathematical
algorithms, and secondly, their diversity and debates in terms of model verification,
calibration, and validation exercises. Therefore, every CFD modeller is faced with a critical
question: “How accurate is the CFD model and what can we use it for?”. It is no wonder
that this question should be answered after the proof-of-concept model is developed and
demonstrated (such as in early CFD works), but the Verification and Validation (V&V)
procedures are still the biggest problem faced by CFD of AD [Wicklein et al., 2016]. This
leads to the question: “How should confidence in modelling and simulation be critically
assessed?” [Oberkampf et al., 2004, Oberkampf and Barone, 2006]. This non-trivial
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question points to the need for the use of real system data and comparing it with CFD
model predictions.
As noted by some authors (For instance, see Sindall [2014], Wicklein et al. [2016], SadinoRiquelme et al. [2018]), different methologies have been followed to assess the suitability
of the CFD model with respect to the real system. As indicated in Sadino-Riquelme et al.
[2018], two main approaches have been used by modellers to meet this objective: 1) obtain
experimental data to compare it with CFD predictions (termed “generated data”) and 2)
use the available literature data (termed “borrowed data”) to compare it again or to justify
the selection of all CFD sub-models for their systems. Below is a brief summary of the
methodologies used for such purposes. For convenience, these approaches are labelled and
ranked by complexity of the methodology followed (using the idea of the level of validation
from Sagaut and Deck [2009]).
 Level 0: Use of previously assessed models based on system similarity.
 Level 1: Use of single point measurements. Different properties are used such
as temperature/concentration probes or power impeller consumption for mechanical
stirrers [Bridgeman, 2012].
 Level 1.5: Use of tracer tests. Some works are found in literature (e.g. Terashima
et al. [2009], Meroney and Colorado [2009], Kamarád et al. [2013], Hernandez-Aguilar
et al. [2016], Sajjadi et al. [2016], Kinyua et al. [2016]) that use this method, which
mostly uses a Lithium-based compound. Although this old method is still very
popular to assess mixing quality [Capela et al., 2009] and is the most extended
method in industry, it still provides limited information and is very resource intensive
[Jourdan et al., 2019].
 Level 2: Use of flow visualisation techniques to obtain local hydrodynamic details.
A distinction is made when using real sludge or a clear fluid model. For the
former, advanced non-intrusive flow visualisation techniques based on particle
tracking were used such as Computer Automated Radioactive Particle Tracking
(CARPT)[Karim et al., 2004, Hoffmann et al., 2008], and Positron Emission Particle
Tracking (PEPT) [Sindall et al., 2017]. For the latter, transparent fluids with
similar rheological behaviours are becoming popular when used with standard PIV
experiments (especially in literature of the last 10 years, e.g. Dapelo et al. [2015]).
Fluids such as Carbopol, XG, or CarboxyMethyl Cellulose (CMC) [Eshtiaghi et al.,
2012, Conti et al., 2018] are often used. There are very few works that provide
relevant experimental hydrodynamic data, and their uncertainty is rarely quantified.
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Critical assessment of review findings

Although CFD seems to be an ideal tool for scientists and engineers to investigate digesters,
there are still a number of challenges that need to be addressed in the CFD environmental
community, and especially in AD. A critical evaluation of the aforementioned findings
is shown in this section. In order to do this, we need to understand the definitions of
V&V to clarify the meaning of the terminology used. Further information can be obtained
from Roache [1997], American Institute of Aeronautics and Astronautics (AIAA) [1998],
Oberkampf and Trucano [2002], Oberkampf et al. [2004]:
 Model Verification:
The process of determining that a model, upon
implementation, accurately represents the developer’s conceptual description of the
model and the solution to the model.
 Model Validation: The process of determining the degree to which a model
accurately represents the real world from the perspective of the intended uses of
the model.
 Model calibration: The process of adjusting numerical and/or physical modelling
parameters in the computational model to increase agreement with experimental
data.

The following paragraphs are the author’s critical appreciation of the state-of-the-art.
Section 2.4 is similar to that in the thesis of Sindall [2014], whose observations and remarks
are similar to the ones shown below.
1. The last step of the verification process (mesh independency) is rarely assessed and
quantified. Although the use of the Grid Convergence Index (GCI) [Celik et al.,
2008], is becoming a standard practice and encouraged in the AD community (e.g.
Dapelo and Bridgeman [2018], Bridgeman [2012], Meister et al. [2018], Rezavand
et al. [2019], Wei et al. [2019]), it can only be applied to certain integrated properties
that monotonically increase/decrease (e.g. mass flow rate or power consumption).
Moreover, its use in three dimensions remains debatable due to the degree of freedom
in direction refinement.
2. Full details of the CFD model are rarely provided. Given that the vast majority of
CFD works use commercial software, reproducibility becomes a difficult task since
it requires knowledge of all modelling approximations. Moreover, numerical errors
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arising from unknown discretization schemes or convergence can affect the solution
and its accuracy. For instance, in Craig et al. [2013], we can notice that the steadystate solutions are not symmetrical to the axis of rotation, this indicating possible
convergence problems.
3. There is an inconsistent meaning attributed to the word “validation” in the different
procedures followed. In this respect, the validity of the model is observed to be rarely
justified with respect to model objectives. From Section 2.5, it is clear that few works
attempt to perform Level 2 validation, and these results are used most of the time to
“validate” (Level 0) the use of the models. In the opinion of the author, Level 0 CFD
models should not be labelled as validated. Additionally, quantitative comparisons
with validation metrics are rare.
4. Within the “borrowed data” approach, some works use literature data from a system
other than the one used by the model for validation purposes. Two literature
examples are presented to illustrate this point. In Wu and Chen [2008], model
validation is based on the deviation of radial velocity profiles in pipes with a
non-Newtonian fluid using data from Pinho and Whitelaw [1990]. The data is
based on the original calibration of different CMC concentrations displaying shearthinning behaviour (γ̇calibration ≈ [100 − 1000]). The first observation is that there
is no discussion provided for the selection of CMC as a fluid proxy to mimic
AD sludge (implying that only shear-thinning properties should be considered).
The second observation is that the calibration range may not adequately represent
the shear rate range experienced by the digester. It is important to notice that
the pipe model is validated for a fluid regime (Re≈ 10000) which is mostly in
turbulent conditions. The third observation is the extrapolation of the validating
hydrodynamic characteristics displayed in a pipe to the unique Three Dimensional
(3D) hydrodynamic effects present in any digester. The second literature example is
that of Wu [2010a], where AD reference results from Hoffmann et al. [2008] are used
for model validation. Despite the disagreement between the data and the model,
the discrepancy is attributed to all CFD submodels used without any meaningful
discussion. Interestingly, the same author [Wu, 2012] raised doubts about the use of
this experimental data set, which did not rightly display axial flow characteristics for
an axial impeller.
5. Selection of CFD sub-model or approximations based on system extrapolation or
similarity. A first example is the selection of a turbulence model in two-phase flow
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[Wu, 2010b] using literature pressure-drop correlation differences for a pipe. A second
example is that many literature works use data from Achkari-Begdouri and Goodrich
[1992] which represents the physical characterization of manure, not WWTP AD
sludge. This statement is further discussed in Sections 2.7.2 and 3.6.
6. The use of insufficient experimental data for a proper model validation exercise.
Although debatable, single point measurements have been used to justify model
validation of the hydrodynamics of CFD models. Surprisingly, this procedure was
wrongly followed by López-Jiménez et al. [2015]. The authors state that the CFD
model validation was performed using temperature and pressure probe measurements.
However, the authors later reveal that these values were used for model calibration.
The author is aware of the non-triviality and complexity of AD CFD modelling, hence the
review findings are not aimed at freely criticising authors of past modelling efforts. The idea
is to promote ddebate on the procedures followed by CFD digester modellers in the past,
and initiate discussion towards adequate model validation procedures for future CFD model
assessment. Given that the community has very few reference validated works for model
selection and modelling approximations at its disposal, any forthcoming higher quality
data sets and in-depth discussions would be a valuable contribution. The objectives from
Section 1.3 are intended to contribute in this respect and the V&V methodology followed
will hopefully accomplish these tasks.

2.7

CFD concepts relevant to AD modelling

Chapter 2 is concluded with the introduction of two important relevant concepts for AD
CFD modelling: 1) The shear rate, and 2) The modelling implications of the sludge’s
non-Newtonian behaviour.
2.7.1

Shear rate

The concept of shear rate deserves special attention in AD since it determines the viscosity
response of sludge and has been used as a metric to quantify the mixing performance for
mechanical stirrers and other gas mixing systems [Bridgeman, 2012, Sindall et al., 2017,
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Dapelo et al., 2015]. In fluid dynamics, the shear rate is defined in a region of space by
Eq. 2.1 (see B.2 for a detailed description of the definition of shear rate):
r
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Where γ̇ is the shear rate magnitude (scalar), γ̇ is the shear rate tensor, S is the shear
strain tensor, and : is the tensor scalar product.
However, Eq. 2.1 is only useful if all velocity gradient tensor components (Aij ) are known
at that specific location or in the region of interest. It is widely recognized that a wide
shear rate distribution may arise as a consequence of the large digester volumes (that vary
in orders of magnitude when measured distant from the impeller). It is straightforward
to understand that Eq. 2.1 is not practical or even possible unless a very detailed spatial
description is available from dedicated experiments or accurate CFD simulations. From
an engineering point of view, the use of correlations are more practical and widely used
to estimate the volume-averaged shear rate in the digester. Hence, several correlations
are available for different types of impellers in mechanical stirrers. Thus, it is possible to
obtain a representative shear rate for mechanically stirred digesters (γ̇V,AV G or simply ¯γ̇)
given by:
γ̇V,AV G = ks N

(2.2)

Where ks is a proportionality constant dependent on the type of impeller [Metzner and
Otto, 1957]. Note that this equation is strictly valid only in pure laminar conditions,
but can be used for Newtonian and non-Newtonian fluids. Even though these type of
correlations have been used for a long time, they might still fail to provide accurate
predictions if upscaling is important. The reader is referred to Section 4.12 for a full
discussion of Equation 2.2 when Eq. 4.19 is introduced. Another approach to determine
the volume-averaged shear rate (or G-value as referred to in environmental engineering)
for any given digester is given by:
r
γ̇V,AV G =

¯ρ
=
η̄

s

P
η̄V

(2.3)

Where ¯[W kg −1 ] the average power dissipated per unit mass, P [W ] is the power supplied
from the impeller to the fluid, and V [m3 ] is the active volume of the digester. This is
an important concept in industry since it has traditionally been used for up-scaling and
optimal sizing of impellers.
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However, one should also take into account Eq. 2.3 in the context of general non-Newtonian
fluids in stirring tanks. The use of the time-averaging operator in the calculation of γ̇V,AV G
has important implications as can be demonstrated in Eq 2.4 ( further discussed in Chapter
4 with Eq. 4.12):
tot =  + f luc = 2

η(γ̇)
· (S : S)
ρ

(2.4)

Where: tot is the time-averaged dissipation rate of kinetic energy, f luc is the time-averaged
dissipation rate of fluctuant kinetic energy, η (or µ) and γ̇ is the instantaneous apparent
viscosity and shear rate, and S is the instantaneous strain rate tensor.
Eq. 2.4 predicts that the total dissipated energy in the system will approximate the mean
dissipation rate when the time-averaging fluctuating dissipation rate is negligible. This is
presumably only true when operating in the laminar regime where mean velocity gradients
dominate the dissipation of energy. As a result, the gradients calculated from the mean
velocities would be responsible for dissipating most of the energy, and thus the average
shear rate computed this way would be correct. If Eq. 2.3 is used in a non-averaged
form by volume integration (such as in CFD), it implies that the flow will be sufficiently
turbulent to compute f luc , and hence comparison with Eq. 2.2 in principle would not be
possible.
Additionally, although  may provide a crude estimation of the mixing intensity fed into
the digester, it does not provide information on how efficiently that energy is being
dissipated (this statement being applicable to any mixing configuration). Current values
may depend on the configuration but they are found in the 1-10 Wm−3 range for full-scale
digesters. However, values are much higher in lab-scale digesters [Batstone and Jensen,
2011, Kariyama et al., 2018]. As an alternative scaling criterion, P/(kg TS) has been
recently suggested for optimal biogas production [McLeod et al., 2019].
2.7.2

Non-Newtonian rheology and turbulence modelling

The problem of describing the rheological characteristics of biological sludges and
quantifying their non-Newtonian behaviour is still an open line of research. The importance
of correctly describing the viscous forces while solving the equations of motion applied to
AD sludges are highlighted by multiple authors in recent years (the reader can refer to Eq.
6.2 of Section 6.2 for the explicit relation).
Non-Newtonian behaviour refers to the fact that the viscosity of the sludge is no longer
constant (Newtonian), and it might show dependence with the fluid properties and other
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effects such as the history of the material (time-dependency). This is intuitively illustrated
with the visual difference that can be observed between a sample of sludge (Figure 2.2)
and water. Rheological differences between sludge and water arise due to the presence of
high concentration of solids in the former.

Figure 2.2: Digested sludge sample from the Ossemeersen WWTP located in Ghent, Belgium.

Rheology, the field studying the science of flow deformation [Barnes et al., 1989], permits
the physical characterization of a biological sludge for its subsequent use in CFD modelling.
However, as exemplified in many WWTP biological sludge rheological reviews [Forster,
2002, Seyssiecq et al., 2003, Eshtiaghi et al., 2013], this is not an easy task and different
biological sludges have different rheological characterizations. Since there is no standard
rheological protocol to follow, multiple inconsistencies have been found among researchers
[Ratkovich et al., 2013]. Hence, the majority of the CFD studies use rheological data from
literature that has been obtained for a specific sludge, animal manure, or agricultural crop
sludge (as mentioned in Section 2.5). The accurate description of the rheology of the fluid
in the digester is what differentiates it with respect to other modelling WWTP units. It
is therefore not unreasonable to think that an inaccurate rheological description might
lead to dramatic differences between simulations and the real digester. Although this is
not unique to digestion, its effect is less obvious in other systems such as when modelling
activated sludge systems (where sludge viscosity might play a lesser role [Karpinska and
Bridgeman, 2016]). A more in-depth discussion on the rheological description of digested
sludge is presented in 3.1.1, and the effect of different rheological models are presented in
Section 6.5.
Although the importance of turbulence modelling in stirring tanks is of paramount
importance, it is still a young but very active area of research. Turbulence modelling
arises from the need to provide closure from the Reynolds stresses that appear when
time-averaging is applied to the equations of motion. Since there is yet no universal
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turbulence model available, different system require difference turbulence models with
different calibrated parameters. Although many turbulence models exist, they have
been traditionally developed for Newtonian fluids and have only very recently been
comprehensively tested for non-Newtonian fluids in stirring tanks [Venneker et al., 2010,
Wang et al., 2019]. For this reason, turbulence modelling will not be approached and
analysed in this thesis, but it is partially discussed in Chapter 4 and in Chapter 5.

CHAPTER 3
Physical characterisation of AD sludge in a
full-scale digester

“We do not know if mixing is an issue
in our full-scale digester, but we have
continuous problems with fibres and
human hair clogging our outlet”
Anonymous N.¯o 1

Chapter 3 describes a measurement campaign performed to test the stratification
hypothesis in a full-scale digester. Although this hypothesis was shown to be dependent on
the variable studied, results showed that the full-scale reactor was not stratified in terms
of rheological properties. Hence, the single-phase approximation used in CFD modelling
for this particular reactor could be a correct approximation. Moreover, a novel method
was successfully applied to measure the floc density of digested sludge. Just like in the
case of other authors, the sensitivity of the rheological parameters on the protocol and
rheometer use was confirmed. The wall-slip was found to have major implications on the
determination of the yield stress, and therefore should be strictly avoided in the future.
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3.1 INTRODUCTION

Introduction

In CFD, the complete description of a digester model involves the selection of the phases
present and their properties (mainly density and viscosity) to obtain a mathematical
representation of the system and its physics. To that end, a measurement campaign was
carried out due to the lack of such physical characterization data for full-scale digesters,
in order to seek answers to some relevant questions on popular model assumptions from
Section 2.4. The physical properties selected were pH, concentration (TS and TSS), density,
and the sludge rheological behaviour.
3.1.1

Review of internal characterization of digesters

Experimentally, the internal description of the digester remains an extremely difficult task,
and although there are some promising works, they are still under research and not widely
implemented [Lemmer et al., 2013, Reinecke et al., 2012, 2017a,b]. Therefore, it was not
possible to use these advanced techniques to obtain internal samples.
3.1.2

Review of density and solids in biological sludges

Samstag et al. [2016] suggested that the spatial distribution of solids and density gradients
might affect the hydrodynamic patterns in AD. Although it is reasonable to state this
hypothesis, the reality is that there are no relevant studies (known by the author) that
quantify this spatial difference or that prove the existence of stratification. A reason for
this might be that processes such as sedimentation in AD have not been properly assessed
due to the large timescales involved in such processes and their replication in lab-scale
digesters.
It is often reported in AS that the biomass density is critical to the determination of
settling velocities for clarifiers or secondary settling tanks. This can be exemplified by the
clear interface that develops in Figure 3.1 for AS when it is left undisturbed. Dammel and
Schroeder [1991] reported a range of density values of [1020-1060] kg m−3 for AS sludge.
The biomass density can be defined as the ratio of the weight of a biomass solid divided
by the volume it occupies. Such definition implies the existence of a biosolids region
(or“floc”) that contains aggregations of biomass particles which trap water within its
“pores”. This results in an effective “floc” that can settle due to buoyancy difference
in a nearly quiescent fluid. Thus, it is usually termed as “buoyancy” or “floc” density
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Figure 3.1: Difference between AD and AS sludge samples. The figure in the middle corresponds
to the same digested sludge after strong centrifugation.

(ρfloc ). Although implicit methods have been used for its determination [Lee et al., 1996],
these methods seem inappropriate for application to AD sludge.
Two main protocols are reviewed here for the determination of AD sludge density (ρf loc ).
The explicit or direct protocols which have been successfully applied to AS, are: 1) Density
gradient centrifugation method, which is based on the creation of continuous isopycnic
density layers in a tube (referred to here as Continuous Gradient Density Protocol (CGDP)
[Dammel and Schroeder, 1991]). And 2) the DDP method [Schuler and Jang, 2007a,b]
(described in Section 3.5). The former has the advantage of direct observation of the
density range of the flocs with one vial, while the latter provides better control of the
density ranges and allows for quantifying the biomass with an associated floc density range.
3.1.3

Review of rheological aspects of AD sludge

Sludge digestion degrades complex particulate organic compounds into soluble compounds.
Such digested sludge contains less concentration of solids, and hence an overall decreased
sludge viscosity [Monteiro, 1997]. The inlet feed for a digester usually consists of a mixture
of primary and/or secondary sludge, with recycled digested sludge that is sometimes added
to increase flowability and pumping. Primary sludge (or “raw sludge”) is the byproduct of
primary treatment units, whereas secondary sludge (or “waste AS”) is the by-product
of aeration tanks in WWTP. Thus, the inlet sludge may be thickened to provide a
convenient OLR to the digester. Depending on the ratio of the three sludges used, sludge
characterization turns out to be complex and several studies have been devoted to the
rheological characterization of all these types of sludges and their mixtures [Eshtiaghi et al.,
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2013, Markis et al., 2014, 2016]. The result from these studies indicate that rheological
properties of digested sludges are different from those of AS sludges. Therefore, it is
important to review the particular rheological characterization of digested sludges, rather
than of other types of biological sludges.
In essence, a biological sludge is a complex multiphase fluid which may contain:
– Water
– Soluble solutes (including compounds with C,N,P, etc.)
– Biological material with deformable surfaces
• Cellullose material
• Bacteria, proto-/metazoa
• Extracellular Polymers (EPS)
– Non-biological material
• Gas bubbles
• Inorganics (sand, etc.)
In AS, a relatively low concentration of solids containing biologically-based flocs undergo
continuous reorganization through flocculation and de-flocculation. The higher the solid
content, the more difficult it is to distinguish between flocs as in AD sludge. Frankel and
Acrivos [1967] in their early works studied the functional dependence of concentration on
the effective viscosity for a suspension of uniform solid spheres. The apparent viscosity of
biological sludges (as against that of water) was reported to arise from hydrodynamical
interactions (between floc-floc and floc-fluid), and not from the molecular properties of
the sludge itself [Sanin, 2002, De Clercq, 2003]. Thus, viscosity in colloidal systems has
been proven to depend on multiple variables such as TS, temperature, floc particle size
distribution, moisture distribution, pH, conductivity, EPS, etc.
Given the complexity of biological sludges, their rheological characterization has been
studied from multiple perspectives depending on the objective of the characterization
itself. This distinction is important since the details and the methodology used greatly
differ when inferring the rheological behaviour. Detailed rheological studies were therefore
carried out especially in the last decade [Slatter, 1997, Baudez, 2008, Baudez et al.,
2011, 2013a,b, Markis et al., 2016] to get an in-depth understanding of its fundamental
characteristics. From a more applied perspective, the rheological characterization has
been used to improve sludge flowability [Liu et al., 2016, Feng et al., 2016, Liu et al.,
2019] or to provide operational insight with time-dependent rheological changes ([Dai
et al., 2014, Mönch-Tegeder et al., 2015, Montgomery et al., 2016], especially with high
TS digesters). However, the methodology undertaken to obtain rheological data yielded
different results due to a lack of a standard protocol. In AS rheology, this is especially
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relevant for reproducibility, model selection, and model calibration [Ratkovich et al., 2013].
Unfortunately, the rheological characterization is still a difficult task and often involves
the use of non-standard methodologies, expertise in rheology, and the use of expensive
rheometers. Liebetrau et al. [2015] reported that less precise techniques might be required
in digesters treating high TS and various sized particulates such as in agricultural digesters.
3.1.4

Rheological behaviour of AD sludge and its modelling

Based on the work of Baudez et al. [2011], the rheological characterization of digested
sludge is summarised as follows:
 AD sludge has a shear thinning behaviour. The sludge’s apparent viscosity depends
on the intensity of the flow (expressed in terms of shear rate following a power-law
dependency).
 Due to the macroscopic particulate structure of the sludge, a finite stress has to
be applied to observe a continuous fluidization. This stress threshold is generally
referred to as the yield stress (τ0 ). Although the existence of a true and single “yield
stress” has been a controversial topic in rheology since the article of Barnes and
Walters [1985] was published, it is recognized that the concept of τ0 is practical for
certain situations. Thus, the literature [Møller et al., 2006, Coussot, 2014, Balmforth
et al., 2014] defines two types of yield stress: 1) A static yield stress, and 2) a dynamic
yield stress. Fluids are termed “simple yield stress materials” if there is no distinction
between the two [Dinkgreve et al., 2016] (such as in Carbopol). However, if there
are differences, the instantaneous material properties will depend on its deformation
history at low shears as in the case of digested sludge. Fluids that exhibit these
behaviours will display viscoelastic and/or thixotropic effects (see Mewis and Wagner
[2009]).
 For AD sludge, thixotropic and shear banding effects are present at low shear
rates [Baudez, 2008] which makes the determination of τstatic dependent on the
protocol used. Therefore, a dynamic yield stress seems more appropriate to model
viscoplasticity effects when modelling a liquid regime. For the solid regime behaviour,
the reader is referred to Baudez et al. [2013a].
 The determination of τ0 has been an active area of research since its determination is
affected by the rheometer (geometry, gap size, wall-slip effect, etc.) and the protocol
used (shearing time, time of rest, shear-rate vs shear-stress controlled, etc.). For AS
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[Tabuteau et al., 2004] and AD [Baudez, 2008], these sludges have been systematically
shown to be very dependent on the protocol followed, which makes it difficult for a
non-rheology expert to decide on the appropriate rheological techniques to be used.
 AD sludge has been shown to asymptotically approximate a constant viscosity at
sufficiently high shears. This is usually termed Bingham viscosity (µBn ) which is
generally used to calculate head-losses due to sludge pumping.
 Just like many fluids, AD sludge is dependent on concentration and temperature
[Baudez et al., 2013b]. As a rule of thumb, a sludge could be considered to display
non-Newtonian behaviour above 1-2% TS. The reader is referred to Fig. 11 of Baudez
et al. [2011] where both τ0 and µBn drop when approaching low concentration values.

Based on this information, the following model would in principle provide the complete
steady-state AD rheological behaviour when the liquid regime is modelled [Baudez et al.,
2011]:
τ = τ0 + K γ̇ n + µBn γ̇;

(3.1)

τ
= 1 + βΓn + Γ
τ0

(3.2)

n

τ0
K
Where: Γ = µτBn
when the model is expressed in dimensionless form.
,
and
β
=
τ0
µBn
0
Eq. 3.1 includes the shear-thinning behaviour (expressed as a power law dependency
involving K and n), viscoplasticity (τ0 ), and the limit viscosity at very high shear rates
(µBn ).
The author is unaware of any profound and rigorous analysis of Eq. 3.1 in the context
of AD sludge modelling. This lack of in-depth sludge hydrodynamic studies led the CFD
modelling community to use various simplifications to model the behaviour of sludge,
wherein all adopted the steady-state liquid regime assumption with little or no justification.
However this assumption has serious limitations when sludge is highly heterogeneous (such
as sludges rich in fibrous materials and mm/cm-wide particulates [Liebetrau et al., 2015]).
In the light of the above, one would need to experimentally measure and quantify whether
any of the physical problems outlined in Section 2.1.3 are present if one intends to use
popular CFD model assumptions. A measurement campaign was undertaken due to the
availability of very limited information in the literature on the physical characterization
of full-scale digesters. The objective was to quantify the degree of possible physical
stratification that may be present in a full-scale digester of large dimensions.
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Measurement campaign of a Full-scale digester

The candidate selected is a full-scale digester in the city of Breda in The Netherlands at
the Breda Nieuwveer WWTP (see Figure 3.2). It is a mechanically stirred digester in a
three-baffled cylindrical tank. Two hydrofoil impellers are centrally mounted in a vertical
shaft, which is connected to an industrial heavy-duty mixer at the top. The sludge is
passed through a heat exchanger, pumped in through one inlet sludge pipe located at the
bottom, and then exits through an overflow system. The digester is made of concrete with
a thick-insulation layer. The top consists of a fixed concrete cover fitted with a biogas
collection system. Relevant details are given in Table 3.1.
Table 3.1: The Breda full-scale digester details. Averaged digester properties are obtained after
≈910 days of operation (January 2015-June 2017).

[1] :

Variable

Range

Units

Diameter
Liquid designed height
Designed liquid volume
Impeller diameter [1]
Total power consumed [2]
Impeller revolution
Operational reported working volume
Average flow rate
Hydraulic Retention Time (HRToperational )
Solids Loading Rate
Operational pH
Specific Biogas production
Biogas flow rate
CH4 comp.
CO2 comp.
Temperature

24
m
19.75
m
8935
m3
4.4
m
≈18
kW
≈14
rpm
≈8600
m3
350
m3 d−1
24.5
d
2.66
kgsolids m−3 d−1
≈7
[-]
3
−1
1.17 m CH4 kg−1
removed d
9108
m3 d−1
60.1
%[-]
35.4
%[-]
◦
34.3
C

The distance of the impeller from the ground is 7.18 m and 16.68 m from the bottom and
top, respectively.
[2] : An 8% loss of motor efficiency and gearbox is expected.
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Table 3.1 indicates a stable and healthy digester operation in terms of solids reduction and
biogas production, despite its large dimensions. Therefore, this digester was considered as
a promising candidate to observe any upscaled physical processes. Moreover, this digester
has multiple sampling ports along its height, making it a suitable candidate to test the
stratification hypothesis. Details on the location of sampling ports are shown in Table 3.2.
Table 3.2: Approximate locations of the sampling ports. The ports are located 0.47 m from the
wall, each spaced 0.8 m apart.

3.2.1

Sampling port N.

Height [m]

Label [m]

1
2
3
4

4.3
9.3
14.3
19.3

≈5
≈10
≈15
≈20

Sampling methodology

The measurement campaign was performed on 3/7/2017 and at least 1 L of sludge was
obtained from each sampling port (at approximately 5 m, 10 m, 15 m, 20 m height from the
ground, (see Table 3.2), plus an additional two samples (inlet (≈ 0 m) and overflow (≈24
m)). The inlet sludge consisted of a daily mixture of high carbon-rich Adsorption/Biooxidation (AB) process sludge (primary and secondary) and minor flow rates from two
nearby oxidation ditches. The outlet sludge was obtained directly from the overflow system.
The inlet sludge was obtained through a valve installed in a pipe prior to the heat-exchanger
(which is then pumped directly into the digester).
Methodology to obtain the sludge from the sampling ports

The digester is fitted with sampling ports located at the top as shown in Figure 3.2 from
which samples at depths 5, 10, 15 and 20 metres (see Table 3.3) can be obtained. Two
nearby sampling ports (e.g. which draw samples at 5 m and 10 m depths) were unscrewed
and a manual pump was placed between the two ports. Each pipe end was connected
to the entrance of the unscrewed sampling ports. The sludge from sampling port at 5 m
was manually pumped into the port at 10 m for some time to ensure freshness of sample
drawn. After a certain time, a 1 L sample was collected from the 5 m port. This operation is
repeated for ports at 10 m depth onwards until samples for all depths have been obtained by
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switching pipes. The entire process takes 2-3 hours. All samples drawn were immediately
placed in a portable fridge first and then permanently stored in a refrigerator for further
analyses.

Figure 3.2: Overview of the mesophilic digester and the sampling ports.

3.3

pH measurements

Given that there was no internal probe for pH, and its values could be affected by the
pressure difference between the digester and atmospheric pressure (mainly from dissolved
CO2 ), the following procedure was followed. A 1-2 L sludge volume was extracted from
each sampling port and placed in a bucket. A portable pH meter (Knick, Portavo 907
multi pH) was carefully inserted to avoid stirring and as deep as possible. Two different
readings were obtained from two independent sludge samples.
Table 3.3: pH values of the sampling port sludges. Tambient =25 ◦ C

Inlet

5m

10 m

15 m

20 m

Overflow

6.20
-

7.27
7.25

7.30
7.30

7.26
7.27

8.70
8.68

7.10
7.35

As seen in Figure 3.3, the inlet sludge has a unit drop in pH value compared to the other
sludges. The sludge pH values remain near the neutral value, except for the sample at 20
m which showed an increase of more than one unit. A basic dissolved gas layer may have
developed as a consequence of a local intense methanogenesis production of biogas or a
natural buoyancy buildup of gas near the liquid surface. However, this result should be
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8.5

pH

8.0
7.5
7.0
6.5
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10m
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20m Overflow

Figure 3.3: Averaged pH values of the sludges.

interpreted with care since only duplicates readings were taken, the measurements were
taken on one day only, and the methodology used may have affected the pH readings.

3.4

Concentration characterization

TS and TSS values were obtained based on the protocol described in Standard Methods
(2540B, 2540D) [APHA et al., 2010] 2-10 days after collection. Sludge samples were gently
shaken prior to analysis. Since AD sludge has a much higher concentration than activated
sludge, a much smaller working volume (2 mL) was used to avoid excessive clogging of
the filter (VWR, 516-0833, Paper filter, Size 110 mm, dpore ≈12-15 µm) for the TSS
measurements.
TS
TSS

[g L −1 ]

120
100
80
60
40

Inlet

5m

10m

15m

20m Overflow

Figure 3.4: Concentration values for the Breda full-scale digester. Tair =26 ◦ C. Tsamples =[23.523.7] ◦ C.
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Figure 3.4 shows a distinct difference between the inlet sludge and the rest of the samples
for both concentration variables. Although the samples were collected on the same
day, it indicates a healthy digestion with an estimated total solid reduction efficiency
of 100 · (121.9 − 58.13)/121.9 = 52.31%. Morevoer, both TS and TSS tend to be constant,
indicating that there is no clear stratification present, except for the 5 m value. Figure 3.4
shows a possible stratification only in terms of TS from 10 m downwards, but surprisingly
not for TSS. This could be attributed to the establishment of a partially digested layer.
The total dissolved solids which had passed through dpore would be responsible for the
difference consisting mainly of colloidal material of different sizes and dissolved salts. This
partially digested layer would have digested faster the easily degradable material.
However, further conclusions are hindered due to the use of two samples for 5 m and the
use of 1-day triplicates for the rest. Additional measurements would be needed to prove
the existence of a stable stratification at the bottom of the digester. Within this period, no
observations with respect to grit settlement or stratification were reported by the WWTP
operators.

3.5
3.5.1

Density characterization
Bulk density

Bulk density was determined in duplicates by measuring the weight differences when using
a pycnometer (V=49.948 mL). A prior coarse filtration of large particulate solids (sand,
fibres, etc.) was done to avoid obstruction of the pycnometer. Proper cleaning and drying
were performed in-between measurements.
ρbulk =

mpyc+sample + mpyc
[kg m−3 ]
Vsample

(3.3)

Figure 3.5 shows that bulk densities for all sludges were slightly higher than water, but
arguably indistinguishable. A difference of ∆ρ ≈ 5 − 10 kg m−3 does not seem to be as
significant as the larger density differences observed in secondary settling tanks (∆ρ ≈ 50
kg m−3 [Schuler and Jang, 2007a]). Therefore, a model with constant bulk density for an
incompressible CFD model does not seem to be unreasonable even when different sludges
coexist in the digester (inlet vs digested sludge).
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Figure 3.5: Bulk density values [kg m−3 ] for the Breda full-scale digester. The blue line is the
bulk density of the water supernatant that forms when sludge is stored in the fridge. Tair =26
◦ C. T
◦
samples =[23.5-23.7] C.

3.5.2

Floc density

Even though two sludges (inlet and digested) had the same bulk density, stratification
effects such as sedimentation may occur. The reason is that, although there is no clear
distinction between the biosolid and the fluid carrier (water) as in secondary settlers, a
slow sedimentation process can possibly develop in poorly mixed volumes. If higher time
scales are considered (days/months) sedimentation is certainly possible at the bottom of
the digester. Therefore, the determination of ρf loc is attempted for AD sludge.
The CGDP method was applied for AS sludge (Figure 3.6), but the results were not
satisfactory in terms of reproducibility, density characterization, and the results were
dependent on the centrifugation speed. Therefore, the DDP protocol was applied.
3.5.3

Materials and methods for DDP

Different density reference liquids were prepared in each vial to cover a predefined ρf loc
range. Each vial contained a mixture of a known density liquid (Percoll, ρ=1129 kg m−3 )
and the supernatant of a thickened sludge sample (ρbulk as described in Section 3.5.1).
A total volume (2 mL) was prepared by adjusting different volumes of the two liquids
using high-precision pipettes with Eq. 3.5.3 (each time updating VP ercoll with a desired
∆ρreference ):
ρref. =

VPercoll ρPercoll + (1 − VPercoll )ρeff.
[kg m−3 ]
Vtotal

(3.4)
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Figure 3.6: CDGP protocol applied to an AS sample from the Ossemeersen WWTP located in
Ghent, Belgium. ρf loc =[1050-1090 kg m−3 ]

Then, 0.1 mL of sludge was added in each reference density vial and left for gravitational
settling until a stable density interface was achieved (> 4 h). As opposed to Schuler
and Jang [2007a], gravitational settling was applied. Centrifugation (leading to formation
of pellets) or inverse shaking (leading to the destruction of big floc aggregates) of vials
produces inconsistent and time-dependent results (results not shown).
3.5.4

Results for floc density

A first experiment determined the expected ρf loc for the overflow AD sludge shown in
Figure 3.7.

Figure 3.7: Overflow sludge floc density determined by the DDP with ∆ρreference ≈ 10 kg m−3 .
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Digested sludge is composed of a variety of particles in water. In time, the particles that
are denser than the reference fluid will sink and the lighter particles will float. For the
overflow sludge, it is inferred that ρf loc is between 1040-1050 kg m−3 (1.04-1.05 g mL−1 ) for
the sample in Figure 3.7. Interestingly, at 1050 kg m−3 , a clear brownish liquid interface
is present on top of a floating solid layer. This might indicate the release of previously
trapped water within the floc. At higher ρref. , the density difference is large enough for
the solids to float within the liquid surface (hence the liquid interface does not develop as
in the vial with 1050 kg m−3 ).
For the rest of the samples, a density step of ∆ρreference ≈ 5 kg m−3 (0.005 g mL−1 ) is fixed
to obtain a better resolution shown in Figure 3.8 using duplicates for the same overflow
sludge.
1.030

1.035

1.040

1.045

1.050

1.055

1.060

1.065

1.070

Figure 3.8: Duplicates of overflow sludge floc density determined by DDP with ∆ρreference ≈ 5kg
m−3 (0.005 g mL−1 ) steps.

Figure 3.8 shows reproducibility of the results where a continuous range of densities seem
to characterize the overflow sludge rather than a single density value. For this sludge,
ρf loc ≈ 1035-1055 kg m−3 (when selecting the upper and lower limits based on the presence
of floating or sinking solids in each vial). The largest density transition happens at ρf loc ≈
1045 kg m−3 , which will be assumed to represent the overall floc density for that specific
sludge sample.
In Figure 3.9, the values of the different sludges are presented with the observed range and
the representative effective floc density. These results tend to correlate with concentration
results from Figure 3.4 where higher values are found at 5m and Inlet. The values for the
digester do not seem to be particularly different than expected ranges of AS sludge floc
densities. For this particular digester (fitted with two centrally mounted impellers), the
introduction of a denser sludge ∆ρf loc ≥ 20 kg m−3 may lead to long-term sedimentation.
This would be the case if these impellers were ineffective for solid re-suspension. However,
the stable two-year production of biogas in Table 3.1 indicates that the digester did not
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Figure 3.9: Floc density profiles for the measurement campaign sludge samples. The dots are
ρf loc and the bars are the observed range of ρf loc . The upper density value at Inlet may be higher
than 1070 kg m−3 and these values remain stable several days later.

have any performance issues with respect to a mild stratification in terms of concentration
and floc density. Other digesters treating the same sludge but with poorer installed mixing
devices might be more prone to grit deposition. This could explain the variability in cleanup maintenance plans among different full-scale digesters, but more research should be
done to find the real causes of stratification for each digester. In DD digesters, operations
at higher TS concentrations and the effect of sedimentation (due to density differences)
have been proven to be important [Benbelkacem et al., 2013].

3.6

Rheological characterization

The rheological characterization is divided into two parts:
 A first rheological characterization is performed to investigate the influence of the
rheological protocol. Then, calibration of the rheological model is attempted and
discussed for use in CFD modelling.
 A rheological characterization is performed for the sludges that have been collected
in the measurement campaign to test the stratification hypothesis.
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3.6.1

First rheological experiments

A first characterization was performed for an overflow sludge sample on 15/3/17. Following
the protocol of Section 3.4, TS=44.87 ± 0.4 and TSS= 36.1 ± 1.46 g L−1 (using 4 samples
1
).
An Anton Paar MCR302 rheometer equipped with a stainless steel CC geometry (CC27)
(Figure 3.10) was used in a Temperature controlled mode (T = 35 ◦ C±0.1 ◦ C). Generally
speaking, a sludge rheological protocol consists of the following steps:
 Filtration of samples: Coarse filtration is always performed to avoid large
fibrous/inorganic materials damaging the spindle or affecting the readings.
 Preshear, tpreshear : An intense preshear is usually recommended to erase all previous
sludge history.
 Time of rest, trest : An intermediate time period between the preshear and the
experiment is applied to let the sludge re-structure after the intense shears.
 Range of shears, γ̇range /τrange : A logarithmically decreasing shear range is applied
within specified limits for each shear rate point. The rheometer can be used in SR
or in SS controlled mode.

Specification of the protocol and data acquisition were done using the Anton Paar
Rheocompass software. Relevant details of the rheometer dimensions are presented in
Table 3.4.

Figure 3.10: Spindle from the CC geometry.

Two observations are in order. First, the selection of the CC geometry is based on the
fact that it is a standard geometry used to measure the rheological behaviour of biological
1

Un-biased standard deviation: s =

pPn

i=1 (xi

− x)2 /(n − 1))
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Table 3.4: Rheometer geometrical dimensions.

Bob radius
Cup radius
Ratio of length
Gap length
Cone angle
Measuring gap (dgap )[1]
Vsample

Value

Units

13.332
14.466
1.0851
40.002
120
1.135
≈19

mm
mm
[-]
mm
◦
C
mm
mL

[1] :

The largest particle size is recommended to be < 10dgap [Eshtiaghi et al., 2013]. For AS
sludge, dfloc = 50 − 500 µm [Biggs and Lant, 2000, Bouyer et al., 2004], and for AD sludge
this is expected to be lower.

sludges [Eshtiaghi et al., 2013]. It is recommended for use in low to medium viscous fluids.
Second, the use of smooth surfaces has been reported many times to lead to inaccurate
determinations due to a phenomenon called the “wall-slip” (e.g. Bertola et al. [2003]). The
low shear rates applied, lead to the development of a less viscous fluid layer at the steel
surface as a consequence of particle migration towards the centre of the gap. The most
common countermeasure is to roughen the geometry (e.g. sandblasting or with sandpaper
coating). Unfortunately, the roughening procedure could not be performed due to device
constraints. Nevertheless, the analysis and interpretation of the data is carried out by
acknowledging this serious limitation.
Figure 3.11 shows that AD sludge displays shear-thinning behaviour and signs of yield
stress at low shears. It is observed that the “wall slip” phenomenon seems to affect the
reproducibility in the lower shear rate end (γ ≈3). Consequently, there is an undesirable
decrease in viscosity observed as a slope change and may not reflect the true material
properties of the sludge at low shears.
From these results, a second batch of experiments is performed to understand the influence
of the protocol. Thus, the rheometer is operated in SS controlled mode. In this mode,
the influence of preshearing and the shearing time applied for each point will also be
investigated.
Figure 3.12 shows the influence of varying the rheological protocol on the determination
of the apparent viscosity. The influence of the different protocol settings is clearly seen
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Figure 3.11: Flow curve of overflow AD sludge operated in SR. ’−−’ indicates the approximate
γ̇ affected by the “wall slip” effect. tpreshear =60 s at 1000 s−1 . trest =60 s. γ̇range = [0.01-1000] s−1
from 1 s (highest) to 8 s (lowest).
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Figure 3.12: Flow curve of overflow AD sludge in Shear Rate (SR) and Shear Stress (SS)
controlled modes with tpreshear and maximum shearing time (tlow ).

CHAPTER 3 PHYSICAL CHARACTERISATION OF AD SLUDGE IN A FULL-SCALE DIGESTER

49

especially at the low shear rate end. Therefore, the influence of the rheometer mode,
tpreshear , and tlow should in principle not be arbitrarily fixed.
Based on investigations by Baudez [2008], Baudez et al. [2011], Markis et al. [2016] (and
for AS sludge [Markis et al., 2014]), it is clear that the rheological determination should
be done with appropriate equipment since thixotropic and viscoelastic responses will
affect the determination of viscosity. In some of these studies, the determination of τ0
was shown to be clearly dependent on the shearing time at each point [Baudez, 2008].
Taking the aforementioned effects into account, this raises questions on which procedures
CFD modellers should follow to obtain meaningful steady-state rheological parameters
for modelling purposes. At the time of modelling in steady-state (ignoring the effect of
elasticity), one could in principle wonder about which rheological model would provide
the most accurate rheological description for the sludge present in the digester. The
parameters provided by more fundamental rheological studies for AD sludge do not clearly
convince whether these parameters should be preferred over calibrated parameters obtained
by own rheological experiments. This could be argued to better represent the rheological
description especially at high and intermediate shears for a certain sludge concentration
and temperature.
At low shears, one is not entirely clear about what procedure to use in order to obtain
a practical rheological model that could be used to model the sludge. Although the
procedures available in the literature to determine the rheological parameters are clearly
more rigorous, these models have not been thoroughly validated for real sludge conditions
such as in digesters. Therefore, given the large timescales of the digester, it does not seem
straightforward to always apply a high and intense preshear for all sludge points. Moreover,
sludge in areas with low mixing might be subject to large time periods with little to no
shear. It might be reasonable then to suggest the use of longer shearing times and little
to no preshearing when obtaining data at low shears if classical ramps are used. However,
the yield stress (as an intrinsic material property) may be better determined with more
advanced techniques such as dynamic oscillatory measurements and/or creep tests. The
reader is referred to Section 7.2 for a discussion on the use of rheological models in future
CFD.
3.6.2

Testing the calibration of Herschel-Bulkley and Power-Law models

Next, a model calibration exercise is performed and the results are compared with other
data from literature. The calibration procedure is described in A.1 and the results of the
calibration using the HB and Power Law (PL) models are shown in Figure 3.13.
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Figure 3.13: Calibration of AD overflow sludge for the SR controlled mode. HBτc orr : τcorr =
1.750 (T=35 ◦ C : φmin =0.810, α=0.081; m=2.357), K=0.449, n=0.568, R2 = 0.9989; HB: τ0 =
2.031, K=0.357, n=0.603, R2 = 0.9998; PL: K=1.322, n=0.405, R2 = 0.9818; PLsubset : K=0.695,
n=0.517, R2 = 0.9979, γ̇subset = [110 − 1000];

Figure 3.13 contains the results of the model calibration for considering HB and PL models.
It is observed that even if the γ̇ range is clipped at the lower end, the HB model seems
to perform better since it is able to capture the increase in viscosity as γ̇ approaches low
values. This was demonstrated for both AS and AD sludges where the data collapse into a
“master flow curve” using Eq. 3.2 [Baudez et al., 2011, Markis et al., 2016]. For this reason,
if a subset is used the PL model shows a much better agreement for the shear-thinning
behaviour at high shears. For comparison, HBτcorr calibrates a model with the yield stress
parameter taken from literature. τcorr makes use of the following yield stress correlation in
terms of temperature and concentration for digested sludges [Baudez et al., 2013b].
τcorr


m
= α φ − φ0

(3.5)

Where φ0 is the lowest concentration below which there is no yield stress, and m is suggested
to be related to the fractal sludge floc dimension. For T=35 ◦ C, the values were interpolated
with a cubic spline. Although some discrepancies are noted near the low shear rate end,
these do not lead to a huge difference despite obtaining the rheological data with a flawed
protocol. However, as noted by many authors, the rheological model to be calibrated
depends on the calibration range and its purpose. For anaerobic digester CFD modelling,
it is expected that the HB model will outperform the PL model. The reason being that
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digesters will only produce intense shears near the mixing devices, but these will quickly
decay in the rest of the digester where the rheological behaviour at low shears is more
important. Thus, based on the numerous literature works that suggest that a yield stress
is always present for AD sludges, a CFD HB model may seem more appropriate even if τ0
has a large uncertainty.
Figure 3.14 contains the results of the calibration procedure when fixing τcorr using the
remaining data of Figure 3.12 from the different protocols.
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Figure 3.14: Calibration of AD digested sludge in the SS controlled mode for the different
protocols. ◦: τcorr =1.750, K=0.361, n=0.635, R2 = 0.9986; : τcorr =1.750, K=0.162, n=0.733,
R2 = 0.9995; 4: τcorr =1.750, K=0.252, n=0.682, R2 = 0.9993.

Figure 3.14 indicates that there are some notable differences between the calibrated
parameters of the different protocols and that deviations start to become important at
low shears. Thus, it is possible to infer that higher shearing times and high preshear could
be necessary to obtain better agreements with the correlation of Eq. 3.5. In this case,
the data seems to asymptotically better approach the yield stress value obtained from the
correlation [Baudez et al., 2011]. However, this might be only true for an intermediate
range of shears, which are assumed to be unaffected by “wall slip”. For completeness, the
values without fixing τcorr are: ◦: τ0 =2.438, K=0.245, n=0.692, R2 = 0.9997; : τ0 =2.050,
K=0.133, n=0.762, R2 = 0.9998; 4: τ0 =2.198, K=0.192, n=0.722, R2 = 0.9998.
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3.6.3

Rheological differences over height samples

Next, a rheological characterization is performed to test the stratification hypothesis from
the sludges collected during the measuring campaign. The sludges were stored in a fridge
after collection and analysed the next day. Within the experiment, no visual sedimentation
(when cleaning the rheometer cup) was observed during the two days that the experiment
lasted. Since the objective is to observe differences between samples, a similar protocol is
used based on the works of Baudez et al. [2011], Markis et al. [2014, 2016], and its details
are shown below:
 tpreshear : A preshear of 24.5 Pa (≈1000 s−1 taken from SR previous experiments) was
applied for 120 s.
 trest : 60 s.
 SS controlled mode with τrange : Duplicates were obtained for each shear stress point.
Stresses were applied from high shears until an inflection point was detected when
decreasing the values below 3 Pa. Each shear stress point was obtained by repeating
preshear-rest-shearing so that the sludge at each point had the same flow history. The
same sludge was used for each point to speed up the measurements, but previous
testing indicated that changing the sludge did not affect the readings if the same
procedure was applied (results not shown).

Figure 3.15 shows no clear stratification of the different sludges by the constant grouping
of points for every shear stress over the entire range of shear stresses considered. The value
at 5 m surprisingly does not deviate from the rest despite quantifying its difference with
respect to TS concentration. However, the TSS value in Figure 3.4 remains approximately
the same as for the rest of the sludges, much in line with the constant grouping rheological
behaviour in Figure 3.15. From the data in Figure 3.4, the colloidal fraction of sludge
is higher at the bottom of the digester indicated by the difference between TS and TSS
values. Thus, for sludges inside the digester, the results indicate better agreement with the
constant TSS rather than TS values. In literature, the majority of rheological experiments
collect sludge from the outlet so it is always possible to relate rheological parameters and
TS in a consistent manner. Although this hypothesis could in principle be reasonable, the
inference from the data presented is particularly weak and might not be attributed to the
dissolved fraction. Therefore, more research should be devoted to clarify this issue.
Figure 3.16 plots the HB models using data from Figure 3.15. As can be seen, the
different sludges seem to have similar HB parameters: τ0 =2.188±0.019, K=0.215±0.022,
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Figure 3.15: Rheological characterization of sludge samples from different heights.
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Figure 3.16: Calibration of height sampled measurement campaign sludges with the HB model.
◦: τ0 =2.147, K=0.251, n=0.630, R2 =0.9989; 4: τ0 =2.186, K=0.210, n=0.649, R2 =0.9989;
.: τ0 =2.197, K=0.216, n=0.645, R2 =0.9986; /: τ0 =2.174, K=0.207, n=0.649, R2 =0.9988; O:
τ0 =2.189, K=0.190, n=0.659, R2 = 0.9989;  (SR with=15 s): τ0 =2.813, K=0.209, n=0.671,
R2 =0.9999.
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3.7 CONCLUSIONS

K=0.647±0.011. The (unbiased) standard deviations seem small compared to the mean
values for the three parameters. For comparison purposes, an additional set operated in
SR controlled mode for the overflow sludge is also shown, indicating that the influence
of the protocol has a larger effect than the rheological parameters of the different height
sludges.

3.7

Conclusions

From the experiments performed using sludge samples taken from inside the digester
shown in Figure 3.2, the results indicate no significant physical stratification in terms
of concentration, density, and rheological differences. There were minor stratification
indications in terms of TS and ρf loc , but sludge collection could not be performed below
5 m to rigorously prove that a stable undigested layer existed. The existence of this layer
may be explained by the fact that a thick inlet sludge is introduced at the bottom so that
the mixing device is unable to fully mix and resuspend it with the rest of the sludge. As a
result of a first hydrolysis that would reduce the TS content (no acidic pH was observed at
5 m), the mixing device would be able to homogenize it with a much more digested sludge.
Therefore, it could be hypothesized that in large digesters with considerable volumes, a
two-layered structure might develop as a consequence of the interplay between mixing and
the digestion process. The upper layer with an almost uniform pH would then complete
the digestion and generate the majority of the biogas. This would be a possible hypothesis
to explain the healthy and stable digester operation of a large digester. However, since
this was the result of a 1-day measuring campaign involving the use of complex and nonstandard characterization protocols, more research is needed to back up any hypothesis
that would lead to prove the existence of stratification.
In summary, the measurement campaign results offered unique insight into the internal
characterization of a full-scale digester. For the internal characterization, new non-standard
procedures were tested and described (mainly for floc density) that are now available to be
further used in other digesters. The presence of a mild stratification at the bottom of the
digester was mainly confirmed only in terms of TS concentration and in ρf loc . The rest of
the physical variables proved that the digester was sufficiently homogeneous (and mixed)
at the sampled locations that almost covered the total height of the digester. Therefore,
the hypothesis of stratification in most full-scale digesters is challenged by testing it in a
particularly large scale digester.

CHAPTER 4
Hydrodynamic analysis of an axial impeller
in a non-Newtonian fluid Through Particle
Image Velocimetry

“Since we can do PLIF with our eyes,
we will do PIV instead”
Anonymous N.¯o 2

Chapter 4 presents a high-quality data set to study the hydrodynamics of non-Newtonian
flow, that displays shear-thinning and yield stress for three rotational speeds. An
extensive analysis of the PIV data revealed important results for the hydrodynamic
characterization of 2D velocity data, and for other post-processing variables such as
shear rate, viscosity, and turbulent dissipation rate. Moreover, it is demonstrated
that the statistical treatment could affect the determination of the viscosity field when
modelling stirring tanks, which in turn would have implications in Reynolds Average
Navier-Stokes (RANS) CFD models. Lastly, an evaluation of representative shear rates
in the impeller vicinity yielded varied correlations with different proportionality constants.
The mean shear rate was demonstrated to be associated with the Metzner-Otto (MO)
correlation, and a new MO proportionality coefficient was proposed for the Lightnin A310.

Published as: David Fernandes del Pozo, Alain Liné, Kevin M. Van Geem, Claude Le
Men, Ingmar Nopens. Hydrodynamic analysis of an axial impeller in a non-Newtonian
fluid Through Particle Image Velocimetry (2020). AIChE Journal.
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4.1

4.1 INTRODUCTION

Introduction

During the last decades, the study of hydrodynamics in mechanical stirrers has become
increasingly important since mixing is a common unit operation in industry. The popular
‘perfectly mixed’ assumption is valid whenever there is certainty that the flow is fully
turbulent, and the timescales of the process are higher than the hydrodynamic ones.
However, this is rarely the case in industry where neither hydrodynamics nor rheology are
homogeneous; consequently, in such cases, neither the fluid regime nor the hydrodynamic
timescales are known with certainty. Non-Newtonian fluids displaying complex rheology
are present in important key sectors of industry such as biotech (e.g. fermentation broths),
and wastewater treatments (e.g. anaerobic digesters). The complexity in describing such
systems might lead to oversizing mixing equipment and the application of conservative
mixing operations (e.g. applying safety factors and operating at high rpms). Although
a large body of literature has been devoted to the study of fast mixing of Newtonian
fluids such as water, little work has been done to understand the mixing processes of nonNewtonian fluids and their scalability. The latter have their material functions due to the
interactions between the structural units. This makes the study of non-Newtonian fluids
more challenging and the results typically case dependent. Evaluating the mixing efficiency
for non-Newtonian fluids is not a trivial task. It requires a profound understanding of how
these fluids dissipate energy and the link with the local fluid properties. In this respect,
advanced modelling techniques such as CFD enable the possibility of troubleshooting and
virtual piloting once these mechanisms are properly understood. These models must
first be validated and only applied after their accuracy has been thoroughly evaluated by
comparison with experimental data obtained using representative fluids. In this respect,
several high-quality data sets are devoted to studying the local hydrodynamics of radial
flow impellers (e.g. Rushton turbines), but not axial flow impellers. These are more
interesting for some applications because they tend to maximise the advected flow while
minimising energy consumption and shear impact [Paul et al., 2004].
Axial flow impellers are normally used to promote global circulation within the tank and
produce moderate shear in the impeller vicinity as compared to other types of impellers. As
described in the A310 mixer patent [Weetman, 1984], the shape of the blades is designed
to reduce drag by maximising axial flow discharge before blade flow separation. Thus,
hydrofoil type impellers tend to produce a much more streamlined flow due to the complex
hydrodynamic shape of their blades as compared to pitch-blade impellers. This feature
enables the use of axial impellers to blend liquids and solids, in low Reynolds number
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applications, and to mix low to medium shear-thinning viscous fluids [Paul et al., 2004,
Benz, 2018].
Most work done with hydrofoil impellers tends to experimentally determine global
quantities and local mean velocity profiles in water using different measurement techniques
such as Laser Doppler Anemometry (LDA) and PIV [Weetman and Oldshue, 1988, Chapple
and Kresta, 1994, Mavros and Baudou, 1997, Zhou and Kresta, 1996a,b, Bugay et al., 2002,
Wu et al., 2006a, Murthy and Joshi, 2008, Montante and Paglianti, 2014]. Note that some
work has been devoted to studying the A310 mixing capability for other non-Newtonian
fluids [Saeed et al., 2008, Guntzburger et al., 2013], or to studying mixing of Carbopol with
other impellers [Gabelle et al., 2013, Story and Jaworski, 2017]. Since shear rate is usually a
controlling factor in processes such as flocculation or precipitation, numerous studies have
focused on the determination of local shear rate and its relation with process performance
in water [Spicer et al., 1996, Bouyer et al., 2004, Wu et al., 2006b, Coufort et al., 2008,
Collignon et al., 2010]. However, very few studies [Bugay et al., 2002, Machado and Kresta,
2013, Machado et al., 2013] performed an in-depth turbulence analysis of the A310 due
to difficulty in measuring the required turbulence terms. These studies confirmed that
in water the A310 significantly dissipates energy in the impeller’s swept volume (≈40%
in Bugay et al. [2002] and ≈30% calculated with CFD [Lane, 2017]). The dissipation
rate of kinetic energy is also an important parameter related to process performance and
turbulence analysis. However, the estimation of the dissipation rate in mechanical stirrers
turns out to be complex and it usually involves high-resolution measurements. Some
authors have attempted its determination using different approaches (e.g. using macroscale
variables or a balance of total kinetic energy from experimental data)[Zhou and Kresta,
1996a, Bugay et al., 2002, Ducoste et al., 1997]. When compared to Rushton turbines,
within the region of the discharge flow in water, its estimation is one order of magnitude
lower and has a different dissipation profile than A310 [Escudie and Liné, 2003, Baldi and
Yianneskis, 2004, Ducci and Yianneskis, 2005].
With stricter environmental regulations, WWTPs are under constant pressure to minimise
their energy consumption while providing an adequate mixing level. In this respect,
Anaerobic Digesters (ADs) are one of the most challenging processes since they deal with
highly viscous and complex solid-liquid slurries. It is recognised as one of the WWTP
processes that would most benefit from a deeper understanding of its mixing process at
large volumes [Batstone et al., 2015]. The lack of hydrodynamic experiments and few
validation studies using CFD models for ADs mechanical mixers might explain the large
uncertainties associated with these models [Wicklein et al., 2016, Samstag et al., 2016].
As for anaerobic digestion, fewer studies are available for obtaining local hydrodynamic
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data for mechanical mixers. The main reason is that AD sludge is highly opaque and
does not permit the use of conventional flow visualisation techniques. For biogas mixing
and mechanical stirring, some studies used non-intrusive flow visualisation techniques such
as CARPT [Karim et al., 2004, Hoffmann et al., 2008], and PEPT [Sindall et al., 2017].
Therefore, the objectives of the current chapter are twofold:
1. To analyse hydrodynamics at different flow regimes produced by an axial impeller
(A310) in a single phase non-Newtonian medium (Carbopol).
2. To provide a highly accurate data set to evaluate the strengths and weaknesses
of CFD models. The Lightnin A310 is selected in this case since it is a good
representative of an axial hydrofoil impeller used in industry, and represents an
anaerobic digester reactor.

4.2
4.2.1

Materials and Methods
Fluid

Biological sludges are highly opaque, and hence the use of clear fluid models is becoming
more popular since they can then be analysed using flow visualisation techniques [Low
et al., 2016, Dapelo et al., 2015]. Carbopol 980 (0.06 wt%, Sigma Aldrich) is mixed with
high purity water and carefully neutralised with a drop-by-drop addition of a base solution
(NaOH), creating a suitable transparent fluid that will rheologically mimic the digested
sludge [Eshtiaghi et al., 2012]. The concentration of Carbopol is adjusted to behave like a
collected sample of roughly 3-4% TSS of digested sludge (see Section 3.6.1). Thus, Carbopol
(as well as anaerobically digested sludge) is modelled with the three-parameter model HB
(Eq. 4.1), which can capture the sludge shear thinning behaviour and the apparent yield
stress [Eshtiaghi et al., 2013].
τ = τ0 + K γ̇ n ; µ(γ̇) = η(γ̇) =

τ0
+ K γ̇ n−1
γ̇

(4.1)

Where τ is the shear stress, τ0 is the apparent yield stress, K and n are the consistency
and power law indexes, and γ̇ is the magnitude of the shear rate.
The Carbopol flow curve (Figure 4.1) is obtained from a Thermo Haake rheometer with
a smooth stainless-steel Cone and Plate (2°) geometry in a shear-rate controlled mode. A
local optimizer is used for calibration of the HB model (scipy.curve fit) while fixing the
apparent yield stress (τ0 =0.3; [Roberts and Barnes, 2001]) for three independent samples

CHAPTER 4 HYDRODYNAMIC ANALYSIS OF AN AXIAL IMPELLER IN A NON-NEWTONIAN FLUID THROUGH PARTICLE
IMAGE VELOCIMETRY
59

Figure 4.1: Rheological profiles of Carbopol with a calibrated HB model (τ0 =0.300; K=0.303;
n=0.577) and HB parameters from R&B [Roberts and Barnes, 2001] (τ0 =0.300; K=0.345;
n=0.55). The uncertainty measurement is shown as standard deviation of each point and
visualised using error bars. Note that the left y-axis of the left subplot is not in logarithmic
scale to better visualise the apparent yield stress.

taken in a period of 10 days during the experiments. As reported by some authors [Roberts
and Barnes, 2001, Divoux et al., 2011, Giuseppe et al., 2015] the existence of wall slip
restricts the calibration of the model for the full range of shear rates, so the model is
strictly valid for the calibrated range γ̇=[1-100] s−1 . Although not measured by us, it is
assumed that at this low concentration the density of Carbopol is that of water (ρ≈1000
kgm−3 ) [Giuseppe et al., 2015].
4.2.2

Mixing tank

The tank used in this study is a standard cylindrical vessel (V =71.6 L) fitted with four
equally spaced baffles (width B = 0.045 m = Dtank /10). The vessel is made of poly(methyl
methacrylate) and had a diameter and a liquid height of Dtank = H = 0.45 m. The
cylindrical tank has a flat bottom and was placed in a cubic tank filled with water to
minimize optical refraction. The impeller used in this study is a standard A310 hydrofoil
impeller with D = Dtank /3 = 0.15 m (Figure 4.2), equal to the impeller clearance (C) and
mounted at the centre.
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Figure 4.2: Lightnin A310 impeller used in this study coated with black paint to minimise laser
refraction.

4.2.3

PIV technique

PIV is used as a flow visualisation technique to investigate the hydrodynamic fields in a
2D plane. The setup consisted of highly precise adjustable benches to allow full control of
the PIV laser location with respect to the camera (see Figure 4.3).

Figure 4.3: PIV setup configurations. The setup on the left used a mirror to obtain a radial-axial
laser plane (in this case fitted with a RT for the dispersion of Carbopol in water). The setup on
the right was used for PIV measurements in Chapter 6.

The number of snapshots was determined to achieve the necessary statistical convergence of
the mobile average of mean and root mean square fluctuating velocities at different locations
(Figure 4.5). Hence, the experiments are not time nor phase resolved. Prior to image
processing, the PIV camera was calibrated using a calibration plate with holes separated
by a known distance. This was repeated for all PIV planes, taking into account optical
distortions and refocussing the camera lens whenever required. Raw image processing
was done by using commercial PIV software (DynamicStudio 2015a, Dantec Dynamic,
Denmark). The time interval was selected individually for each RPM so that the mean
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particle distribution displacement in all interrogation areas was approximately a quarter of
the grid size (32/4=8px). Since water was used to fill the enclosing cubic tank, an optical
radial correction was calculated and applied due to the difference in the refraction index
between Carbopol (nD =1.442) and water (nD =1.33). The acquisition parameters of the
PIV system are provided in Table 4.1.
4.2.4

PIV methodology

In this work, several experiments were carried out to analyse the main flow features below
the impeller and at different impeller revolutions (Figure 4.4 and Table 4.2).

Figure 4.4: Dimensions of the PIV setup and location of the laser sheet (Y Z and XY ) with
respect to the impeller. The dashed lines (− − −) indicate the maximum depth of field imposed
by the baffles and the axis of symmetry and the dots (0,0,0) indicate the origin. The fine dotted
line (· · ·) on the left figure indicates an approximate size of the XZ field. The impeller rotates
in the clockwise direction.

The procedure followed was to fix the PIV plane at known spatial coordinates and acquire
PIV data for all rotational speeds. Depending on the location of the camera with respect
to the laser sheet, different planes were obtained inside the vessel. Since the acquisition of
data is done with two dimensional (2D) fields, the PIV software provides two sets of the
possible three instantaneous components of the velocity fields (UX , UY , UZ ), in a Cartesian
frame (X, Y, Z). Later, a statistical post-processing was applied to the PIV fields to obtain
the mean velocity components and other statistically averaged quantities. Given that only
two velocity field components are captured by the PIV method, additional PIV fields were
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Table 4.1: Acquisition parameters of the PIV system.

Parameter

Settings

Laser
PIV camera
Image size
Interrogation window
Seeding particles
Particle density

Nd:YAG(Dantec Dynamics, λ=532 nm)
FlowSenseEO 4M (raw 7.4 µm/px)
2048x2048 px2 (127x127 vectors)
Non-adaptative PIV 32x32 px2 with 50% overlap
Polystyrene coated with Rhodhamine-B
5-10 particles/interrogation window (5 mL of seeding
particles/70 L)
Mean diameter of 10-20 µm (Stk  1)
Scale factor ≈ 9:1 with a calibrated target
0.1-3 ms (adjusted for each case to set a ≈8 px
mean particle displacement)
4 Hz (6= multiple of the impeller´s frequency blade)
1000 - 2500

Particle seeding size
Calibration
PIV time interval
Trigger rate
Number of snapshots

Table 4.2: Overview of PIV experiments.

Plane∗

N rpm

Field∗

∆PIV,X ∗

∆PIV,Y,Z ∗

∆t [ms]

Snapshots

YZ
(X=0)

100
250
500

Y=126.18
Y=134.64

1.0015

1.069

3
1.2
3

1000
1000
2300

XY
(Z=1,26,
51,76,101)

100
250
500

Y=126.51
Y=126.51

1.004

1.004

0.5
0.2
0.1

1000
2364
2364

YZ(X=30,
60,
90)

100

Y=128.46
Y=129.00
Y=129.75

1.019
1.024
1.030

1.08

3

1000

1.2
0.5

1000
1690

250
500
∗ Spatial

dimensions are in mm.
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obtained whenever two PIV perpendicular planes intersected, in order to obtain the three
time-averaged velocity components at the intersection (see Figure 4.8). Additionally, a
third set of PIV fields was acquired to obtain the nine components of the Reynolds stress
tensor for a full description of the hydrodynamics when three perpendicular PIV fields
intersect each other.
In order to gather this data, three different PIV measurement planes were considered:
 YZ (X=0 mm): This plane is used as the reference for the 3D intersection with respect
to other PIV planes, and corresponds to the bottom centre part of the impeller the
origin (0,0,0) of the Cartesian coordinate frame. This plane is a bisector plane relative
to two baffles, and is also used to check for axisymmetry when rotated 90°, which is
termed XZ (Y=0 mm).
 YZ (X=30, 60, 90 mm): Three different PIV planes are obtained by displacing the
laser sheet 30 mm in the radial X-direction of the Cartesian frame.
 XY (Z=1, 26, 51, 76, 101 mm): Five different PIV planes are obtained by displacing
the laser sheet 25 mm in the axial downward Z-direction. The first plane is located
1 mm below the impeller. Although not every plane was used in this work, the data
set is openly available for further possible use to describe the hydrodynamics below
the impeller at sixteen different locations where the different PIV planes intersect.

4.2.5

PIV statistical convergence

In order to verify that the number of PIV snapshots were sufficient for each experiment,
the
q mobile average mean (Ui,MA ) and root mean square of the velocity fluctuations

( U2 fluc,i,MA ) in Eqs. 4.2, 4.3) were monitored at one representative location below the
impeller.
i

q
U2 fluc,i,MA
Ui,MA,conv.

=

1X
Ui,MA =
Uk
i k=1
q
2
P
100 · 1i ik=1 Uk − Ui,MA
Ui,MA,conv.

(4.2)

[%]

(4.3)

As can be seen in Figure 4.5 the number of PIV snapshots can be regarded as sufficient.
Moreover, the ratio between the RMS and the mean velocity value highlights the strong
fluctuating values between rotational speeds. At 100 rpm, the component fluctuations are
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Figure 4.5: Mobile average and root mean square of fluctuating velocity data using the YZ (X=0
mm) plane (r=75 mm, Z=26 mm) for 100 (a,b), 250 (c,d), and 500 rpm (e,f) PIV snapshots.
The red dashed lines indicate the 5% variation of the 100th snapshot with respect to the last
snapshot.
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only 6 and 13% of the local mean value at a location below the impeller. In contrast, 250
(55 and 160%) and 500 rpm (73 and 366%) display much higher values, indicating that
intense fluctuations occur at these rotational speeds. These strong and large differences
will be analysed and explained later.

4.3
4.3.1

Results
Mean velocity flow,YZ (X=0 mm)

Figure 4.6 displays the mean velocity magnitude and vector plots for the different rpms.
It can be observed that at a low rpm of 100, the impeller does not transmit sufficient
momentum to the viscous fluid and a cavern appears promoted by a weak downward axialradial jet. This structure appears as a lobe, a distinctive feature of chaotic laminar mixing
[Arratia et al., 2006]. An increase in rpm produces a continuous downward jet that is able
to overcome the low rpm highly viscous region. Also observed was that the main circulation
loop increases in size with respect to a second circulation loop located at the bottom of the
impeller and near the impeller’s rotation axis. At 100 rpm, the flow seems axisymmetrical
with respect to the impeller’s rotational axis: the lobe size is relatively small and the baffles
(along the tank wall) do not affect the flow close to the impeller. However, at 500 rpm, the
flow is observed to be no longer axisymmetric. Possible explanations for the development
of this flow feature (at such high rpm) are: 1) From geometrical asymmetries (e.g. baffles
not equally spaced), 2) swirl effects, 3) shaft vibrations.
4.3.2

Root mean square of velocity fluctuations, YZ (X=0mm)

Next, the RMS of the fluctuating velocity component (Eq. 4.4) is analysed in Figure 6.
q
2
Ufluc
Utip

=

q
U2fluc,Y + U2fluc,Z
Utip

(4.4)

Figure 4.7 displays the percentage of the normalised RMS as a function of the rotational
speed. Although intense fluctuations (>10%) are achieved near the impeller, only high
fluctuations (5-7% and 8-12%) are achieved inside the impeller jet for 250 and 500 rpm.
However, fluctuations decay very quickly and achieve bulk values of about <1-3% for all
rotational speeds. These fluctuations include both periodic (induced by the impeller blades
rotation) and random ones. Their distinction will be addressed later.

66

4.3 RESULTS

Figure 4.6: Mean velocity contour and vector plots of planes YZ (x=0 mm) (a,c,e), and XZ
(z=26 mm) (b,d,e) for 100 (a,b), 250 (c,d), and 500 rpm (e,f). The white − · − lines indicate
the impeller rotation axis, while the − − lines indicate the intersection line between planes. A
white mask has been applied in the vicinity of the impeller and shaft for visualisation purposes.
Each arrow starts from the grid point represented with its arrow head which is proportional to
its magnitude. The radial and height profiles are divided by the blade tip radius (R=0.075 m).
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q
U

2

fluc
) contour plot of the fluctuant velocity for
Figure 4.7: Percentage of the normalised RMS ( Utip
a) 100, b) 250, and c) 500 rpm. RMS data have been non-dimensionalised by dividing with the
tip velocity.

4.4
4.4.1

Velocity component profiles
Testing spatial accuracy

The overall accuracy of the PIV system depends on different parameters listed in Table
4.1, where velocity components are affected by the sum of these uncertainties. Since this
work uses different intersections from different experiments the velocity fields should not
only be accurate but should intersect at the right spatial coordinates. Therefore, shared
velocity components at the same locations are plotted using different planes from different
independent sets of experiments. The spatial resolution of the PIV (≈1 mm, Table 4.2)
imposes the minimum spatial uncertainty of the PIV laser plane in the 3D space when
planes intersect. Thus, the intersection coordinates should maximise the overlap between
the shared velocity components. This is tested by analysing the radial mean and root mean
square of the fluctuating profile components for 100, 250, and 500 rpm in Figures 4.8.
4.4.2

Mean flow profiles

The profiles of the mean radial (r), axial (z), and tangential (θ) velocities normalised
with the impellers tip velocity are plotted in Figure 4.9. Additionally, the 90° orthogonal
components in the XY plane of the radial-tangential velocities are also plotted to check
for axisymmetry around the axis of rotation.
The normalised components in Figure 4.9 show that the tangential and axial components
are the highest for the three rotational speeds, with the radial component only being
important at 100 rpm. The comparison of all radial profiles at two different depths (Z=0.35;-0.68 z/R) reveals that viscous forces tend to decrease and smear out the three velocity
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4.4 VELOCITY COMPONENT PROFILES

Figure 4.8: Mean velocity and root mean square velocity component profiles at a,b) 26 mm
(Z = −0.35z/R) below the impeller, and c,d) 60 mm (r = 0.8r/R) radially from the impeller for
100, 250, and 500 rpm from different PIV sets of experiments.

CHAPTER 4 HYDRODYNAMIC ANALYSIS OF AN AXIAL IMPELLER IN A NON-NEWTONIAN FLUID THROUGH PARTICLE
IMAGE VELOCIMETRY
69

Figure 4.9: Normalised mean radial (r), axial (z), and tangential (θ) velocity component profiles
at 26 (Z=-0.35 z/R; a,b,c) and 51 mm (Z=-0.68 z/R; d,e,f) below the impeller for 100 (a,d), 250
(b,e), and 500 rpm (c,f) from different PIV sets of experiments. Axisymmetric components (90°)
are labelled as ax.
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components even at such short distances from the impeller. Furthermore, the comparison
of the axisymmetric components (r − θ) of the XY plane confirms the loss of axisymmetry
around the centre of rotation for the 500 rpm case (Figure 4.8.c,f). The good overlap
between radial components from two different planes YZ (X=0) and XY (Z=26) reassures
that the spatial intersection location was correct, as can be seen in Figure 4.8).

4.5

Proper Orthogonal Decomposition

Figure 4.9 revealed that the intensity of the fluctuations is high near the impeller while
decaying quickly away from the impeller for all rotational speeds. Since the origin of these
fluctuations remain unclear, the following section will attempt to determine whether the
origin of these fluctuations is mainly related to the periodic blade passage, or due to random
turbulence. Traditionally, conditional averaging (phase-average) is applied during PIV
processing to identify possible periodic structures induced by the rotation of the impeller
blades. However, this technique is time-consuming, and a lot of planes have to be studied
to reconstruct the periodic oscillating fields (as a function of the plane angle with respect to
the blade). Alternatively, a technique named snapshot Proper Orthogonal Decomposition
(POD) is applied since it is able to identify periodic structures using non-time resolved
PIV data Moreau and Liné [2006]. POD is a linear procedure based on the two-point
velocity correlation, in which a set of instantaneous velocity fields are decomposed into a
modal base Pope [2000]. This procedure is specifically aimed to obtain information on the
various structures present within the flow and to quantify their importance based on their
energy content. In stirred tanks, this method has been proved by many authors to identify
coherent structures induced by the periodic passage of the blades (e.g. trailing vortices).
For each instantaneous velocity field, a velocity vector Uk is available from each PIV
experiment, with NPIV being the total number of PIV snapshots taken. Therefore, by
applying the snapshot POD method (see B.1 for more detailed information) we can
decompose a velocity field as:
Uk (x, y, t) =

M
X
I=1

(I)
Uk (x, y, t)

=

M
X

(I)

ak (t) · φ(I) (x, y)

(4.5)

I=1

Where: Uk is the k th -velocity vector obtained in the XY PIV plane at time t, M is the
number of modes used for the decomposition (usually equal to NPIV ), I the mode number,
(I)
ak (t) is the time dependent coefficient of mode I (at k th -image), and φ(I) (x,z) is the spatial
eigenvector of mode I.
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This decomposition permits the fluctuating Uk,fluc (x,z,t) velocity component to be
decomposed into a periodic Uk,fluc , and turbulent Uk,fluc contribution for every PIV k th snapshot once the number of modes assigned to each process has been defined.
e k (x, y, t) + U0 (x, y, t)
Uk (x, y, t) = Uk (x, y) + Uk,fluc (x, y, t) = Uk (x, y) + U
k

(4.6)

In order to obtain the decomposition for all NPIV snapshots, it is necessary to first identify
whether there are any periodic components and, if so, to quantify their energy content.
4.5.1

Eigenvalue spectrum

The presence of organised motion can be thought to arise from hydrodynamic structures,
and they could be distinguished from random turbulent structures since they are periodic in
time, have associated frequency and wavelength. Even if POD is applied, due to the highly
complex nature of the three-dimensional flow, the distinction between organised motion
and turbulence is not a trivial task especially if only 2D components are studied. One of the
advantages of the POD method, is that it is possible to propose quantitative arguments
for this separation based on an in-depth analysis of the obtained modes (eigenvectors
and time-dependent coefficients) and their associated eigenvalues. Organised motion is
energetic, and its hydrodynamic structures have a lower associated frequency compared to
random turbulence (which have higher frequencies associated with the eddy energy cascade
theory). Therefore, an analysis of the eigenvalue spectrum is carried out by analysing the
percentage variation of the kinetic energy associated with each mode (represented in terms
of normalized eigenvalues, λ∗I , Eq.4.7) as shown in Figure 4.10:
λI
λ∗I = PM

i=1

λi

(4.7)

As observed in Figure 4.10 the first mode is the most energetic one and it is associated
with the mean flow. Van Oudheusden et al. [2005] showed that organised motion can
be identified by pairs of modes with similar energy and with clear separation between
consecutive pairs of modes. Table 4.3 contains a summary of the kinetic energies associated
with each mode as a function of rpm and data set. Figure 4.10 reveals that clear organised
structures may be present for 100 rpm with modes 2-3 (and 4-5 for plane YZ (X=0)).
The higher the rpm, the more difficult it becomes to distinguish organised motion since
it can not be easily identified. For 250 rpm in the XY plane, it seems that at least 10
modes are needed until a change of slope is obtained with modes 2-3 containing 7.5% KE
for the XZ plane. Additionally, Knight and Sirovich [1990] argued that the eigenvalues
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Figure 4.10: Normalised eigenvalues as a function of the POD mode number for a) YZ (X=0
mm), b) XY (Z=26 mm). The dashed line indicates the −11/9 slope characteristic of the inertial
subrange (I −11/9 )

Table 4.3: Plane averaged 2D kinetic energies associated with POD modes as a function of rpms
and data set.

N (rpm)

Plane

I=1

100
100
250
250
500
500

YZ (x=0)
94.7
XY (z=26) 97.6
YZ (x=0)
83.0
XY (z=26) 83.4
YZ (x=0)
70.0
XY (z=26) 66.9

% KE2D
I=2-3 I=4-5
3.4
0.4
7.5
2.9
7.4
6.7

0.5
≈0
1.8
2.2
3.4
2.8

I=6-M

I>95%,KE

KTOT,2D [m2 s−2 ]

1.4
2.0
7.7
11.4
19.3
23.5

2
1
13
31
124
150

23
107
739
530
3866
2596
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(λ) are a generalization of the energy density spectrum and they proposed the relation
λI ∝ I −11/9 to analyse which range of modes dissipate energy isotropically (known as the
inertial subrange). This trend seems to be obeyed in an intermediate range of modes for
the 500 rpm case, indicating that for this case the flow can be considered almost turbulent
(124/150 modes are necessary to obtain 95% KE). For 250 rpm, only an intermediate range
of modes seems to display this trend, indicating that the flow may achieve turbulence at
the impeller discharge.

4.6

Analysis of kinetic energy

In the YZ (X=0) plane, an incomplete reconstruction of the 2D mean Total Kinetic Energy
(KTOT,2D , Eq. 4.8) is calculated as:

1 2
1
(UR + U2Z ) + (U2R,fluc + U2Z,fluc ) = K + Kfluc
KTOT,2D = U2R + U2Z =
2
2
4.6.1

(4.8)

Mean kinetic energy

Figure 4.11 indicates that there is a similarity of the mean kinetic energy distribution
between 250 and 500 rpm, indicating that the centre of the downward axial-radial jet
contains much of the kinetic energy transmitted by the impeller and transported by the
flow or created in the jet.

Figure 4.11: Contour plots of the 2D normalised mean kinetic energy (K/U2tip ) for a) 100, b)
250, and c) 500 rpm of plane YZ (X=0mm).
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4.6.2

4.7 LOCAL AVERAGE SHEAR RATE

Kinetic energy profiles

Figure 4.12 presents results of the different profiles of kinetic energy (at Z=-0.35z/R)
to understand the contribution of the different components. As expected, the main
observation is the difference in order of magnitude between the mean and the fluctuant
kinetic energy for all rotational speeds. At 100 rpm, KTOT,2D ≈ Kmean,2D whereas at higher
rotational speeds KTOT,2D > Kmean,2D . Figures 4.12.a,c,e show that there is a distinctive
mean kinetic energy peak in all cases. However, the study of the plane kinetic energy
components reveals the difference in peak location for all rotational speeds. The axial
component is more important and fixes the location of the highest peak in mean kinetic
energy for 250 and 500 rpm. However, this is not the case for 100 rpm. At this
rotational speed, the contribution of the radial and circumferential components seem to
be more important. For 250-500 rpm, the contribution of the circumferential component
is much higher than the radial one due to the high tangential velocities at top stirring
speeds. It is important to point out that the KE values in Figure 4.12 use three velocity
vector components. The reconstruction is then performed with averaged quantities at
one intersection of the mean and the fluctuating KE. However, values in Table 4.3 are
plane-averaged KE values that result from the eigendecomposition of 2D fields with two
instantaneous velocity vector components. Therefore, direct comparison of values is not
possible.

4.7

Local average shear rate

The local distributions of the 2D reconstruction of averaged total shear rate (γ̇ rms , see B.2)
for rotational speeds 100, 250, 500 rpm are plotted in Figure 4.13.
In terms of spatial distribution, the mean shear rate is high around the impeller at all
rotational speeds because this region achieves the largest velocity gradients. At high
impeller speeds, the difference between the maximum and bulk shear rate increases
with highest values encountered near the tip of the impeller (γ̇ max = 50, 260, 600 s−1 ).
Additionally, high shear rates are also found inside the axial-radial jet.

4.8

Local apparent viscosity

The average viscosity can be calculated using two different statistical methods given that
the instantaneous velocity gradients are available:
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Figure 4.12: Kinetic energy profiles at 26 mm (Z=-0.35 z/R) below the impeller for a,b) 100,
c,d) 250, and e,f) 500 rpm.
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4.8 LOCAL APPARENT VISCOSITY

Figure 4.13: Logarithmically spaced contour plots of mean total shear rate (γ̇ rms ) for a) 100, b)
250, and c) 500 rpm at plane YZ (X=0 mm).

1. By using the definition of the averaged instantaneous shear rate (µ(γ̇), Eq. 4.9):
µ(γ̇) =

τ0
+ K γ̇ n−1
γ̇

(4.9)

2. By using the previously time-averaged shear rate (µ(γ̇ rms ), Eq. 4.10), which is an
approximation often used in RANS CFD calculations:
τ0
n−1
µ(γ̇ rms ) =
+ K γ̇ rms
(4.10)
γ̇ rms
The local distributions of the 2D reconstruction of mean viscosity for rotational speeds of
100, 250, 500 rpm are plotted in Figure 4.14 when using the calibrated HB model.
The difference between apparent viscosity distribution among different rotational speeds
and statistical treatment is shown in Figure 4.14. At low rotational speeds, the flow
confinement around the impeller seems to be in agreement with the presence of a
heterogeneous viscosity distribution. When the impeller does not transmit enough energy
to the fluid, the fluid near the impeller flows with less velocity and fluctuations, and hence
produces less intense velocity gradients. Fluid viscosity greatly increases as shear rates fall
and energy dissipation increases. Increasing the rotational speed lowers viscosity values
producing minimum values that are at least 10 times greater than the viscosity of water.
At 100 rpm, a rough estimate of the lowest shear stress achieved in this region (τ0 =µ(γ̇)·γ̇=
0.4·2.3 = 0.92 Pa) indicates that it is at least 3 times greater than the apparent yield stress
of the fluid (for an experimental estimation see Figure 4.1). This result is of particular
interest since the flow field can be greatly modified by shear stresses that are higher than the
apparent yield stress of the fluid when working with these types of rheological behaviours.
The second observation is related to the difference in magnitude and spatial distribution
when using Eq. 4.9 or 4.10 to calculate local mean viscosity, which can be quite important

CHAPTER 4 HYDRODYNAMIC ANALYSIS OF AN AXIAL IMPELLER IN A NON-NEWTONIAN FLUID THROUGH PARTICLE
IMAGE VELOCIMETRY
77

Figure 4.14: Logarithmically spaced contours of mean apparent viscosity calculated with 1)
µ(γrms )(a,c,e), and 2) µ(γrms )) (b,d,f) for 100 (a, b), 250 (c, d), and 500 rpm (e, f) at plane YZ
(X=0 mm).
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at lower impeller speeds (Figure 4.14.a,b). It seems that Eq. 4.10 (the one used by RANS
approaches) underestimates the apparent viscosity values. One possible explanation might
be that lower velocity gradients generate relatively high viscosities, which may weigh more
in the calculation of the mean, compared to the results of the second statistical treatment.
However, the magnitude of the error produced by Eq. 4.10 in CFD calculations remains
unclear and should be explored in future studies.

4.9

Dissipation rate of Fluctuant Kinetic Energy

The experimental determination of the dissipation rate of kinetic energy is a complex task
in mechanical stirrers. Several authors have in the past tried different approaches to obtain
an estimation of its value in the vicinity of the impeller as reported in the literature review.
Since several velocity gradients are available at multiple planes in this work, an attempt
is made to reconstruct the average dissipation rate of kinetic energy using 2D PIV data.
The averaged dissipation rate of total kinetic energy is defined as [Tennekes and Lumley,
1972]:
tot

3
3
µ(γ̇) 2
µ(γ̇)
µ(γ̇) X X ∂Ui  ∂Ui ∂Uj 
=
· γ̇ = 2
·S:S=2
·
+
ρ
ρ
ρ
∂Xj ∂Xj ∂Xi
i=1 j=1

(4.11)

µ(γ̇)
· (S : S + Sf luc : Sf luc )
(4.12)
ρ
Where tot ,,f luc are the dissipation rate of total, mean, and fluctuant kinetic energy, ρ
is the fluid density, and S,Sf luc are the instantaneous total and fluctuating shear rate
(strain-rate) tensors. In the turbulent regime, (Sfluc : Sfluc  S:S) the fluctuating time
scales are much smaller than the macroscopic time scales, thus producing larger local
velocity gradients for the fluctuating components. Following the same line of reasoning,
two statistical treatments will be compared and plotted for the mean dissipation rate of
fluctuant kinetic energy as in Figure 4.15:
tot =  + f luc = 2

1. Time-average of instantaneous terms (f luc ):
f luc =

µ(γ̇) 2
· γ̇fluc
ρ

(4.13)

2. An approximation based on previously averaged terms (f luc,rec ):
f luc,rec =

µ(γ̇) 2
· γ̇ fluc
ρ

(4.14)
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Figure 4.15: Contour plots of normalised averaged dissipation rate of fluctuant kinetic energy
calculated with 1) f luc (a,c), and 2) f luc,rec (b,d) for 250 (a, b) and 500 rpm (c, d) in plane YZ
(X=0 mm).
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4.9 DISSIPATION RATE OF FLUCTUANT KINETIC ENERGY

From Figure 4.15, a couple of observations can be made. The spatial distribution of
the dissipation rate is different for all rotational speeds, where the maximum values are
located near the tip of the impeller and in the impeller discharge stream. As expected, the
maximum value of f luc decreases as a function of rotational speed, but decays quickly away
from the impeller. Moreover, at 500 rpm, the region around the rotational axis exhibits
higher dissipation rates than the bulk zone. This might be a consequence of the high
local production of fluctuant kinetic energy close to the impeller, which results in peaks
of fluctuant kinetic energy nearer the impeller. When comparing results between Eq. 4.13
and 4.14, it is obvious that the second method tends to overestimate its value especially
in regions distants from the impeller.

Figure 4.16: Normalised average dissipation rate of fluctuant kinetic energy (f luc /(N 3 D2 )
profiles for 500 rpm at 5, 7.5, 15, 30, 45 mm (Z=-0.07,-0.10,-0.2,-0.4,-0.6 z/R) below the impeller
using data from plane YZ (x=0 mm). The data is compared to results from Bugay et al. [2002]
(Re=75000) and Zhou and Kresta [1996a] (Re≈93000) using water at 200 rpm at 5 mm (Z=-0.07
z/R) below the impeller.

Figure 4.16 shows that the magnitude of the peak is roughly the same order of magnitude
as in the two literature references, but f luc much lower than in Rushton turbines [Gabelle
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et al., 2013, Ducci and Yianneskis, 2005]. Additionally, the evolution of the radial profiles
as a function of depth indicates the quick decay of the single peak towards a radial bulk
uniform dissipation. It is interesting to compare the profiles with the volume averaged
dissipation rate of kinetic energy hi at 500 rpm. Since this was not measured, for
estimation purposes it will be assumed that the power number is constant for this impeller
at this rotational speed using Eq. 4.15 (Np =0.3, [Weetman and Oldshue, 1988, Machado
et al., 2013, Wu and Pullum, 2000]):
Np N 3 D5
hi
P
=
= 0.184 m2 s−3 ; 3 2 = 0.014
(4.15)
ρ
V
N D
As can be seen, the local values exceed hi at the core of the jet by at least one order of
magnitude but approach its value in the bulk region.
hi =

4.10

Turbulent length scales

After estimating the local dissipation rate of fluctuant kinetic energy, it is now possible to
estimate the spatial distribution of two characteristic turbulent lengths (Eq. 4.16) named
the Kolmogorov scale (η), and the Taylor microscale (λT ):

η=

(µ/ρ)3
0

!1/4
; λT =

10νK 0
0

!1/2
(4.16)

Even though variables in Eq. 4.16 are only strictly valid for fully turbulent conditions, an
estimation of their order of magnitude and spatial distribution are still worth obtaining. In
particular, the PIV filter must be compared to the Taylor microscale to validate the kinetic
energy estimations, and to the Kolmogorov scale to validate dissipation rate estimations.
It is also noted that in Eq. 4.16, the turbulent components are strictly required, hence
the POD decomposition needs to be applied. A conservative approach is taken and only
modes 2-3 are selected since the number of modes required to describe organised motion
are unclear (from Figure 4.10). Modes 2-3 are the most energetic modes since they account
for ≈ 7.5% of KTOT,2D at 250 and 500 rpm.
In Figure 4.17, the Kolmogorov scale (η) ranges from 0.4-0.55 mm at 250 and 500 rpm while
the Taylor microscale (λT ) varies between 5-15 mm in most of the flow field considered
below the impeller. Relating the turbulent scales to the PIV filter (η/∆P IV ≈ 0.5 and
λT /∆P IV ≈ 1–15), these values are overall higher than other previous studies where water
was used as a fluid and other impellers were considered Bugay et al. [2002], Escudie and
Liné [2003]. This result is important since the PIV resolution (∆P IV ) for all cases is
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Figure 4.17: Contour plots of 1) Kolmogorov turbulent scale η (a,c), 2) Taylor microscale λT
(b,d) for 250 (a,b), and 500 rpm (c,d) in plane YZ (x=0 mm).
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considered sufficient [Saarenrinne and Piirto, 2000] to capture the most important energy
fluctuations in the flow by not filtering them. This can be explained by relating η with
the smallest turbulent scales that dissipate energy, and λT with the minimum eddy length
that significantly contributes to the turbulent kinetic energy [Tennekes and Lumley, 1972].

4.11

Turbulent Reynolds number

The local turbulent Reynolds number (ReL , Eq. 4.17) is defined, based on dimensional
analysis, by calculating representative variables for the large-scale turbulence structures
using local flow variables. The objective is to quantify the ratio of a ‘turbulent viscosity’
(µT ) over the apparent fluid viscosity:
ReL =

ρvΛ
ρK 02
µT
=
=
Cµ µ
µ
µ0

(4.17)

Where Cµ ≈ 0.09 is an empirical constant [Pope, 2000], and v and Λ are characteristic
velocity and length scales of the large-scale energy-containing turbulence structures.
Figure 4.18 reveals that a 2D estimation of ReL yields slightly different results for 250 and
500 rpm. Recall that in strict turbulent flow ReL > 150, so that approximately the ratio
of turbulent viscosity and apparent fluid viscosity is µµT > 150 [Chassaing, 2000]. When
comparing ReL between the rotational speeds in Figure 4.18, 500 rpm does achieve high
levels within the downward axial jet and around the rotational axis. On the other hand,
lower levels are achieved at 250 rpm with µµT = 1 within the boundaries of the downward
axial jet, invalidating the turbulent viscosity concept. The turbulent viscosity hypothesis
might seem to be strictly valid at most for the 500 rpm case and only in the region studied.
In both cases, the progressive turbulence damping imposed by the increasing viscosity
of the fluid may be the cause of such heterogeneity in ReL . Kindly bear in mind that
turbulence levels are related to the intensity of turbulence (in terms of turbulent kinetic
energy), whereas turbulent viscosity is a measure of macromixing (since it contains an
estimation of an integral length scale times the square root of turbulent kinetic energy).

4.12

Estimation of Reynolds number

The shear rate is an important parameter because it influences the local material properties
(viscosity) for non-Newtonian fluids. This is thought to be a consequence of the complex
interaction between the swollen polymeric Carbopol molecules in water [Piau, 2007], which
produce different shear stresses in different fluid parcels. Therefore, the calculation of a
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Figure 4.18: Contour plots of turbulent kinetic energy (K 0 ; a,b) and Reynolds turbulent number
(ReL ; c,d) for 250 (a,c), and 500 rpm (b,d) using data from plane YZ (x=0 mm). Contour lines
are specified for ReL =10 and 100.
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global Reynolds (Re) number in non-Newtonian fluids is open for discussion since there is
a wide range of scales that can be selected [Gabelle et al., 2013, Venneker et al., 2010]. In
this work, the length and velocity scales were selected to be the impeller diameter and the
tip velocity (Utip /π) so the Reynolds number (Re, Eq. 4.18) can be defined with the HB
rheological model (Eq. 4.1) as:
Re =

ρN D2
=
µ

τ0
γ̇

ρN D2
+ K γ̇ n−1

(4.18)

Where ρ [kg m−3 ] is the fluid density, N is the impeller’s rotational speed, D [m] is the
impeller diameter.
Hence, in order to calculate the Reynolds number, one needs to establish a volume averaged
shear rate of the system, which, in turn, is representative of the viscosity of the system. This
raises some important questions regarding the generality and applicability of the Reynolds
number in non-Newtonian fluids since multiple viscosities can be selected. Although there
are other approaches in literature to obtain the shear rate [Wu et al., 2006a, Grenville
et al., 2017], traditionally the MO [Metzner and Otto, 1957] (Eq 4.19) approach is used
to obtain a representative average shear rate for each type of impeller for non-Newtonian
fluids.
γ̇M O ≈ kM O N

(4.19)

γ̇M O [s−1 ] is the representative average shear rate using the MO approach, and kM O [-] is
the MO proportionality constant for A310 (γ̇M O =3.42, Weetman and Oldshue [1988]).
However, there are important caveats when using Eq. 4.19. Firstly, kM O has been shown
to vary as a function of the flow regime [Wu et al., 2006a]. Secondly, there is no general
and clear physical interpretation of γ̇M O for non-Newtonian fluids. Thirdly, the calculation
of γ̇M O [Weetman and Oldshue, 1988, Wu et al., 2006a], usually involves the use of mean
velocity gradients (γ̇ mean ), and not the root mean square of the instantaneous shear rates.
Despite this, it is still possible to relate both (Eq. 4.21) by assuming equilibrium between
production and dissipation (Eq. 4.20) valid in fully turbulent flow [Tennekes and Lumley,
1972] using Eq. 4.17:
2

Dissip.(K) = 0 ≈ Prod.(K0 ) = νt γ̇ mean
r
γ̇ rms ≈

0
=
ν

r

p
νt
γ̇ mean = Cµ ReL γ̇ mean
ν

(4.20)

(4.21)
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02

Where νT =Cµ K0 [Pope, 2000]. Eq. 4.21 reveals that the difference in turbulent flow
(ReL ≈1000) for the shear rate is one order of magnitude larger than the mean velocity
√
gradient (γ̇ rms ≈
0.09 · 1000 ≈ 10γ̇ mean ), which is in accordance with theory from
Tennekes and Lumley [1972]. For lower Reynolds numbers (ReL ≈ 160) and with laminar
flow (in which Eqs. 4.12, 4.21 may not be valid), the shear rate is comparable to the
mean velocity gradient (γ̇ rms ≈ 4γ̇ mean ). These have important implications since it is Eq.
4.9 which governs viscosity and its use in the estimation of the Reynolds number. Lastly,
based on the analysis of Figure 4.14, local viscosity was shown to highly depend on the
statistical treatment.

Figure 4.19: Histograms of the local averaged instantaneous total shear rate (γ̇ rms ) and
instantaneous viscosity (µ(γ̇)) from plane YZ (x=0 mm) for 100 (a,b), 250 (c,d), 500 rpm (e,f).
A subset of YZ (x=0 mm) planes data has been used with limits (r,z=[0-1 r,z/R]).

Figure 4.19 reveals that, for all rotational speeds, there is no direct correspondence
between shear rate and apparent viscosity due to the non-linearity of the HB model.
More specifically, the shape of the distributions yields different characteristic peaks. This
result indicates that Carbopol experiences overall higher viscosities, and hence the use of
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a characteristic shear rate to obtain a representative viscosity is questionable. However, it
is still interesting to understand the evolution of the characteristic histogram shear rates
when plotted against the rotational speed to check for linear relations.

Figure 4.20: Evolution of the characteristic shear rates from Figure 4.19 against impeller
rotational speed.γ̇ = k · N : kmean = 12.17, kpeak = 10.49, kmax = 82.01; γ̇ = k · N (3/(n+1) :
0
0
0
= 1.23, kmax
= 10.51.
kmean
= 1.51, kpeak

The first observation in Figure 4.20 is that with increasing N (and thus Re) the values
of the MO correlation largely underpredicts the main characteristic values of the shear
rate obtained from Figure 4.19. This is clearly seen by comparing the proportionality
constants estimated from Figure 4.20. Interestingly, the MO correlation yields the highest
agreement with the radial plane average (r=[0-1r/R]) of γ̇ mean reconstructed from mean
velocity gradients at -0.4z/R below the impeller. These results show that higher rotational
speeds produce higher and more intense shear rates (resulting from more intense velocity
gradient fluctuations) than the shear rates computed from mean velocity fields.
Despite the few number of points considered, it is doubtful to find accurate and general
non-Newtonian shear rate correlations that could be valid for the entire spectrum of flow
regimes where linearity would hold. This is supported by experimental evidence from
Sanchez Pérez et al. [2006], where the authors show that to be true in the turbulent regime
γ̇ ∝ N 3/(n+1) , albeit when using a power law model. The difference in viscosities in Table
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4.4 reveals that the discrepancy is higher at lower rotational speed. In other words, the
higher the turbulent regime, the smaller the differences in viscosity.
The different estimations of the non-Newtonian Reynolds number are summarised in Table
4.5 based on Eq. 4.19 and the characteristic shear rates and viscosities of Table 4.4.
Although there are some differences between Re values at the same rotational speed, it is
possible to classify the flow at 100 rpm as the beginning of the transitional regime, 250 rpm
would be in the transitional regime, and 500 rpm would be close to turbulent conditions
in the region considered. Based on this analysis, one could conclude that the similarity
in Reynolds numbers in Table 4.5 to estimate the flow regime permits the use of different
definitions of shear rate and/or viscosity.

4.13

Conclusions

In this work, an experimental mixing analysis was performed using a non-Newtonian fluid
stirred with an axial A310 impeller. Local shear rates and local apparent viscosities as
a function of different N values were determined (covering the onset of transitional and
turbulent regime). Based on this unique experimental dataset, it can be concluded that the
flow field produced by this impeller is highly dependent on the shear thinning behaviour of
the fluid, as well as the rotational speed. Moreover, the spatial heterogeneity of shear rates
and viscosities is greater when the rotational speed decreases. Additionally, the difference
between γ̇ rms (based on time-averaged instantaneous velocity gradients) and γ̇ mean (based
on mean velocity gradients) is larger for higher rotational speeds. Interestingly, the
computation of the time averaged viscosity using two different statistical methods (rigorous
vs CFD approximation) revealed some notable differences. Multiple characteristic shear
rates and viscosities can be selected below the impeller to fit different correlations. The
traditional MO correlation is obtained when using only mean velocity gradients. Finally, a
generalised Reynolds number was estimated to characterize the flow regime using different
characteristic viscosities. Despite the observed deviations, a correct order of magnitude
Table 4.4: Characteristic shear rates and viscosities.

RPM

γ̇M O

γ̇ rms

µM O

µ(γ̇ rms )

µ(γ̇)

100
250
500

5.70
14.25
28.50

5.30
25.65
84.90

0.20
0.12
0.08

0.21
0.09
0.05

0.26
0.11
0.06
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Table 4.5: Comparison between non-Newtonian Reynolds number using different characteristic
shear rates and viscosities.

RPM
100
250
500

ReµM O

Reµ(γ̇ rms )

Reµ(γ̇)

190
785
2236

182
1061
3770

142
823
2955

estimation can be obtained for any system displaying this rheology. In this respect, the
flow below the impeller at 100 and 250 rpm could be classified as in the transitional regime
whereas 500 rpm is close to achieving fully turbulent conditions. The use of a proxy fluid to
simulate the rheological behaviour of digested sludge has proven to be effective in building
a dataset for future validation of CFD simulations in the case of fermenters and anaerobic
digesters.

CHAPTER 5
Computational Fluid Dynamics simulation
of an axial flow impeller in OpenFOAM:
model construction and validation

“The devil is in the details”
Popular idiom

Chapter 5 presents the methodology used to build a CFD model of a stirring tank fitted
with a hydrofoil impeller. One needs to accurately represent the complex geometry of the
blades and to verify solution convergence when water is used as a fluid. The model is
analysed in terms of mean velocity component at two different locations by comparison
of the CFD model against literature data. Good agreements were found between the
experimental and the simulations despite the modelling simplifications taken (in terms
of mesh refinement, turbulence modelling, and steady-state approximation). A Multiple
Reference Frame (MRF) approach was able to match the mean velocity and dissipation
rate of turbulent kinetic energy. However, the limitations of the steady-state approach are
exemplified by the inherent inabilities of the MRF to capture the periodic component of
the fluctuant kinetic energy.
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5.1

5.1 INTRODUCTION

Introduction

Mixers are important units in the treatment industries with applications ranging from
classical batch reactors in chemical industries to large-sized mixing volumes such as in
WWTP. Despite its apparent simplicity, mixing in stirred vessels happens to be one of the
most challenging processes to design and optimize. Relating process scales with mixing
scales continues to be a difficult engineering task. Although a large body of literature has
been devoted to studying the mechanisms of mixing inside stirring vessels [Paul et al.,
2004], the reality is that each vessel is unique, and rules of mixing similarity cannot always
be safely applied. It is widely known that the level of mixing is usually a function of the
mixing device (e.g. type of impeller, size of vessel, etc.), and the type of fluid to be mixed.
However, the level of understanding in mixing that is required for each process is different,
and depends on process objectives. For instance, it can range from describing the main
flow patterns in large scale devices (e.g. WWTP biological reactors, [Fayolle et al., 2007])
to the description of microscale mixing (e.g. in mixing sensitive reactions or in multiphase
particle break-up processes [Kresta et al., 2004]).
Most experimental (and modelling) studies have focused on classical impellers (e.g. RT)
and common fluids such as water. However, other industrially relevant impellers and fluids
(e.g. HydroFoil (HF) and non-Newtonian fluids) have not been studied intensively. In
industry, not one but many different types of impellers are used. In large scale systems,
different hydrodynamic patterns are obtained when considering different types of impellers.
For instance, axial flow impellers are chosen to generate full volume circulation flow
patterns at moderate shears compared to other types of impellers. Additionally, they
have higher energy efficiencies than radial flow impellers since they consume less power
for the same stirring speed. Thus, they are particularly suited for solid suspension, liquid
blending, mixing of viscous fluids, agitation of shear-sensitive broths, and even laminar
mixing [Benz, 2018]. In this category, HF impellers tend to maximise axial flow while
minimising power compared to pitch-blade impellers. However, HFs have complex blade
geometries and thus are more expensive to manufacture.
Numerical tools such as CFD are becoming a popular alternative to experiments to
investigate the level of mixing in stirred vessels. Its 3D characterization of the flow enables
researchers to obtain macro and microscale properties inside the stirring vessel with an
unprecedented level of detail. Thus, the ability of CFD modelling to corroborate and/or
to provide additional level of detail makes it an ideal tool to complement any traditional
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flow dynamics experiment. A short review containing the most relevant studies for CFD
modelling using axial impellers is presented below.
Multiple studies have focused on comparing CFD with experimental data obtained with HF
impellers (such as the Lightnin A310) and using water as a fluid [Bakker and Oshinowo,
2004, Kumaresan and Joshi, 2006, Min and Gao, 2006, Derksen, 2006, Hosseini, 2008,
Murthy and Joshi, 2008, Wu, 2012, Lane, 2017]. Additionally a number of studies have
used different HF impellers (A100, A200, A310, A312, A315, Maxflo T., Mixel TTP, etc.)
to model different non-Newtonian fluids such as Carbopol [Kelly and Humphrey, 1998,
Kelly and Gigas, 2003, Kee and Tan, 2008, Saeed et al., 2008, Hoffmann et al., 2008, Yu
et al., 2011, Sossa-Echeverria and Taghipour, 2015, Story and Jaworski, 2017, Wang et al.,
2019] and with other types of axial impellers [Couerbe et al., 2008, Ein-Mozaffari and
Upreti, 2009, Ge et al., 2013].
Although the aforementioned studies represent a subset of the complete literature on the
topic, it is still interesting to analyse their contributions and draw some observations about
the capabilities of the current CFD models:
 It has been thoroughly demonstrated that most of the literature CFD models
can predict the main flow patterns (mostly mean velocity components) for water.
The majority of CFD models focus on turbulent regimes and turbulence modelling
accuracy due to its industrial importance [Van den Akker, 2006]. For non-Newtonian
fluids, most of the literature focused on the laminar flow regime since energy mixing
requirements are much more demanding for these types of fluids. Therefore, most
studies focus on predicting cavern formation and its size but mostly for radial type
of impellers (see Section 6.6.2 for a review).
 CFD models that use a vast range of impellers (axial and radial) for water have
been shown to accurately match macroscale variables such as the Power and Flow
number [Paul et al., 2004]. However, few works have attempted to validate turbulent
variables such as the fluctuant/turbulent kinetic energy or its dissipation. The reason
for this seems to be the difficulties associated with measuring these variables (mostly
done near the impeller where dissipation is maximal) and data postprocessing.
Additionally, the level of validation that is required for a stirring tank model is
unclear to the modelling community except to fluid mechanics experts.
 Although there is a vast and growing collection of works studying non-Newtonian
fluids, few of these perform extensive model validation exercises when using calibrated
rheological models.
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In summary, the validation step of CFD models continues to be a difficult task when
nonstandard stirring tanks are considered. This is due to the lack of high-quality
experimental data, which in turn hinders the overall predictive modelling capabilities of
CFD models. Therefore, since HFs are commonly used in AD digesters, the following
chapter will present the CFD results obtained for this type of impeller.
The objective of this chapter is to describe the modelling framework used to model stirring
tanks and to evaluate its further use when using non-Newtonian fluids. To accomplish this,
Chapter 5 is devoted to studying the influence of some of the CFD settings when using a
simpler fluid such as water. In this way, the objective is to obtain the degree of accuracy
of the CFD model when different submodels are varied. It is widely recognized that the
model settings can highly influence the predictive capabilities of CFD models [Casey and
Wintergerste, 2000, Versteeg and Malalasekera, 2007]. More specifically, the CFD model
is evaluated in terms of mesh geometry fidelity and quality, discretization schemes used,
and numerical convergence. In addition, the MRF approach to model stirring tanks is also
assessed. The results of the CFD model are compared with PIV data from Bugay et al.
[2002] using the same stirring tank, in order to measure their impact.

5.2

Computational methods

A CFD model is used to represent a stirring tank equipped with the Lightnin A310 impeller.
To build the CFD model, Open Source Field Operation and Manipulation (OF) or simply
OpenFOAM (v6) is used (more information can be found in Appendix C.1).
5.2.1

Key assumptions and modelling simplifications

Based on the literature review results of Section 5.1, the following model approximations
are selected and briefly discussed:
 A 3D CFD model formulation is selected. This is required to capture the inherent 3D
complexity details of the hydrodynamics of a stirring tank in the turbulent regime.
 An incompressible solver is used since water is used as a fluid.
 Based on the presence of baffles (with zero thickness), the water surface is assumed
to be flat and stationary. This is supported by the low velocities observed at 10 mm
below the water surface in Bugay et al. [2002].
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 The use of second order discretization schemes for most of the terms is applied (see
Table 5.1). However, issues with numerical discretization are discussed in Section
5.3.2 and 5.3.3.
 A 2-Equation RANS turbulence model is used. The k − ω Shear Stress Transport
(SST) turbulence model is used since it has become a popular turbulence model
[Menter et al., 2003]. Given that turbulence is an inherent 3D process, the 3D
selected formulation of the stirring tank would in principle ensure that turbulence
phenomena are correctly solved. A discussion on the modelling deficiencies present
in the k − ω SST model are further discussed in Section 5.3.3.
 A steady-state approach is used in combination with the MRF method.
simplification is discussed in detail in 5.2.2.

This

Based on these modelling simplifications, the following OpenFOAM base settings are
selected and shown in Table 5.1 (see Appendix C.1 for the exact entries and limiters
applied). These settings are applied to all simulations unless explicitly stated otherwise.
5.2.2

Governing equations using the steady-state approximation

The 3D governing equations for incompressible fluid flow that OpenFOAM solves are shown
in Eq. 5.1 [Bird et al., 2002, Versteeg and Malalasekera, 2007, Moukalled et al., 2015,
Holzmann, 2017]:
∇·U=0
−∇p
∂U
+ U · ∇U =
+ ∇ · ((ν + νT )(∇U + ∇UT )) + f
∂t
ρ

(5.1)

Where U is the fluid velocity vector, p is pressure, ν is the kinematic fluid viscosity, νT is
the turbulent viscosity, and f is body forces such as gravity. The steady-state formulation
would thus set the time dependent term at zero.
The importance of using time-dependent simulations to achieve good CFD agreements with
data from Bugay et al. [2002] was already proved by Lane [2017]. However, a steady-state
modelling approach will be used instead. Using time-dependent modelling approaches (such
as the Sliding Mesh (SM) approach) require a large amount of computational resources.
Besides, the use of steady-state approaches in stirring tank modelling is also attractive
for system optimization and upscaling such as in modelling full-scale mechanical stirrers.
Therefore, it is highly convenient to assess the predictive capabilities of this approach when
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Table 5.1: Overview of OpenFOAM base settings applied for modelling the stirring tank using
water as a fluid.

Solver

simpleFoam with MRF

Turbulence
model

k − ω SST

Boundary
conditions
U

p
Walls

Surface
Impeller + MRF shaft
Shaft
Walls + baffles
zeroGradient
Scalable low-Re k − ω SST WF

slip
movingWallVelocity
rotatingWallVelocity
fixedValue=0

U, p
K0 , ω̄
∇ : bounded Gauss
linearUpwind grad(U)
∇ : bounded Gauss upwind
∇ : bounded Gauss upwind

cellLimited leastSquares
Gauss linear
∇2 : Gauss linear limited

Discretization
schemes
Gradients

Momentum
K0
ω̄

∇2 : Gauss linear limited
∇2 : Gauss linear limited
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using the A310 impeller. This is particularly interesting since the vast majority of CFD
applied to AD uses the MRF approach.
The MRF approach is a simpler and cheaper computational approach to model the impeller
rotation. The equations of motion are solved in two zones (rotating and stationary frames).
It is based on computing the absolute velocity components using the fluxes relative to the
rotation of the local reference frame (see [OpenFOAMWiki, Nilsson, 2016, Nozaki, 2015]
for more technical OpenFOAM details). For steady-state simulations, the equations of
motion in the local reference frame from Eq. 5.1 (both for rotating and non-rotating) are
instead expressed using the absolute velocity as:
UI = UR + Ω × r
∇ · UI = ∇ · UR = 0
∇ · (UR UI ) + Ω × UI =

−∇p
+ ∇ · ((ν + νT )(∇UI + (∇UI )T )) + f
ρ

(5.2)

Where UI , UR are the absolute and relative velocity vectors, Ω is the angular velocity
vector of the rotating frame, r is the distance vector.
The reason behind the use of the MRF is that the flow pattern in the vicinity of the impeller
is unaffected by the interactions of the flow with the rest of the tank (walls and baffles)
[Tabor et al., 1996]. This means that this modelling approach is sufficiently valid when
the tangential velocity components are not significantly affected by the rest of the tank
at the interface between the frames [Aubin et al., 2004]. This requirement is guaranteed
as long as the size of the rotating frame with respect to the baffles is sufficiently small
and confined to the impeller control volume (usually DMRFzone < 2D). Larger MRF zones
might introduce modelling errors due to artificial swirling effects. This has been checked
to not affect the accuracy of the present solutions by noticing that no field discontinuities
are present in the MRF boundaries.
The simpleFoam OF numerical algorithm iteratively solves Eqs. 5.2 by using the SemiImplicit Method for Pressure Linked Equations (SIMPLE) algorithm with pressure and
velocity tightly coupled. Taking into account that OpenFOAM employs a cell-centered
collocated grid system, a matrix system is then assembled after all the terms have been
conveniently discretised. The algorithm iterates until the velocity and pressure fields both
satisfy conservation of mass and momentum (up to predefined residual tolerances or user
manual halt). Velocity and pressure are solved sequentially, and underrelaxation is applied
to ensure the stability of the solver.
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5.2 COMPUTATIONAL METHODS

Geometry

The tank geometry is described in Section 4.2.2. The Siemens NX v10/11 was used as the
Computer-Aided Design (CAD) software to generate the cylinder with a solid bottom and
the impeller shaft. Later, it was exported as a STereoLithography (STL) file.
As mentioned in Section 4.1, the A310 impeller is characterized by a blade hydrofoil
shape. This impeller is designed to provide a constant angle of attack by imposing different
geometrical constraints along the blade. It is mainly achieved by varying the blade section,
blade camber, and blade twist, which makes the CAD drawing very challenging. Because
of geometric fidelity concerns, two approaches were taken. The first approach attempted
the reconstruction of the impeller blades from the original A310 patent [Weetman, 1984]
in Siemens NX. The second approach is a highly precise 3D scan of the complete impeller
used in the PIV experiments (Figure 4.2).
a)

b)

c)

d)

Figure 5.1: CAD of the Lightnin A310 impeller obtained using a,c) Siemens NX, and b,d) 3D
scan.

Figure 5.1 shows some differences between the CAD geometries. The tip camber in the
drawn geometry is larger than in the 3D scan, and the hub is defeatured. Additionally, the
features and surfaces of the 3D seem to be smoother, especially at the tip of the impeller.
5.2.4

Mesh generation

The Finite Volume Method (FVM) requires the spatial discretization of the geometric
system into grid cells in which the conservation equations are solved. Thus, an adequate
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representation of the geometry and sufficient spatial discretization around the geometry are
required to guarantee that the expected flow features are accurately solved. Moreover, bad
quality meshes are a great source of CFD modelling errors, which are usually quantified
by cell metrics such as cell high non-orthogonality, skewness, and aspect ratio [Jasak,
1996]. Although multiple solutions are available to minimise these errors, mesh quality
checks prior to simulation can avoid solution divergence or the use of undesirable low order
discretization schemes. Despite the importance of achieving a high-quality mesh, it is quite
difficult to generate this type of mesh when the computational domain contains airfoil
blade shapes (as in the A310 impeller). Therefore, two meshing strategies were employed
to obtain the CFD mesh: 1) Use of OpenFOAM meshing pre-processing tools (blockMesh
+ snappyHexMesh), and 2) Use of the commercial meshing software PointWise® . More
information on the methodologies used to generate both meshes can be found in Appendix
C.2. A visualisation of the computational model is shown in Figure 5.2.

Figure 5.2: Computational model of the stirring tank.

5.2.5

Wall treatment

Wall Functions (WF) are used to bridge the behaviour of the viscous boundary layer that
develops near walls and the bulk turbulent flow for all variables. Walls are known to have
a significant effect on the development of turbulence, since the effect of viscosity near walls
dampens certain turbulent stresses. Furthermore, since this transition is governed by large
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gradients, its numerical computation is important for accurately capturing the wall shear
stresses (later used to compute the forces acting on the surface, see Section 5.3.2).
Full resolution of the boundary layer requires a large refinement and cell count to cover
all geometry surfaces (with the normalised distance to the wall being y + ≈ 1). Scalable
WF are selected in the k − ω SST model to provide an alternative procedure to update
turbulent quantities depending on whether the first mesh cell lies in the viscous, buffer or
inertial sublayer [Moukalled et al., 2015]. Since the modelling error underlying the use of
WF is unclear (to the authors), a conservative approach is taken and the low Reynolds
formulation of WF is used for all mesh refinements applied in this study. Later, the use of
WF is revisited when analysing the result of the integration of wall shear stresses.
5.2.6

Computational resources

Pre and post-processing was done on a MSI GE72 2QE Apache Pro laptop (Intel Core i75700HQ CPU @ 2.70 GHz, 16Gb DDR3L). Paraview v5.6.0 was used for initial CFD data
processing, and additional post-processing was performed with Python 3.0 (in IPython
notebooks from Jupyter). CFD simulations were performed with the High Performance
Cluster (HPC) (Stevin Supercomputer Infrastructure) which is provided by the VSC
(Flemish Supercomputer Center), funded by Ghent University, FWO and the Flemish
Government. For this work, only the UGent HPC Tier2 clusters were used (2 x 18-core
Intel Xeon Gold 6140 Skylake @ 2.3 GHz). For each case, ≈[8-10]·104 cells/core.

5.3
5.3.1

Results and Discussion
Convergence assessment methodology

Fields in stirring tanks are unsteady by nature due to the cyclic passage of the blades and
the interaction of the discharged flow with its surroundings. Nonetheless, as mentioned
in Section 5.2.2 one can use the MRF method to obtain the steady-state fields of the
stirring tank. Thus, a criterion needs to be set that tells the solver to terminate when the
algorithm has achieved a steady-state solution. Standard practice in CFD uses different
criteria to assess convergence by minimising equation residuals or constancy of integrated
variables [Casey and Wintergerste, 2000]. Ideally, residuals (related as a quantity which
quantifies the averaged normalised flux imbalance in each cell, [Jasak, 1996]) should be
driven down to machine round-off error accuracy (≈ 10−12 ). Since this is not commonly
possible, the effort is driven to provide fields between solver iterations that no longer can
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drop their residuals. Average fields are then computed (e.g. UMean ) by averaging the
fields obtained from subsequent solver iterations (e.g. U ) until they reach a constant
value. These fields are assumed to be representative of a steady-state field by ensuring
that integrated quantities (such as impeller’s torque) and local probe values reach constant
average values. Since the CFD model solution will be compared using experimental data,
the convergence methodology undertaken is expected to provide realistic physical results.
The approach used is similar to that of Ohm and Pétursson [2017]. In their work, they
report that lower residuals could not be obtained due to the inherent unsteady-state nature
of the hydroturbines CFD model (when the MRF approach was used).

0.15

0.0400

T

e)

0.14
0.13
0.12

0.28

0.0350

0.26

0.0325

0.24

0.0300

0.22

0.0275

0.20

0.0250
0

4000

6000

Iteration

8000

10000
Uz

b)

0.15
0.13
0.12
0

20000 40000 60000 80000 100000 120000 140000

10000

12000

14000
T

f)

Uz

c)

0.14
0.12

0

20000

40000

60000

Iteration

80000

0.26

0.0325

0.24

0.0300

0.22

0.0275

0.20

0.0450
0.0425
0.0400
0.0375
0.0350
0.0325
0.0300
0.0275

100000
Uz

d)

0

20000 40000 60000 80000 100000 120000 140000

Iteration

T

g)

0.0425

0.26
0.24
0.22
20000

40000

60000

Iteration

80000

0.20

100000
T

h)

0.12

0.28

0.0350

0.26

0.0325

0.24

0.0300

0.22

0.0275
0

20000

40000

60000

Iteration

80000

100000

0.32
0.30

T [N · m]

0.13

0.32
0.28

0.0375

0.14

0.34
0.30

0

0.0400

0.15

0.30

Np

0.13

0.32
0.28

T [N · m]

U z [ms −1 ]

8000

Iteration

0.0350

Iteration

0.11

U z [ms −1 ]

6000

0.0375

0.0250

0.15

0.16

0.0400

4000

Np

0.14

0.16

0.0425

2000

T [N · m]

U z [ms −1 ]

0.16

0

Np

0.17

2000

0.30

0.0375

T [N · m]

U z [ms −1 ]

0.16

0.0425
Uz

a)

Np

0.17

0.20
0

20000

40000

60000

Iteration

80000

100000

Figure 5.3: Convergence assessment as a function of intermediate solver iterations on probe
velocity value and impeller torque for different meshes: a,e) R5; b,f) R6, c,g) R7, d,h) R8.
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Figure 5.3 shows the convergence profile of the impeller torque and an axial velocity probe
(coordinates in Listing C.7). As can be seen, there are fluctuations around the mobile
average value that might be indicative of an unsteady physical phenomenon (due to the use
of a second order convective term discretisation scheme). Regarding the impeller torque,
fluctuations are less intense and can be regarded as sufficiently constant. It is observed that
the R8 mesh results fluctuate more intensely than the other mesh results, which might be
an indication of not achieving a proper convergent steady-state result. Therefore, it was
decided to switch the gradient and also the turbulence discretization terms (see Listing
C.9). As can be seen, the oscillations were much weaker. For a faster convergence on
UMean , R8 was reinitialised (not shown in Figure 5.3).
5.3.2

Power dissipation

In stirring tanks, the impeller’s power consumption can be obtained using the following
two main procedures:
1. Power dissipation of the fluid by volume integration. In each cell, the power dissipated
by the fluid has three contributions: 1) Dissipation of K from mean gradients, 2)
Dissipation of Korg from organised motion, 3) Dissipation of K0 from viscous forces.
Conventional knowledge of turbulence shows that the third one is responsible for
the majority of the energy dissipation in the turbulent regime [Pope, 2000]. Since a
steady-state approach is used, the power is obtained by Eq: 5.3:
Z
P =
V

ρ0

nX
cells

+ η(S : S) dV =
i

1
Vtank

ρ0 i Vi + η i (Si : Si Vi )



(5.3)

postProcess -func "grad(UMean)" -latestTime is run to calculate a posteriori
the mean velocity gradients necessary to perform the inner product. Nonetheless,
it is noted that the mean gradient tensor calculated in this way is not divergent
free in each cell. However, it is assumed that the error would be small and that its
contribution is small compared to the dissipation of turbulent kinetic energy [Lane,
2017].
2. Power consumption based on integration of surface forces acting on the shaft, the hub,
and the impeller blades (primary torque) [Bird et al., 2002, Story et al., 2018]. To
calculate the torque, which is the required force moment to keep the impeller rotating
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at that stirring speed, an integration of the pressure and viscous forces distribution
over all surfaces should be performed as in Eq: 5.4:
Z


T =
r x −ρ(p − pref ) · n + ρ(ν + νT )(∇U + ∇UT ) · n dS
(5.4)
S

P = 2πN T
Where pressure is defined kinematically in OpenFOAM, and the second term
represents the deviatoric stress tensor. Note that only the tangential shear stresses
distribution will contribute to the axial torque. Further details can be found at
/opt/openfoam6/src/functionObjects/forces/forces/forces.C .
In stirring tanks, based on the conservation of angular momentum, the impeller’s torque
should be the same as that of the resulting torque experienced by the tank due to the
stirred liquid (secondary torque) [Bird et al., 2002, Story et al., 2018]. To calculate this
torque (Tw+bff ), the same procedure is used but integration is performed on the tank wall
and baffle surfaces.
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Figure 5.4: Effect of global mesh cell count on the averaged Torque, and power consumption.

The results obtained with different mesh global refinements are summarised in Figure 5.4.
The refinements show a progressive tendency towards a constant range of values near the
A310 reported value in the turbulent regime Np =0.3 (P=0.844 W) [Weetman and Oldshue,
1988, Zhou and Kresta, 1996a]. As expected, the procedure to obtain the impeller’s torque
with Eq. 5.4 mostly produced the best prediction (with 17, 16, 10% relative error deviation
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for the last SnappyHexMesh (SHM) meshes). However, T predictions deviated for the last
refinement (16% for R8), but not for Tw+bff and for power obtained by volume integration.
This might suggest that the modelling error increased due to incorrect integration of the
surface forces on the blades. The same was observed for the PointWise (PW) meshes.
Possible reasons for this behaviour could be: 1) The use of inappropriate cell types in the
region near the blade, 2) Wall function modelling errors (which are a function of y + ), 3)
the use of leastSquares (LS) discretisation scheme (see Section 5.3.3 for a discussion of
this scheme). The change of discretisation scheme did improve the results for PW, but
not for the SHM mesh. As a result, the PW boundary layer coverage slightly improved
the predictions for the primary torque (3% error). A possible explanation for this result
might be the errors associated with applying certain discretisation schemes on walls. For
the Least Squares (LS), this scheme is said to retain second order convergence with many
types of distorted meshes. However, its accuracy can decrease with cells that suffer from
high skewness and poor cell-flow alignment [Syrakos et al., 2017] (such as the cells adjacent
to the blades).
For accurate integration of the surface forces, a strict requirement must be placed on
the impeller blades (y + ≈ 1). This is usually achieved by a smooth layer transition of
high aspect ratios cells from the blades to the bulk, generating a refined mesh around the
impeller. However, this was not possible to perform due to the already 1) high resource
requirements, 2) simulation run times, 3) essential post-processing RAM memory, and 4)
difficulty to provide a homogeneous boundary layer with SHM layers .
Slight improvements on Tw+bff and the power integrated by volume dissipation were
obtained with further refinements. This might be an indication that further wall and
bulk refinements could improve predictions even more. This systematic deviation from the
experimental value is in accordance with the literature on stirring tanks (e.g. see Lane
[2017] and Coroneo et al. [2011]).
5.3.3

Velocity mesh refinement study-SHM

The radial CFD velocity component profiles are shown in Figure 5.5. In a first stage, the
mesh obtained with SHM described in Section C.2 is used in combination with the scanned
A310 impeller. Since data obtained with PIV from Bugay et al. [2002] will be used, the
CFD data was obtained by performing an azimuthal average (θ) of individual contour
points sharing the same radial coordinates of UMean . This was performed for every point
contained in the radial profile (r/R=0-3). In this way, a more accurate comparison can be
made since data from PIV was not phase-averaged. Moreover, results from using the MRF
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approach are known to depend on the plane selected, which is also related to the position
of the impeller blades.
Figure 5.5 shows a good agreement with data from Bugay et al. [2002] at 5 mm (z/R=0.067)
and 85 mm (z/R=1.13) below the impeller. Even for the coarsest mesh displayed (R3), the
model seems to properly predict the three velocity components at two different locations
below the impeller. As the global cell refinement increases, the velocity profiles tend to
conform to the experimental profiles. This can be seen in Figure 5.5.c,e where the location
and magnitude of the peaks are better defined. However, a higher refinement does not
always yield better agreements in all profiles. For instance, the highest mesh density R8
case seems to largely overlap with the R7 for all three velocity components. Even though
this may indicate an insufficient mesh refinement, the convergence procedure could also
affect the determination of a true steady-state for UMean . This is partially supported by
the oscillations seen in Figure 5.3. It is believed to be related to the use of second order
schemes to model an inherently transient system. Although second order schemes are more
accurate than first order ones, they are known to be oscillatory even if proper cell bounding
is enforced [Jasak, 1996, Liu and Jiao, 2016].
The under-prediction of the magnitude of the velocity peaks can be attributed to a known
deficiency of most RANS turbulence models, including the k−ω SST model. This is seen in
the determination of Ur and Ut . Peaks occur near the impeller (r/R=0.2 and 0.8 in Figure
5.5a,b,c), as a result of large and localised velocity gradients. As explained in Bugay et al.
[2002], these regions produce turbulence where dissipation is not in equilibrium with its
transport. The imbalance of the trace of the local anisotropy tensor (aij|ψ ) leads to the
production of K0 . A future improvement would account for non-anisotropic effects and
use other modelling approaches such as Reynolds Stress Models (RSM) or Large Eddy
Simulation (LES). This was applied in Lane [2017] when using the SM approach and
including curvature-rotational effects in the k − ω SST model.
5.3.4

Quantifying the deviation between PIV and CFD

Figure 5.5 was visually analysed to obtain a qualitative understanding of the performance
of the simulations with respect to the experimental data. Although this is common practice
in CFD, it is difficult to properly interpret the results (highly subjective), and it is ill-suited
to any quantitative validation.
As mentioned in Section 2.5, quantification of model performance is essential for model
discrimination. Unfortunately, there is no single methodology that can be applied to all
cases since it highly depends on the data and the purpose of the comparison. Oberkampf
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Figure 5.5: Normalised time-averaged radial velocity profiles for a,b) axial (Uz ), c,d) radial (Ur ),
and e,f) tangential (Ut ) components at two different locations. Locations are at a,c,e) 5 mm and
b,c,f) 85 mm below the impeller.
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et al. [2004] proposed to use the frequentist approach in CFD as against the classical
statistical techniques based on hypothesis testing. For instance, Oberkampf and Barone
[2006] used the integrated relative error as their global metric and analysed the results
with respect to the upper and lower bounds of the mean property over the profiles.
|E|rel

1
=
Dtank /R − 0

Dtank /R

Z
0

uCFD (ri ) − uPIV (ri )
dri
uPIV (ri )

(5.5)

However, this metric is sensitive when the experimental value is near zero (such as in
regions where there is a change in velocity direction). Bugay et al. [2002] on the other
hand did not quantify the experimental error, hence it is not possible to derive confidence
intervals. Therefore, a downgraded version is applied for comparison of global metrics
obtained from velocity data at different meshes. The radially-averaged velocity component
is chosen (Eq. 5.6) even though there are different possibilities to normalise the absolute
error. The intention is to obtain a metric that can be expressed as a percentage (%), and
related to a characteristic velocity at the selected profile.
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Figure 5.6: Global metric (|E|rel,AVG ) applied to different meshes quantifying the deviation
between PIV and CFD results for different velocity components for a) 5, and b) 85 mm below
the impeller.

Results from Figure 5.6 indicate that the relative error varies between 20 and 70 % for the
three velocity components when using different refined SHM meshes. Although refining
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the mesh does provide a lower metric in most cases, this is not necessarily always the
case. Moreover, certain meshes have a higher associated deviation compared to coarser
meshes. This is especially the case with tangential and radial components, which tend
to produce larger deviations than axial components. Although refining the mesh does
provide better agreements, one still has to compare the results with Figure 5.5 to obtain a
better understanding of the overall predicting capabilities of the model. This is especially
so for identifying whether the model can capture certain featured trends. As described in
Section 5.3.3, the different meshes capture different levels of motion depending on the local
refinement applied.
5.3.5

A310 CAD draw vs scan

Section 5.3.3 shows that accurate results can be obtained with the scanned A310 impeller.
Nonetheless, it was decided to assess the influence of the geometric fidelity on the
hydrodynamics of the tank for this particular impeller shape. Given that 3D scans are
not always available to users, an evaluation of a drawn CAD would be interesting to test.
Therefore, the CFD results obtained using the CAD drawn in Section 5.2.3 are compared
with the SHM mesh as shown in Figure 5.7.
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Figure 5.7: Normalised time-averaged radial velocity profiles for axial (Uz ), radial (Ur ), and
tangential (Ut ) components at a) 5 mm and b) 85 mm below the impeller.

Results from Figure 5.7 indicate overall good agreements, despite the geometrical
differences noticed in Figure 5.1. The drawing A310 seems to provide higher axial
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components in the impeller discharge region. Moreover, Ur and Ut show the same
deficiencies as in the scanned geometry, but with slightly different profiles. It can
be concluded that the modelling error produced for this particular drawn geometry is
comparable to that of the scanned version.
5.3.6

Velocity mesh refinement study-PW

Figure 5.5 presents the results for normalised velocity components profiles using the PW
mesh described in Appendix C.2.4.
Both approaches yield good agreements for the three velocity components and two locations
tested. Minor improvements were obtained between PW meshes even when a X4 mesh
density increase was applied. The differences between the meshes might not only be related
to the type of cells used (hexahedral vs tetrahedral), but to the different spatial refinements
as a results of the automatic meshing parts of the meshing tools. For instance, a greater
refinement in the radial direction near the axis would have been necessary for the PW
mesh in Figure 5.8.c (r/R=0.2).
5.3.7

Fluctuant/Turbulent kinetic energy

Bugay et al. [2002] argued that phase-averaging was not essential for the determination of
K0 for hydrofoil types of impeller, such as the Lightnin A310. However, phase averaging
is strictly necessary for radial type of impellers (RT), if one wishes to quantify K0 , but
the authors considered that any relative contribution of organised motion (Korg ) induced
by the cyclic passage of the blades would be low. Thus, results from Bugay et al. [2002]
would represent the total fluctuating kinetic energy (Kfluc ) at the selected profiles shown
in Figure 5.9.
As described in Section 5.3.3, two distinctive peaks confirmed the location of the regions
with intense Kfluc . The CFD results indicate that, although there is substantial modelling
discrepancy, this can be attributed to the main limitation of the MRF method (as discussed
in Lane [2017]). This approach cannot include any contribution from organised motion,
mainly along the profiles r/R≈0-1 and r/R≈0-1.3 for 5 and 85 mm below the impeller. This
means that only turbulent kinetic energy contributions will be available. Interestingly, the
large deviation of the peak at r/R=0.2 indicates that the organised motion is larger than
the turbulent motion. Outside the impeller radial region, the organised motion is weak and
the kinetic energy predictions would in principle be a function of mesh density and scheme
interpolation accuracy alone. Additionally, the use of second order schemes slightly improve
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Figure 5.8: Normalised time-averaged radial velocity profiles for a,b) axial (Uz ), c,d) radial (Ur ),
e,f) tangential (Ut ) components at two different locations. Locations are at a,c,e) 5 mm and
b,c,f) 85 mm below the impeller.
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Figure 5.9: Normalised radial profiles of the fluctuant (Kfluc ) and turbulent (K0 ) kinetic energy
at a) 5, and b) 85 mm below the impeller.

the prediction with respect to a coarser mesh (R3). This improvement is systematic, which
means that a coarser mesh is not sufficiently refined to capture turbulence at this location.
5.3.8

Dissipation rate of turbulent kinetic energy

Section 4.9 determined the dissipation rate of fluctuant kinetic energy f luc using the
reconstruction approach. However, other approaches were used in the literature when
using experimental data such as in Zhou and Kresta [1996a] and Bugay et al. [2002]. Zhou
3/2
and Kresta [1996a] used a simple correlation (0 = CK03/2 /Λ ≈ 10 U0z 2
/D, which is
0
known to overpredict  [Bugay et al., 2002] if the macroscale length is not well defined.
Instead, Bugay et al. [2002] obtained 0 by calculating the dissipation term using the K0
balance equation. Although strictly this would be f luc , since turbulence is the dominant
mechanism to dissipate energy in the tank, it will be named 0 .
Results from Figure 5.10 indicate a good agreement, especially at locating the r/R=0.8-1
peak.
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Figure 5.10: Normalised dissipation rate of turbulent kinetic energy profile for a) 5, and b) 85
mm below the impeller.

5.4

Conclusions and recommendations

Chapter 5 presented the development of a CFD model to represent the hydrodynamics
of a stirring tank operating in the turbulent regime. Steady-state results could be
achieved with the CFD model when the MRF approach was used. Results for velocity
showed that the solution can exhibit fluctuations due to the transient nature of stirring
tanks. This was demonstrated by monitoring fluctuations in velocity probes and torque,
and partly remediated by performing iteration averaging of the CFD fields. Although
the use of averaging techniques to obtain representative steady-states is useful, it is
important to ascertain that these fields are physically realistic and not just a byproduct of an intermediate convergence of the solution. To avoid these fluctuations,
one could use more bounded and other (more stable) schemes, but this may lead to
more diffusive and less accurate results. For instance, the use of “V-schemes” or other
schemes for the gradient and convective terms ( cellLimited Gauss linear 1 and
bounded Gauss limitedLinear 1 ) could be performed in further studies.
Although results were obtained using two different mesh tools, it is difficult to compare
these tools based solely on the effect of the mesh density in the solution. While SHM could
be enforced to produce a mesh with a non-orthogonality <65°, it was difficult to control the
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mesh entries from snappyHexMeshDict and furthermore, homogeneous boundary layers
could not be obtained within a limited frame of time. On the other hand, PW provided
easy and full control of the structured parts of the mesh and moreover, provided meshes
with low skewness and a controlled inflation layer around the blades. However, PW turn
out to be time consuming (lack of documentation as compared to SHM) and the applied
T-Rex settings did not prevent >70° non-orthogonality in all cells .
The drafting of the Lightnin A310 using a CAD software turned out to be time consuming.
Given the similarity of the obtained velocity solutions, it is highly recommended to use 3D
scans when the original CAD impeller files are not available. Although not performed in
this thesis, a further study could in principle determine the necessary level of geometrical
detail required to retain the most important flow features.
The use of the MRF approach turned out to be useful and sufficiently accurate, much
in line with most of the RANS modelling literature available to date for stirring tanks
[Deglon and Meyer, 2006]. The main limitations of the MRF approach is that it is not
able to include any organised motion contribution for the estimation of Kfluc . However, it
e by
would be possible to attempt the reconstruction of the mean periodic kinetic energy K
azimuthally averaging velocity components such as in Eq. 5.7:
e θ,AV G =
(K)

3
X
1
i=1

2

ei U
ei )θ,AV G
(U

(5.7)

ei U
ei )θ,AV G = (Uj,θ − Uj,θ,AVG )2
(U
This approach would be interesting to test to predict the contribution of K̃ in the observed
two peaks of Kfluc in Figure 5.9.
Despite these limitations, when combined with the turbulence model, the CFD model could
predict most of the main hydrodynamic features near the impeller region. Although Lane
[2017] observed flow separation around the upper surface of the blade, this separation can
be considered weak. Since there is no massive flow separation, the blades are still mildly
loaded and no intense fluctuations and anisotropic effects are expected to downgrade the
accuracy of the k − ω SST model. A full study involving different turbulence models and
wall functions was out of the scope of this thesis. In the future, it would be interesting to
attempt the replication of the results obtained from Lane [2017]. Although the use of LES
would definitely be worth performing, its use in axial impellers is not so motivated as in
radial impellers because of the presence of less intense trailing vortices.
Despite the known limitations of the model, good predictions are obtained for the
dissipation rate of turbulent kinetic energy. The CFD model was able to predict the
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main peak around r/R=0.8-1, and the quick decay away from regions of intense turbulence
(except at r/R=0.2-0.3). This means that the model in principle can obtain the correct
order of magnitude of max , and radial/volume average 0 distributions for further modelling
use in shear rate sensitive processes.
In summary, the CFD model developed has been sufficiently validated to be used in Chapter
6 for preliminary simulations involving the use of a non-Newtonian fluid. Thus, the model
has been validated at least with a Level 2 validation criterion (see Section 2.5).

CHAPTER 6
Computational Fluid Dynamics validation
of an axial flow impeller in OpenFOAM:
Carbopol

“The first rule of the science club is:
do not use the rainbow colour map!”
Crameri [2017], Rougier et al. [2014]

Chapter 6 first demonstrates the ability of OpenFOAM to capture plasticity and this
is followed by a successful implementation of a new rheological model. Additional
PIV experiments are presented to analyse the laminar regime at 50 and 75 rpm.
At these rotation speeds, cavern boundaries were identified and two main circulation
loops were observed. In a first attempt, CFD modelling with previously calibrated
HB model parameters systematically overpredicted mean velocity magnitudes and
cavern extension. In a later stage, validation metrics were substantially improved
by performing additional CFD simulations.
The changes implemented consisted
of a rheological recalibration parameter in the original HB model.
Finally, the
experimental cavern size was compared to the results of different literature correlations
to estimate cavern dimensions. Good agreements were achieved in terms of cavern
diameter if a torus cavern shape was previously assumed.
However, the best
literature correlation still had a 20% relative error deviation with respect to the
experimental cavern volume, as compared to the 3% deviation from the CFD model.
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6.1

Introduction

Non-Newtonian fluids are ubiquitous; they can be found everywhere and knowledge about
their properties is essential when studying nature (in geological physics or animal fluids)
or for medical applications (blood modelling). Additionally, they are common in many
industries ranging from chemical manufacturing, oil and gas, food, and mining; present as
biological or non-biological fluids [Bakker et al., 2009, Mills et al., 2013, Balmforth et al.,
2014, Apostolidis et al., 2016, Frigaard et al., 2017]. Despite the vast amount of scientific
research dedicated to studying mixing in these industrial systems [Paul et al., 2004], there
are still challenges to address when considering non-Newtonian fluids. Although a large
collection of models exists to describe almost all non-Newtonian behaviours [Barnes et al.,
1989], their validation is still important and forms an active area in non-Newtonian research
fields.
To model the flow in stirring tanks using a non-Newtonian fluid, proper closure of the
material properties is required. The key computational challenges faced with the use of
HB-type of fluids are: 1) To accurately determine the 3D yield surface arising from plugs
(stationary) and flowing regions, 2) To capture the flow behaviour when there is a non-local
linear response between the shear stress and the shear rate. However, Chapter 3 shows
that even if the model captures the main fluid rheological features, the calibration and
acquisition of the “true” rheological parameters are not trivial. Undesirable consequence
may arise due to the large uncertainties associated with each model parameter. Moreover,
the risk of using low-quality data obtained from the rheometer requires the modeller to
carefully evaluate its further use. Given that the effect of this uncertainty in the flow fields
is unknown, it is argued that the validity of the calibrated rheological models needs testing.
This is especially important in the AD CFD modelling community, which has arbitrarily
used the literature rheological models reviewed in Chapter 3 with little or no justification.
Thus, this chapter is devoted to the calibration and validation of a CFD non-Newtonian
model stirring tank model. To accomplish this objective, the chapter is divided into four
main sections:
1. Section 6.2 provides the mathematical framework to describe the non-Newtonian
behaviour in CFD codes.
2. Section 6.3 evaluates the suitability of using OpenFOAM with numerical
benchmarking data for non-Newtonian fluids displaying yield stress.
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3. Section 6.5 discusses the modelling approach taken to model the mechanical stirrer
with a Lightnin A310 impeller stirring a non-Newtonian fluid. The performance
of the CFD model is then evaluated by comparison with laminar data from PIV
experiments. Next, a recalibration of the rheological model is performed to improve
the CFD model predictions.
4. Section 6.6 analyses the experimental and modelling cavern size. The predictive
power of the CFD model to determine the cavern extension is compared with cavern
size estimations from literature correlations.

6.2

Numerical considerations when implementing a rheological
model in CFD

As described in Section 3.6, the steady-state rheological characterization of the digested
sludge can be expressed with the three parameter HB model for an apparent yield stress
and shear-thinning behaviour:
τ = τ0 + K γ̇ n = η γ̇ =

τ

0

γ̇


+ K γ̇ n−1 γ̇

(6.1)

Where τ and γ̇ are the magnitudes of the stress and shear rate tensor (see Eq. B.2 in
Appendix B.2).
When implementing Eq. 6.1 in CFD software, numerical considerations should be taken
into account. First, it should be casted in vector-tensor form to numerically evaluate the
stress tensor in the momentum equation in 3D space [Bird et al., 2002] as shown in Eq.
6.2:
∂
ρU + ∇ · ρUU = −∇p − ∇ · τ + ρf
(6.2)
∂t
For fluids with constant density (ρ), and taking into account the negative sign used to
describe the relation between the shear stress and shear rate components [Holzmann, 2017],
the momentum equation expressed in vector notation in Eq. 6.3 is solved in OF for
incompressible flow as:
∂U
−∇p ∇ · τ
+ U · ∇U =
+
+ ρf
∂t
ρ
ρ

(6.3)

Eq. 6.3 requires the evaluation of the divergence of the stress tensor (∇ · τ ), which uses
the constitutive non-Newtonian relation of Eq. 6.1 in tensor form to evaluate the apparent
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viscosity. However, any CFD code must completely specify the model in a continuous
range for the shear rate, leading to Eq. 6.4:
τ
η
= γ̇;
ρ
ρ

∞

η= 
 τ0 + K γ̇ n−1
γ̇

γ̇ = 0

(6.4)

γ̇ > 0

As seen in Eq. 6.4, this leads to a singularity γ̇ → 0 which happens when τ ≤ τ0
(unyielded zone). In literature, two families of solution methods are mainly used to solve
the singularity problem: 1) The augmented Lagrangian algorithm, and 2) Regularisation
of the constitutive equation [Saramito and Wachs, 2017]. The latter is usually employed in
FVM CFD since it is easy to implement and generally faster to converge. It requires the
modification of the constitutive equation with a new mathematical function to deal with
the singularity as γ̇ approaches zero. Numerically, there are usually two main approaches
to “regularise” the model to replace Eq. 6.4.
1. Viscosity bounding. In OFv6 this approach is used by default. For low γ̇, the
fluid is modelled with an apparent viscosity (ν0 ).
Listing 6.1:
Listing of member function calcNu() located at /opt/openfoam6/src/
transportModels/incompressible/viscosityModels/HerschelBulkley/HerschelBulkley.C
58 return
59 (
60
min
61
(
62
nu0_ ,
63
( tau0_ + k_ * rtone * pow ( tone * sr () , n_ ) )
64
/( max ( sr () , d i m e n s i o n e d S c a l a r ( " vSmall " , dimless / dimTime , vSmall ) ) )
65
)
66 ) ;

2. Addition of a regularisation parameter. This approach has been the standard
in the literature and many variations exist including 1) the bi-viscosity model
[Tanner and Milthorpe, 1983], 2) the perturbation parameter on the shear rate, or
3) exponential relaxation. For a complete list the reader is referred to Frigaard
and Nouar [2005] and Mitsoulis and Tsamopoulos [2017]. The first approach is
used by other CFD codes such as ANSYS Fluent, by defining a critical shear
rate (γ˙c ) to switch viscosities [Inc., 2013]. The second approach has been used
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to include a small constant value of the shear rate to obtain a finite viscosity in
early numerical computations of Bingham flow [Bercovier and Engelman, 1980].
The Papanastasiou’s regularisation [Papanastasiou, 1987] introduces an exponential
regularisation parameter m that controls the exponential stress growth, so the
function is continuous in the whole range of shears. This approach has been used
to describe HB fluids [Sverdrup et al., 2018] as well as biological sludges [De Clercq,
2003] and can be described as:
η=

τ

0

γ̇

+ K γ̇

n−1



(1 − e−mγ̇ )

(6.5)

Although this approach is not available in OF, it can easily be implemented as in
Listing 6.2:
Listing 6.2: Listing of proposed member function calcNu() for the Papanastasiou regularisation
(m). The extremely small scalar “vSmall” is implemented for initialisation purposes.
58 return
59
(
60
61
62
);

6.3

( tau0_ + k_ * rtone * pow ( tone * sr () , n_ ) ) *(1.0 - Foam :: exp ( - m_ * sr () * tone ) )
/( max ( sr () , d i m e n s i o n e d S c a l a r ( " vSmall " , dimless / dimTime , vSmall ) ) )

Verification of OpenFOAM to solve plastic flow

The use of computational techniques to study the rheological behaviour of non-Newtonian
fluids is increasing due to the extra computational resources available and the deeper
understanding in terms of rheological characterization of different fluids. Although nonNewtonian refers to the general branch of science which deviates from Newtonian behaviour
(including effects such as thixotropy, elasticity, etc.), this thesis will only consider steadystate rheological descriptions for the fluids of interest. As described in Section 4.2.1
(Carbopol) and Section 3.6 (for digested sludges), these fluids can be modelled with the HB
model. Thus, it is desirable to first test the ability of OF to capture plasticity effects. The
performance of the CFD model with the rheological model implemented in Listing 6.1 is
compared for the lid-driven cavity test case displaying only plasticity (using the Bingham
model). This system has been used as a simple numerical benchmark for Newtonian [Ghia
et al., 1982, Botella and Peyret, 1998] and non-Newtonian fluids [Bell and Surana, 1994,
Mitsoulis and Zisis, 2001, Neofytou, 2005, dos Santos et al., 2011, Syrakos et al., 2013,
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Sverdrup et al., 2018]. For further studies, the cavity system could be tested to solve
for viscoplasticity (Listing 6.2) using the numerical benchmarking data of Sverdrup et al.
[2018].
The Bingham model is expressed for plastic viscosity (µBn ) with its parameters being
defined with the Bingham dimensionless number Bn:
η=

τ0
+ µBn
γ̇

τ0 L
µBn U
With L, U are the system’s characteristic length and velocity.
regularisation of the Bingham model is implemented as follows:

(6.6)

Bn =

η=
6.3.1

τ0 · (1 − e−mγ̇ )
+ µBn
γ̇

The Papanastasiou’s

(6.7)

Lid-driven cavity flow test case

The system consists of a simple 2D rectangular square of unit dimensions (L=1 m, 256x256
cells) filled with a fluid of constant density (ρ=1000 kg m−3 ) such as in Figure 6.1. The
upper side has a prescribed constant boundary condition of u = (Ux , 0)=1 m s−1 in the
positive tangential direction, and the walls are treated as noSlip for velocity uwalls =
(0, 0) and zeroGradient for pressure with a reference pressure pref = 0. The prescribed
boundary conditions guarantee a stable circular motion for many different types of fluids
when laminar conditions are imposed.
The incompressible simpleFOAM solver is used to obtain the steady-state solution as
in Chapter 5. The convergence criterion was to advance in solver iteration until an
approximate constant scaled residual value was achieved (≈ [10−10 -10−12 ]). Based on the
work of Syrakos et al. [2013], the Geometric Agglomerated Algebraic MultiGrid (GAMG)
solver was used for pressure to speed-up convergence, especially at high values of m. Some
solver and discretization details are further described in Appendix D.1.1.
6.3.2

Regularised Bingham model results

Next, OF is confronted with two literature data sources [Neofytou, 2005, Sverdrup et al.,
2018] for different values of Bn number at Re=100. WebPlotDigitizer is used to extract
the numerical values at the different profiles [Rohatgi, 2019].
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L=1 m

Ux=1 m/s

y
x
Figure 6.1: Geometry of the lid-driven cavity flow system. Figure adapted from OpenFOAM
[2019].
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Figure 6.2: Velocity profiles using Eq. 6.7 for a) vertical slice at x=0.5, and b) horizontal slice
at y=0.5.
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Results from Figure 6.2 show excellent agreement with the applied mesh refinement. For
these simulations, m = 200 was sufficient to guarantee a sufficiently accurate solution with
an acceptable convergence rate. Interestingly, the effect of the yield stress can be seen for
Bn=10. Some velocity components are zero as a consequence of not exceeding the yield
stress in certain regions.
From these results, it can be concluded that OF can provide accurate simulations to
determine the effect of the yield stress on the flow. Therefore, a similar Papanastasiou
parameter value (m ≥ 200) will be used for the CFD model of the stirring tank.

6.4

Laminar regime PIV data set

Results from Chapter 5 have shown the ability to model a mechanically stirred tank using
water as a fluid. Moreover, results from Section 6.3.1 have demonstrated the ability of OF
to characterise the flow characteristics of systems that display yield stress. Despite these
favourable results, the overall expected accuracy for modelling an axially mechanically
stirred CFD model with a viscoplastic fluid is still unknown. The predictive capabilities
of the current CFD model could be tested by comparison with the PIV data analysed
in Chapter 4. However, Chapter 4 contains the analysis of PIV hydrodynamic data that
ranges from the beginning of the transitional regime (100 rpm) to almost the turbulent
regime (500 rpm). Hence, it would be desirable to perform a comparison when a simpler
fluid regime is considered. For instance, in the laminar regime, the flow fields will be
dictated by the rheological properties of Carbopol, and hence other undesirable sources of
error (mainly from turbulence modelling) are unlikely to interfere.
Therefore, additional experiments were carried out at 50 (∆t = 15 ms) and 75 (∆t = 5
ms) rpm using the same PIV setup described in Sections 4.2.3 and 4.2.4 and with similar
PIV details as in Tables 4.1 and 4.2 (∆P IV = 187.71 x 200.28 mm). The intensity of the
fluctuations (from results not shown on POD analysis) in principle guarantee that eventual
turbulence effects will be far less important than for the 100 rpm case.
6.4.1

Hydrodynamic analysis of PIV data for 50 and 75 rpm

Several observations can be made from Figure 6.3. Experimental mean velocity data for
the two stirring speeds indicate the development of a fluid cavern with two main circulation
loops. At these stirring speeds, the impeller does not provide enough power to develop
a downward axial jet as observed at higher stirring speeds (see Figure 4.6). The first
primary loop produces an axial-radial flow stream that quickly returns to the impeller
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blade from the top. The second circulation loop is weaker and develops at the bottom of
the impeller around the centre of rotation. For 50 rpm, 1-8%Utip of velocity values are
achieved inside the circulation loops, whereas higher values 1-15%Utip are achieved for 75
rpm. This difference establishes larger circulation loops for 75 rpm, but still insufficient to
prevent the formation of a cavern.
0.03265

a)

0.08860

b)

0.03031

1.0

0.02798

0.08227

1.0

0.07594

0.02565
0.02332

0.5

0.06961
0.06328

0.5

0.05695

[m s −1 ]

z/R

0.02099
0.01865
0.0

1U

0.0
0.5

tip

=0

.00

0.01632

4

0.05063
0.0

0.04430

0.01399

0.03797

0.01166

−3

10 4
−
5 · 10

0.00933

0.03164
0.5

0.00700

≈ 10 −4

0.00466

1.0

0.01898

10 −3
5 · 10−4

1.0

0.00233
0.0

0.5

1.0

r /R

1.5

0.02531

0.01U tip = 0.006

2.0

0.00000

0.0

0.5

1.0

r/R

0.01266

≈ 10 −4

1.5

0.00633
2.0

0.00000

Figure 6.3: Mean velocity contour (U2D ) and vector plots of plane YZ (x=0 mm) using PIV data
at a) 50 rpm, and b) 75 rpm. A white −.− line indicates the impeller rotation axis.

The yield stress surface seems to be the most natural way to delimit cavern size. However,
its determination based on postprocessing of PIV data is not a trivial task 1 . It is often more
convenient to establish a boundary velocity value (uthreshold ) for CFD and literature cavern
size estimation correlation comparisons. In Figure 6.3 the contour values corresponding
to 0.01Utip are plotted. This criterion has been used by many authors [Amanullah et al.,
1998, Adams and Barigou, 2007, Ein-Mozaffari and Upreti, 2009, Story and Jaworski, 2017]
to provide decent estimations of cavern size. However, Pakzad et al. [2008] proved that
a value of ≈ 0.001 m s−1 was required to guarantee a constant cavern size (using 1.5%
XG and a Scaba 6SRGT with different stirring speeds). Interestingly, Amanullah et al.
[1998] required a much lower value of 10−5 m s−1 to achieve constant cavern diameters and
Arratia et al. [2006] defined its threshold at 5·10−4 m s−1 .
1

The determination of yield stress surfaces involves the computation of shear stress fields using the
appropriate rheological model (results not shown). These fields are greatly affected by the higher data
noise associated with low velocities near the cavern boundary. Consequently, smaller PIV size fields (as
used in Chapter 4) would be required to accurately capture small velocities that would lead to more
accurate estimations of mean shear stress fields.
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As seen in Figure 6.3, the estimation of the cavern limits does change depending on
uthreshold , and it is not entirely clear which value should be used to define the cavern limit
without additional visualisation experiments. However, a value of ≈ 10−4 m s−1 seems to
produce noisy fields that could be related to the cavern size based on the minimum velocity
resolution for the PIV settings used. It is important to realise that different definitions
could be valid based on the calculation of the magnitude of uthreshold using 2D or 3D data
from experiments or CFD. A continued discussion on cavern sizes is provided in Section
6.6.

6.5
6.5.1

Validation study for a lab scale mechanically stirred tank
Assessment of the regularised HB model results

Next, the CFD model of Chapter 5 is adapted to solve the laminar flow of the HB viscosity
model implemented from Eq. 6.5 using the MRF approach. The CFD geometry is exactly
the one described in Section 5.2 (PW1, Ncells =4,181,603) to guarantee a fair geometry
resolution around the blades. Chapter 5 has demonstrated that the current mesh is able to
closely match the torque and the flow fields below the impeller. Since a laminar flow will
be solved, the resource requirements will be much less than for solving a turbulent CFD
simulation. Additionally, a comparison of the cell count used in other literature references
shows that the current mesh count is already conservative enough, and therefore no explicit
mesh independence test was performed.
q
2

2

Figure 6.4 presents the results in terms of 2D mean velocities (U2D = Ur + Uz ).
In Figure 6.4.b, mean velocity contours are shown for the CFD simulation with the
parameters of the HB model from Figure 4.1 (named HB). For completeness, the isocontour
for a CFD simulation without accounting for wall-slip effect (WS) is also plotted. The CFD
plane has been obtained by performing the azimuthal average (θ) of individual contour
points sharing the same coordinates. This was performed for every point contained in the
region delimited by the PIV field size. In this way, a more accurate comparison can be
made since data from PIV was not phase-averaged.
Results based on visual inspection show that there is no complete overlap of the solution
in terms of mean velocity for both calibrated models. Although the HB parameters
show better results, both models underestimate the impact of viscosity leading to an
overprediction of the velocity fields around the impeller. Additionally, although the overall
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Figure 6.4: 2D mean velocity contour and vector plots of plane YZ (x=0 mm) at 50 rpm for a)
PIV data, and b) CFD simulations with the regularised HB model. The black lines −−,−,−.−
indicate a U2D = 10−3 m s−1 contour value for: PIV data, HB model (τ0 =0.300; K=0.303;
n=0.577) and HB with wall-slip data (τ0 =0.109; K=0.437; n=0.497). A white −− line in a)
indicates the rotation axis.
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shape of the velocity field is well captured, both CFD solutions lead to an overprediction
of the isocontour value of U = 10−3 .
From Figure 6.4.b and particularly for the HB model, one can identify a modelling error
that leads to a systematic overprediction of the velocity fields. This is confirmed by
inspection of several velocity radial profiles in Figure 6.7. Based on these results, the
following list discusses some possible sources of the modelling errors that may cause this
discrepancy.
 Firstly, Chapter 5 established that a great source of modelling errors could arise due
to insufficient mesh resolution near the impeller. Simulating the turbulent regime
required a much finer resolution of the flow fields for correct turbulence modelling
as shown by the comparison of velocity fields and power consumption. Given
that the validation CFD study was performed in laminar conditions, insufficient
mesh resolution is unlikely to be the cause of the discrepancies. Although secondorder discretization schemes were used, a rigorous testing of the effect of using
different discretization schemes was not performed. The use of scheme limiters could
furthermore affect the solution. For this reason, the second order leastSquares
gradient scheme was used with a 0.5 limiter.
 Secondly, it was assumed that at 50 rpm the flow fields could be solved with a laminar
model. The development of an experimental cavern and the use of a medium viscous
fluid supports this assumption.
 Thirdly, the Boundary Condition (BC) used is standard for stirring tanks (noSlip),
and the use of free-surface flow simulations presumably does not introduce large
and/or dominant errors. Furthermore, monitored residuals (velocity and pressure)
were below 10−7 and the monitored torque exhibited a steady-state value (meaning
that the cases were considered sufficiently converged). During the course of the PIV
experiments, it was observed that there was no clear movement of the fluid surface
to justify sloshing modelling. Moreover, the real scanned geometry confers great
geometrical detail to the model. Thus, modelling inaccuracies due to tank symmetry
are not present since the whole tank has been considered.
 Fourthly, the use of a steady-state approximation such as the MRF method could
be responsible for this discrepancy. Since the MRF is used to obtain mean fields,
the computation of shear rate (and thus viscosity) is derived by using mean velocity
gradients. Recalling the results from Section 4.8, the statistical treatment used to
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compute the time-averaged viscosity field might still be important in the laminar
regime. The periodic passage of the blades induces a periodic component in the field.
Periodicity might give rise to fluctuating viscosity fields responsible for the slight
viscosity increase in the vicinity of the impeller (since velocity fields are overpredicted
by simulations). However, for non-Newtonian fluids, the MRF was demonstrated
to be a suitable approximation when simulating laminar mixing for Newtonian
[Lamberto et al., 1999], and non-Newtonian fluids [Arratia et al., 2006, Bakker et al.,
2009]. Additionally, differences between SM and MRF would become important to
capture transitional flow dynamic features when considering flow instabilities, and
impeller-baffles interaction. Therefore, the steady-state approach appears to be not
so clear unless transient simulations are performed.
 Fifthly, the rheological model structure and its parameters could be responsible
for this discrepancy. The HB model assumes the steady-state computation of
the viscosity fields and does not consider any time-dependent phenomena such
as viscoelastic effects that may be important. For other types of fluids such as
fermentation broths, viscoelasticity is said to be important [Torres et al., 1993], and
it was recently shown to be important to accurately capture secondary flow effects
[Kolano et al., 2018]. However, most literature for Carbopol does not consider any
viscoelasticity model in stirring tanks. The importance of viscoelasticity, quantified
through the first normal stress difference N1 , can be assessed by comparing its value
to the stirring shear stress fields. Thus, for Carbopol 940 at 0.1%, Arratia et al.
[2006] reports N1 ≈ 10−3 Pa·s. Taking into account that higher concentrations of
polymer and γ̇ increase N1 [Torres et al., 1993], it is hypothesized by extrapolation
that viscoelasticity would not be important to model the flow field in the laminar
regime.

To conclude, the current CFD model used does not introduce large modelling errors (except
for the MRF approximation where its effect is unclear) even when a thorough analysis
quantifying the modelling error of each change in CFD setting or model is not performed.
Therefore, it is hypothesized that the previously calibrated rheological model could in
principle be the main cause of modelling error. This is supported, as shown in Figure
6.4, by the sensitivity of the CFD velocity field solution to changes in the rheological
parameters.
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6.5.2

Calibration of rheological model and CFD model assessment

Based on the analysis of Section 6.5.1, the rheological model was recalibrated to check if
the CFD solution could be improved.
Instead of performing an arbitrary and time-consuming rheological sensitivity study, the
rationale to recalibrate the rheological model is taken from Chambon et al. [2014]. In this
study, the authors had to recalibrate the HB model when Carbopol was used as a fluid in
free-surface flows. In their study, velocity profiles did not agree with the profiles obtained.
The parameters of the HB model were obtained after calibration using data obtained by
the authors who performed their own rheological experiments. This study showed that
better agreements were obtained by adjusting the yield stress and consistency index 1020% despite efforts to isolate and minimise uncertainty measurement errors. Given that
few detailed macroscopic modelling validation studies (that use calibrated HB parameters)
are available for stirring tanks, it is hypothesized that the resulting discrepancy in Section
6.5.1 could be mainly attributed to this source of error. Thus, the HB model is recalibrated
with Eq. 6.8 shown in Figure 6.5:
τ = τ0 (1 + τ0 ) + K(1 + K )γ̇ n

(6.8)

Where τ0 and K are the correction factors (τ0 =0.11; K =0.19 in Chambon et al. [2014]).
Wall slip
HB ws
HB
HBrec (0.2, 0.2)
HBrec (0.1, 0.2)
HB data

101

[Pa]

[Pa s]

Wall slip
HB ws
HB
HBrec (0.2, 0.2)
HBrec (0.1, 0.2)
HB data

100

100

10
10

2

10

1

100

[s 1 ]

101

102 10

2

10

1

100

[s 1 ]

101

1

102

Figure 6.5: Rheological profiles of Carbopol with a calibrated HB model (τ0 =0.300; K=0.303;
n=0.577) and HBrec parameters [(τ0 =0.1, K =0.2)-τ0 =0.33; K=0.363) and (τ0 =0.2, K =0.2)τ0 =0.360; K=0.363]. Note that both axes are logarithmic.
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50rpm

Next, Figure 6.6 presents the results in terms of U2D , where the cavern size has been
approximated by discrete points.
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Figure 6.6: 2D mean velocity contour and vector plots of plane YZ (x=0 mm) at 50 rpm for
a) PIV data, and b) CFD simulations with the regularised HBrec model. Isocontour 2D velocity
lines are represented for 0.01Utip , 10−3 , and 10−4 m s−1 .

A comparison of Figures 6.4 and 6.6 reveals that recalibration of the rheological model
significantly improved the model’s prediction accuracy in terms of mean velocity distant
from the impeller. Moreover, the limit and shape of the cavern defined by uthreshold =10−4 m
s−1 seems to be well captured. However, the CFD model does not yield a complete overlap,
and differences are seen at the secondary lobe, the perimeter separating the two lobes, the
cavern limits, and the velocity field at the top of the impeller.
A more detailed comparison is shown in Figure 6.7. In this figure, CFD radial profiles of
the velocity components of HBrecal and HB are plotted at different axial locations.
It can be seen that the velocity predictions of HBrecal show overall better agreement than
HB results. Although Uz seems to be very well captured, results for Ur are not so conclusive
especially at r/R = 0. Figure 6.5 shows that the bottom secondary lobe is not perfectly
symmetrical around the impeller’s rotational axis. It is unclear if this is in itself a feature
of the flow or an experimental and post-processing PIV issue. Moreover, a comparison of
both recalibrated rheological models yields similar results.
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Figure 6.7: Radial velocity contour of Ur and Uz for HBrecal (−), HBrecal (−·−, τ0 =0.1, K =0.2)
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below the impeller.
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75rpm

Figure 6.8 presents additional results for the 75 rpm case. It can be observed that the
recalibrated rheological models still outperform the original HB calibration simulation
results. Although the PIV data displays the same issues with respect to axis symmetry,
the radial profiles are in overall good agreement.

6.6

Cavern size study

In Figure 6.3, a cavern was identified, and its limits were shown to be dependent on the
boundary velocity values. Moreover, the shape of the cavern could in principle be described
as two superimposed lobes. In literature, it is well known that different impellers give rise to
different cavern shapes (including spherical, cylindrical, toroids or elliptical-toroid shaped
caverns). Elson et al. [1986] described that radial impellers such as RT produce cylinder
type caverns. For axial impellers such as the Pitched-Blade Turbine (PBT), Adams and
Barigou [2007] and Simmons et al. [2009] observed a similar cavern shape as in Figure 6.3,
which can be described as a 2D projection of an apple torus [Xiao et al., 2014, Russell
et al., 2019]. Although data is collected in Plane YZ (horizontal-vertical), an apple torus
shape volume could be assumed to exist based on a 2π rotation of the cavern perimeter
around the impeller axis (when the cavern is not bounded by baffles or walls). Numerous
works from the past decades analysed the presence of caverns and proposed correlations
to quantify their size (Dc ) based on a predefined shape. Section 6.6.1 firstly analyses the
PIV and CFD results in terms of cavern size. Section 6.6.2 then presents a short review of
some important correlations proposed for axial impellers. Lastly, Section 6.6.3 evaluates
the cavern size literature correlations with respect to PIV data.
6.6.1

CFD cavern analysis

In Figure 6.9, the development of a cavern is visualised by applying a threshold filter
with uthreshold =10−4 m s−1 over the entire CFD mesh volume. The presence of a cavern
is confirmed in both 50 and 75 rpm cases. For 50 rpm the cavern is unbounded, but for
the 75 rpm case, the cavern is partly bounded by the presence of the baffles but has not
reached the tank walls.
Next, Table 6.1 summarises the main cavern boundary information for the PIV and CFD
data. A good agreement can be noticed between the experimental and simulated Dc and
Vc for the 50 rpm case. Considering the CFD 3D integration variables (HBrecal model, 50
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Figure 6.8: Radial velocity contour of Ur and Uz for HBrecal (−), HBrecal (−·−) (τ0 =0.1, K =0.2)
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Figure 6.9: CFD cavern 3D visualisations for side and top views of a,b) 50 rpm , and c,d) 75
rpm.
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rpm) the estimated errors are 0.5% and 4% respectively. This is in stark contrast to the
much larger estimated error of 52% associated with the original HB model result.

0.3

120
100
80

Figure 6.10: CFD mean viscosity field of a vertical cross-section plane of the tank located between
the baffles for the 50 rpm case. uthreshold ( ) = 10−4 m s−1 ; η ( ) = 80, 100, 120 Pa·s.; τ ( )
= 0.3 Pa.

Figure 6.10 shows a visualization of η. Upon implementation of the viscosity model, it is
observed that non-zero velocity values (that have an associated viscosity) exist outside the
yield stress contour. Although not physically possible, the viscosity field is strong enough
to enforce a near zero velocity field outside the cavern. Moreover, the boundary cavern
defined by uthreshold seems to be associated with a value of η ≈80-120 Pa·s. Interestingly,
these viscosity values would have an associated shear rate value below the range displayed
in Figure 6.5 (γ̇ < 10−2 s−1 ), which is confirmed in Figure 6.11 by visualising the mean
shear rate field.
6.6.2

Cavern size estimation correlations

After analysing the results in terms of cavern size, a summary of literature correlations is
presented below.
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Table 6.1: Normalised cavern diameter and volume using PIV and CFD with different rheological
models.

PIV50rpm
PIVext,50rpm
CFD50rpm,2D
CFD50rpm,3D
CFD50rpm,3D
CFD75rpm,2D
CFD75rpm,3D
CFD75rpm,3D

Rheo. model

Observations

Dc /D

Vc /V[%]

HBrecal
HBrecal
HB
HBrecal
HBrecal
HB

uthreshold ≈ 10−4 m s−1
Only considering PIV size field
Extrapolation of cavern boundary to shaft
θ-averaged Dc ; 2D vol. integration;
Max. cavern Dc ; 3D vol. integration
Max. cavern Dc ; 3D vol. integration
θ-averaged Dc ; 2D vol. integration;
Max. cavern Dc ; 3D vol. integration
Max. cavern Dc ; 3D vol. integration

2.17
2.17
2.18
2.31
2.60
2.80
2.96

16.34
18.02
16.39
18.70
27.36
33.08
35.65
49.02

0.001
0.005
0.01

Figure 6.11: CFD mean shear rate field of a vertical cross-section plane of the tank located
between the baffles for the 50 rpm case. uthreshold ( ) = 10−4 m s−1 ; γ̇ ( ) = 0.01, 0.005, 0.001
s−1 ;
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Assuming that the shape and size of the cavern is mainly produced by tangential forces,
Solomon et al. [1981] proposed the following correlation:
Dc
D

!3
=

4P0
π3

!

ρN 2 D2
τ0

!
(6.9)

Where Dc , D [m] are the diameter of cavern and impeller, Np [-] the impeller power number,
ρ [kg m−3 ] the density of the fluid, N [s−1 ] the impeller stirring speed, and τ0 [Pa] the yield
stress of the fluid.
Additionally, Wilkens et al. [2005] derived the following correlation (assuming an elliptical
torus shape) using radial thrust and later modified its constants for an axial impeller:
 1/3
 1/3
T
T
; Hc = 1.13
Dc = 0.98
τ0
τ0

(6.10)

Where T [N· m] is the impeller’s torque. However, the authors state that the use of Eq.
6.10 is only valid for impellers for which radial thrust is dominant.
Next, Amanullah et al. [1998] derived the following correlation for a horn torus (torus with
zero inner radius) and for the first time took into account the axial force (fax ) generated
by axial impellers (but also applicable to radial impellers).
 D 2
c

D

Rey
=
π

r
Nf2 +

 4P 2
o

3π

(6.11)

Where Nf =Th=(fax /(ρN 2 D4 ), and Rey =(ρN 2 D2 )/τo the yield stress Reynolds number.
Assuming a spherical shape instead of a torus, Amanullah et al. [1998] also derived the
following equation (Nf =0) which is very similar to that of Eq. 6.9:
 D 3
c

 4P 
o
2
3π

(6.12)
D
The use of fax in Th has attracted recent attention due to its convenience to characterize
axial impellers [Uby, 2001]. Under certain conditions, it is more convenient to consider
the total axial (linear) momentum flux (∆F ) instead of the axial thrust. In this way, the
Momentum number Mo can be calculated by integration over the exit flow radial profile
of the impeller:
= Rey

RR
Mo =

0

2

2πρU z rdr
ρN 2 D4

(6.13)

Mo has the advantage that it correlates better with different process metrics [Machado
et al., 2012], and it can approximate fax (if direct measurements are not available) by
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using Eq. 6.13 [Fořt et al., 2013]. However, in this case, it would be required to
calculate the inflow and outflow radial integrations for an accurate value. Moreover, this
is presumably only valid under turbulent conditions where the impeller axial exit stream
is fully established. For this reason, fax and also T values will be obtained from CFD
simulations (to be used in literature correlations).
Story and Jaworski [2017] proposed a two-piece linear correlation (assuming a toroidal
shape) for unbounded and bounded cavern sizes tested for a Prochem Maxflo T impeller:
F =

q
2 ; f2 =
fφ2 + fax
φ

4T
3Rimp

 F

Dc
= 0.162
+ 0.912 for Dc ≤ Dtank − 2w
D
KD2 N n

(6.14)

 F

Dc
= 0.025
+ 2.22 for (Dtank − 2w) < Dc ≤ Dtank
(6.15)
D
KD2 N n
Where Dtank [m] is the diameter of the stirring tank, and w is the baffle width.
Recently, Russell et al. [2019] proposed the following correlation using dimensionless
numbers verified with geometric similarity across scales.
Dc
D

!
0.6 −0.1 −1
= Re−0.3
kS =
m Rey n

ρN 2−n D2
K

!−0.3

ρN 2 D2
τy

!0.6
n−0.1 kS−1

(6.16)

Where Rem is the modified power-law Reynolds number [-], and ks =kM O is the impeller
geometry constant or Metzner-Otto constant. Additionally, this correlation assumed a
toroidal shape and was tested against RT (horn torus cavern shape) and PBT (apple torus
cavern shape) impellers.
Finally, Xiao et al. [2014] developed a family of cavern shaped models that assumed the
torus geometry. Unlike other correlations, their correlations can take into account cavernvessel interactions and dual-impeller systems. Additionally, a constraint is placed on the
maximum allowed centre for the torus cavern (up to the tip of the impeller). This feature
allows the shape of the cavern to resemble an apple torus (also named spindle torus) by
an overlap of two circles in a 2D projection. Based on the caverns of Figure 6.3, only
considered is the correlation where the centre of the torus is at the tip of the impeller and
the cavern is still unbounded (Case 2 in Table 1 in Xiao et al. [2014]).

 D

tank − D
rc ∈ D/2, min C,
2
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!
 D   2r 2 Re r
 4P 2
c
y
o
π − arccos
=
Nf2 +
2rc
D
π
3π

(6.17)

Where rc [m] is the radius of the cavern measured from the tip of the impeller,
=0.015 [m] is the baffle width, C is the impeller off-bottom clearance [m]. rc
w= Dtank
10
is then obtained by solving Eq 6.17. Note that the rc limits were defined for tanks without
baffles.
6.6.3

Cavern size comparison

Figure 6.12 plots a cross-section of the cavern sizes estimated using different literature
correlations present in Table 6.2.
First, a difference should be noted between estimated values when compared to values
in Table 6.1. It seems that only models that assume a toroidal shape (horn or spindle
torus) produce good agreements in terms of cavern size diameter (Amanullah et al. [1998]
- Eq.6.11; Russell et al. [2019] - Eq.6.16; Xiao et al. [2014] - Eq.6.17). With respect
to volume size, only the correlation of Xiao et al. [2014] yields acceptable results. The
authors considered the most important correlation to be a theoretical cavern shape that
best resembles the experimental cavern. Even if volume size is moderately in agreement,
it is not entirely obvious since the position of the cavern does not correspond well to the
location of the experimental cavern (see Figure 6.12). Since a large portion of the upper
part seems to be part of the cavern, there is a systematic offset for all literature correlations.
However, these results should be interpreted with care since these values may be sensitive
to the parameters used in each correlation. For instance, some parameters in Table 6.2
were obtained from CFD simulations, and might largely depend on the parameters of the
rheological model used.

6.7

Conclusions

Although several arguments were provided in Section 6.5.1 to explain the discrepancies
between the PIV and CFD model, it is not possible to fully attribute the improvement
of the results based solely on a recalibration of the rheological model. The rheological
correction applied to the HB model (τ0 =0.2, K =0.2) improved the results for both 50 and
75 rpm, and it was similar in order of magnitude to that of the work of Chambon et al.
[2014]. However, since CFD involves the use of many numerical settings and model closures,
it is dangerous to propose a systematic modification of the rheological model parameters
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Figure 6.12: Cavern diameters (Dc /D) using different cavern literature correlations.
: PIV;
: CFD;
: Amanullah et al. [1998] - Eq.6.12;
Solomon et al. [1981] - Eq. 6.9; − · · −
Wilkens et al. [2005] - Eq. 6.10;
Amanullah et al. [1998] - Eq.6.11; − · −: Russell et al.
: Story and Jaworski [2017] - Eq.6.15
[2019] - Eq.6.16 − · − : Xiao et al. [2014] - Eq.6.17;

140

6.7 CONCLUSIONS

Table 6.2: Normalised cavern diameter and volume using different cavern literature correlations
for N = 50 rpm.

Reference
Solomon et al. [1981]
Wilkens et al. [2005]
Amanullah et al. [1998]

Correlation

Eq.
Eq.
Eq.
Eq.
Story and Jaworski [2017] Eq.
Eq.
Russell et al. [2019]
Eq.
Xiao et al. [2014]
Eq.

6.9
6.10
6.12
6.11
6.14
6.15
6.16
6.17

Dc /D

Vc /V [%]

P IVext,50rpm [%]

1.52
1.60
1.54
2.10
3.38
2.60
2.11
2.35

8.66
13.7
9.1
13.4
25.6
13.6
21.5

52.0
24.2
49.6
25.6
41.9
24.5
19.4

Parameters: TCFD =0.00526, fax,CFD =0.0613 , Np,CFD =0.627, Nf,CFD =0.174, Rey =43.40,
ks =1.51 (from Figure 4.20), and HBrecal (τ0 =0.360; K=0.363; n=0.577).

based on these type of studies. Instead, the value of the study relies on quantitatively
demonstrating the importance of rheological parameters in the CFD solution. Moreover,
this was demonstrated to not only affect the local velocity fields around the impeller, but it
also lead to a significant cavern volume overprediction. It is hypothesized that this would
have important implications if inaccurate CFD models are used to estimate active volumes
or for compartmental modelling discretization.
With respect to the cavern size, it is possible that some of the results from Sections 6.6.1 and
6.6.3 are influenced by the value of uthreshold used in this work. Although not performed
in this thesis additional PIV visualisation experiments as well as a uthreshold sensitivity
analysis are needed to confirm this.
On a technical note, although the value of the yield stress was shown to be important, using
the new implementation in Eq. 6.1 for this particular system has an unclear added value.
Use of the Papanastasiou regularisation might not have an important effect as compared
to other implementations (such as OpenFOAMs default implementation) if a sufficiently
high bounding viscosity fluid is considered. The sensitivity of the solution to different
regularisations could be further explored in the future.

CHAPTER 7
Conclusions and perspectives

“The purpose of (scientific)
computing is insight, not numbers.”
Richard Hamming

7.1

Conclusions

The work performed throughout this PhD thesis is aimed at gaining more fundamental
understanding in Anaerobic Digesters. Although the technology is well established, a
critical review revealed that the hydrodynamic behaviour of digesters is poorly understood.
As a consequence, traditional research in CFD AD modelling has been hampered by the
lack of validation data. This has led to the overuse of various modelling simplifications
and inconsistent practices in the CFD modelling community (which is a result of the large
uncertainties encountered during physical characterization of sludge’s). Based on these
results, several lines of research were pursued in this work as an attempt to fulfil the
objectives that were listed in Section 1.3. The following list highlights the most important
contributions obtained in each line of research:
 The study of the measuring campaign was aimed to test the stratification hypothesis
in a mechanically mixed full-scale digester. Its distinctive contribution is in providing
novel physical characterizations of different samples in terms of pH, bulk and floc
density, solid concentrations, and rheological behaviour. For this purpose, two nonstandard experimental measurement protocols were developed and applied, including
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a novel protocol to measure the floc density of digested sludge. Furthermore,
results from preliminary rheological characterizations showed that the rheological
parameters are highly affected by the rheological protocol used, especially in the
determination of the yield stress. Moreover, wall-slip was identified as a major issue
in rheological protocols and should be avoided. Despite these issues, it was concluded
that the full-scale digester did not show large stratification differences in terms of
rheological behaviour at different digester heights.
 A high quality PIV data set was obtained to study the hydrodynamics of mechanical
stirrers using axial impellers working with non-Newtonian fluids. This supplements
the hydrodynamic databases that are currently available to the scientific community,
particularly the one that studies non-Newtonian fluids with non-standard impellers.
The experiments were performed at three rotational speeds, which ranged from the
beginning of the transitional regime to the turbulent regime. Post-processing of
PIV data revealed spatial heterogeneities in terms of shear rate and viscosity fields
near the impeller. Results from this analysis showed that the statistical treatment
to compute mean viscosity fields could have implications in the accuracy of CFD
models if steady-state assumptions are invoked. Additionally, important conclusions
were obtained with respect to characteristic shear rates and Reynolds number for
non-Newtonian fluids.
 A methodology to build a CFD model of a mechanical stirrer in OpenFOAM was
described in full detail. Important numerical settings such as geometric fidelity, mesh
density, and numerical convergence were explored with a test case using water as a
fluid. The model accuracy was assessed by comparison with data from literature for
different locations below the impeller. The main objective of the model developed
was to test the use of the MRF approach to obtain steady-state fields. After an
extensive model validation exercise, the CFD model was proved to be sufficiently
accurate in terms of prediction the impeller torque, velocity profiles, and dissipation
rate of kinetic energy. Although some limitations were identified in the use of the
MRF approach, it still happens to be a useful modelling simplification. Based on
these results, the use of the MRF approach can be of great use for industry to model
large scale mechanical stirrers.
 In order to validate a CFD model with non-Newtonian fluids, additional PIV data
is presented and analysed to provide a simpler hydrodynamic database. Velocity
data was obtained in a radial-axial cross section of the mechanical stirrer at two low
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speeds: 50 and 75 rpm. The data confirmed that the low velocities meant that the
mechanical stirrer was operating in the laminar regime. Additionally, a cavern was
detected and its size was approximated. A first attempt to validate the CFD model
with the previous rheological model revealed important modelling discrepancies with
the PIV data. In order to obtain better agreements, a recalibration of the HB model
was performed on yield stress and consistency index. Predictions were substantially
improved in terms of velocity profiles with a 3% error in cavern volume estimation
for the 50 rpm case.
Based on these results, one of the main findings from this research is that developing an
accurate CFD model is not a trivial exercise, and requires expertise in multiple domains.
Furthermore, the lack of knowledge on how to physically characterise these systems was
the main limitation identified for building robust CFD models. It is forecasted that if the
community continues to rely on poorly validated CFD models, large uncertainty errors will
downgrade the accuracy of the models, especially when used in combination with other
interesting processes for AD. For instance, over prediction of velocity fields and active
volumes will force the modeller to recalibrate other process parameters, such as biokinetic
parameters, and the fundamental nature of the whole approach is lost.
To sum up, this validation exercise has evaluated the prediction capabilities of CFD
models when modelling stirring tanks using non-Newtonian fluids. It is hoped that
these studies will contribute to increasing the confidence of the community in using CFD
models, especially when used beyond their validation range. It is hoped that the lab-scale
“validated” CFD model presented in Chapter 6 will strengthen the inference process when
building CFD models for full-scale digesters in the future.

7.2

Future prospects

The following list enumerates potential research lines that could be followed in the future
and benefit both CFD modelling and AD.
7.2.1

Modellers vs Experimentalist

As shown in Chapter 2, there are many opportunities to improve our understanding of the
AD process at different scales. Moreover, new research lines can benefit from symbiotic
collaboration between modellers and experimentalists. The multidisciplinary approach
followed in this thesis showed that a better understanding was only obtained when there was

144

7.2 FUTURE PROSPECTS

a successful collaboration between people from different fields and expertise. Thus, robust
CFD models can be created by combining the expertise of different experts with dedicated
modelling experiments. In this way, modellers could accordingly update their CFD models
and suggest additional experiments. The focus should not just be on technology proofof-concept demonstration, but also on performing physical characterisation experiments.
Other environmental research lines may also benefit from the methodologies applied
throughout this thesis because hydrodynamics plays a central role in technology upscaling.
The use of open-source software tools can boost this collaboration further through easier
code sharing/debugging and CFD results replication, which is rarely performed with the
current CFD commercial software in the environmental field.
7.2.2

Rheology and its impact on CFD modelling

Two main directions can be followed for reliably proving the safe use of rheological models
in CFD:
 More and extensive testing of rheological models with respect to macroscopic model
CFD validation is needed. Since much of the AD work focuses on steady-state
modelling, some of these issues are identified as important in Section 6.5, albeit
for a simpler fluid such as Carbopol. Although there is a lot of recent work in sludge
rheology, these models need macroscopic validation.
 Time-dependent model parameters need to be used in rheological models to capture
thixotropy and viscoelastic effects. Although this seems to be the most natural
direction to follow, it is unclear what their added value would be in the near future
for CFD modelling. For simple yield fluids, Divoux et al. [2011] demonstrated the
dependence of the HB parameters on the fluidisation process, and furthermore that its
calibration was feasible by performing dedicated rheological experiments. Likewise,
advances in complex rheology have provided rheological models that can capture
time-dependent processes. The work of Mohtaschemi et al. [2014] includes a PBM
model to account for solid aggregation dynamics that was able to describe the timedependent rheology, characteristic to HB models.

7.2.3

New data sets for sludge hydrodynamic analysis

Although Chapter 4 mentions the use of a surrogate fluid to represent sludge, more
research is needed to study the flow in digesters with real sludge. Although there are some
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experimental techniques available (e.g. tracer tests), additional experimental techniques
are needed to characterise the contents of real digesters. Also needed are more lab or
pilot scale works in order to provide additional data sets for CFD modelling comparison.
Hydrodynamic analysis should include velocity measurements at different flow regimes
and cavern sizes, for distinct geometries and impellers. More experiments measuring
the degree of sedimentation and stratification in terms of TS and bottom-sediments are
likewise needed. This is important for characterising the full-scale systems that are prone
to stratification given their initial feed. Lastly, studies measuring biogas yield with respect
to different energy consumptions and mixing modes should be explored by CFD modelling
to test for replication.
7.2.4

CFD model evaluation using the generated data set

Chapter 4 contains a detailed analysis of the flow of a non-Newtonian fluid (shearthinning and yield stress) at three different fluid regimes (beginning of transitional to
almost turbulent). Since the data set contains the measurements of mean and fluctuating
velocities, different turbulence models could be tested to measure their accuracy at different
locations. Validation of stirring tank CFD models that combine rheological properties
and turbulence effects are a great challenge. Given that most of the turbulence model
recommendations are derived using Newtonian fluids, more research is needed to verify if
some popular assumptions would also hold true for non-Newtonian fluids. For instance,
this could lead to: 1) study the development of turbulence using non-Newtonian fluids at
different transitional stages, 2) establish the limits for modelling laminar vs transitional vs
turbulent regimes [Wang et al., 2019], and 3) verify the use of standard Newtonian wall
functions in non-Newtonian systems in predicting wall shears [Mehta et al., 2018].
7.2.5

Proper closure of multiphase anaerobic digestion models

The development of the CFD stirring tank model in Chapter 6 assumes that the sludge
behaves as a single homogeneous incompressible fluid (neglecting all thermal effects).
This was due to the apparent homogeneity displayed by results obtained in Chapter 3.
Additionally, it was also a convenient simplification for modelling purposes. However,
a continuous production of biogas occurs inside the digester, which is then released at
the fluid surface. It can thus be argued that the local micromixing from biogas bubbles
would contribute to the overall mixing of the sludge. However, more research is needed to
elucidate its overall macroscopic influence. This is essential to determine whether or not
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this mixing process needs to be included in mechanical stirrers. Moreover, the author is
unaware of studies that measure biogas bubble diameters, or their formation in continuous
stirring tank digesters. Likewise, the nucleation and spatial distribution of sources of
biogas bubbles should be studied first prior to their inclusion in CFD modelling. As a
first estimate, for UASB reactors stable granule sizes have been reported in the order of
1 mm [Mu and Yu, 2006], which has been used to derive a biogas bubble diameter of
0.1 mm in modelling studies [Ren et al., 2009] (which is in accordance with measured
< 0.36 mm bubble diameters reported in Jiang et al. [2014]). It is presumed that these
microbubbles will coalesce due to the highly viscous medium and rise when they have
achieved a sufficiently large size.
Even when modelling multiphase systems (such as biogas injection), modelling
uncertainties are still present when dealing with multiphase flows. It is common to invoke
classical correlations (mostly derived for simplified 2D bubbly flows in Newtonian fluids)
to provide closure for drag, lift, virtual mass, and turbulent dispersion force terms in
Eulerian modelling frameworks. The lack of studies in AD to provide proper correlation
closure when describing biogas-sludge interactions imposes large uncertainties when these
models are used for large scale digesters mixed with biogas.
Moreover, thermal effects could be important when considering temperature gradients
inside the reactor. Although the inclusion of temperature dependency is possible
in rheological models, more experimental work is needed to determine the possible
temperature range gradient in a full-scale digester. These effects are expected to be only
important when there are large differences in temperature between the feed and the internal
sludge, or due to bad digester insulation and designs (especially in cold-weather countries).
7.2.6

Using CFD for process models and tank compartmentalisation

Validated CFD models can provide a wealth of information for use in other 1/2D process
models. Deriving macroscopic information from microscale variables has the advantage
that it is more realistic, and one can include the spatial dependency of the variable (such
as in a distribution). This is especially attractive for complex processes that are difficult to
integrate into CFD modelling (due to the resources needed or the associated programming
challenges). For instance, integration of the ADM1 in CFD codes remains an elusive task
since it is a stiff system to solve. The ADM1 model requires the coupling of fast chemical
reactions (to determine pH) and slow biokinetic rates (as described in Section 2.1.5). The
combination of highly different time scales constitutes a challenge for any solver, and poses
some programming challenges for its implementation [Gaden, 2013].
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A validated CFD model provides sufficient information to test different
compartmentalisation methodologies. Traditional methodologies use velocity as the
compartmentalisation criterion to determine the number, boundaries, and volumes of the
stirred tank compartments as well as exchange fluxes. However, recent research has
proved that other variables may be more useful as compartmentalisation criterion (see
Bezzo et al. [2004] or Jourdan et al. [2019]).
Even if one wants to use
homogeneous-volume zoning or spatial-coordinate zoning, CFD models contain enough
information to test the compartmentalisation methodology best suited for a given
process.
Velocity and turbulent kinetic energy have been proved to be good
compartmentalisation variables for stirring tanks operating with turbulent flow [Delafosse
et al., 2014]. For other processes, it might be essential to provide other accurate local
microscale variables. For instance, processes that are shear sensitive will benefit from an
accurate description of 0 as performed in Chapter 5. These include crystallization,
liquid-liquid dispersion, gas-liquid mixing, and flocculation-coagulation to name a few.
For AD, it would be interesting to conduct different compartmentalisation studies to
determine the key variable (shear rate, velocity, viscosity, concentration of a certain species,
etc.). If a biokinetic model is considered (such as the ADM1), a correct and verified
description of the compartments based on different AD reaction time-scales is still to come.
As an alternative to CFD-PBM models, the volume-average approach has been recently
demonstrated to be of similar performance in providing accurate source terms for the PBM
model [Buffo et al., 2016]. This was successfully implemented in liquid-liquid dispersions
[Castellano et al., 2018], but it could also be useful and explored for testing in AD.

PART I
APPENDICES

APPENDIX A
Chapter 3

A.1

Calibration of a rheological model

The model behaviour is confronted with the (uncertain) measurement data, the (uncertain)
model parameters, and the (uncertain) model structure.
We use the classical objective function (J) to find the set of parameters (θ) that minimises
the function:
SSE = J(θ) =

N
X
i=1

(yi − ŷi (xi , θ))T ·

X−1
i

· (yi − ŷi (xi , θ)))

Where: SSE = J(θ) is the cost function that is normally used to minimise the Sum
of Squared Errors with a set of parameters (θ), y represents a N xM matrix containing
the M measurements with N samples, ŷ represents an N xM matrix containing the M
P
model predictions for N samples, −1 is the inverse of the measurement error covariance
matrix (diagonal: variance of measurement; off-diagonal: covariances between the different
measurements, usually zero or not available). This assumes that the measurements at the
given locations can be described by independent, normally distributed random variables
with mean equal to the deterministic model results and known standard deviation σi .
The discrimination of models is mainly based on visual inspection and aid with the standard
goodness of fit based on the coefficient of determination (R2 ). Although R2 might not be
the best metric to be used since the error distribution of rheological data does not follow a
normal distribution (not shown), it will still be used since it is commonly used in rheology
studies (e.g Giuseppe et al. [2015]).
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Although more elaborate methods exist for model discrimination (e.g. Akaike’s Information
Criteria (AIC)), they are not used since they require a more elaborate analysis, and
furthermore AIC requires the specification of the prior error distribution.
A.1.1

Single calibration using a local optimizer solver

The calibration is performed by minimising the nonlinear least-squares objective function
(SSE) with bounds on the variables. More specifically, it uses the Trust Region Reflective
algorithm (robust). We use scipy.curve fit when the inverse of the measurement
uncertainty covariance matrix is used to give weights. sigma=None when it is not
available.

APPENDIX B
Chapter 4

B.1

Theory and implementation of POD (method of snapshots)

For all the NPIV snapshots, the discrete form of the spatial autocorrelation tensor of velocity
(M) can be written as follows:
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with size 2LCNPIV , and u, v being the 2D velocity components. The two-point velocity
correlation (R) is calculated as:
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with size 2LC 2 , and T being the transpose operator.
Then, the solution is obtained by solving the Eigen decomposition problem for the system:
Rφ(I) = λ(I) φ(I)
Or equivalently in its integral form (Fredholm integral eigenvalue):
Z

L

x=1

Z

C

R(x, y, x0 , y 0 )φ(I) dx0 dy 0 = λ(I) φ(I) (x, y)

y=1

To resolve this system, the discrete form of R∗ is used instead of the spatial autocorrelation
tensor R due to the massive savings of computational resources when used with the latter
method ((2LC)2 NPIV 2 ; e.g. p.1360 in Tropea et al. [2007]). Following Sirovich [1987],
the method of snapshot POD reads as:
R∗ =

1
NP IV

MT M

R∗ a(I) = λ(I) a(I)
With size NPIV 2 , and λI being the eigenvalues of the decomposition. The snapshot POD
method yields the same temporal coefficients and eigenvalues as the Eigendecomposition
of M by recovering the eigenvectors with the following re-arrangement:
φ(I) =

M · a(I)
kM · a(I) k2

Where
k · k2
is the Euclidian norm for normalising all modes. An interesting property of the
normalisation is that the order of magnitude for each component of φ(I) in the 2D PIV
1
plane is approximately √LC
≈ 10−2 since:
L X
C 

X
(I)2
(I)2
φX (x, y) + φY (x, y) = 1
x=1 y=1
(I)
φX ,

(I)
φY

Where
are the X and Y direction components of the I th -eigenvector at location
(x,y).
Thus, the first and second moments of the time-dependent coefficients are given by:
(I)

ak = 0
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(I) (J)
ak ak

N
1 X (I) (J)
=
a a = λ(I) δij
N k=1 k k

With δij being the identity matrix.
Therefore, the instantaneous kth -velocity vector can be decomposed into its mean (I=1),
periodic (I = O − P ), and turbulent (I = P + 1−NPIV ) components:
ek (x, y, t) + U 0 (x, y, t)
Uk (x, y, t) = U k (x, y) + Uk,f luc (x, y, t) = U k (x, y) + U
k

Uk (y, z, t) =

(1)
ak (t)

(1)

· φ (y, z) +

P
X

(I)
ak (t)

(I)

· φ (y, z) +

I=0

N
P IV
X

(I)

ak (t) · φ(I) (y, z)

I=P +1

Accordingly, the Total Kinetic Energy in the 2D PIV plane can be decomposed depending
on the number of modes chosen using the following equation:
K2D

NP IV
1 X
λ(I) · φ(I) (y, z) · φ(I) (y, z)
=
2 I=1

If the kinetic energy is averaged over the whole PIV plane, this leads to:
K2D =

N
P IV
X

(I)
K2D

I=1

NP IV
h
i
1 X
λ(I) m2 s−2
=
2 I=1

An estimation of the kinetic energy of a single mode is obtained by evaluating the above
expression for the Ith mode of interest. Since the Eigendecomposition produces a modal
basis with its eigenvalues ordered in decreasing order of magnitude ( λ(I=1) > λ(I=2) >
· · · > λ(I=NP IV ) ), the modes are ordered according to their relative contribution to the
Total Kinetic Energy.

B.2

2. Estimation of shear rate from PIV data

In 2D PIV it is only possible to directly obtain 6 of the 9 original components of the
velocity gradient tensor Aij .
In fluid dynamics, an important quantity is the deformation tensor (A = Aij ) which
contains all individual velocity gradients:
 ∂U ∂U ∂U   ∂u ∂v ∂w 
∂Ui
A = Aij =
=
∂xj

1

2

∂x
 ∂U11
 ∂x2
∂U1
∂x3

∂x1
∂U2
∂x2
∂U2
∂x3

3

∂x1
∂U3 
∂x2 
∂U3
∂x3

∂x


=  ∂u
∂y
∂u
∂z

∂x
∂v
∂y
∂v
∂z

∂x
∂w 
∂y 
∂w
∂z
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Where Ui is the ith fluid velocity component with jth spatial dimension considered. Note
that bold symbols are expressed in Gibb’s notation, and the index notation refers to
quantities expressed in the Cartesian coordinate frame unless expressed otherwise. The
orthonormal basis indexes for the Cartesian reference frame will be (e1 , e2 , e3 ) or (ex , ey , ez ).
It is sometime useful to decompose it into a symmetric (shearing) and anti-symmetric
(vorticity) part:
1 ∂Ui ∂Uj
+
Aij = Sij + Ωij =
2 ∂xj
∂xi

!

1 ∂Ui ∂Uj
+
−
2 ∂xj
∂xi

!

The shear rate (γ̇) or the magnitude of the rate of strain tensor (|γ̇|) quantifies the rate at
which an element of fluid is being deformed or strained.
r
γ̇ = ||γ̇|| =

1
γ̇ : γ̇
2

(B.1)

γ̇ = (∇U + ∇UT )
Where: ∇ is the gradient operator, T the subscript of the transpose matrix operation, and
the operator : is the scalar product for the two tensors.
For completeness, another common definition in fluid dynamics is given by taking the
second invariant (IIS ) of the shear strain tensor (S, as it directly contains the normal and
shearing strains that an element of fluid can experience):
1
1  ∂Ui ∂Uj 
S = (∇U + ∇UT ); Sij =
+
2
2 ∂xj
∂xi
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1 ∂u
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+ ∂w
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 ∂y
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Where i, j=1,2,3 (or to X, Y, Z).
v
u 3 3
p
√
u 1 X X ∂Ui  ∂Ui ∂Uj 
γ̇ = 2IIS = 2S : S = t
+
2 i=1 j=1 ∂xj ∂xj
∂xi
In a 2D PIV plane (e.g. XZ) it is possible to reconstruct the instantaneous local total
shear rate as:
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s  
 2
 2    2
2
∂v
∂w
∂x
∂v
∂w
= 2
+2
+2
+
+
∂y
∂z
∂u
∂z
∂y

∂v
Where ∂u
= − ∂y
− ∂w
by assuming that the divergence of velocity is zero.
∂x
∂z
The calculation of the velocity gradients using spatial finite sampled data is performed by
the following Central Difference (CD) discretization scheme:



∂U
∂X




≈

i

Ui+1 + Ui−1
2∆x
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APPENDIX C
Chapter 5

C.1

OpenFOAM toolbox

Although there exists a wide range of CFD software, the majority of work performed in
stirring tanks have used commercial CFD software (see Section 5.1). The advantage of
commercial software is that it allows a non-CFD expert to perform state-of-the-art and
industrially relevant simulations. Moreover, they generally provide good documentation
and provide an user-friendly interface. However, their high license costs and source-code
protection have encouraged both academia and industry to seek other CFD alternatives.
Although there are some promising non-commercial software available, OpenFOAM is
becoming a popular choice.
OpenFOAM [OpenFOAM, 2019], is an open-source computational toolbox capable of
simulating a great variety of fluid flow processes with an emphasis on solving equations
through the FVM [Marić et al., 2014]. More specifically, it consists of a collection
of precompiled libraries that provide the user with pre-processing capabilities, a range
of equations with its solvers, post-processing tools, and a large collection of tutorials.
OpenFOAM is written in C++ and makes heavy use of object-oriented programming
techniques. For instance, its top-level syntax makes heavy use of operator overloading.
This feature allows the user to manipulate OpenFOAM tensorial fields in a similar fashion
to that of mathematical notation [Weller et al., 1998]. Thus, it enables the average user
to extend the simulation capabilities of OpenFOAM by including new partial differential
equations or adding new constitutive equations [Jasak et al., 2007]. Moreover, it is a
fully parallelizable software (through MPI protocol) which means that it can perform
resource intensive simulations in high-performance clusters. Moreover, its open-source
nature (released under the GNU General Public License) enables the user to have access to
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the source code for free, and it permits easier scientific reproducibility since a complete case
can be specified with few text dictionaries. However, it has some well known disadvantages.
For instance, OpenFOAM has a steeper learning curve than commercial software; basic
knowledge of programming is often required; it operates within UNIX environments, and
its resources are greatly scattered throughout the internet.
Taking into account the aforementioned issues, these features make OpenFOAM a suitable
candidate to tackle the modelling challenges arising from stirring tanks. Some details on
the CFD model settings used are provided below.

C.2

OpenFOAM case details

blockMesh + snappyHexMesh

BlockMesh is a multi-block mesh generator that was used to generate a background
structured grid for snappyHexMesh. The background mesh is composed of the tank
cylinder with a solid bottom and a splined-modified “O-grid” topology. This topology
combines cylindrical cells close to the walls and regular hexahedral cells at the center.
Further details can be found on blockMeshDict dictionary on Appendix C.2.1.
SHM is an automatic split hexahedral mesher that generates 3D meshes from a triangulated
geometry in STL format. Thus, snappyHexMesh is used to generate a predominantly
hexahedral mesh using layer castellation and posterior refinement. The addition of
(boundary) layers was not performed since homogeneous boundary layers around the
impeller blades could not be obtained within a limited period. Additionally, baffles have
been treated as zero-thickness walls since much of the computational effort is focused in
the impeller vicinity. For more information, an example of a snappyHexMeshDict can
be found in Appendix C.2.1. The main procedure followed between meshes was to define
enclosing cylinders below the impeller. A progressive refinement level in each cylinder was
applied from the tank walls to the impeller as shown in Figure C.1.
C.2.1

BlockMeshDict

Listing C.1: BlockMeshDict of stirring tank.
12
13
14
15
16

r1 0.135; // Radius of the inner mesh
r2 0.225; // Radius of the reactor vessel
h 0.30; // Positive height of the reactor vessel
h_
-0.15; // Negative height of the reactor vessel
bf 0.045; // Baffle width
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Figure C.1: Example of blockMesh + snappyHexMesh using the scanned A310 impeller CAD
for the R8 mesh.
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

nxy
35; // Number of cells in
nz
60; // Number of cells in the axial direction
nr
25; // Number of cells in the radial direction of the outer part
r1_ # calc " - $ r1 " ;
r2_ # calc " - $ r2 " ;
pi # calc " Foam :: constant :: mathematical :: pi " ;
vertices
(
( $ r1 0.0
$ h_ ) // 0
( $ r2 0.0
$ h_ ) // 1
( 0.0 $ r1
$ h_ ) // 2
( 0.0 $ r2
$ h_ ) // 3
( $ r1_ 0.0
$ h_ ) // 4
( $ r2_ 0.0
$ h_ ) // 5
( 0.0 $ r1_ $ h_ ) // 6
( 0.0 $ r2_ $ h_ ) // 7
( $ r1 0.0
$ h ) // 8
( $ r2 0.0
$ h ) // 9
( 0.0 $ r1
$ h ) // 10
( 0.0 $ r2
$ h ) // 11
( $ r1_ 0.0
$ h ) // 12
( $ r2_ 0.0
$ h ) // 13
( 0.0 $ r1_ $ h ) // 14
( 0.0 $ r2_ $ h ) // 15
);
blocks
(
hex (0 1 3 2 8 9 11 10) base ( $ nr $ nxy $ nz ) simpleGrading (1 1 2)
hex (2 3 5 4 10 11 13 12) base ( $ nr $ nxy $ nz ) simpleGrading (1 1 2)
hex (4 5 7 6 12 13 15 14) base ( $ nr $ nxy $ nz ) simpleGrading (1 1 2)
hex (6 7 1 0 14 15 9 8) base ( $ nr $ nxy $ nz ) simpleGrading (1 1 2)
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
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hex (0 2 4 6 8

10 12 14) base ( $ nxy $ nxy $ nz ) simpleGrading (1 1 2)

);
edges
(
// Spline grid topology
arc 1 3 (# calc " $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " $ r2 * Foam :: sin ( $ pi /4.0) " $ h_ )
arc 3 5 (# calc " - $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " $ r2 * Foam :: sin ( $ pi /4.0) " $ h_ )
arc 5 7 (# calc " - $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r2 * Foam :: sin ( $ pi /4.0) " $ h_ )
arc 7 1 (# calc " $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r2 * Foam :: sin ( $ pi /4.0) " $ h_ )
arc 9 11 (# calc " $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " $ r2 * Foam :: sin ( $ pi /4.0) " $ h )
arc 11 13 (# calc " - $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " $ r2 * Foam :: sin ( $ pi /4.0) " $ h )
arc 13 15 (# calc " - $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r2 * Foam :: sin ( $ pi /4.0) " $ h )
arc 15 9 (# calc " $ r2 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r2 * Foam :: sin ( $ pi /4.0) " $ h )
spline 0 2 ((# calc " $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " $ r1 * Foam :: sin ( $ pi /4.0) " $ h_ ) )
spline 2 4 ((# calc " - $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " $ r1 * Foam :: sin ( $ pi /4.0) " $ h_ ) )
spline 4 6 ((# calc " - $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r1 * Foam :: sin ( $ pi /4.0) " $ h_ ) )
spline 6 0 ((# calc " $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r1 * Foam :: sin ( $ pi /4.0) " $ h_ ) )
spline 8 10 ((# calc " $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " $ r1 * Foam :: sin ( $ pi /4.0) " $ h ) )
spline 10 12 ((# calc " - $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " $ r1 * Foam :: sin ( $ pi /4.0) " $ h ) )
spline 12 14 ((# calc " - $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r1 * Foam :: sin ( $ pi /4.0) " $ h ) )
spline 14 8 ((# calc " $ r1 * Foam :: cos ( $ pi /4.0) "
# calc " - $ r1 * Foam :: sin ( $ pi /4.0) " $ h ) )
);
boundary
(
wall_reactor
{
type wall ;
faces
(
(
1
(
3
(
5
(
7
);
}
top

3
5
7
1

11
13
15
9

9)
11)
13)
15)
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102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
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{
type patch ;
faces
(
(
8
9
( 10 11
( 12 13
( 14 15
(
8 10
);
}
bottom
{
type wall ;
faces
(
(
0
(
2
(
4
(
6
(
0
);
}

2
4
6
0
6

11
13
15
9
12

10)
12)
14)
8)
14)

3
5
7
1
4

1)
3)
5)
7)
2)

);
m er ge Pa t ch Pa ir s
(
);

C.2.2

snappyHexMeshDict

Water tightness is checked on all STL files before using them with snappyHexMesh. Then,
proper scaling and surface orientation are ensured by running the following commands:
surfaceTransformPoints -scale "(0.001 0.001 0.001)"
,→
constant/triSurface/<name>.stl
,→
constant/triSurface/new_stl/<name>_scaled.stl
surfaceOrient constant/triSurface/<name>.stl "(1e10 1e10 1e10)"
,→
constant/triSurface/<name>.stl
Listing C.2: snappyHexMeshDict of R7 refinement.
18
19
20
21
22
23
24
25

c as te ll a te dM es h true ;
snap
true ;
addLayers
false ;
// Geometry . Definition of all surfaces . All surfaces are of class
// s e a r c h a b l e S u r f a c e .
geometry
{
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
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A310_1_scaled . stl
{
type triSurfa ceMesh ;
name Impeller ;
}
shaf t_2_scal ed . stl
{
type triSurfa ceMesh ;
name Shaft ;
}
s h a f t _ l o w _ 2 _ s c a l e d . stl
{
type triSurfa ceMesh ;
name Shaft_low ;
}
b a f f l e _ l e f t _ s c a l e d . stl
{
type triSurfa ceMesh ;
name baffle_left ;
}
b a f f l e _ u p _ s c a l ed . stl
{
type triSurfa ceMesh ;
name baffle_up ;
}
b a f f l e _ r i g h t _ s c a l e d . stl
{
type triSurfa ceMesh ;
name baffle_right ;
}
b a f f l e _ d o w n _ s c a l e d . stl
{
type triSurfa ceMesh ;
name baffle_down ;
}
// Preferred over stl because it reduces " jagged " edges
MRF_cylinder
{
type
searchableCylinder ;
point1
(0 0 -0.0075) ;
point2
(0 0 0.0231) ;
radius
0.079;
}
refinementcylinder_middle
{
type
searchableCylinder ;
point1
(0 0 -0.090) ;
point2
(0 0 -0.0075) ;
radius
0.125;
}
refinementcylinder_bottom_top
{
type
searchableCylinder ;
point1
(0 0 -0.15) ;
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80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

point2
radius
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(0 0 0.04) ;
0.125;

}
};
// Settings for the c as t el la te d Me sh generation .
castellatedMeshControls
{
maxLocalCells 100000;
maxGl obalCel ls 11000000;
m i n R e f i n e m e n t C e l l s 10;
m a x Lo a d U n b a l a n c e 0.10;
n C e l l s B e t w e e n L e v e l s 3;
features
(
);
// Surface based refinement
// ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
refinementSurfaces
{
Impeller
{
// Surface - wise min and max refinement level
level (0 0) ;
patchInfo
{
type wall ;
}
}
Shaft
{
// Surface - wise min and max refinement level
level (2 2) ;
patchInfo
{
type wall ;
}
}
Shaft_low
{
// Surface - wise min and max refinement level
level (0 0) ;
{
type wall ;
}*/
}
// Generation of cellZone for the MRF
{
level (0 0) ;
faceType internal ; // or boundary for AMI
faceZone rotating ; // name of faceZone
cellZone rotating ; // name of cellZone
cellZ oneInsi de inside ; // to include all cells inside MRF cylinder
}
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134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
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baffle_left
{
level
(0 0) ;
faceType baffle ;
}
baffle_up
{
level
(0 0) ;
faceType baffle ;
}
baffle_right
{
level
(0 0) ;
faceType baffle ;
}
baffle_down
{
level
(0 0) ;
faceType baffle ;
}
}
// Resolve sharp angles
r e s o l v e F e a t u r e A n g l e 30;
// Region - wise refinement
// ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
refinementRegions
{
MRF_cylinder
{
mode inside ;
levels ((1 e15 5) ) ;
}
refinementcylinder_middle
{
mode inside ;
levels ((1 e15 3) ) ;
}
refinementcylinder_bottom_top
{
mode inside ;
levels ((1 e15 2) ) ;
}
}
// Mesh selection
// ~~~ ~~~~~~~ ~~~~
locat ionInMe sh (0.03 0.03 0.005) ; // Check with Paraview if it is correct
a l l o w F r e e S t a n d i n g Z o n e F a c e s false ;
}
// Settings for the snapping .
snapControls
{
nSmoothPatch 5;
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188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

tolerance 2.0;
nSolveIter 200;
nRelaxIter 20;
n F e a t u r e S n a p I t e r 10;
i m p l i c i t F e a t u r e S n a p false ;
e x p l i c i t F e a t u r e S n a p false ;
m u l t i R e g i o n F e a t u r e S n a p false ;
}
// Generic mesh quality settings .
meshQualityControls
{
// # include " me sh Qu a li ty D ic t "
maxNonOrtho 65;
m a x B o u n d a r y S k e w n e s s 10;
m a x I n t e r n a l S k e w n e s s 2;
maxConcave 80;
minVol 1e -13;
minTetQuality -1; // 1e -30;
minArea -1;
minTwist 0.01;
minDe termina nt 0.001;
minFaceWeight 0.05;
minVolRatio 0.01;
m i n T r i a n g l e T w i s t -1;
// Advanced
nSmoothScale 4;
error Reducti on 0.75;
relaxed
{
maxNonOrtho 75;
m a x I n t e r n a l S k e w n e s s 3;
m a x B o u n d a r y S k e w n e s s 20;
}
}
merg eToleran ce 1e -6;

C.2.3

CheckMesh

checkMesh -constant -allGeometry -allTopology > log.checkMesh
Listing C.3: Condensed checkMesh log file for R7 refinement.
22
23
24
25
26
27
28
29

Create time
Create polyMesh for time = constant
Enabling all ( cell , face , edge , point ) topology checks .
Enabling all geometry checks .
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
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Time = constant
Mesh stats
points :
16116829
faces :
47917787
internal faces :
47809328
cells :
15901975
faces per cell :
6.0198255
boundary patches : 10
point zones :
0
face zones :
1
cell zones :
2
Overall number of cells of each type :
hexahedra :
15787420
prisms :
1795
wedges :
0
pyramids :
0
tet wedges :
9
tetrahedra :
0
polyhedra :
112751
Breakdown of polyhedra by number of faces :
faces
number of cells
4
2100
5
1522
6
8966
7
13
8
1
9
92786
12
7281
15
81
18
1
Checking geometry ...
Overall domain bounding box ( -0.22499769 -0.22499779 -0.15) (0.22495418 0.22499779
0.3)
Mesh has 3 geometric ( non - empty / wedge ) directions (1 1 1)
Mesh has 3 solution ( non - empty ) directions (1 1 1)
Boundary openness ( -6.11718 e -17 -1.6933181 e -17 -7.8773335 e -16) OK .
Max cell openness = 4.0483588 e -16 OK .
Max aspect ratio = 13.510984 OK .
Minimum face area = 3.3539832 e -08. Maximum face area = 0.0001 0912531. Face area
magnitudes OK .
Min volume = 1.7872094 e -11. Max volume = 6.1501189 e -07. Total volume =
0.071479293. Cell volumes OK .
Mesh non - orthogonality Max : 65.532964 average : 18.192584
Non - orthogonality check OK .
Face pyramids OK .
Max skewness = 3.7932006 OK .
Coupled point location match ( average 0) OK .
*** Error in face tets : 184 faces with low quality or negative volume decomposition
tets .
<< Writing 182 faces with low quality or negative volume decomposition tets to set
lowQualityTetFaces
Min / max edge length = 4.1844182 e -06 0.010503557 OK .
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80
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<< Writing 2610 near ( closer than 7.7939252 e -07 apart ) points to set nearPoints
* There are 420 faces with concave angles between consecutive edges . Max concave
angle = 79.494793 degrees .
<< Writing 420 faces with concave angles to set concaveFaces
Face flatness (1 = flat , 0 = butterfly ) : min = 0.39817736 average = 0.999989
* There are 24 faces with ratio between projected and actual area < 0.8
Minimum ratio ( minimum flatness , maximum warpage ) = 0.39817736
<< Writing 24 warped faces to set warpedFaces
Cell determinant ( wellposedness ) : minimum : 0.0030527538 average : 6.942716
Cell determinant check OK .
*** Concave cells ( using face planes ) found , number of cells : 85695
<< Writing 85695 concave cells to set concaveCells
Face interpolation weight : minimum : 0.12701765 average : 0.49787724
Face interpolation weight check OK .
Face volume ratio : minimum : 0.043238896 average : 0.98820964
Face volume ratio check OK .

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95 Failed 2 mesh checks .
96
97 End

C.2.4

PointWise

PointWise (V18) is a dedicated commercial mesh software well known to produce high
quality meshes. In a first step, PW is used to generate different structured regions with
hexahedral cells around the rotating frame. In a second step, the T-Rex tool is applied to
populate the rotating frame creating a hybrid mesh. T-Rex allows the extrusion of high
quality layer cells (around the airfoil blade) to the rest of the unstructured isotropic cells
of the rotating frame in a fully controllable procedure. Appendix C.2.4 summarises the
main procedures taken that lead to the generation of the PointWise mesh.
Table C.1 summarises the main cell count, as well as other important information with
respect to mesh quality. For SHM, the meshing algorithm tried to obey the entries in
meshQualityDict with respect to non-orthogonality (<65°) and skewness (<3°) limits.
For PW, settings of the T-Rex algorithm were tested to provide a non-orthogonality limit
<70°. The meshing procedure was iterated until the non-orthogonality limit of <100 (for
SHM) and < 1000 (for PW) cells did not violate the mesh quality metrics.
The following procedure is followed to export the mesh from PointWise to OpenFOAM.
The following settings have been applied to reduce checkMesh (non-orthogonality<70-75°
and skewness<4) as much as possible.
1. Main T-Rex layers settings:
 Maximum Layers:15

170

C.2 OPENFOAM CASE DETAILS

Figure C.2: Example of PointWise mesh (PW1) using the scanned A310 impeller.
Table C.1: Mesh metrics for SnappyHexMesh and PointWise meshes.

Mesh

ncells

nhex.cells

370,033
551,735
2,261,967
3,246,637
6,271,205
8,436,805
15,901,975
17,411,433

SHM-draw
DR1
14,203,583

SHM-scan
R1
R2
R3
R4
R5
R6
R7
R8

PW-scan
PW1
PW2
PW3

4,181,603
11,168,487
16,197,661

Non-Ortho.AVG

Non-Ortho.MAX

SkewnessMAX

366,854
535,373
2,225,935
3,186,644
6,051,640
8,298,279
15,787,420
17,124,765

10.84
14.89
17.67
15.74
13.52
11.69
18.19
9.89

64.94
65.31
65.39
65.56
65.50
65.82
65.53
65.19

3.25
3.06
5.34
6.28
4.49
4.49
3.79
3.39

14,015,155

15.24

65.41

2.59

2,182,379
3,877,272
4,570,227

13.79
16.02
17.73

74.82
75.37
75.31

1.82
1.85
1.54
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 Full Layers:1
 Growth rate:1.2
 Cell Types: All:Tets, Pyramids, Prisms, and Hexes.
 Advanced:

Isotropic Seed Layers:2
Collision Buffer:1
Aniso-Iso Blend:0.5
IsotropicHeight:1
2. Boundary condition patches name and type:
 Wall : wall
 Top : patch
 Impeller : wall
 Shaft : wall
 Shaft low : wall
 Baffles : wall
 inwardSliding : patch (only for AMI)
 outwardSliding : patch (only for AMI)

Face patches were defined according to their normal orientation.
3. Volume Conditions: innerAMI (rotating frame) and base (stationary frame) to
volumeToCell.
4. Set dimensions to 3D and OpenFOAM as solver.
5. Solver attributes as cell and face exports as “SetsAndZones”. Point precision:16;
sideBCExport: single and 0,0 thickness.
6. Export mesh (OpenFOAM) to constant/polyMesh to generate the appropriate
OpenFOAM mesh files.
7. To generate a mesh with AMI patches, cellZones have to exported separately and
later joined to avoid a multipleRegionPoints error. Later, name patches have to
be updated in 0 and constant dictionaries accordingly.
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mkdir AMI_pw_base/
cp -r AMI_pw_kw/* AMI_pw_base/
rm -rf constant/polyMesh/*
rm -rf ../AMI_pw_kw/constant/polyMesh/*
mergeMeshes . ../AMI_pw_base -overwrite
C.2.5

constant/ dictionaries

N =200
rpm),
transport
properties
MRF
properties
( MRFProperties ,
( transportProperties , water at T=20°), and turbulence model specification
( turbulenceProperties , k − ω SST model) are contained in the following dictionaries.
Listing C.4: MRFproperties.
18
19
20
21
22
23
24
25
26
27
28
29
30

pi # calc " Foam :: constant :: mathematical :: pi " ;
rev 200; // rev / min
MRF1
{
cellZone
rotating ; // name from cellZone on s n a p p y H e x M e s h D i c t
active
yes ;
// Fixed patches ( by default they ' move ' with the MRF zone )
n o n R o t a t i n g P a t c h e s () ;
origin
(0 0 0) ;
axis
(0 0 1) ;
// ( -) clockwise rotation
omega
# calc " - $ rev *2* $ pi /60 " ; // [ rad / s ]
}

Listing C.5: turbulenceProperties.
18
19
20
21
22
23
24

simu lationTy pe RAS ;
RAS
{
RASModel
turbulence
printCoeffs
}

kOmegaSST ;
on ;
on ;

Listing C.6: transportProperties.
18 tran sportMod el
19 nu

C.2.6

Newtonian ;
[0 2 -1 0 0 0 0] 1e -06; // Kinematic viscosity !

system/ dictionaries

Time/data IO control ( controlDict ), solver settings ( fvSolution ), and numerical
discretisation ( fvSchemes ) settings are specified in the following dictionaries.
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With respect to discretisation schemes, bounded versions of the second order
schemes are used. After solution initialisation, the convection term was changed
from bounded Gauss upwind (first order) to bounded Gauss linearUpwind grad(U)
(second order).
For gradients, cellMDLimited leastSquares 1 was used most
of the time.
bounded Gauss upwind was used for turbulent quantities when
leastSquares was used to avoid numerical divergence.
However, the use of
cellMDLimited Gauss linear 1 for gradients permitted the use of second order
bounded Gauss linearUpwind grad(k)/grad(omega) .
Listing C.7: controlDict.
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

application
simpleFoam ;
startFrom
latestTime ;
startTime
0;
stopAt
endTime ; // writeNow ;
endTime
150000;
deltaT
1;
writeControl
timeStep ;
writeInterval
100;
purgeWrite
5; // Save only the n latest timesteps
writeFormat
binary ; // binary
writ ePrecisi on 8;
w r i t e C o m p r e s s i on off ;
timeFormat
general ;
timePrecision
6;
r u n T i m e Mo d i f i a b l e true ;
functions
{
// Calculates forces to compute the total torque needed for the agitator
# includeFunc residuals // Include the residuals . cfg in file system / residuals
// Personal taste to store directly in ControlDict
forces
{
type
forces ;
f u n c t i o n O b j e c t L i b s ( " libforces . so " ) ;
writeControl
timeStep ; // deprecated outputControl
writeInterval
1; // deprecated timeInterval
log
yes ;
patches
( Impeller Shaft Shaft_low ) ;
pName
p;
UName
U;
rho
rhoInf ;
rhoName
rhoInf ;
// Indicates incomp ressible
log
true ;
rhoInf
1000;
// Redundant for incompr essible but necessary for
// calculating the torque ( p / rho in OpenFOAM )
// Moment_face = r_face ( from CofR ) X F_normal ( viscous + pressure )
CofR
(0 0 0) ;
// Rotation around centre line of impeller
pitchAxis
(0 0 1) ;
// Rotational axis ( z direction )
}
forc es_baffl es

174

58
59
60
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62
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64
65
66
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74
75
76
77
78
79
80
81
82
83
84
85
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94
95
96
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100
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108
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{
type

forces ;

f u n c t i o n O b j e c t L i b s ( " libforces . so " ) ;
writeControl
timeStep ; // deprecated outputControl
writeInterval
1; // deprecated timeInterval
log
yes ;
patches
( baffle_left baffle_right baffle_up baffle_down wall_reactor
bottom ) ;
pName
p;
UName
U;
rho
rhoInf ;
rhoName
rhoInf ;
// Indicates incomp ressible
log
true ;
rhoInf
1000;
// Redundant for incompr essible but necessary for
// calculating the torque ( p / rho in OpenFOAM )
// Moment_face = r_face ( from CofR ) X F_normal ( viscous + pressure )
CofR
(0 0 0) ;
// Rotation around centre line of impeller
pitchAxis
(0 0 1) ;
// Rotational axis ( z direction )
}
// / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
minmaxdomain
{
type fieldMinMax ;
f u n c t i o n O b j e c t L i b s ( " l i b f i e l d F u n c t i o n O b j e c t s . so " ) ;
enabled true ;
mode component ;
writeControl timeStep ;
writeInterval 1;
log true ;
fields ( p U k omega ) ;
}
// / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
fieldAverage
{
// Type of functio nObject
type
fieldAverage ;
// Where to load it from ( if not already in solver )
f u n c t i o n O b j e c t L i b s ( " l i b f i e l d F u n c t i o n O b j e c t s . so " ) ;
// Function object enabled flag
enabled
true ;
// When to output the average fields
writeControl
writeTime ; // writeTime
// outputControl
outputTime ;
writeInterval
10;
// Clear averaging history on case restart
restartOnRestart
true ;
// Clear averaging history on case write
r es ta rt O nO ut p ut
false ;
// Starting the average from time
// timeStart
0.265;
// Fields to be averaged - runTime modifiable
fields
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(
112
U
113
{
114
mean
on ;
115
prime2Mean on ;
116
base
time ; // < time | iter >
117
}
118
p
119
{
120
mean
on ;
121
prime2Mean off ;
122
base
time ;
123
}
124
nut
125
{
126
mean
on ;
127
prime2Mean off ;
128
base
time ;
129
}
130
k
131
{
132
mean
on ;
133
prime2Mean off ;
134
base
time ;
135
}
136
omega
137
{
138
mean
on ;
139
prime2Mean off ;
140
base
time ;
141
}
142
);
143
}
144 probes
145
{
146 // Or # includeEtc " caseDicts / p ostProce ssing / probes / probes . cfg "
147
type
probes ;
148
libs
( " libsampling . so " ) ;
149
writeControl
timeStep ;
150
writeInterval
10;
151
152
fields
153
(
154
U
155
UMean
156
UPrime2Mean
157
);
158
prob eLocatio ns
159
(
160
(0.075 0.075 -0.01)
161
);
162
}
163 }

175

176

C.2 OPENFOAM CASE DETAILS

Listing C.8: fvSolution.
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

solvers
{
p
{
solver
GAMG ;
tolerance
1e -07;
relTol
0.01;
smoother
GaussSeidel ; // Matrix preco nditione r
nPreSweeps
0;
nPostSweeps
2;
c a c h e A g g l o m e r a t i o n true ;
n C e l l s I n C o a r s e s t L e v e l 256;
agglomerator
faceAreaPair ;
mergeLevels
1;
}
pFinal
{
$p ;
relTol
}
U
{
solver
smoother
nSweeps
tolerance
relTol
}
k
{
solver
smoother
nSweeps
tolerance
relTol
}
omega
{
solver
smoother
tolerance
relTol
nSweeps
}

0;

smoothSolver ;
GaussSeidel ;
2;
1e -08;
0.01;

smoothSolver ;
GaussSeidel ;
2;
1e -07;
0.1;

smoothSolver ;
GaussSeidel ;
1e -7;
0.1;
2;

}
SIMPLE
{
consistent yes ;
// Non - orthogonal correction is not recommended in steady - state since you dont
// need to have a converged solution every step . Fix in fvSchemes with limiters .
n N o n O r t h o g o n a l C o r r e c t o r s 1;
pRefCell
0;
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70
pRefValue
0;
71
r es id ua l Co nt ro l
72
{
73
p 1e -5;
74
U 1e -6;
75
// "( k | epsilon | omega ) " 1e -3;
76
}
77
78 }
79 r e l a x a t io n F a c t o r s
80 {
81
fields
82
{
83
p
0.3;
84
}
85
equations
86
{
87
U
0.7;
88
k
0.7;
89
omega
0.7;
90
}

Listing C.9: fvSchemes
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

ddtSchemes
{
default
steadyState ; // ' Euler ' for SM .
}
// Pressure grads in momentum eqs and U grads in production of turbulence and shear
rate in Non - Newtonian
gradSchemes
{
default
Gauss linear ;
// leastsquares is good with high non - orthogonal meshes because it allows for
// higher order gradient computation but with higher cost per iteration
// LS should be second order accurate in most meshes
grad ( p )
cellLimited leastSquares 1; // cellLimited Gauss linear 1;
// Mu l t i D i m e n s i o n a l limiting scheme for vectors
grad ( U )
cellMDLimited leastSquares 1; // cellLimited Gauss linear 1;
}
// " Bounded " promotes convergence by alowing some numerical non - divergence free term
divSchemes
{
default
none ;
div ( U )
Gauss linear ;
// div ( phi , U )
bounded Gauss upwind ; // First order ( only use if starting )
div ( phi , U )
bounded Gauss linearUpwind grad ( U ) ; // Second order
div ( phi , k )
bounded Gauss upwind ; // linearUpwind default ;
div ( phi , omega )
bounded Gauss upwind ; // linearUpwind default ;
// Momentum source from turbulence ( linear )
div (( nuEff * dev2 ( T ( grad ( U ) ) ) ) ) Gauss linear ;
}
l a p l a c i a n S c h e m es
// 0.33 offers greater stability when ortho is >85
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47 // 0.5 offers greater accuracy where non - ortho = < ortho contrib .
48 // < Gaus > ( only choice ) < linear > ( for Diffusion coef .) < interpolationScheme > <
snGradScheme >
49 // setting limited 1 = corrected ( accurate but might be unbounded )
50 //
51 {
52
default Gauss linear limited 1;
53
// laplacian ((1| A ( U ) ) ,p ) Gauss linear limited 0.5;
54
// laplacian ( nuEff , U ) Gauss linear limited 0.5;
55
// laplacian ( DkEff , k ) Gauss linear limited 0.333;
56
// laplacian ( DomegaEff , omega ) Gauss linear limited 0.333;
57 }
58 // linear works fine apparently
59 i n t e r p o l a t i o n S c h e m e s
60 {
61
default
linear ;
62 }
63 // If Laplacian has limited corrected , this too
64 snGradSchemes
65 {
66
default
limited 1;
67 }
68 wallDist // Necessary in k - w SST scalable wall functions
69 {
70
method
meshWave ;
71 // Optionally correct distance from near - wall cells to the boundary
72
correctWalls
true ;
73 }

C.2.7

0/ dictionaries

The following dictionaries contain information specifying the BCs for the variables used
( U,p,nut,k,omega ) and their initial field values. A thorough description of OpenFOAM
WF (v4.0.x) is described in Liu [2017] or can be looked up at: /opt/openfoam6/src/
/TurbulenceModels/turbulenceModels/derivedFvPatchFields/wallFunctions .
Listing C.10: U.
18
19
20
21
22
23
24
25
26
27
28
29
30

pi # calc " Foam :: constant :: mathematical :: pi " ;
rev 200; // [ rev / min ] but conversion to rad / s is done in ' omega '
dimensions
[0 1 -1 0 0 0 0];
internalField
uniform (0 0 0) ;
boundaryField
{
wall_reactor
{
type
fixedValue ;
value
uniform (0 0 0) ;
}
top
{

APPENDIX C CHAPTER 5

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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type

slip ; // Use " Symmetry plane " for a perfect flat surface ;

type
value

fixedValue ;
uniform (0 0 0) ;

}
bottom
{

}
" Impeller " // Running MRF implies fix value , use m o v i n g W a l l V e l o c i t y in AMI
{
type
fixedValue ;
value
uniform (0 0 0) ;
}
" Shaft "
{
type
rotatingWallVelocity ;
origin
(0 0 0) ;
axis
(0 0 1) ;
// Negative is clock - wise rotation
omega
# calc " - $ rev *2* $ pi /60 " ; // rad / s
}
// If a part of the shaft is in MRF , use this BC
" Shaft_low "
{
type
fixedValue ;
value
uniform (0 0 0) ;
}
// .* is the Unix wildcard as * in Windows
" baffle_ .* "
{
type
fixedValue ;
value
uniform (0 0 0) ;
}
" AMI .* "
{
type
cyclicAMI ;
}
}

Listing C.11: p.
18
19
20
21
22
23
24
25
26
27
28
29
30

dimensions
internalField
boundaryField
{
" .* "
{
type
}
" AMI .* "
{
type
}
}

[0 2 -2 0 0 0 0];
uniform 0;

zeroGradient ;

cyclicAMI ;
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Listing C.12: k
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

dimensions
internalField
boundaryField
{
wall_reactor
{
type
value
}
top
{
type
value
}
bottom
{
type
value
}
" Impeller "
{
type
value
}
" Shaft "
{
type
value
}
" Shaft_low "
{
type
value
}
" baffle_ .* "
{
type
value
}
" AMI .* "
{
type
}
}

[0 2 -2 0 0 0 0];
uniform 0.01;

kLowReWallFunction ;

$ inte rnalFie ld ;

fixedValue ;
$ inte rnalFie ld ;

kLowReWallFunction ;

$ inte rnalFie ld ;

kLowReWallFunction ;

$ inte rnalFie ld ;

kLowReWallFunction ;
$ inte rnalFie ld ;

kLowReWallFunction ;
$ inte rnalFie ld ;

kLowReWallFunction ;
$ inte rnalFie ld ;

cyclicAMI ;

Listing C.13: omega
18
19
20
21
22
23

dimensions
internalField
boundaryField
{
wall_reactor
{

[0 0 -1 0 0 0 0];
uniform 0.075;
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
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type
value

$ inte rnalFie ld ;

omegaWallFunction ;

type
value

fixedValue ;
$ inte rnalFie ld ;

type
value

$ inte rnalFie ld ;

}
top
{

}
bottom
{

}
" Impeller "
{
type
value
}
" Shaft "
{
type
value
}
" Shaft_low "
{
type
value
}
" baffle_ .* "
{
type
value
}
" AMI .* "
{
type
}
}

omegaWallFunction ;

omegaWallFunction ;

$ inte rnalFie ld ;

omegaWallFunction ;

$ inte rnalFie ld ;

omegaWallFunction ;
$ inte rnalFie ld ;

omegaWallFunction ;
$ inte rnalFie ld ;

cyclicAMI ;

Listing C.14: nut
18
19
20
21
22
23
24
25
26
27
28
29
30

dimensions
value_nut
internalField
boundaryField
{
wall_reactor
{
type
value
}
top
{
type

[0 2 -1 0 0 0 0];
0.00001; // zero or very low value for in itialis ation
uniform $ value_nut ;

nutLowReWallFunction ;
uniform $ value_nut ;

calculated ;
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value

uniform $ value_nut ;

type
value

nutLowReWallFunction ;
uniform $ value_nut ;

}
bottom
{

}
" Impeller "
{
type
value
}
" Shaft "
{
type
value
}
" Shaft_low "
{
type
value
}
" baffle_ .* "
{
type
value
}
" AMI .* "
{
type
}
}

nutLowReWallFunction ;
uniform $ value_nut ;

nutLowReWallFunction ;
uniform $ value_nut ;

nutLowReWallFunction ;
uniform $ value_nut ;

nutLowReWallFunction ;
uniform $ value_nut ;

cyclicAMI ;

APPENDIX D
Chapter 6

D.1

OpenFOAM case details

D.1.1

Lid-driven cavity flow

The mesh was copied from the cavity tutorial provided by OpenFOAM.
Listing D.1: fvSolution of the lid-driven cavity flow cases.
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

solvers
{
p
{
solver
GAMG ;
tolerance
1e -12;
relTol
0.01;
smoother
GaussSeidel ;
nPreSweeps
0;
nPostSweeps
2;
c a c h e A g g l o m e r a t i o n true ;
n C e l l s I n C o a r s e s t L e v e l 16; \\ sqrt (256)
agglomerator
faceAreaPair ;
mergeLevels
1;
}
U
{
solver
smoother
nSweeps
tolerance
relTol
}
}
SIMPLE
{

smoothSolver ;
GaussSeidel ;
5;
1e -12;
0.01;
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
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n N o n O r t h o g o n a l C o r r e c t o r s 0;
pRefCell
0;
pRefValue
0;
r es id ua l Co nt ro l
{
p 1e -12;
U 1e -12;
}
}
r e l a x a t io n F a c t o r s
{
fields
{
p
}
equations
{
U
}
}

0.3;

0.7;

Listing D.2: fvSchemes of the lid-driven cavity flow cases.
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

dtSchemes
{
default
steadyState ;
}
gradSchemes
{
default
Gauss linear ;
}
divSchemes
{
default
none ;
div ( phi , U )
Gauss linear ;
div (( nuEff * dev2 ( T ( grad ( U ) ) ) ) ) Gauss linear ;
}
l a p l a c i a n S c h e m es
{
default
Gauss linear orthogonal ;
}
interpolationSchemes
{
default
linear ;
}
snGradSchemes
{
default
orthogonal ;
}
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Stirring tank

Listing D.3: MRFproperties.
18
19
20
21
22
23
24
25
26
27
28
29

pi # calc " Foam :: constant :: mathematical :: pi " ;
rev 50; // rev / min
MRF1
{
cellZone
innerAMI - cells ; // named after cellZone from PW
active
yes ;
n o n R o t a t i n g P a t c h e s () ;
origin
(0 0 0) ;
axis
(0 0 1) ;
// ( -) clockwise rotation
omega
# calc " - $ rev *2* $ pi /60 " ; // [ rad / s ]
}

Listing D.4: turbulenceProperties.
18 simu lationTy pe laminar ;

Listing D.5: transportProperties.
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

density
tau0_
eps_tau0_
k_
eps_k_
n_
m_

1000;
0.3; // Yield stress
0.2; // Yield stress increase
0.30261754; // Consistency index
0.2; // Consitency index increase
0.57688143; // Power - Law index
400; // 200; // Papanastasiou ' s regula risation parameter

tran sportMod el H B _ P a p a n a s t as i o u ;
HB_PapanastasiouCoeffs
{
k
[ 0 2 -1 0 0 0 0 ] # calc " ( $ k_ + $ eps_k_ ) / $ density " ;
tau0
[ 0 2 -2 0 0 0 0 ] # calc " ( $ tau0_ + $ eps_tau0_ ) / $ density " ;
n
[ 0 0 0 0 0 0 0 ] # calc " $ n_ " ;
m
[ 0 0 0 0 0 0 0 ] # calc " $ m_ " ;
}

Listing D.6: fvSolution.
18 solvers
19 {
20
p
21
{
22
solver
23
tolerance
24
relTol
25
smoother
26
nPreSweeps
27
nPostSweeps

GAMG ;
1e -08;
0.01;
GaussSeidel ;
0;
2;
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
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c a c h e A g g l o m e r a t i o n true ;
n C e l l s I n C o a r s e s t L e v e l 256;
agglomerator
faceAreaPair ;
mergeLevels
1;
}
pFinal
{
$p ;
relTol
}
U
{
solver
smoother
nSweeps
tolerance
relTol
}

0;

smoothSolver ;
GaussSeidel ;
2;
1e -08;
0.01;

}
SIMPLE
{
consistent yes ;
n N o n O r t h o g o n a l C o r r e c t o r s 2;
pRefCell
0;
pRefValue
0;
r es id ua l Co nt ro l
{
p 1e -8;
U 1e -8;
}
}
r e l a x a t io n F a c t o r s
{
fields
{
p
0.3; // 0.5 speeds convergence but oscillating
}
equations
{
U
0.7;
}
}

Listing D.7: fvSchemes
18
19
20
21
22
23
24
25

ddtSchemes
{
default
}
gradSchemes
{
default
grad ( p )
converged

steadyState ;

Gauss linear ;
cellLimited leastSquares 0.5; // changed to 0 when solution

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

// Mu l t i D i m e n s i o n a l limiting scheme for vectors ( before was cellMDLimited )
grad ( U )
cellMDLimited leastSquares 0.5; // changed to 0 when solution
converged
}
divSchemes
{
default
none ;
div ( U )
Gauss linear ;
div ( phi , U )
bounded Gauss linearUpwind grad ( U ) ;
div (( nuEff * dev2 ( T ( grad ( U ) ) ) ) ) Gauss linear ;
}
l a p l a c i a n S c h e m es
{
default Gauss linear limited corrected ;
}
interpolationSchemes
{
default
linear ;
}
snGradSchemes
{
default
limited corrected ;
}
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Biogasanlagen. Chemie-Ingenieur-Technik, 83:331–339, 2011.

196

M. Henze, W. Gujer, T. Mino, and M. van Loosedrecht. Activated Sludge Models ASM1,
ASM2, ASM2d, and ASM3. Technical report, 2000.
E. Hernandez-Aguilar, A. Alvarado-Lassman, A. Osorio, and J. M. Méndez-Contreras.
Development of energy efficient mixing strategies in egg-shaped anaerobic reactors
through 3D CFD simulation. Journal of Environmental Science and Health,Part A,
0:1–8, 2016.
R. A. Hoffmann, M. L. Garcia, M. Veskivar, K. Karim, M. H. Al-dahhan, and L. T.
Angenent. Effect of Shear on Performance and Microbial Ecology of Continuously Stirred
Anaerobic Digesters Treating Animal Manure. Biotechnology and Bioengineering, 100:
38–48, 2008.
T. Holzmann. Mathematics, Numerics, Derivations and OpenFOAM(R).
February. Leoben, fourth edition, 2017. URL www.holzmann-cfd.de.

Number

S. Hosseini. Solid-Liquid Mixing In Agitated Tanks: Experimental And CFD Analysis. PhD
thesis, Ryerson University, 2008.
F. J. Hurtado, A. S. Kaiser, and B. Zamora. Fluid dynamic analysis of a continuous
stirred tank reactor for technical optimization of wastewater digestion. Water Research,
71:282–293, 2015.
ANSYS Inc. ANSYS Fluent User’s Guide. Knowledge Creation Diffusion Utilization, 2013.
H. Jasak. Error Analysis and Estimation for the Finite Volume Method with Applications
to Fluid Flows. PhD thesis, Imperial College, 1996.
H. Jasak, A. Jemcov, and Z. Tukovic. OpenFOAM : A C ++ Library for Complex Physics
Simulations. International Workshop on Coupled Methods in Numerical Dynamics, pages
1–20, 2007.
V. Jayranaiwachira and A. E. James. Simulation of non-Newtonian fluids in Anaerobic
Digesters. In Proceeding of the 13th National Mechanical Engineering Conference, pages
332–337, 1999.
J. Jiang, J. Wu, J. Zhang, S. Poncin, and H.Z. Li. Multiscale hydrodynamic investigation
to intensify the biogas production in upflow anaerobic reactors. Bioresource Technology,
155:1–7, 2014.

197

N. Jourdan, T. Neveux, O. Potier, M. Kanniche, J. Wicks, I. Nopens, U. Rehman, and
Y. Le Moullec. Compartmental Modelling in chemical engineering: A critical review.
Chemical Engineering Science, 210:115196, 2019.
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