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Summary

The ironmaking blast furnace is an extremely large and complex chemical reactor, which is
responsible for the majority of the global crude steel production. Despite its enormous
economic importance, much about the internal working of the blast furnace remains
unknown, as thermally and chemically harsh conditions render measurements largely
impossible. In the bottom section or hearth of the furnace, liquid metal is collected in
a refractory-lined pool, accompanied by densely packed bed of unreacted coke particles.
Due to the high density of the liquid iron, this coke bed or deadman has a tendency to
float, creating a coke-free space underneath it. When the hot metal is tapped through
the side of the reactor, complex flow patterns emerge, which are greatly influenced by the
structure of the coke bed and possible coke-free space. These flow patterns are known to
be determining for the erosion process of the hearth lining, and thereby for the lifetime
of the reactor. In this thesis, a model is presented in which the liquid iron flow and solid
cokes movement in the blast furnace hearth are evaluated simultaneously. This model is
then used to study the dynamic behaviour of the blast furnace hearth.
In previous studies towards the liquid metal flow in the blast furnace hearth, the deadman
was often represented by a flow resistance of predetermined shape. However, as buoyancy
generated by the dense liquid phase has a major impact on the macroscopic force balance
on the bed and, the liquid level rises and drops throughout the tapping cycle, the position
and structure of the deadman are not constant in time. Rather, a mutual interaction
exists between the movement of the coke bed and the flow of liquid metal. Therefore, the
work in this thesis is built upon the coupled Computational Fluid Dynamics and Discrete
Element Method (CFD-DEM) methodology, in which both continuous and discrete phases
are considered, as well as the interaction between them.
As the CFD-DEM method has been mainly applied to gas-solid systems, care is taken
for the extension of this method towards liquid-solid systems with higher fluid densities
and viscosities. The existing solid-fluid momentum coupling, which mainly relies on drag
force calculations, is expanded to include the effects of the lift, virtual mass and Basset
history forces. These latter two account for the inviscid and viscous interaction between
a particle and surrounding fluid undergoing relative acceleration, respectively. Focus is
placed on the Basset history force implementation, which poses various computational
difficulties. The extended model is critically evaluated using a study of liquid-solid fluidised
bed reactors. The Basset history force implementation is found to be accurate, with a
reasonable additional computational effort. The extension of the momentum coupling is
observed to significantly impact the particle dynamics within the fluidised beds. Through
comparison of simulations and experiments in a pilot-scale drinking water softening reactor,
it is concluded that the CFD-DEM model is able to accurately predict the expansion of
the particle bed. Additionally, numerical results are used to gain improved insight into the
heterogeneous flow behaviour of the reactor.
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In order to study the dynamic behaviour of particles in liquids, Magnetic Particle Tracking
(MPT) is applied. The applicability of this relatively new technique to systems containing
liquids, as well as the importance of the interstitial medium on granular flow behaviour are
demonstrated through comparison of dry and liquid-filled rotating drum experiments. The
influence of the denser and more viscous medium is demonstrated to be a complex subject,
which cannot be captured through consideration of the effective gravity alone. Next, MPT
is used to study the long-term particle movement in a lab-scale blast furnace hearth model,
in which liquid metal and coke particles are represented by room-temperature water and
hollow alumina shells. In various experiments, the rate of radial migration of particles
within the deadman is measured, which is found to be mainly driven by the horizontal
bed motion resulting from the alternating liquid level. In addition to the dissolution of
particles, this radial migration is believed to be an important mechanism for renewal of
the deadman, thereby influencing the permeability of the bed.
The lab-scale blast furnace hearth experiments are numerically replicated using the CFD-
DEM model. The model is found to be capable of simulating this system, accurately
capturing the position and motion of the floating bed. This model is subsequently scaled
up towards the industrial scale of the blast furnace. A hearth geometry 5 m in diameter is
simulated under various conditions, accounting for the bed weight and combustion process
occurring above the hearth. The position of the deadman is found to greatly influence
the hot metal flow pattern along the walls and bottom of the hearth, exhibiting a flow
concentration along the circumference of the reactor under floating deadman conditions.
This effect is amplified by the motion of the coke bed during the tapping cycle, confirming
the necessity of a dynamic representation of the deadman. Additionally, the motion of
coke particles towards the combustion zones is visualised. The rate of deadman renewal is
found to be influenced by the changing force balance on the bed caused by the alternating
liquid level.
Lastly, the integration of heat and dissolved carbon mass transfer calculations into the
CFD-DEM model is demonstrated through a 10 m diameter hearth simulation. This
work offers a perspective on future integrated, physics-based reactor models, which, aided
by modern high-performance computing, are able to provide valuable insights into the
large-scale behaviour of otherwise inaccessible systems.
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Samenvatting

De hoogoven is een extreem grote en complexe chemische reactor, welke verantwoordelijk
is voor het merendeel van de wereldwijde ruwstaal productie. Ondanks het enorme
economische belang, blijft veel over de interne werking van de hoogoven onbekend, aangezien
metingen praktisch onmogelijk zijn door de extreme temperatuur en chemische condities.
In de onderste sectie of haard van de oven wordt het vloeibare metaal verzamelend in een
vuurvast bad, samen met een gepakt bed van ongereageerde cokes deeltjes. Door de hoge
dichtheid van het vloeibare ijzer heeft dit cokesbed of dodeman de neiging te drijven, wat
een cokesvrije ruimte onder het bed creëert. Wanneer het hete metaal wordt afgetapt aan
de zijkant van de reactor ontstaan complexe stromingspatronen, welke sterk beïnvloed
worden door de structuur van het bed en de eventuele cokesvrije ruimte. Het is bekend
dat deze stromingspatronen bepalend zijn voor de erosie van de vuurvaste bekleding van
de haard, en daarmee ook voor de levensduur van de reactor. In deze dissertatie wordt een
model gepresenteerd dat de vloeibaar ijzerstroming en cokes beweging in de hoogovenhaard
tegelijkertijd evalueert. Dit model wordt daarna gebruikt om het dynamische gedrag van
de hoogovenhaard te bestuderen.
In eerdere studies aangaande de stroming van vloeibaar metaal in de hoogovenhaard werd
de dodeman vaak gerepresenteerd door een stromingsweerstand van vooraf bepaalde vorm.
Echter, aangezien het drijfvermogen gegenereerd door de zware vloeistoffase grote invloed
heeft op de macroscopische krachtenbalans van het bed en het vloeistofniveau stijgt en
daalt tijdens de tapcyclus, zijn de positie van structuur van de dodeman niet constant in de
tijd. In plaats daarvan bestaat er een onderline interactie tussen de beweging van het bed
en de stroming van het vloeibare metaal. Het onderzoek beschreven in deze dissertatie is
gebaseerd op de gekoppelde Computational Fluid Dynamics en Discrete Element Method
(CFD-DEM) methodologie, waarin zowel continue en discrete fases worden beschouwd,
alsmede de interactie tussen deze fases.
Aangezien de CFD-DEM methode voornamelijk is toegepast of gas-vast systemen, wordt
er aandacht besteed aan de uitbreiding van deze methode naar vloeistof-vast systemen
met hogere vloeistof dichtheid en viscositeit. De bestaande vast-vloeistof impulskoppeling,
welke voornamelijk berust op berekening van de weerstandskracht, wordt uitgebreid om
de effecten van de lift kracht, hydrodynamische massa en Bassetkracht te beschouwen.
Deze laatste twee effecten vertegenwoordigen respectievelijk de niet-viskeuze en viskeuze
krachten welke werken op een lichaam dat versnelt ten opzichte van de omringende
vloeistof. Extra aandacht wordt besteed aan de implementatie van de Bassetkracht,
welke een aantal computationele uitdagingen met zich meebrengt. Het uitgebreide model
wordt kritische geanalyseerd door een studie van vast-vloeistof wervelbedreactoren. De
Bassetkracht wordt nauwkeurig benaderd met een acceptabele computationele inspanning,
en de resultaten laten zien dat de uitgebreide impulskoppeling een significante invloed
heeft op de dynamica van het wervelbed. Met behulp van een vergelijking tussen simulaties
en een drinkwaterontharding proefopstelling is geconcludeerd dat het CFD-DEM model
de expansie van het bed nauwkeurig kan voorspellen. Daarnaast worden de numerieke
resultaten gebruikt om nieuwe inzichten in de heterogeniteit in de reactor te presenteren.
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Om het dynamische gedrag van deeltjes in vloeistof experimenteel te onderzoeken wordt
Magnetic Particle Tracking (MPT) gebruikt. De toepasbaarheid van deze relatief nieuwe
techniek in een vloeistofsysteem alsmede de invloed van het interstitiële medium op het
granulaire stromingsgedrag worden gedemonstreerd met een vergelijking van een droge
en met vloeistof gevulde draaitrommel. De invloed van het zwaardere en viskeuzere
medium blijkt een complex fenomeen, dat niet alleen door een effectieve zwaartekracht
gevangen kan worden. Hierna wordt MPT gebruikt om de lange-termijn deeltjesbeweging
in een lab-schaal hoogovenhaard model te bestuderen. Hierin representeren water en holle
alumina deeltjes op kamertemperatuur het hete vloeibare metaal en de cokesdeeltjes. In
verschillende experimenten wordt de radiale migratiesnelheid van de deeltjes in de dodeman
gemeten. De resultaten laten zien dat deze migratie voornamelijk gedreven wordt door de
verticale beweging van het bed ten gevolge van het stijgende en dalende vloeistofniveau.
Naast het oplossen van de deeltjes vormt deze radiale migratie een belangrijk mechanisme
voor de vernieuwing van de dodeman, en heeft daardoor invloed op de permeabiliteit van
het bed.
De lab-schaal hoogovenhaard experimenten zijn numeriek nagebouwd met behulp van
het CFD-DEM model. Het model beschrijft de positie en beweging van het drijvende
bed nauwkeurig, en is geschikt bevonden voor de simulatie van dit systeem. Hierna
worden de simulaties opgeschaald naar de industriële schaal van de hoogoven. Een haard
geometrie met een diameter van 5 m is gesimuleerd onder verschillende omstandigheden,
daarbij rekening houdend met het bedgewicht en het verbrandingsproces boven de haard.
De positie van dodeman blijkt grote invloed te hebben op de stromingssnelheid van het
metaal langs de wanden van de haard. In het geval van een drijvende dodeman is er een
stromingsconcentratie langs de omtrek van de haard gevonden. Dit effect wordt versterkt
door de beweging van het cokesbed tijdens de tapcyclus. Dit verschijnsel onderschrijft de
noodzaak van een dynamische representatie van de dodeman. Ook is de beweging van de
cokes deeltjes richting de verbrandingszones gevisualiseerd. Deze resultaten laten zien dat
de veranderende krachtenbalans ten gevolge van het stijgende en dalende vloeistofniveau
de verversingssnelheid van de dodeman beïnvloedt.
Ten slotte is de integratie van warmte- en opgelost koolstof overdrachtsberekeningen in het
CFD-DEM model gedemonstreerd met een 10 m diameter haard simulatie. Dit werk biedt
perspectief op toekomstige geïntegreerde, op fysica gebaseerde reactormodellen, welke, met
gebruik voor moderne computerfaciliteiten, waardevolle inzichten kunnen leveren in het
grootschalige gedrag van anders ontoegankelijke systemen.

iv



Contents

Summary i

Samenvatting iii

Contents vi

1 Introduction 1
1.1 Steel production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 CFD-DEM modelling of liquid-solid systems 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Model performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.5 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Magnetic Particle Tracking in liquid-solid systems 49
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.4 Conclusions and recommendations . . . . . . . . . . . . . . . . . . . . . . . 64
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Experiments on a model blast furnace hearth 69
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.5 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

v



5 Laboratory-scale blast furnace hearth simulations 93
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.4 Conclusions and recommendations . . . . . . . . . . . . . . . . . . . . . . . 107
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6 Blast furnace hearth modelling on industrial scale 111
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.5 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

7 Epilogue 151
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

List of publications 159

Acknowledgements 161

Curriculum Vitae 163

vi



Chapter1
Introduction

1.1 Steel production

Steel is one of the most important materials used in the world today. Its large-scale
production has been a major driving force for global industrialisation and development.
Over the past decades, global steel production has been growing rapidly, reaching almost
1.9 gigatonnes in 2019 [1]. Figure 1.1 shows the crude steel production since the year 1900
[1–5], revealing worldwide economical growth and the emergence of new economies. This
growth is predicted to continue in the coming decades, as emerging economies build up
their infrastructures and industries [6].
Crude steel is produced through several process routes. The main process route today is
the reduction of iron ore in the Blast Furnace (BF) followed by conversion into steel in
the Basic Oxygen Furnace (BOF). Other important routes involve Electric Arc Furnace
(EAF) steelmaking, taking either scrap metal or Direct Reduced Iron (DRI) as feedstock.

Figure 1.1: Yearly global crude steel production from 1900 to 2019 [1–5].
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Chapter 1 Introduction

In 2019, 70% of the world’s steel was produced via the BF-BOF route. This contribution
is predicted to reach 33%-52% by 2050, mainly due to the growing importance of scrap
metal recycling [6].
Currently, the iron and steel industry consumes approximately 35 exajoule (35 · 1018 joule)
of energy per year, accounting for 8% of the global energy consumption and 2.6 gigatonnes
of CO2 emissions per year (based on 2019 data [6]). Almost 75% of this energy comes
from coal, much of it used in the form of cokes in blast furnace ironmaking. This renders
the impact of the blast furnace process in the ongoing climate crisis undeniable. Through
intensification and optimisation of the processes involved, the energy requirement per
tonne of produced crude steel has decreased by almost 60% since 1960 [7]. Steel producers
around the world are striving to further reduce their environmental impact [8]. Towards
this goal, an improved understanding and further optimisation of the blast furnace are of
paramount importance.

1.1.1 The ironmaking blast furnace

The ironmaking blast furnace is an extraordinarily large multiphase chemical reactor,
converting iron ore into liquid iron. Its history goes back to 1st century BC China [9],
though continual development has taken the furnace far from its original form. A present-
day blast furnace measures about 40 metres in height and 14 metres in diameter [10]. The
current world’s largest furnace (POSCO Gwangyang No. 1) features a 16 metre diameter
and produces up to 5.65 megatonnes of iron annually [11].
A schematic cross-section of a blast furnace is shown in Figure 1.2. The burden is charged
from the top, consisting of alternating layers of coke and iron ore. Through the bustle
pipe and the tuyeres, the blast of hot, oxygen-enriched air is introduced. This creates a
counter-current flow, with the gas rising through the bed and the solids slowly descending
down the reactor. As the hot air enters the furnace, the coke undergoes rapid combustion,
forming the reducing agent CO and maintaining coke-free zones termed the raceways (Eq.
1.1). The iron ore descends and undergoes progressive reduction (Eqs. 1.2 - 1.4), converting
Fe(III) into Fe(II) and finally metallic Fe. Due to the temperature-dependent equilibrium
between CO on one hand, and CO2 and C on the other (Boudouard reaction, Eq. 1.5), CO
is continually formed due to reduction of CO2 in the coke layers.

2 C + O2 → 2 CO (1.1)
3 Fe2O3 + CO→ 2 Fe3O4 + CO2 (1.2)
Fe3O4 + CO→ 3 FeO + CO2 (1.3)
FeO + CO→ Fe + CO2 (1.4)

2 CO
 CO2 + C (1.5)

The iron (ore) pellets experience progressive heating and reduction, causing them to shrink
and soften thereby forming the low-permeability cohesive zone. Eventually liquid iron is
formed, which percolates through the coke bed and is collected in the bottom section of
the furnace, the hearth. A more detailed overview of the hearth is given in Figure 1.3.
This lower part of the furnace is composed of a vessel of refractory bricks, in which the

2
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Figure 1.2: Schematic representation of the blast furnace.
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Figure 1.3: Schematic representation of the blast furnace hearth.
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pool of liquid iron is collected. A viscous layer of slag floats on top of the iron, consisting
of molten flux and impurities. The liquid product is periodically tapped from the furnace
through a hole drilled in the side of the reactor. This hole is alternately drilled and plugged
at different positions around the hearth.
The hearth is not only filled with liquid. A coke bed is formed throughout the hearth,
often termed the deadman. This name is chosen because this bed is mostly stagnant and
does not take part in the active reduction of the ore. The state and shape of the deadman
are difficult to predict, as it is subject to a number of different forces. For example, the
high density of the molten metal (≈ 7, 000 kg/m3) and the low density of the coke particles
(≈ 1, 000 kg/m3) might cause the deadman to float in the pool of liquid iron. This can
create a coke-free zone near the bottom of the reactor, providing a low-resistance path for
fluid flow during the tapping of the reactor. Such effects show the intricate interaction
which exists between the fluid and particle dynamics in the hearth.
The flow of hot metal during tapping is a subject of great interest, as it causes erosion of the
refractory lining of the hearth. In fact, erosion of the hearth walls is one of the determining
factors for the blast furnace campaign lifetime [12]. Much of the knowledge of hearth wall
deterioration is based upon the dissection of blast furnaces at the end of their lifetime.
Such a study (e.g. [13]) allows for the observation of the hearth lining state towards the
end of the campaign. In addition, a myriad of modelling techniques, both numerical and
mathematical (e.g. [14–16]), have been applied to this subject. These studies have led
to renewed reactor designs in an attempt to mitigate erosion of the hearth refractories.
For example, recent furnaces have been designed with an increased height between the
tap hole and the hearth bottom, also known as sump depth, to demote circumferential
hot metal flow [17]. However, a clear relation between hearth erosion and reactor design,
operation conditions, and in situ observable parameters is yet to be established. An
enhanced understanding of these interactions will lead to improved blast furnace design
and monitoring, contributing to extension of the campaign lifetime.

1.2 Numerical methods

One of the greatest challenges of blast furnace research is the harsh environment in
which the process occurs. The internal conditions of the furnace involve extremely high
temperatures and pressures, as well as a highly chemically reactive atmosphere. Combined
with the massive scale of the reactor, these make direct observation of the process difficult,
dangerous, expensive, or often impossible entirely. In order to gain insights in this
inaccessible system, researchers have resorted to indirect measurements (e.g. measurement
of the tapped iron composition [18]) and the development of furnace models. The term
’model’ might refer to scaled-down versions of the entire furnace or parts of it, either at
high or low temperature (e.g. [19–22]) as well as mathematical models (e.g. [15, 23]). With
the emergence of high-performance computing, numerical modelling was added to this list
of available tools.
Over the last decades, numerical modelling has been increasingly applied in virtually every
field of engineering. This was enabled by an enormous growth in both the quality and
availability of high-performance computers. Figure 1.4 shows the development of the
world’s largest supercomputer as well the combined computational power of the top 500
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#1

Figure 1.4: Computational power of the world’s largest supercomputer and combined power
of the top 500 largest supercomputers from 1993 to 2020, expressed in Floating
Point Operations Per Second (FLOPS) [24].

largest computers, expressed in Floating Point Operations Per Second (FLOPS). The
available computing power shows a steady exponential growth, increasing tenfold every
3-4 years. Though a slightly decreased growth rate is observed for the last decade, the
development of larger and faster computers ever continues.
The continually growing availability of computational power allows researchers and engineers
to develop increasingly complex numerical models. These novel computational methods
pose numerous advantages over empirical approaches. As no physical set-up is required,
simulations are intrinsically safer and more flexible than experiments. No potentially
harmful scenarios can unfold, and operating conditions or geometries can easily be changed.
Large-scale simulations can be used instead of on-line experiments, providing insight in
processes without endangerment of the production. These factors imply that simulations
can potentially also be more inexpensive than experiments, though this may vary per
case.
Apart from being economically more interesting, numerical models are also able to provide
information which is not accessible by traditional means. This holds for systems whose
conditions are too extreme to conduct experiments in, such as the blast furnace. However,
simulations can also yield data on properties which simply cannot be measured otherwise.
For example, the forces acting between the interstitial fluid and particles in a packed bed
reactor can be isolated and analysed with much greater detail than is possible through
experiments. Therefore, simulations are able to provide a more fundamental insight into
the physics involved than experiments can.
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Despite their advantages, numerical methods also have their weaknesses. All models
represent reality in a reduced manner; they rely on assumptions and simplifications to
craft a version of reality which can be represented through equations. Though not initially
related to numerical models, a famous quote by British statistician George Box describes
the situation:

All models are wrong, but some are useful.
George E.P. Box, 1978

Even though all models intrinsically deviate from reality, much can be learned from them.
However, one should always remain vigilant and ensure that the simplifications made do
not render the obtained results meaningless. Therefore, the underlying assumptions should
always be critically evaluated, and results compared with experiments or different models.
Only then can one rely on these results and use the model for further research. Thus,
a reliable numerical model cannot exist without well-defined experiments to validate its
accuracy.
In conclusion, numerical simulations provide many advantages over traditional experiments.
In the current situation of ever-improving (super)computers, models continue to grow
more advanced and closer to reality. However, rather than replacing practical research
altogether, numerics and experiments are able to complement each other greatly.

1.3 Research objectives

The main goal of the study reported in this dissertation constitutes the development of a
numerical model capable of simulating liquid-solid systems on a large scale, and to apply
this model to gain an improved insight into the behaviour of the blast furnace hearth.
Current models used to investigate particle-laden systems beyond the laboratory scale
are mainly focused on gas-solid systems. Due to the high density and viscosity of the
interstitial medium in the blast furnace hearth (liquid iron), these models cannot be directly
applied to this situation. Instead, these existing methods are extended to also encompass
liquid-solid systems.
Over the past decade, multiple numerical studies of the blast furnace hearth have been
conducted. These have been mainly focused on either the liquid iron flow patterns (e.g. [14,
25, 26]) or the deadman particle dynamics (e.g. [16, 27, 28]). Unique in this work is the
combined simulation of the liquid metal flow and coke particle movement, allowing for the
study of the interaction between the two phases. This greatly enhances the representation
of the internal hearth, as no assumptions on the coke bed shape or liquid flow pattern need
be made a priori.
The coupled liquid-solid simulations are employed to study the dynamic behaviour of the
blast furnace hearth during tapping. The movement of coke particles due to combustion
is taken into account, and the response of the coke bed to the changing liquid level is
observed. Conversely, the influence of the deadman shape on the liquid flow pattern is
evaluated too. This coupled approach is combined with heat and mass transfer methods
to offer a complete image of the blast furnace hearth phenomena, giving insight into the
internal processes and possible causes for erosion of the refractory lining.
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1.3 Research objectives

The numerical study is complemented by experiments using a laboratory scale blast furnace
hearth. This practical work serves to firmly establish the model by comparison of their
results, as well as give an independent look into the system. While the experiments cannot
be conducted at the large scale of an actual blast furnace, they provide a tangible and
reliable perspective into its extremely complex interior processes. Together, numerical
simulations and experiments give a thorough overview of the dynamic behaviour of this
complex multiphase chemical reactor.
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1.4 Thesis outline

The contents of this thesis are organised as follows:
Chapter 2 gives a description of the numerical methods applied in this work and
highlights the developments made during the course of this project. The principles of
the unresolved CFD-DEM method are explained and its strengths and vulnerabilities
are outlined. Next, the advances made to this computational method are presented,
which enable its application to liquid-solid systems. In addition, the implementation
of mass and heat transfer calculations is described as well. Lastly, a demonstration
of the capabilities of the numerical framework is provided by a study of liquid-solid
fluidised beds.
In Chapter 3, the application of Magnetic Particle Tracking for the study of liquid-
solid systems is outlined. The working principles of the method are described, as well
as the measuring equipment used in this work. Experiments of dry and liquid-filled
rotating drums are used to illustrate the use of Magnetic Particle Tracking and the
influence of the interstitial medium on this system.
Chapter 4 further elaborates the experimental section of this research, focussing on
laboratory-scale blast furnace hearth experiments. The design of scaled-down hearth
set-up is discussed, showing the relation with its full-scale equivalent. The procedure
followed during experiments is described, as well as the processing of the obtained
data. Results of the experimental study are presented, focussing on the particle bed
structure and movement as influenced by the sump depth and tapping strategy.
In Chapter 5, the laboratory-scale blast furnace hearth study is complemented
with simulations on the same scale. The layout of these small-scale simulations is
illustrated, showing the translation of the experimental set-up into the numerical
world. Numerical results of these simulations are shown and compared with their
experimentally obtained counterparts in order to show the applicability of the model.
Further analysis of the simulation results reveals the added value of numerical
methods.
Chapter 6 presents the industrial-scale numerical study of the blast furnace hearth.
In this chapter, the steps taken to represent a full-scale blast furnace hearth in the
numerical framework are outlined. High-performance computing is employed to
obtain insights into the dynamics of this large system. A numerical study is presented,
focussing on particle and liquid dynamics under a variety of conditions, including
different burden loading, stopped tuyeres and polydisperse coke packing.
Lastly, Chapter 7 provides the conclusions drawn from the work presented in this
thesis. In addition, an outlook is given on possible future work in the fields of blast
furnace research, multiphase simulations, and chemical reactor modelling.
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Chapter2
CFD-DEM modelling of liquid-solid systems

Abstract

Liquid-solid systems are frequently encountered in industrial processes and it is broadly
recognised that numerical simulations are a useful tool for gaining insight in these processes.
In this chapter, the unresolved CFD-DEM approach is elaborated and extended with a
complete momentum coupling for liquid-solid flows. Established correlations are used
for the drag and lift forces, while new implementations are introduced for the unsteady
interaction forces. A virtual mass force model based on the work of Felderhof (Felderhof,
1991 [29]) is introduced, which accounts for the local particle volume fraction and the
liquid-solid density ratio. The Basset history force, which is usually neglected due to
computational difficulties related to its implementation, is evaluated according to the
approach proposed by Parmar et al. (Parmar, 2018 [30]). A study on liquid-solid fluidised
beds is used as a demonstration case for the extended model. In this chapter, it is shown
that with appropriate stabilisation measures, the Basset history force is approximated
accurately (within 5%), while computational efficiency is maintained (<30% increase in
computational time). The relevance of the unsteady interaction forces is evident from
analysis of the rate of solids mixing in the liquid fluidised bed, which is up to 20% slower
when accounting for unsteady interaction forces. Lastly, a comparison between simulations
and experiments on a lab-scale fluidised bed water softening reactor is used to demonstrate
the model accuracy, as well as gain further insight into the reactor behaviour. The bed
expansion was predicted within 10% accuracy, the difference most likely stemming from
the non-spherical particle shape.

This chapter is based on T.M.J. Nijssen, J.A.M. Kuipers, J. van der Stel, A.T. Adema,
and K.A. Buist, “Complete liquid-solid momentum coupling for unresolved CFD-DEM
simulations”, International Journal of Multiphase Flow, vol. 132, p. 103425, 2020. and
T.M.J. Nijssen, O.J.I. Kramer, P.J. de Moel, J. Rahman, J.P. Kroon, P. Berhanu, E.S.
Boek, K.A. Buist, J.P. van der Hoek, J.T. Padding, and J.A.M. Kuipers, “Experimental
and numerical insights into heterogeneous liquid-solid behaviour in drinking water softening
reactors”, Chemical Engineering Science: X, vol. 11, p. 100100, 2021.
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Chapter 2 CFD-DEM modelling of liquid-solid systems

2.1 Introduction

The applications of liquid-solid systems in industry are numerous, including slurry-bubble
columns, iron-making blast furnaces, water treatment clarifiers, and many others. Common
to these processes is the interaction between a particle-dense or discrete phase and a
continuous liquid phase. A better understanding of the associated complex flow behaviour
and the interaction between the phases can help to further improve and optimise these
processes. In this context, numerical simulations are a useful tool, as they offer an insightful,
safe and relatively inexpensive approach for studying these systems.
Unresolved CFD-DEM is capable of describing particle-particle interactions using the
Discrete Element Method (DEM) while accounting for fluid flow using Computational
Fluid Dynamics (CFD). Contrary to Direct Numerical Simulation, where the flow around
the particles is resolved, unresolved CFD-DEM handles the coupling between the two
phases by the use of closures for the momentum exchange. Unresolved CFD-DEM has
been applied mainly to (dense) gas-solid systems such as fluidised beds [31] and cyclones
[32]. For these systems, however, the representation of fluid-particle interaction is usually
limited to the drag force. This is a valid approach, as for such systems the drag force is
the dominant interaction force and consequently, other forces such as the lift force, virtual
mass force and Basset history force can be neglected [33]. However, this assumption is
questionable for liquid-solid systems, where the continuous phase density is of the same
order or even higher than the particle density [34].

2.1.1 Liquid-solid interaction forces

Extensive research, both experimental and numerical, has been performed to understand
the drag force and consequently derive closure correlations. Some of the most famous
works are the correlations obtained by Ergun [35], Gidaspow [36], and Koch and Hill [37].
Although notably less studied in the literature, the lift force has also been a subject of
interest for many researchers. Saffman [38] and Magnus [39] are often credited for their
work on the shear-induced and spin-induced lift. Loth [33] created a comprehensive review
of the lift behaviour of rigid spheres at finite Reynolds numbers, which will be employed in
this work.
Unsteady interaction forces, however, are less studied and are associated with a change
in the relative velocity between a particle and the surrounding fluid. These forces can be
divided into two separate contributions: the inviscid virtual mass force and the viscous
Basset history force [40]. The virtual mass force accounts for the part of the fluid being
accelerated along with the particle, while the Basset force represents the lagging boundary
layer development around the particle. An extensive scaling analysis of the unsteady
interaction forces was performed by Ling et al. [41]. In cases of negligible density of the
continuous phase, as is valid for gas-solid systems, these forces can be safely ignored [34].
However, for liquid-solid systems the unsteady forces can influence the behaviour of the
system over the entire range of flow regimes, from creeping flow [42] to the highly turbulent
regime [43].
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2.1 Introduction

Unsteady interaction force implementation

Despite their significance in liquid-solid systems, the unsteady interaction forces (especially
the Basset history force) are often neglected in simulations, due to the numerical complexity
of their implementation [44].
Part of this difficulty is related to the granular temperature of the system, which arises as
a result of particle-particle interactions i.e. collisions. This means that particles always
have a fluctuating velocity component in addition to the mean bulk velocity, leading to
locally large accelerations [45]. These accelerations may cause instabilities in the numerical
simulations when used to evaluate the unsteady interaction forces. A second, even larger
issue specifically concerns the Basset history force calculation. Accurate calculation of
this force requires the evaluation of an integral over the entire acceleration history of the
particle. Doing so by numerical integration methods, such as the standard trapezoidal rule,
would require storage of the acceleration history for each particle and iterating over it at
every time step. This approach is obviously not feasible, as it would require a progressively
larger amount of memory and computational power, eventually bringing any simulation to
a standstill.
For this reason, a more efficient calculation of the history force is needed. An extensive
overview of this subject matter has been given by Morena-Casas and Bombardelli [46].
The most rudimentary approach is to limit the time interval (or window) over which the
history is considered to a finite value [42]. This so-called integration-window approach
ensures that the memory and computational requirements are finite. However, as the
Basset kernel decays rather slowly (t−1/2), a large window is needed to obtain an accurate
result, especially at low Reynolds numbers. Michaelides [47] obtained a more efficient form
of the equation of motion for a sphere in unsteady creeping flow, transforming it to a
second-order ODE by the use of the Laplace transform. However, this form is not directly
applicable in the type of Euler-Lagrange simulations considered in this work. Bombardelli
et al. [48] used a fractional-derivative approach to obtain an alternative form of the history
integral, relying on a series expansion of gamma functions. Dorgan and Loth [49] extended
the window approach to moderate Reynolds numbers by optimising the kernel of Mei
and Adrian [50]. Their model proved to be very accurate in cases where the acceleration
remains (nearly) constant over the window time.
Van Hinsberg et al. [44] introduced a combined approach, using a small integration window
and approximating the kernel outside the window by a sum of decaying exponentials. This
offers computational advantages and significantly reduces the memory requirements while
maintaining acceptable accuracy in the creeping flow regime. This approach was further
refined by Parmar et al. [30], who extended the combined method towards finite Reynolds
numbers by employing the kernel of Mei and Adrian [50]. All the aforementioned studies
focus on isolated particles or very dilute systems. In this work, the approach of Parmar et
al. is employed to evaluate the Basset force in particle-dense systems.
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2.1.2 Present work

The goal of this work is to outline the implementation of a complete momentum coupling,
which accounts for all the aforementioned interaction terms. Established correlations are
used for the drag and lift forces, while the implementation of the unsteady interaction
forces, particularly applied to dense liquid-solid systems, is treated more extensively. The
performance of the interaction model is assessed, both in terms of computational efficiency
and accuracy. For this purpose, a model system consisting of a liquid fluidised bed is
employed. The solids mixing behaviour in the bed is investigated to demonstrate the
influence of unsteady interaction forces, and a comparison with lab-scale experiments is
used to demonstrate model accuracy and applicability.
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2.2 Model description

2.2 Model description

2.2.1 Governing equations

The CFD-DEM simulations reported in this study were conducted using the CFDEM-
coupling [31] framework, based on OpenFOAM and LIGGGHTS [51]. Table 2.1 provides
an overview of the governing equations describing the fluid flow, particle motion, and
steady interaction forces. Eqs. 2.1 - 2.4 are known as set II in the work of Zhou et al.
[52]. In these equations, the subscript @i is used to denote fluid properties interpolated
to the particle i centroid position. The particle movement is governed by the Newtonian
equations of motion (Eqs. 2.5 - 2.6), following the DEM approach of Cundall and Strack
[53]. The contact force and torque (f c and M c respectively) are given by the well-known
Hertz contact model [54] and the elastic-plastic spring-dashpot rolling resistance model
[55], which will not be further elaborated here. The drag and lift forces are evaluated
using the models of Beetstra (Eqs. 2.7 - 2.8) [56] and Mei and Loth (Eqs. 2.9 - 2.11)
[33, 57], respectively. The model of Mei and Loth is composed of separate terms for the
shear-induced (Saffman) lift and spin-induced (Magnus) lift forces. Here, ω is used to
denote the fluid vorticity whereas Ω signifies the particle angular velocity. The models
developed for the virtual mass force fvm and the Basset history force fB will be further
elaborated in Sections 2.2.2 and 2.2.3 respectively.

2.2.2 Virtual mass force

The virtual mass force acting on a particle accelerating with respect to a fluid is given
by Eq. 2.12 [40], which is composed of the virtual mass coefficient Cvm, the fluid mass
excluded by the particle, and the relative acceleration. In the acceleration expression, the
instantaneous particle velocity vi has been replaced by the local volume-averaged particle
velocity us,@i. This ensures that only the overall particle-phase acceleration is taken into
account, while the inter-particle acceleration due to collisions is filtered out. This was done
to improve numerical stability, which will be further elaborated on in Section 2.2.4.

fvm,i = Cvm,iρfVp,i

(
Du

Dt
− dus

dt

)
@i

(2.12)

Cvm,i = Cvm,0 +
3∑
k=1

{[
ak,0 + ak,1 ln

(
ρp,i
ρf

)]
· (1− εf,@i)k

}
(2.13)

Virtual mass coefficient

For an isolated particle in potential flow, it has been shown that Cvm = Cvm,0 = 0.5 [40].
Felderhof [29, 58] investigated the influence of the local solids fraction and relative density
on the virtual mass coefficient by an analogy with the dielectric constant. A similar model
was developed by Sangani et al. [59], which has been shown to yield comparable results.
On the basis of the work of Felderhof, the correlation in Eq. 2.13 was developed, with the
coefficients specified in Table 2.2. Coefficient a3,1 was found to be insignificant, and was

15



Chapter 2 CFD-DEM modelling of liquid-solid systems

Table 2.1: Governing equations describing the fluid flow [52], particle movement [53], drag
force [56] and lift force [33, 57].

∂εf
∂t

+∇ · (εfu) = 0 (2.1)

∂ρfεfu

∂t
+∇ · (ρfεfuu) = −εf∇p+ εf∇ · τ + ρfεfg − F pf (2.2)

with τ = µf
[
(∇u) + (∇u)T

]
(2.3)

F pf = 1
∆V

n∑
i=1

(fd,i + f l,i + fvm,i + fB,i) (2.4)

mp,i
dvi
dt

=
∑
i 6=j

(
f c,i,j

)
+ fg,i + f∇p,i + fτ,i + fd,i + f l,i + fvm,i + fB,i

with f∇p,i = −(∇p)@iVp,i and fτ,i = −(∇ · τ )@iVp,i

(2.5)

Ii
dΩi

dt
=
∑
i 6=j

(M c,i,j) (2.6)

fd,i =π

8 d
2
p,iρfCd,i|u@i − vi|(u@i − vi) (2.7)

Cd,i = 24
Rep,i

[
101− εf,@i

ε2
f,@i

+ ε2
f,@i

(
1 + 1.5

√
1− εf,@i

)]
+ 0.413
ε2
f,@i

[
ε−1
f,@i + 3εf,@i(1− εf,@i) + 8.4Re−0.343

p,i

1 + 103(1−εf,@i) · Re[1+4(1−εf,@i)]/2
p,i

]
with Rep,i = |u@i − vi|dp,i/νf

(2.8)

f l,i =π

8 d
2
p,iρf

[
Cl,ω,i|u@i − vi|2 · i(u@i−vi)×ω@i

+C∗l,Ω,idp,i((u@i − vi)×Ω@i)
] (2.9)

Cl,ω,i =
{

1 + tanh
[

5
2

(
log10

(√
ω∗i

Rep,i

)
+ 0.191

)]}
·{

2
3 + tanh

[
6
(√

ω∗i
Rep,i

− 0.32
)]}

· 3.876
π

√
ω∗i

Rep,i
with ω∗i = |ω@i|dp,i/|u@i − vi|

(2.10)

C∗l,Ω,i =1− {0.675 + 0.15 [1 + tanh (0.28 (Ω∗i − 2))]} ·

tanh
(

0.18
√

Rep,i
)

with Ω∗i = |Ωi|dp,i/|u@i − vi|

(2.11)
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Table 2.2: Coefficients with standard errors for the virtual mass coefficient, see Eq. 2.13.
k ak,0 ak,1
1 0.130 ± 0.007 0.047 ± 0.002
2 -0.58 ± 0.04 -0.066 ± 0.005
3 1.42 ± 0.06 -

Figure 2.1: Virtual mass coefficient as a function of the solids volume fraction for different
values of the relative density. Symbols represent data points by Felderhof [29],
dashed lines represent the fitted curve (Eq. 2.13, R2 = 99.6%).

therefore dropped. Figure 2.1 shows the virtual mass coefficient as a function of the solids
volume fraction for different values of the relative density. It is clear that for an isolated
particle, Cvm reduces to the theoretic value of 0.5, while for dense systems it increases up
to a value of 0.7.

2.2.3 Basset history force

The expressions describing the Basset history force calculation are presented in Table 2.3.
In this table, dimensionless quantities are used, denoted by the superscript ∗. The time,
mass, and length scales used to non-dimensionalise these are given in Eqs. 2.17 - 2.21.
Here, subscript ref refers to a reference value, which is taken from the initial time step of
the simulation. This is further elaborated in Section 2.2.3.
Equation 2.14 is an expression for the Basset history force acting on an accelerating particle
[30]. Here, this expression will be referred to as the full-integral form. K denotes the kernel
function, which is multiplied by the relative acceleration and integrated over the history τ .
In the present work, the kernel function by Mei and Adrian [50] (Eq. 2.15) is employed,
which was developed for finite Reynolds numbers (up to Rep,i = 100 [49]).
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Table 2.3: Equations describing the Basset history force (f∗B) [30], non-dimensionalisation
[30], improper (f∗B,sin) and proper (f∗B,near) near history force calculation [48,
60] and far history force (f∗B,far) calculation [30].

f∗B,i =
∫ t∗

0
K∗i (t∗, τ∗) ·

(
du∗

dτ∗
− du∗s
dτ∗

)
@i

dτ∗ (2.14)

K∗i (t∗, τ∗) =
[
(t∗ − τ∗)1/4 + ri(t∗ − τ∗)

]−2
(2.15)

f∗B,i =f∗B,sin,i + f∗B,near,i + f∗B,far,i (2.16)

tref,i =
d2
p,i

4νf

(
256
π

)1/3

(gH,ref,i)2 (2.17)

mref,i =3
4
√
πd3

p,iρf

(
256
π

)1/6

(gH,ref,i) (2.18)

lref,i =dp,i/2 (2.19)
gH,i =(0.75 + 0.105 · Rep,i)/Rep,i (2.20)

ri = (gH,ref,i/gH,i)3/2 (2.21)

f∗B,sin,i =−K∗0,i · a∗i |t∗ (2.22)

K∗0,i =
∫ t∗

t∗−∆t∗
K∗i (t∗, τ∗)dτ∗

=2
9r
− 2

3
i

[
6γ2

γ3+1 + 2
√

3 arctan
(√

3γ
2−γ

)
+ ln

(
γ2−γ+1
(γ+1)2

)]
≈2

9r
− 2

3
i

(
−0.3722γi + 12.16γ2

i − 6.488γ3
i

)
with γi = r

1
3
i ∆t∗ 1

4

(2.23)

f∗B,near,i =−
∫ t∗−∆t∗

t∗−t∗0

[K∗i (t∗, τ∗) · a∗i |τ∗ ] dτ∗

=− ∆t∗

2

n0−1∑
l=1

{
[K∗i · a∗i ]t∗−l∆t∗ + [K∗i · a∗i ]t∗−(l+1)∆t∗

}
with n0 = t0/∆t

(2.24)

f∗B,far,i =F ∗0,i + F ∗1,i (2.25)[
Ck,0,iF

∗
k,i+Ck,1,i

dF ∗k,i
dt∗

+
d2F ∗k,i
dt∗2

]
t0

= −
[
Ck,2,ia

∗
i + Ck,3,i

da∗i
dt∗

]
t0

(2.26)

Ck,m,i(t∗0, ri) =C0
k,m,i(t∗0) ·Xk,m,i(ri) (2.27)

C0
k,m,i(t∗0) =c0,k,m(t∗0 + c1,k,m)c2,k,m (2.28)

Xk,m,i(ri) =1 + x1,k,m(ri − 1) + x2,k,m(ri − 1)2 (2.29)
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2.2 Model description

Figure 2.2: Illustration of the Basset history force calculations, composed of the improper
near history part f∗B,sin,i, proper near history part f∗B,near,i and far history
part f∗B,far,i. Implementation of near and far history terms is discussed in
Sections 2.2.3 and 2.2.3, respectively.

Here the approach presented by Parmar et al. [30] is applied to obtain a more efficient
calculation of the Basset history force. In this approach, the history is divided into two
parts: the ’near history’ from the current time to a specified interval t0 and the ’far
history’ beyond the interval t0. The near history integral is composed of an improper
part f∗B,sin,i at the current time and a proper part f∗B,near,i which is evaluated using
numerical integration. The far history force f∗B,far,i is approximated using the solution of
a second-order ordinary differential equation (ODE). The summation of these parts gives
the total Basset history force, as is expressed by Eq. 2.16 and illustrated in Figure 2.2.
The implementation of near and far history terms will be discussed in Sections 2.2.3 and
2.2.3, respectively.

Near history

The near history integral is evaluated using numerical integration. As the integral is
improper, special care is needed to handle the singularity occurring at τ = t. Here, the
approach used by (amongst others) Bombardelli et al. [48] is employed, in which the
acceleration term is taken outside of the integral on the current time step. This is expressed
by Eq. 2.22, in which a∗i is used as shorthand notation for the relative acceleration term.
The kernel function (Eq. 2.15) can then be analytically integrated over one time step,
resulting in the expression in Eq. 2.23 [60]. Here, γ is a combined variable defined as
γi = r

1
3
i ∆t∗ 1

4 . To further improve numerical efficiency, the integrated kernel is approximated
by the cubic function given in the second part of Eq. 2.23. This simple function shows
very good agreement with the original expression (R2 > 0.999).
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Table 2.4: Parameters describing the coefficients of the far history force ODEs (Eq. 2.26),
through the expressions in Eqs. 2.27 - 2.29. Valid in the range 10−3 ≤ t∗0 ≤ 10
and 0.25 ≤ ri ≤ 2.
k m c0,k,m c1,k,m c2,k,m x1,k,m x2,k,m
0 0 0.004045 0.011788 -0.851409 1.464787 0.422501
0 1 0.184350 0.009672 -0.425408 0.785093 -0.078301
0 2 0.000746 0.014390 -1.262288 0.585753 -0.118737
0 3 0.021708 0.016611 -0.867352 -0.077407 -0.016665
1 0 0.536783 0.005453 -1.430163 1.001435 -0.003566
1 1 1.683212 0.003598 -0.773872 0.415345 -0.136697
1 2 0.316350 0.004367 -1.423649 0.536055 -0.205041
1 3 0.420423 0.000677 -0.670551 -0.032671 -0.021047

The remainder of the near history integral is assessed using the trapezoidal rule, as shown
in Eq. 2.24. The number of terms in the series is controlled by the parameter n0, which is
the number of time steps within the near history n0 = t0/∆t.

Far history

The contribution of the Basset history force beyond the interval t0 is approximated by the
sum of the solutions of two ODEs, as expressed by Eqs. 2.25 and 2.26 [30]. By the use of
first-order backward temporal discretisation, these equations can be solved implicitly for
every particle while maintaining the velocity and force values on only the previous two
time steps, thereby significantly lowering the memory requirements for the force evaluation.
The ODE coefficients Ck,m,i depend on the interval t0 and the velocity ratio ri and are, as
suggested by Parmar et al., updated to the values found at τ = t− t0.
Parmar et al. reported Ck,m,i at discrete values of t∗0 and ri. In order to implement this
method into a model, continuous functions describing the coefficients are needed. Therefore,
the expressions in Eqs. 2.27 - 2.29 were fitted to the values reported by Parmar et al.,
resulting in the parameters in Table 2.4. As described by Eq. 2.27, the function is composed
of a t∗0-dependent part (Eq. 2.28) and a ri-dependent part (Eq. 2.29). The agreement of
these functions to the original data is very good, R2 > 0.98 for all coefficients. These
functions are only valid within the range of data points reported by Parmar et al., which
is 10−3 ≤ t∗0 ≤ 10 and 0.25 ≤ ri ≤ 2. Whenever ri drifts away from this range, this means
that the current state of the system deviates too much from the reference state for the
approximation to be accurate. Hence, when this occurs, a new reference state is taken and
the force calculation is restarted.
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2.2 Model description

Figure 2.3: ODE coefficients Ck,m over a range of t∗0 and different values of r. Markers
represent data by Parmar et al. [30], lines represent the fitted curves (R2 > 0.98).
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2.2.4 Numerical stabilisation

The unsteady interaction forces are highly sensitive to the particle acceleration. In particle-
laden systems particles are constantly colliding with one another, leading to a fluctuating
velocity component in addition to the local bulk velocity, as is represented by the granular
temperature [45]. This inter-particle velocity results in locally large accelerations, which
destabilise the force calculation. For this reason, the instantaneous particle velocities are
replaced with the cell-averaged solid phase velocity when evaluating the acceleration terms,
eliminating the inter-particle velocities within a cell.
To further stabilise the simulations, smoothing is applied to the relative velocity and
acceleration fields, removing variations on short length and time scales. Spatial smoothing
is achieved by solving the diffusion-type equation in Eq. 2.30. Here, ls is the smoothing
length scale determining the size of the smoothing window. Similarly, temporal smoothing is
obtained by solving Eq. 2.31, which relaxes the smoothened field towards the instantaneous
value on a typical timescale ts [61].
It is of paramount importance to acknowledge that excessive smoothing could remove the
dynamics of interest. Therefore, the relevant physical length and time scales should always
be considered, and the smoothing scales adjusted accordingly. Smoothing is a powerful tool
which can be used to effectively remove numerical noise and instabilities from simulations.
However, it should be used with care, as ill-tuned smoothing parameters can render the
simulation results non-physical. Performance of the stabilisation will be further discussed
in Section 2.3.1.

∂•
∂t

= l2s
∆t∇

2• (2.30)

∂•s
∂t

= 1
ts

(• − •s) (2.31)
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2.3 Model performance

In this section, an investigation of liquid-solid fluidised bed reactors is used to assess
the performance of the developed CFD-DEM model. This system is selected because of
the inherently dynamic nature of the fluidised bed, where the unsteady forces become
increasingly important. Firstly, the performance of the unsteady interaction force models is
investigated in detail. The accuracy of the Basset history force approximation is assessed,
as well as the impact on computational efficiency. A study of solids mixing behaviour in
liquid-solid fluidised beds is used to demonstrate the influence of these added interaction
models.
Secondly, the overall accuracy of the CFD-DEM model is addressed through a validation
with experimental results. To this end, experiments on a pilot-scale drinking water softening
reactor are presented, along with corresponding simulations. Numerical and experimental
results are compared to assess the model accuracy, after which simulation results are used
to offer a more detailed view of the fluidisation behaviour inside the reactor. Specifically,
the prevalence of heterogeneous behaviour inside the water softening reactor is investigated,
which is of great importance to the reactor performance.

2.3.1 Assessment of the unsteady interaction force models

Simulation set-up

The simulation parameters for the laboratory-scale liquid-solid fluidised bed used in this
section are listed in Table 2.5. The physical properties were selected to closely resemble
those of spherical iron particles in water. Fluidisation behaviour is observed to be circulating
and bubbling, as predicted by the classification of Foscolo et al. [62], as shown in Figure 2.4.
Here, the instantaneous solids fraction profiles at U0 = 0.16 m/s are presented, showing
the initial expansion and the bubbling fluidisation. Furthermore, the time-averaged solids
fraction and solids circulation pattern is shown.
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Table 2.5: Parameters describing the liquid-solid fluidised bed demonstration case, fluid
and particle properties.

Property Value Unit
Reactor diameter DR 0.1 m
Reactor length LR 0.5 m
Inlet velocity U0 0.15 m/s
CFD time step size ∆tCFD 5 · 10−4 s
CFD cell size ∆xCFD 6.6 mm
Fluid density ρf 1000 kg/m3

Fluid viscosity νf 10−6 m2/s
Particle size dp 2.0 mm
Number of particles Np 200,000 -
Packed bed height H0 0.2 m
Particle density ρp 8000 kg/m3

DEM time step size ∆tDEM 10−5 s
Young’s modulus Y 5.0 MPa
Poisson’s ratio νp 0.45 -
Restitution coeff. ep 0.3 -
Friction coeff. µp 0.5 -
Rolling friction coeff. µp,roll 0.2 -
Rolling damping coeff. ηp,roll 0.3 -

0

0.2

0.4

0.6

Figure 2.4: Instantaneous solids fraction profiles of a liquid fluidised bed simulation at
U0 = 0.16 m/s, from the initial expansion to heterogeneous fluidisation. Right:
time-averaged solids fraction and solids flux (arrows).
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Basset history force approximation

The accuracy of the Basset history force calculation is assessed by comparing the approx-
imated force (Eq. 2.16) to the force obtained from evaluation of the full-integral form
(Eq. 2.14) for a selected number of particles. This full-integral force f t0→∞B,i is calculated
using the method described in Section 2.2.3. The relative root mean square error between
the approximated and full-integral force is then evaluated from Eq. 2.32, where 〈•〉 is
used to denote temporal averaging. A total of 100 selected particles randomly distributed
throughout the domain is used in this analysis. This provides a representative sample
while maintaining realistic memory requirements.

ERMS
B =

√√√√ 1
Np

Np∑
i=1

〈∣∣∣∣∣fB,i − f
t0→∞
B,i〈

|fB,i|
〉 ∣∣∣∣∣

2〉
(2.32)

Figure 2.5 shows the error ERMS
B for a range of values for t∗0. The error is large for low

values of t∗0 and drops rapidly to a constant value of approximately 5% for t∗0 > 0.02. As
the computational and memory requirements of the method increase significantly with
increasing t0, it is recommendable to choose n0 such that t∗0 & 0.02 everywhere in the
system, thereby avoiding excessively large values. An appropriate value for n0 can be
estimated by the use of Eq. 2.33, where tref (Eq. 2.17) is based on the particle size, fluid
viscosity, and the characteristic velocity of the system. It should be noted that in order to
obtain similar accuracy using a window approach, the required window size can span from
tens to hundreds of time steps, as can be estimated from the decay of the kernel function
in Eq. 2.15. This can result in immense memory and computational demands, rendering
simulations infeasible.

n0 &
0.02 · tref
∆tCFD

(2.33)

Figure 2.5: Basset force calculation error ERMS
B for different values of t∗0.
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Numerical stabilisation

The performance of the numerical stabilisation is quantified by means of the relative
residual Rs (Eq. 2.34). This signifies the deviation of the Basset history force calculated
from the smoothed fields f t0→∞B,i and the Basset force calculated from the instantaneous

fields f̂
t0→∞
B,i . When the smoothing scales are selected appropriately, the residual is an

uncorrelated noise centred around zero. In case of excessive smoothing, the residual
contains a part of the system dynamics of interest, which is therefore not accounted for in
the Basset history force calculation.

Rs,i =
f t0→∞B,i − f̂

t0→∞
B,i〈

|f t0→∞B,i |
〉 (2.34)

Figure 2.6 shows the probability density function of the residuals for a typical liquid
fluidised bed simulation. In this simulation, the smoothing length scale has been chosen as
ls = dp, signifying the similarity between two particles in contact. The smoothing time
scale has been set as 1% of the typical time scale of particle movement in the system. In
this case, the typical time scale for particle circulation has been used, estimated from the
bed height and liquid velocity as 2H/U0. From Figure 2.6, it is clear that the residual
shows a symmetric distribution around zero, as required.

Figure 2.6: Probability density function of the smoothing residuals for a typical liquid
fluidised bed simulation. Different lines represent the three Cartesian directions.
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Computational efficiency

Apart from accuracy, the computational efficiency is an important property determining
the applicability of any model. For CFD-DEM simulations containing large numbers of
particles, such as the fluidised bed considered in this work, the total computational time
is usually dominated by the DEM and interaction force calculations. Figure 2.7 shows a
breakdown of the computational time for a liquid-solid fluidised bed simulation containing
200,000 particles. The unsteady interaction force models introduced in this work account
for 24% of the total time. Considering the increase in model accuracy which these models
bring, this is a reasonable penalty. For less particle-dense systems, the contribution of
the coupling force calculation is less dominant and therefore the additional computational
effort smaller.

Mixing behaviour in liquid fluidised beds

Fluidised beds are often employed for their fast solids mixing behaviour. Numerical studies
including drag and lift forces reported in the literature [63, 64] have shown that the lift
force tends to slightly increase bed expansion and enhance radial mixing. However, as
mixing is a dynamic process, the unsteady interaction forces can also significantly influence
the mixing rate. To demonstrate this, liquid fluidised bed simulations with the drag-only
approach are compared with simulations with the full force coupling. The resulting solids
mixing in such a simulation is represented in Figure 2.8, visualised by the mixing of two
differently coloured particle fractions. To further quantify the mixing behaviour. the
mixing index is calculated using the neighbour-distance method described by Deen et
al. [65] (Eq. 2.35). Here, the particle pairs ij are nearest neighbours at the start of the
measurement, while pairs ik are randomly selected pairs. The mixing time t95% is defined
as the time where M(t95%) = 0.95.

Flow 4%

DEM 23%

Basset 

history 

force 14%

Virtual 

mass force

10%

Lift force

10%

Drag force

6%

Other

6%

Other 27%

Force 

calculation 

46%

Figure 2.7: Computational time breakdown for a liquid-solid fluidised bed simulation
containing 200,000 particles. The unsteady interaction force implementations
account for 24% of the total computational time.
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Figure 2.8: Mixing behaviour of the liquid fluidised bed at U0 = 0.16 m/s, represented by
the mixing of two coloured fractions.

M(t) =

∑Np

i=0

(
rij(t)− dp,i+dp,j

2

)
∑Np

i=0

(
rik(t)− dp,i+dp,k

2

) (2.35)

Figure 2.9 shows the mixing time for simulations with drag-only approach and full coupling
for different liquid velocities U0. In all simulations, measurements were performed at
1 s intervals. As expected, a higher superficial velocity results in faster mixing. It is
immediately clear that when the full interaction force is considered, mixing is significantly
affected. The influence is strongest at lower liquid superficial velocities, where the mixing
time is up to 20% higher. The full coupling is observed to dampen the surface dynamics
and thereby impede solids mixing. This is confirmed by Figure 2.10, which shows the
magnitude of the total unsteady interaction force relative to the drag force throughout the
bed for different liquid velocities. The unsteady forces are observed to be of the highest
importance near the surface of the bed, where they are of comparable magnitude as the
drag force. Both the virtual mass force and Basset history force were found to contribute
approximately equally to the total unsteady force. At higher superficial velocities the
influence of the unsteady forces is smaller, as the drag force and particle inertia grow more
dominant. This is also clear from Figure 2.9, as the difference between both lines vanishes
at higher liquid velocities. This is an example of a case where the full momentum coupling
strongly influences the overall behaviour of the system and the models introduced here
add significantly to the accuracy of the simulation.
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Figure 2.9: Mixing time measurements in liquid-fluidised bed simulations with drag-only
approach and full coupling.
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Figure 2.10: Relative magnitude of the unsteady interaction force throughout the liquid
fluidised bed for different liquid velocities.
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2.3.2 Drinking water pellet softening reactors

Water softening is an important process in water treatment. The softening process is
frequently performed using liquid-solid fluidised bed reactors [66]. By adding caustic soda,
supersaturated conditions are created. Calcium carbonate crystallisation takes place on
the surface of calcite grains, which then grow. Pellets are extracted from the reactor when
a defined grain size threshold is exceeded. Larger particles will migrate to the lower region
of the reactor bed and, depending on the flow conditions, a stratified bed with a certain
particle size profile will evolve.
For optimal process conditions (i.e. fast calcium carbonate crystallisation [66]) a large
specific surface area, and therefore small particle size is required [66]. The imposed specific
surface area which is exposed for crystallisation varies through time and space. Larger
open water spaces might increase the probability of spontaneous precipitation, while
a heterogeneous flow regime could have a positive effect on the dispersion of chemical
reactants in the water phase due to vigorous agitation of the particles in contact with
the fluid. It is unclear how the crystallisation proceeds in the presence of unsteady local
voids during fluidisation. These combined factors mean that it is difficult to predict the
influence of heterogeneous fluidisation on the reactor performance a priori. Therefore,
the fluidisation behaviour of these liquid-solid fluidised bed reactors must be studied in
depth.

Heterogeneous behaviour in liquid-solid fluidised beds

It is widely accepted that fluidisation behaviour in gas-solid fluidised beds is heterogeneous
or aggregative, whereas liquid-solid fluidisation main exhibits homogeneous or particulate
behaviour [67–73]. Homogeneous fluidisation can be defined as a fluidised state in which
solid particles are uniformly dispersed throughout the fluid without observable bubbles
[70]. The average distance between particles remains relatively constant, such that there is
a consistent distribution of neighbour particles around each given particle [74]. Mainly, no
bubbles or macroscopic voids are present in homogeneous fluidisation [75].
Heterogeneous fluidisation, in contrast, includes any state other than homogeneous. It
can be chaotic or non-uniform, it can display bubbles or particles moving in bulk in
different directions, and it can have particles moving randomly without maintaining a
fixed distance to other particles. Both homogeneous and heterogeneous fluidisation are
affected by increasing flow rate and varying particle properties. Fluidisation quality has
been studied in great detail for gas-solid fluidisation where bubbles play an important role.
In liquid-solid fluidisation, bubbles or voids are pockets of fluid created during fluidisation.
Some particles will get closer together to allow for large gaps with little or no particles.
The presence of these gaps is one of the main indications of heterogeneous fluidisation
[75].
Richardson and Zaki [76] stated that measuring sedimentation would be similar to liquid-
solid fluidisation, as particles do not undergo any net movement and velocity is only due to
the continuous upward movement of fluid. According to Di Felice [77], the main or prevalent
regime is homogeneous in liquid-solid fluidisation, whereas gas-solid fluidisation is described
to have many regimes and transition states. According to Batchelor [78], the conditions
for instability of liquid-solid systems are more complicated compared to gas-solid systems.
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Batchelor described experiments trying to find relationships between flow rate and other
variables and found that a non-uniform fluidised bed can be characterised by two dependent
variables: the local mean particle velocity and the local particle concentration. Batchelor
also showed that instability occurs when the particle Froude number Fr = U0/

√
gdp (ratio

of inertial to gravitational forces) exceeds a critical value [79]. A transition occurs from
smooth homogeneous fluidisation to heterogeneous or aggregative (bubbling) fluidisation
at a Fr ≈ 1. Fazle Hussain [80] found that the instabilities of local turbulent flows cause
the formation of vortices and coherent structures. Based on a stability map proposed
by Gibilaro et al. [74, 81], the transition for liquid-solid fluidisation in ambient water
from particulate to aggregate fluidisation depends on both the density and the size of the
suspended particles; for a lower particle density, a larger size is necessary for a transition
to occur.
In the previous sections (e.g. Fig. 2.4), a highly heterogeneous liquid-solid fluidised bed
was obtained, as is to be expected from the high particle density (ρp/ρl = 8) and relatively
large particles (dp = 2 mm) used in these simulations [77]. In the pellet softening reactor,
the prevalence of heterogeneous over homogeneous behaviour is much less obvious, and is
an important subject of study for further understanding of the reactor performance. Due
to the need to ensure a continuous production of reliable drinking water, experiments in
this field are restricted to pilot-scale set-ups. Such a set-up was designed to investigate the
hydraulic behaviour of the pellet softening process. Complementary to these experiments,
numerical simulations are used to gain insight into these processes without the need for
elaborate experimental methods. Numerical and experimental results are compared to
assess the model accuracy, after which simulation results are used to offer a more detailed
view of the fluidisation behaviour inside the reactor.

Experimental set-up

The set-up used for the experiments in this section consisted of a 4 m transparent PVC
pipe with an inner diameter of 57 mm and two main circuits in which water flows: the
expansion circuit and the temperature conditioning circuit. In the expansion circuit, a
pump takes locally produced drinking water from a reservoir and feeds it to the expansion
column with an adjustable water flow. The flow rate entering the system can be controlled
by opening and closing a valve in combination with the installed flow meter. The pressure
drop was measured with a differential pressure sensor. The temperature conditioning
circuit was used to deliver a desired temperature to the expansion circuit to perform
expansion experiments at different temperatures. The circuit consists of a pump that feeds
water into an integrated heating or cooling unit. Aside from expansion and pressure drop
measurements, a Chronos 1.4 high-speed camera was used to make recordings of the bed.
The particles which were examined were calcite pellets (100% CaCO3) applied in drinking
water softening. Polydisperse calcite pellets were dried, sieved, and fractionated (1.4 mm
< dp < 1.7 mm) in order to acquire more uniformly dispersed samples.
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Table 2.6: Parameters and settings used in simulations. Fluid properties are taken at 20
°C; coefficients of friction and restitution are based on the work of Joseph and
Hunt [82].
Property Value Unit
Reactor diameter DR 0.057 m
Reactor length LR 2.0 m
CFD time step size ∆tCFD 10−3 s
CFD cell size ∆xCFD 4.65 mm
Fluid density ρf 998.20 kg/m3

Fluid viscosity νf 1.007 · 10−6 m2/s
Particle size (mean) 〈dp〉 1.55 mm
Particle size (standard deviation) σdp 0.16 mm
Total bed mass mp 0.87 kg
Particle density ρp 2575 kg/m3

DEM time step size ∆tDEM 10−5 s
Young’s modulus Y 5.0 MPa
Poisson’s ratio νp 0.45 -
Restitution coeff. ep 0.3 -
Friction coeff. µp 0.05 -

Simulation set-up

The parameters and settings used in the simulations are summarised in Table 2.6. The
fluid properties are taken at 20 °C, the same temperature at which the experiments
were conducted. The coefficients of friction and restitution were estimated based on the
experiments using glass spheres as performed by Joseph and Hunt [82] and the Stokes
number St = dpv/(9νf ). Using the liquid velocity as the typical collision velocity, the
Stokes number was found to lie in the range of 10 - 60. Typical values were chosen for
the Young’s modulus and Poisson ratio, as they have a negligible influence on the results
[83].

Expansion results

Expansion characteristics were measured for calcite pellets (1.4 mm < dp < 1.7 mm, ρp =
2,575 kg/m3) at 20 °C for five different superficial fluid velocities. Some experiments were
executed in duplo or triplo, as shown in Table 2.7. Simulations were conducted at the same
superficial liquid velocities. Numerical results are presented alongside the experimental
values in Table 2.7 and Figure 2.11. In addition, Figure 2.11 shows voidages estimated
with the popular model developed by Richardson and Zaki [76] and an empirical model
proposed by Kramer et al. [66].
The results presented in 2.11 show that the CFD-DEM model under-predicts the voidage
by a relative error of up to 10%, especially at intermediate flow rates. The voidage
prediction for the Richardson-Zaki [76] model has the largest discrepancy compared to
the experimentally measured values, while the empirical model proposed by Kramer et al.
shows the smallest deviation. The latter may not come as a surprise, since this data-driven
model was calibrated for a variety of calcite pellet fractions.
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Table 2.7: Experimental and numerical voidage and pressure drop results for 1.4 - 1.7 mm
calcite pellets in water at 20 °C.

Experiments Simulations
# U0 εf ∆p εf ∆p

mm/s - kPa - kPa
1,2,3 15 0.42 2.08 0.38 2.06
4,5 30 0.54 2.08 0.48 2.07
6,7,8 61 0.68 2.08 0.59 2.10
9 87 0.78 2.08 0.70 2.15
10 142 0.91 2.08 0.89 2.16

It is believed that the discrepancy between experimental and numerical results is mainly
caused by the non-spherical shape of the particles [66]. Image analysis of the pellets has
indicated that the particle sphericity can be as low as 0.75. This aspect was not accounted
for in the simulations. Nevertheless, the trend of the expansion is captured accurately, and
analysis of the simulation results yields valuable insight into the bed behaviour.
Figure 2.12 shows instantaneous CFD-DEM snapshots of the bed voidage in a cross-section
through the centre of the bed (a), and the particle distribution (particles coloured by size)
as viewed from the outside (b). The bed appears to be homogeneous when the particles are
observed from outside the bed (Fig. 2.12b). However, Figure 2.12a shows the appearance
of discrete water pockets at lower superficial liquid velocity, which transform into more
complex structures at higher velocities. At the highest flow rate, the bed is composed of
thin, interwoven particle-dense and dilute regions. Furthermore, it can be seen that only
at high fluid velocity stratification of the bed is obtained. This indicates mobility of the
particles but an absence of a large-scale mixing pattern. Separation of the smallest particles
is observed at the lowest velocity, but stratification of the entire bed is not found.

Figure 2.11: Experimentally measured mean voidage, mean voidage predicted by CFD-
DEM simulations (error = 10%), data-driven model (Kramer et al. [84], error
= 2%), and a popular model (Richardson and Zaki [76], error = 15%).
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Figure 2.12: Instantaneous cross-sectional voidage (a) and particle size distribution (b)
snapshots for increasing superficial liquid velocity (15, 30, 61, 87 and 142
mm/s, respectively). Videos of the simulation can be accessed at [85].
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Void development

During the fluidisation experiments with calcite grains, open spaces and voids of water
were observed between the fluidised particles even at relatively low fluid velocities in the
vicinity of minimum fluidisation. These voids were found to increase in size when the fluid
flow increased [85]. Voids are formed when the pathway between clusters of particles is
of lesser resistance than the assumed homogeneous fluidisation state, resulting in a lower
energy dissipation. A liquid-solid fluidised bed may appear homogeneous when observed on
a larger scale, but locally the fluid flow distribution through the bed may not be completely
uniform. These inhomogeneities appear in the form of bubbles, travelling waves, or particle
clusters (parvoids) depending on the physical parameters [85] of the system.
Moreover, significant heterogeneous particle-fluid patterns were detected at higher fluid
velocities. The observed voids behaved like bubbly waves [85] and moved up the bed with a
certain wave velocity and frequency. Around these voids, clusters of particles were formed,
which had a tendency to linger as a group and show decreased hindered settling. After
individual particles broke loose from the particle train and start settling vertically, the
remaining particles followed successively. For relatively high fluid velocities, recirculation
patterns were observed where particles tended to show both upward and downward flow.
At these high fluid velocities, the voids were more equidistantly distributed in the bed.
According to the transition model for liquid-solid fluidisation by Gibilaro et al. [74], the
considered 1.4 - 1.7 mm calcite pellets should belong to the fully particulate (homogeneous)
region, not to the aggregate region nor to the particulate and aggregate regions. In contrast
to the transition model, a homogeneous state for these examined particles was not observed
in experiments.
A visual comparison of void development in experiments and simulations with increasing
fluid velocity is shown in Figure 2.13. At U0 = 30 mm/s (Fig. 2.13c and d) the simulations
predict large singular voids, while experiments show more numerous smaller pockets of
water. At higher fluid flows, the particle structure opens up further and voids merge into
larger structures. This was captured both in experiments and in simulations. As the fluid
motion is not resolved at the particle scale in the CFD-DEM method, prediction of the
actual void shape is precarious. Still, a qualitative comparison of void size holds very well,
especially at higher liquid velocities.
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(a) 15 mm/s (b) 15 mm/s

(c) 30 mm/s (d) 30 mm/s

(e) 61 mm/s (f) 61 mm/s

(g) 87 mm/s (h) 87 mm/s

(i) 142 mm/s (j) 142 mm/s

Figure 2.13: Visual comparison between experiments (left) and simulations (right), showing
void development with increasing superficial liquid velocity (15, 30, 61, 87 and
142 mm/s, respectively).
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Solids circulation

The time-averaged solid mass flux was obtained from each simulation and is shown in
Figure 2.14. This figure shows the vertical flux through a horizontal plane at height
z = hbed/2. A weak overall solids circulation exists at intermediate velocity, which was also
observed in the experiments. Depending on the superficial fluid velocity, upward particle
movement can occur through the bed centre or along the walls. This indicates that the
circulation pattern is rather unstable and might be highly susceptible to changes in the
initial bed configuration or the liquid distribution. The unstable circulation is confirmed
by standard deviations reported in Table 2.8, which were calculated at the centre of the
bed. Above the lowest fluid velocity, the standard deviation is of the same order as the
mean solid mass flux, indicating a widely varying solids movement.
The strongest circulation can be found at U0 = 30 mm/s, corresponding to water pockets
moving up through the centre of the bed, as observed in Figure 2.12a. At the highest liquid
velocity, approaching the particle terminal settling velocity (200 < vt (mm/s) < 235), the
time-averaged solids circulation vanishes. As can be seen from the standard deviation
in Table 2.8, the fluctuating component persists. This lack of large-scale solids mixing
combined with particle mobility allows for the stratification at high velocity as represented
in Figure 2.12b.

Figure 2.14: Time-averaged vertical solid mass flux at different superficial liquid velocity,
measured at z = hbed/2.
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Table 2.8: Time-averaged vertical mass flux at the bed centre and corresponding standard
deviation, measured at z = hbed/2.

U0 Φm × 103 σΦm × 103

mm/s kg/(m2s) kg/(m2s)
15 -3.56 0.23
30 21.9 12.6
61 -8.42 25.3
87 16.0 16.2

142 2.72 4.89

Voidage distribution

To further quantify the influence of the observed voids on the operational efficiency of
the liquid-solid fluidised bed reactor, the probability density function (PDF, Eq. 2.36) of
the local voidage and its derived cumulative distribution function (CDF, Eq. 2.37) were
evaluated. In the equations below, V (ε)dε denotes the total volume of cells having void
fraction between ε and ε+ dε. Furthermore, a distinction has been made between the layer
of cells bordering the reactor wall and those in the core of the reactor.

PDF (ε)dε = V (ε)dε∫ 1
0 V (ε)dε̂

(2.36)

CDF (ε) =
∫ ε

0
PDF (ε̂) dε̂ (2.37)

〈ε〉 =
∫ 1

0
PDF (ε̂) · ε̂ dε̂ (2.38)

σ2
ε =

∫ 1

0
PDF (ε̂) · (ε̂− 〈ε〉) dε̂ (2.39)

By way of illustration, Figure 2.15 shows the voidage PDF for the simulation with U0 = 30
mm/s. The dashed lines indicate the mean voidage (Eq. 2.38) in the wall and core regions,
while the dotted lines indicate the range of voidage encompassing 95% of the bed volume
(CDF (ε) = 2.5% and 97.5%). Clearly, the void fraction distribution is not symmetrical,
showing a peak at low voidage with a long tail reaching up to 90% liquid volume. This
indicates the presence of high-voidage water bubbles in a denser emulsion phase. The
broad distribution means that the mean bed voidage is not an adequate parameter to
describe the liquid-solid fluidised bed state, as a range of voidages should be considered
instead.
Lastly, the voidage in the vicinity of the reactor walls was found to be up to 5% higher than
in the bulk of the bed. This indicates an intrinsic limitation of optical voidage measurements
in liquid-solid fluidised bed experiments. The liquid volume fraction measured close to
the wall is not representative of that in the core of the reactor. Simulations offer an
advantage, as they provide full 3D void fraction information without the need for expensive
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Figure 2.15: Voidage probability density function obtained at U0 = 30 mm/s. Dashed lines
indicate mean voidage; dotted lines mark the range of voidages comprising
95% of the bed volume.

measurement techniques, such as x-ray tomography, electrical capacitance tomography, or
optical probing.
The heterogeneity of the bed observed in the simulations is summarised in Figure 2.16.
Symbols show the mean voidage plotted against superficial fluid velocity, while the error
bars indicate the range of voidages comprising 95% of the bed volume. Interestingly,
heterogeneity shows to be most pronounced slightly above the onset of fluidisation. At
higher velocity, the range of observed voidages narrows as the discrete bubbles transform
into more complex structures.
In order to show the influence of particle size on the bed heterogeneity, a simulation was
repeated using smaller particles 〈dp〉 = 0.9 mm, σdp = 0.08 mm, U0 = 30 mm/s. The
obtained voidage PDF is shown in Figure 2.17 and compared with previous results at
U0 = 61 mm/s. These two simulations are compared in view of their similar expansion, i.e.
mean voidage. However, the range of observed voidages is much narrower using smaller
particles. This clearly indicates that larger particles favour a more heterogeneous bed
configuration, as was previously shown by Di Felice [77]. In addition to being narrower, the
distribution obtained from smaller particles is also more symmetric than the distribution
found for the larger particles, indicating a less distinct separation between the emulsion
and bubble phases.
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Figure 2.16: Liquid-solid fluidised bed expansion behaviour with increasing superficial
liquid velocity. Symbols indicate mean voidage, error bars signify the range of
voidages comprising 95% of the bed volume.

Figure 2.17: Comparison of voidage probability density functions for large particles (〈dp〉
= 1.55 mm, σdp = 0.16 mm, U0 = 61 mm/s) and small particles (〈dp〉 = 0.9
mm, σdp = 0.08 mm, U0 = 30 mm/s) at similar mean voidage. Dashed lines
indicate mean voidage; dotted lines mark the range of voidages comprising
95% of the bed volume.
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2.4 Conclusions

In this work, the unresolved CFD-DEM method is extended to accurately describe liquid-
solid systems, building upon the drag-only approach often applied to gas-solid systems.
The complete momentum coupling is composed of established relations for the drag and
lift forces, as well as newly introduced implementations for the virtual mass and Basset
history forces. The virtual mass closure was based on the work of Felderhof [29] and
encompasses the effects of local particle fraction and relative density. Special care was
taken to implement a computationally efficient Basset history force model. Based upon
the work of Parmar et al. [30], this model divides the history force into a resolved near
history and an approximated far history part.
A demonstration case consisting of a cylindrical liquid fluidised bed has been used to
show the performance of the model. It was shown that by careful choice of the numerical
stabilisation length and time scales, accurate calculation of the viscous unsteady force is
achieved (error ≈ 5%) while maintaining manageable computational loads. The unsteady
interaction force calculation accounted for 24% of the total computational time for a
particle-dense system.
The significance of the complete momentum coupling has been demonstrated and quantified
through analysis of solids mixing behaviour in a liquid fluidised bed. The nearest-neighbour
approach has been used to quantify the mixing behaviour and obtain mixing times. Over a
range of liquid velocities, simulations with the full momentum coupling have been compared
with a drag-only approach. It has been shown that the use of the complete momentum
coupling can lead to (up to 20%) slower solids mixing. A significant dampening of the
bed surface dynamics has been observed, stemming from the unsteady interaction forces.
These effects are most pronounced at lower liquid velocities, as the drag force and solids
inertia are more dominant at higher velocities.
A comparison of simulation results with experiments on a lab-scale fluidised bed water
softening reactor was used to assess the model accuracy. The bed expansion was predicted
within 10% accuracy, with the discrepancy presumably stemming from the non-spherical
particle shape in the experiments. A qualitative comparison of the bed heterogeneity
showed that local particle and void behaviour is well captured. Lastly, simulations were
used to quantify the heterogeneous behaviour in the pellet softening reactor. It was shown
that the range of voidages occurring within the reactor is widest at intermediate flow rates,
and that significant differences exist between the regions close to the reactor walls and the
core.
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2.5 Recommendations

In the current model, the effect of local solids fraction on the lift and Basset history forces
is not accounted for. More recently developed lift models, such as the works of Zhou et
al. [86, 87] and Akiki et al. [88], have shown that the local particle fraction significantly
influences the lift force. Inclusion of such a model will further improve the accuracy of
the model. In the literature, not much is known with respect to the influence of local
solids fraction on Basset history force. This could provide an interesting research topic
for a Direct Numerical Simulation study, as this technique allows for resolving of the
fluid-particle interaction force without the use of models or correlations. However, it is
challenging to decompose the total fluid-particle interaction force into the individual force
contributions.
The hydrodynamic torque acting on the particles has been neglected in this work. Though
its influence on liquid-solid systems containing spherical particles is subject of debate (e.g.
[89]), it is highly important for simulations of non-spherical particles [90]. The sub-particle-
scale lubrication force was modelled only through adjustment of the particle restitution
coefficient. For simulation of low-Stokes-number systems, a more elaborate modelling of
this force is a valuable addition (e.g. as proposed by Yang and Hunt [91]).
Comparison of simulations and experiments has shown that accounting for particle shape
is vital for the predictive quality of the model. Suitable corrections for particle-particle
interactions (e.g. [92]), drag force (e.g. [93]) and lift force (e.g. [94]) are available in
literature, though much remains unknown on the influence of particle shape on the
unsteady interaction forces. Implementation of such corrections will greatly improve the
applicability of the current model to real-world systems [95]. As was shown in this chapter,
CFD-DEM simulations offer a powerful tool for research on chemical reactor behaviour and
performance, and much is to be learned from their application to these complex systems.
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Chapter3
Magnetic Particle Tracking in liquid-solid systems

Abstract

Magnetic Particle Tracking (MPT) was employed to study a rotating drum filled with cork
particles, using both air and water as interstitial medium. This non-invasive monitoring
technique allows for the tracking of both particle translation and rotation in dry granular
and liquid-solid systems. Measurements on the dry and floating bed rotating drum were
compared and detailed analysis of the bed shape and velocity profiles was performed.
It was found that the change of particle-wall and particle-particle interaction caused
by the presence of water significantly affects the bed behaviour. The decreased friction
leads to slipping of the particles with respect to the wall, rendering the circulation rate
largely insensitive to increased drum speed. It was also found that the liquid-particle
interaction determines the behaviour of the flowing layer. The well-defined experiments
and in-depth characterisation presented in this chapter provide an excellent validation case
for multi-phase flow models.

This chapter is based on T.M.J. Nijssen, M.A.H. van Dijk, J.A.M. Kuipers, J. van der
Stel, A.T. Adema, and K.A. Buist, “Experiments on floating bed rotating drums using
Magnetic Particle Tracking”, submitted to: AIChE Journal, 2021.
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Chapter 3 Magnetic Particle Tracking in liquid-solid systems

3.1 Introduction

The applications of rotating drums for handling and processing of granular materials are
numerous. These devices, consisting of a cylinder rotating about its axis, are employed
for mixing, coating, drying, calcination, grinding, granulation and many other industrial
processes. The behaviour of dry granular matter in a rotary drum is well-described in
literature. Many studies, both experimental (e.g. [96, 97]) and numerical (e.g. [98–100]) in
nature, have been dedicated to the granular flow inside the drum. Based on the rotational
velocity, filling degree and properties of the granules different particle flow patterns are
prevailing, ranging from a slipping bed at low velocity to centrifuging behaviour at the
highest rotational speed. The intermediate rolling regime is often of special interest, due to
its fast mixing and favourable energy consumption [98]. In this regime, the bed is divided in
a densely-packed layer at the drum wall and a freely rolling active layer at the bed surface.
More complex flow behaviour is observed in studies involving non-spherical particles [101]
or cohesive materials [102]. In addition to characterisation of the flow patterns, many
studies have been dedicated to the mixing, mass and heat transfer behaviour in these
devices [100, 103, 104].
The possible applications of rotating drum devices are not limited to gas-solid systems.
Liquid-solid rotating drums, most prevalent using water as the interstitial medium, have
been presented as a promising contactor/reactor design for several biochemical processes,
including cultivation of plant cells [105], treatment of contaminated soil [106] and bioleaching
of various metal ores [107–109]. Generally such units utilise a sparging mechanism for
introducing oxygen into the vessel. The liquid-solid rotating drum has been selected as a
suitable device for these processes due to its gentle agitation yet effective mass transfer
rates [105].
While research on rotating gas-solid rotating drums is extensive, much less is known
about rotating drum flow with liquid interstitial media. Brue et al. [110, 111] studied the
formation, growth and decay of patterns in rotating slurries of mono-disperse glass beads.
They found different ring-like patterns formed in the drum, depending on the rotation
speed and liquid viscosity. However, no underlying mechanics could be identified. Jain
et al. [112] found similar results for bi-disperse mixtures of particles. The authors also
found that size-based segregation is faster in liquids than in air and provide an analysis
of the segregation and diffusion velocities to explain this finding. In addition, Finger and
Stannarius [113] found that while the influence of fluid viscosity on segregation behaviour
is significant, no influence is observed of the fluid density.
An in-depth analysis of avalanche behaviour in liquid-filled drums was provided by Courrech
du Pont et al. [114]. In this work, avalanches were divided into three regimes based upon
the solid/liquid density ratio r =

√
ρp/ρf and the Stokes number (Eq. 3.1). The latter

signifies the ratio of particle inertia and fluid viscosity, based upon the densities ρ, angle of
repose θ, particle diameter dp and fluid dynamic viscosity µf .

St =
√
ρp
√

∆ρg sin θ d3/2
p

18
√

2µf
(3.1)

In the free-falling regime (high Stokes number and density ratio), the influence of the
interstitial liquid is negligible, as is the case for dry granular matter. For liquid-solid drums
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(low density ratio), avalanches are either in the viscous limit regime (low Stokes number)
or the inertial limit regime (high Stokes number). This work shows that influence of the
interstitial medium can range from negligible to highly significant based upon the particle
and fluid properties. In a later work of Jain et al. [115] focus was on the flowing granular
layer rather than avalanches. This work was conducted using high-density steel beads, and
the authors found little influence of the interstitial liquid on the flow dynamics, especially
for larger particles (> 2 mm).
The behaviour of a dry rotating drum is often characterised by the Froude number (3.2).
This dimensionless group signifies the ratio between particle inertia and gravity, based
upon the drum angular velocity Ω, drum radius R and gravitational acceleration g. As
this group does not consider influences of the interstitial medium inertia and viscosity, its
application in a liquid-solid system is precarious. Based upon experimental and numerical
results, Juarez et al. [116] developed an adjusted Froude number, including the effects of
particle friction (through the angle of repose θ), volumetric drum filling degree f and the
particle-fluid density difference ∆ρ (Eq. 3.3). They found that the transition towards the
centrifuging regime was predicted reasonably well by this adjusted Froude number for both
dry and immersed cases. The expression in Eq. 3.3 was modified slightly from the original
to account for floating particles without producing negative values.

Fr = Ω2R

g
(3.2)

Fradj = Fr
(

sin θ
√

1− f
∆ρ/ρp

)
(3.3)

Liao and Chou [117–120] performed different experiments using Particle Tracking Velocime-
try (PTV) in a quasi-2D rotating drum. They studied the behaviour of mono-disperse glass
beads in water and different water/glycerine mixtures in order to establish the influence of
viscosity on the drum dynamics. Apart from observing the avalanche regimes described
by Courrech du Pont et al. [114], the authors also composed a regime map showing the
transition to a uniform suspension regime [120]. It was found that the granular temper-
ature decreases with fluid viscosity, yet particle mixing is promoted [117]. Furthermore,
experiments using bi-disperse particle mixtures have revealed that size-based segregation
is weaker in more viscous liquids, whilst density-based segregation grows stronger. Lastly,
Parsons et al. [121] studied the liquid-solid mass transfer in a partially filled drum with
baffles using dissolution experiments. They found a linear relationship between the mass
transfer coefficient and the rotation speed, but no influence of the solids volume fraction.
In the aforementioned works, experiments have been conducted using glass and steel beads
in water and water/glycerine mixtures. In order to further explore the influence of the
interstitial medium on bed dynamics, this work focuses on particles with a lower density
than the fluid phase i.e. floating particle beds. Magnetic Particle Tracking (MPT) is used to
obtain information on the particle movement in a rotating drum filled with water and cork
spheres, as well as the dry cork spheres. MPT is a non-invasive monitoring technique which
yields the time-resolved trajectory of a single magnetic marker [122]. Furthermore, MPT
also gives information on the tracer orientation and rotation rate [123]. These experiments
demonstrate the application of MPT in liquid-solid systems, and in addition provide a
basis for further study of dynamic immersed particle flow.
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3.2 Methods

3.2.1 Magnetic Particle Tracking

In Magnetic Particle Tracking (MPT), the magnetic field generated by a single tracer
particle is measured by an array of sensors. Using this data, the position and orientation
of the tracer can then be reconstructed by treating the particle as a magnetic dipole. The
detector used in this work has been described extensively by Buist et al. [122]. It consists
of a cylindrical array of 72 Anisotropic Magnetic Resonance (AMR) sensors, positioned in
four horizontal rings surrounding the drum. The inner radius and height of the array are
0.26 m and 0.45 m, respectively. The magnetic field strength is measured at 1 kHz, which
is consecutively down-sampled to 50 Hz.
The reconstruction of the tracer position and orientation from the magnetic field strength
data is an iterative process, starting from an initial guess. The magnetic field strength
corresponding to the assumed position and orientation is calculated and compared with
the measured signal. Equation 3.4 gives the magnetic field H generated by a magnet with
position ~rp and orientation ~ep, observed at sensor position ~rs. Here, µm is the magnetic
moment of the tracer (in A·m2), and ~rps = ~rp−~rs is the vector between the sensor and the
tracer. For further processing, the magnetic field is non-dimensionalised using the magnetic
moment and the sensor arrays typical size L (Eq. 3.5). The theoretical sensor reading is
obtained by taking the inner product of the field strength with the sensor orientation ~es,
as shown in Eq. 3.6.

~H(~ep, ~rps) = µm
4π

(
−

~ep
|~rps|3

+ 3(~ep · ~rps)~rps
|~rps|5

)
(3.4)

~H∗ = ~H
4πL3

µm
(3.5)

S∗th(~ep, ~rp,s, ~es) = ~H∗(~ep, ~rps) · ~es (3.6)

The true tracer position and orientation are obtained through minimisation of the difference
between theoretical and measured signals. The estimated position approaches the actual
tracer position as S∗th approaches the measured value S∗m for every sensor. To assess the
quality of the estimate, the chance of obtaining a better estimate than S∗th is calculated
using the standard deviation of the measurement σ∗m (Eq. 3.7). The terms 〈S〉 denote
the average over all sensors and are used to correct for any stray fields. The final quality
function Q (Eq. 3.8) is obtained by taking the Root Mean Square (RMS) of P for every
sensor. A small value for this parameter reflects an accurate reconstruction of the tracer
position and orientation from the magnetic field strength data. A Sequential Quadratic
Programming (SQP) in MATLAB© is used to minimize Q i.e. find the optimal estimate
for position and orientation.

P = erf
(
|(S∗th − 〈S∗th〉)− (S∗m − 〈S∗m〉)|√

2σ∗m

)
(3.7)
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Q =

√∑Ns

i=1 P
2
i

Ns
(3.8)

As can be deduced from Eq. 3.4, the precision of the estimate of position and orientation
relates strongly to the distance between the sensor and the tracer. Based on earlier research
[122–124], it is known that the maximum error for the current set-up and magnetic tracer
is 3 mm in position and 5-10 degrees in orientation. The error in position and orientation
estimate is generally proportional to the distance between sensor and tracer. Therefore
the drum is placed close to the sensor array to maximize accuracy. With these settings it
is estimated that the average error is 1 mm in position and 2-3 degrees in orientation.

3.2.2 Rotating drum

The drum used in the experiments is constructed out of non-magnetisable materials to
avoid any interference with the measurements. The drum inner radius and depth are both
50 mm. The cylinder wall is made from acrylic, the two end plates are constructed from
aluminium. The drum is connected to a Maxon DC motor through a Type 316 stainless
steel drive shaft supported by pillow block bearings. The shaft is long enough such that the
motor is placed far from the AMR sensors and does not interfere with the measurement.
The motor speed is controlled by varying the voltage across its terminals and verified using
a digital tachometer. A threaded hole was added to the end plate of the drum to allow the
filling of the drum with (demineralised) water, which was closed with a brass bolt. The
drum was overfilled and no air bubbles were found inside the drum during the experiments.
Throughout the experimentation, the laboratory temperature was maintained at 20 °C.

3.2.3 Particles

The particles used in experiments were natural cork spheres. Using digital callipers, the
average particle diameter was determined to be 6.3 mm (standard deviation σ = 0.14
mm). By weighing counted samples of particles, the dry particle density was determined
to be 152 kg/m3. After saturating the cork particles with water by immersing them for
multiple days, a density of 295 kg/m3 was measured. Before experimentation the particles
were pre-soaked in water, and remained in the drum during the measurement campaign in
order to ensure a constant density throughout the measurements. A photograph of the
cork spheres is included in Figure 3.1. It can be seen that the particles are not perfectly
spherical and smooth, but rather show some small cracks and dents.
Table 3.1 shows the classification of the dry and floating beds based on the work of Courrech
du Pont et al. [114], placing them in the free-fall and inertial limit region, respectively.
Throughout this work, the bed angle at the lowest drum speed is used as the angle of
repose [125].
The magnetic tracer consists of a 2.5 mm Ni-Cu-Ni coated N42 neodymium magnet
(µm = 6.75 · 10−3 A·m2) encapsulated in a 7.6 mm polystyrene sphere, giving it an effective
density of 295 kg/m3. Despite its slightly larger diameter and density observed behaviour
of the tracer did not deviate from the other particles, as expected on basis of previous
experimental and numerical work [126, 127].
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5 mm

Figure 3.1: Cork particles used in experiments.

Table 3.1: Classification of the dry and floating bed rotating drums, based on the work of
Courrech du Pont et al. [114].

Dry Floating
ρp 152 295 kg/m3

ρf 1.20 998 kg/m3

µf 1.8·10−5 1.8·10−3 Pa·s
r 11 0.54 -
St 133 7.54 -
Regime Free-fall Inertial limit
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3.3 Results and discussion

In this work, experiments were conducted using beds of two different numbers of particles:
600 and 800 particles, corresponding to filling degrees of f = 0.35 and 0.45, respectively.
Both beds were tested under dry and floating conditions using four drum speeds (20, 40,
60 and 80 RPM), leading to a total of 16 experiments. Each run was conducted for at least
1 hour, or 1,200 revolutions at the lowest drum speed.
After reconstructing the tracer position and orientation from the measured magnetic field
strength, the translational and rotational velocities were obtained by taking the respective
temporal derivatives. By projecting the tracer position onto the transverse plane of the
drum and discretising the data on a grid (50 grid cells over the drum diameter), the
occupancy and time-averaged translational and rotational velocities were obtained. The
occupancy is defined as the probability density of finding the tracer in each cell. It is used
to show that the tracer has travelled throughout the entire bed and is a good indicator of
the bed shape [101, 122].

3.3.1 Bed shape

Examples of the tracer occupancy, time-averaged particle velocity and average rotational
velocity for the dry and floating bed drums are shown in Figures 3.2 and 3.3, respectively.
These figures show measurements using 600 particles at rotational speeds of 20 and 80
RPM. Comparing the results at low and high rotational velocity in the dry bed (Fig. 3.2),
a distinct change in bed shape can be observed. At low rotation speed the bed surface is
mostly flat, while at the highest speed a more s-shaped surface is found, tilted at a greater
angle. This transformation has been observed often in previous research, e.g. by Morrison
et al. [96]. The increased rate of circulation is clearly observed from the velocity profiles,
revolving around a central turning point.
When making the same comparison for the floating bed (Fig. 3.3), no change in bed shape is
found. The bed surface remains mostly flat, and no change in bed angle is found. Looking
at the velocity profiles, little difference between the low and high rotation speeds is found.
This indicates that the bed behaviour is mostly independent of the drum speed. Using 800
particles, a slight curved surface is observed at higher rotation speed.
Figures 3.2 and 3.3, c and f show the particle angular velocity ω in the transversal plane of
the drum, normalised by the drum rotation rate Ω. Positive values indicate a clockwise
rotation, along with the drum. At lower drum speed, tumbling of the particles occurs only
at the bed surface, while the particles close to the wall undergo solid-body rotation with
the drum (ω/Ω = 1). At higher drum speeds, tumbling of the particles is less pronounced,
as particles get thrown into the drum rather than rolling over the bed surface. In the
floating bed drum, a band of higher angular velocity is observed close to the drum wall,
whereas particles further into the bed exhibit under-rotation (ω/Ω ≈ 0.5). This remarkable
feature shows how the reduced friction due to the presence of water allows for relative
particle motion, even in densely packed regions.
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Figure 3.2: Time-average bed occupancy, particle velocity profiles and particle angular
velocity for the dry rotating drum containing 600 particles, at 20 RPM (a, b,
c) and 80 RPM (d, e, f).
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Figure 3.3: Time-average bed occupancy, particle velocity profiles and particle angular
velocity for the floating bed rotating drum containing 600 particles, at 20 RPM
(a, b, c) and 80 RPM (d, e, f).
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A distinct band of low occupancy close to the wall in the lower half of the bed is found in
nearly all floating bed measurements, and to a lesser degree in the dry bed. The band is
located at approximately 1 dp distance from the drum wall. This suggests a structured
stacking of particles against the wall, or a wall exclusion effect. Unfortunately, further
investigation of this phenomenon using particle tracking methods is precarious, as no
information on the particles surrounding the tracer is available. Tomographic or numerical
methods are better suited for such an investigation.
The definitions used for further analysis of the bed behaviour are shown schematically in
Figure 3.4. Here, O indicates the drum centre and α the bed angle, which is determined at
the midpoint along the bed surface. The surface point S is defined as the position along
OC beyond which 99% of measurements are located. This also fixes the line along the bed
surface AB. Lastly, turning point T is defined as the point along OC where its crosswise
velocity changes direction.
The observed bed angles measured in dry and floating bed drums are plotted in Figure
3.5. An increase of bed angle with increasing rotation rate is observed for the dry bed,
which levels off at the highest drum speed. This increase was previously observed in
both experiments and numerical simulations [99, 128]. The floating bed shows a different
behaviour entirely. For the 600-particle floating bed, no increase of bed angle is observed.
The floating bed of 800 particles exhibits an initial increase in bed angle, but no further
increase at higher drum speeds. These findings correspond with the observed bed slippage,
which is discussed in Section 3.3.2.
The total bed depth (CS, Fig. 3.4) can be divided in a passive layer close to the drum
wall (CT ) and an active layer closer to the bed surface (TS). Figure 3.6 shows the active
layer depth relative to the total bed depth, for both the dry and floating bed drums. The
lines for both bed sizes collapse reasonably well, but the floating bed shows a significantly
larger active layer depth than the dry bed. Boateng and Barr observed an expansion of the
active layer with increasing drum speed [129]. Such an increase is observed for both dry
and floating beds, though the floating bed shows a steeper initial increase before levelling
off, whereas the dry bed shows steady expansion over the whole range of measured Froude
numbers.
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Figure 3.4: Schematic overview of the rotating drum, indicating bed angle α, drum centre
O, bed surface AB, turning point T and bed depth CS.

Figure 3.5: Observed bed angle plotted against adjusted Froude number (Eq. 3.3) for dry
and floating bed rotating drums.
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Figure 3.6: Observed active layer depth relative to total bed depth, plotted against adjusted
Froude number (Eq. 3.3) for dry and floating bed rotating drums.

3.3.2 Particle velocities

The time-averaged particle velocity is a property of great interest in rotating drum research.
Two commonly reported velocity profiles are the crosswise velocity along the bed depth,
defined as the component perpendicular to CS (Fig. 3.4) and the streamwise velocity along
the bed surface, parallel to AB. These two profiles are shown in Figures 3.7 and 3.10,
respectively.
The velocity profile along the bed depth is commonly assumed to be comprised of two
linear sections separated by the turning point (e.g. [97]). Similar profile shapes can be
observed in Figure 3.7, for both the dry and floating beds. The linear section in the passive
layer corresponds with a solid body rotation along with the drum wall, whereas the profile
in the active layer linearly approaches the maximum surface velocity vs.
Khakhar et al. [130] derived the model for the maximum surface velocity in the dry case
given by Eq. 3.9, where AB and TS (Fig 3.4) are the surface length and active layer depth,
respectively. For immersed particles in the inertial limit regime, Courrech Du Pont et
al. [114] defined the terminal particle velocity based on the balance of drag, gravity and
buoyancy forces (Eq. 3.10). Per illustration, Figure 3.8 shows a comparison between dry
and floating particle velocity profiles, using 800 particles and drum speeds of 20 and 80
RPM. Here, the lines indicate bilinear velocity profiles with maximum surface velocities
given by Eqs. 3.9 and 3.10 for the dry and floating cases, respectively.

vs,dry = Ω(AB/2)2

TS
(3.9)
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(a) Dry rotating drum, 600 particles (b) Dry rotating drum, 800 particles

(c) Floating bed rotating drum, 600 particles (d) Floating bed rotating drum, 800 particles

Figure 3.7: Particle velocity profile (perpendicular to CS, Fig. 3.4) plotted over the bed
depth for dry and floating bed rotating drums, 600 and 800 particles. The wall
point C corresponds with y = 0.
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Figure 3.8: Comparison of dry and floating particle velocity profiles perpendicular to CS
(Fig. 3.4) using 800 particles and two different drum speeds. Lines indicate
bilinear profiles with maximum surface velocities given by Eqs. 3.9 and 3.10.
The wall point C corresponds with y = 0.

vs,inertial =

√
2∆ρgdp sin θ

ρf
(3.10)

From Figure 3.8, the measured dry bed velocity profiles can be seen to correspond reasonably
well with the profile predicted by Eq. 3.9. Likewise, the floating bed velocity profile is
predicted very well by Eq. 3.10 at low drum speed. However, at high drum speed
the measured velocities deviate significantly from the predicted line, both in shape and
magnitude. Clearly, particles move faster than their terminal velocity given by Eq. 3.10.
This indicates that the model of single particles moving through a stagnant liquid is not
appropriate, and a macroscopic movement of liquid along the flowing particle layer occurs.
The flattening of the velocity profile at the surface suggests particles near the bed surface
experience a stronger interaction with the liquid than particles deeper into the bed. As the
current method does not provide insight into the liquid behaviour, we highly recommend
further research into this interaction. Especially numerical methods (e.g. [131]) are suitable
for gaining insight in the complex interaction between the solid and liquid phases.
Another striking difference between the dry and floating bed is found when comparing the
particle velocity close to the wall with the linear wall velocity Ω∗ = ΩR. This is detailed
in Figure 3.9, in which the particle velocity profile is linearly extrapolated to the wall
position and compared with the drum wall velocity. In the dry case, a small degree of
slip between the particles and the wall is observed. This is most pronounced at the lower
particle count and higher drum velocity, stemming from the decreased friction of the lighter
bed. For the floating bed, a much higher degree of slip is observed, up to a 50% velocity
difference. Again, this is most pronounced at high velocity and low particle count, as the
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Figure 3.9: Particle velocity extrapolated to the wall position, normalised by the drum
wall velocity and plotted against adjusted Froude number for dry and floating
bed rotating drums.

larger bed exerts a larger buoyancy on the wall. This large difference between the dry
and floating cases indicates that the presence of liquid significantly alters the interaction
between particles and the drum wall.
The particle velocity profile along the bed surface in a dry rotating drum is commonly
described as a parabolic shape, which tends to skew towards the bottom of the bed at higher
drum speed [129]. The same observations can be made from Figure 3.10. In these plots,
-1 and 1 on the horizontal axis correspond to A and B respectively (Fig. 3.4), following
the path of the particles. For the dry bed, the parabolic profile increases in magnitude
with increasing drum speed, and skews slightly to the right at the highest rotation speeds.
Furthermore, little difference is found between the profiles for both filling degrees.
The surface velocity profile for the floating bed is also of parabolic shape, displaying slightly
more skewness than the dry bed. However, its magnitude does not increase steadily with
increasing drum speed. Instead, hardly any increase is found for the 600-particle bed. The
800-particle bed only displays an increase in surface velocity between 20 and 40 RPM.
This same trend was observed for the bed angle shown in Figure 3.5. As evident from
Figure 3.9, the floating bed exhibits a large degree of slip with respect to the drum wall.
Therefore, no additional kinetic energy is transferred to the particle bed, leading to little
increase in particle velocity with increased drum speed.
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(a) Dry rotating drum, 600 particles (b) Dry rotating drum, 800 particles

(c) Floating bed rotating drum, 600 particles (d) Floating bed rotating drum, 800 particles

Figure 3.10: Particle velocity profile plotted over the bed surface (parallel to AB, Fig. 3.4)
for dry and floating bed rotating drums, 600 and 800 particles. The points A
and B correspond with x = 0 and x = 1, respectively.
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3.4 Conclusions and recommendations

A study on the behaviour of floating particle beds in a rotating drum was conducted using
Magnetic Particle Tracking. Experiments using both dry and floating cork particles were
performed, spanning two filling degrees and two rotational speeds. The modified Froude
number of the two systems are of the same order, indicating that gravitational effects
relative to the rotation of the drum operate in similar regimes. Alternatively, by assessment
of the Stokes number it was shown that the dry granular bed was operating in the free fall
regime, while the floating bed was operated in an inertial regime, which proves that for
the floating case the interstitial fluid physically cannot be ignored.
Occupancy, particle velocity and angular velocity plots were obtained, showing the bed
shape and circulation in each experiment. For the dry bed, particle rotation was found
to follow a solid body rotation along the drum wall. In the floating case, a difference in
particle angular velocity was found between particles close to the drum wall and deeper
into the passive layer. This relative motion of particles was attributed to the decreased
particle-particle friction stemming from the presence of water.
The bed angle was shown to increase with rotation speed for the dry bed, levelling off at
the highest rotational speed. For the floating case, no increase in bed angle was found at
low filling degree, and only an initial increase at the higher filling degree. This shows how
decreased friction renders the bed behaviour largely insensitive to increased drum speeds.
Furthermore, it was shown that liquid presence gives rise to a more expanded state of
the active layer. These findings indicate that the presence of water significantly alters the
particle-wall and particle-particle interactions, and thereby influence the macroscopic bed
behaviour. This influence is not well-captured by current models, such as the adjusted
Froude number [116] employed in this work.
The velocity profiles along the bed depth obtained for the dry and floating beds were of
similar shape, showing largely linear profiles in the active and passive layer. However, at
high drum speeds particles close to the wall were found not to follow the drum rotation,
slipping with respect to the wall instead. This degree of slippage was investigated and
found to be more pronounced in the floating case. A lower degree of slip was found at
the higher filling degree due to the increased buoyancy. Due to this slip behaviour, little
increase in particle velocity was observed with increasing bed velocity.
The maximum particle velocity at the bed surface was compared with existing models
for the dry [130] and inertial-limited [114] floating cases. Results for the dry bed were
found to match reasonably well. The floating bed, however, exhibited particle velocities
significantly larger than the predicted terminal velocity at high drum speed. Clearly, the
model of single particles moving through a stationary liquid [114] is not applicable, and a
macroscopic liquid flow occurs along the bed surface. Furthermore, the particle velocity
close to the bed surface was found to deviate from the linear shape, indicating a strong
liquid-particle interaction is felt at the surface than deeper into the bed.
Analysis of the velocity profile along the bed surface shows mostly parabolic profiles for
both the dry and floating beds. The profiles skew towards the end of the surface at higher
velocity, and do so more in the case of the floating bed. Again, a diminishing increase of
particle velocity with higher drum velocity was observed for the floating case, confirming
observations made from the bed angle.
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In conclusion, the effect of the interstitial medium on rotating drum behaviour, as its density
surpasses that of the particles, is a complex phenomenon which cannot be captured by
considering an effective gravity. The altered particle-particle and particle-wall interactions
are of paramount importance for particle behaviour, both in the passive and active layers.
Coincidentally, the viscous and inertial liquid-solid interactions play a key role within the
flowing layer, which remains largely ill-understood.
For the further study of floating bed rotating drums and liquid-solid systems in general, the
authors recommend exploration of different relative densities of the particles and liquid. By
means of study of the balance between particle and liquid inertia, as well as liquid viscosity,
much can be learned about the interaction of particles and their surrounding medium.
In this work, the slippage between the drum wall and particles has been shown of great
importance to the bed behaviour. The particle shape and surface roughness are expected
to play a key role in this, and will prove interesting subjects of study. Lastly, the detailed
measurements provided by Magnetic Particle Tracking in this chapter are well-suited for
comparison with numerical simulations. The dynamic particle behaviour in the rotating
drum environment is an excellent validation case for multi-phase flow models.
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Chapter4
Experiments on a model blast furnace hearth

Abstract

The blast furnace hearth, located at the bottom of the furnace, plays an important role
in the operational stability and lifetime of this ironmaking reactor. The quasi-stagnant
bed of coke particles termed the deadman undergoes complex interaction with the flowing
hot metal, and remains largely ill-understood. In this chapter, a cold model blast furnace
hearth is presented, in which the liquid metal and coke particles are represented by water
and alumina shells, respectively. Magnetic Particle Tracking (MPT) is used to investigate
the individual particle behaviour within the cylindrical, opaque bed. At high liquid holdup,
the solid particle bed was found to alternate between floating and sitting states, following
the liquid level during the tapping and filling cycle. This vertical bed motion was found to
induce a horizontal migration of particles, thereby slowly renewing the deadman. The rate
of horizontal migration increases with the vertical bed amplitude, and the discharge and
renewal of particles are concentrated just before and after the opening of the tap hole. No
direct influence of the coke-free space on the tapping rate was found in these experiments.
Instead, the disturbance of the packing in front of the tap hole caused by the vertical bed
motion was observed to lead to a higher tapping rate.

This chapter is based on T.M.J. Nijssen, I. Hoeks, V. Manjunath, J.A.M. Kuipers, J. van
der Stel, A.T. Adema, and K.A. Buist, “Experiments and simulations on a cold-flow blast
furnace hearth model”, submitted to: Chemical Engineering Science: X, 2021.
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Chapter 4 Experiments on a model blast furnace hearth

4.1 Introduction

It has been widely accepted that an improved understanding of the phenomena in the
lower zone of the blast furnace is of paramount importance to obtain more stable furnace
operation and extended campaign lifetimes (e.g. [12, 132]). Among the extensive research
conducted to gain insight into this large and complex reactor, an attractive alternative
approach is the use of lab-scale cold-flow models. A limited selection of studies has been
conducted using actual high-temperature materials. For example, Husslage et al. [20, 133,
134] studied the trickling flow of hot metal through beds of coke particles, Shao et al. [135]
investigated the contact between hot metal and refractory bricks, and Baniasadi [136]
looked into the softening behaviour of a bed of ore pellets.
Due to the practical limitations and difficulties involved with experiments using hot liquid
metal, many researchers have resorted to cold-flow experiments. In such work, the hot
blast gas, ore and coke particles, and liquid iron and slag are replaced by model substances,
often using room-temperature air, water and oil as gas, iron and slag respectively. This
approach greatly widens the range of available experimental techniques and allows for a
safer and more accessible study of blast furnace phenomena, provided that materials and
conditions are selected appropriately. Over the past years, all aspects and sections of the
blast furnace have been extensively investigated using such cold-flow experiments.

4.1.1 Cold model blast furnace research

Jimenez et al. [137] investigated the charging of the ore and coke burden in a scaled
half-section blast furnace model. Their study revealed the influence of the upward gas flow
on the final burden distribution and layer structure. The descent of the burden through
the blast furnace shaft was studied by Takahashi and co-workers [21], providing valuable
insights into the solids flow patterns within the upper furnace and visualising the formation
of the deadman zone. Later studies [138, 139] focussed on the descent of fine coke particles
and causes of erratic burden movement.
Eto et al. [140] studied the trickling flow of liquid metal in the dripping zone using cold
model experiments. They determined dispersion patterns of liquid metal flow, and studied
the influence of the coke bed structure on the liquid distribution. Gupta et al. [141]
focused on the same zone, and revealed the impact of gas flow on the liquid hold-up and
distribution pattern. Another aspect of the blast furnace which has been studied using
experiments are the coke-free raceways. Takahashi and Komatsu [22] studied the formation
of the raceways and the solids flow patterns arising around them. Rajneesh et al. [142]
used cold-flow experiments on a single raceway to develop correlations for the raceway size
under increasing and decreasing gas velocities. Using similar experiments, Sarkar et al.
[143] studied the hysteresis of the raceway behaviour with varying gas velocities.
The lower section or hearth of the blast furnace has recently been gaining increasing
attention from researchers, as its internal phenomena are widely believed to be decisive
for the furnace campaign lifetime. Experimental studies on this subject matter commonly
focus on either the flow of the immiscible iron and slag phases during tapping, or the
behaviour of coke particles in the deadman zone. One of the earliest cold-flow studies of
the multi-phase tapping was conducted by Tanzil et al. [144], by use of water glycerol
mixtures and mercury to represent the slag and iron phases, respectively. Their work
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revealed the well-known tilting of the slag interface towards the taphole and provided
insight into the residual volumes of slag and iron remaining in the furnace after tapping.
More recently, the experiments of Nouchi, Yasui and Takeda [145] showed how the coke
bed structure directly in front of the taphole strongly influences the attainable tapping
rates. He et al. [146] investigated the effects of coke-free space under the deadman on the
tapping behaviour, and found that the coke-free space allows for longer tapping times and
lower residual liquid volumes.
Aside from the liquid flow in the hearth, the movement of coke particles in the lower section
of the blast furnace has been studied as well. The solid flow of a floating particle bed
subject to discharge was studied by Nouchi, Takeda and Yu [27, 147], who employed a
model system consisting of a bed of wooden spheres floating in water. They found the
liquid level (i.e. the balance between gravity and buoyancy) to be of great importance
to the solid flow patterns. The deadman renewal inside a 2D model blast furnace was
investigated experimentally by Shibata et al. [148], using room-temperature air, water and
low-density particles. They found that in between tapping cycles, the deadman particles
rise towards the raceways, forming a coke-free space underneath the bed. The shape of
this coke-free space was found to significantly affect liquid flow patterns and the heat-load
on the furnace walls. A similar study was conducted by Takahashi and Kawai [149], using
a half-section model blast furnace. Their work specifically focused on particle movement
patterns within the deadman, and revealed two renewal mechanisms: particles close to
the deadman surface can get pushed into the active flowing layer by the rising liquid level,
whereas particles deeper in the bed slowly migrate towards to raceways in a zig-zag fashion.
The authors concluded that the rising and falling liquid level within the hearth and the
resulting floating and sinking of the particle bed were the driving force behind the deadman
renewal. Later, they were able to reproduce these findings using DEM simulations [16].
Nogami et al. [150] were able to further investigate the mechanisms of deadman renewal,
and quantified the residence time of coke particles based on their location within the
deadman. A shallower hearth geometry and a larger accumulated volume of liquid were
found to decrease the residence time i.e. accelerate deadman coke renewal.

4.1.2 Current work

Virtually all authors mentioned in Section 4.1.1 employed optical methods for investigation
of particle movement within the experimental setup. Optical methods are accessible and
readily available, especially when the system under investigation is slow enough to exclude
the necessity of high-speed cameras. However, these optical methods rely on continuous
visibility of the tracer particle(s), thereby limiting all research to 2D or pseudo-2D systems.
For blast furnace research, this means that either 2D slot geometries (e.g. [148]) or half-
section geometries (e.g. [149]) must be used. The inevitable wall-effects introduced by
these geometries can significantly influence particle behaviour and alter solid flow patterns,
as was shown by Bambauer et al. [151].
In this work, Magnetic Particle Tracking (MPT) is used to study the deadman particle
behaviour in a cold model blast furnace hearth. The MPT technique, in which a single
magnetic tracer particle is tracked over time by an array of magnetic field sensors, allows
for the study of particle behaviour within a full 3D model set-up, as it does not rely on
optical visibility of the tracer. A model hearth set-up is presented, in which the deadman
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behaviour is separated from the rest of the blast furnace. By use of extensive automation of
the set-up, a variety of operational and geometric conditions can be created, and long-term
experiments can be conducted. Using this new set-up, particle movement within the blast
furnace hearth is studied, and the influences of the sump depth (i.e. the distance from tap
hole to the hearth bottom) and the tapping cycle length are investigated.
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4.2.1 Model blast furnace hearth

A schematic representation of the model hearth is given in Figure 4.1, a 3D cross-sectional
view is presented in Figure 4.2. Additional properties are given in Table 4.1. The main
vessel consists of a polycarbonate cylindrical tank with an inner diameter of 190 mm. This
tank is placed into the cylindrical MPT sensor array, which was described in Chapter 3.
The set-up and sensor array are surrounded by a Helmholz coil, which was calibrated to
cancel the earth’s magnetic field.
Deionized water is introduced into the vessel through a flow distributor ring, which directs
the flow of water along the inner walls. The liquid is removed through one of the eight
available tap holes, which are located in opposite pairs at 4 different heights and fitted with
individual solenoid valves. Each tap hole consists of 19 smaller (3 mm) holes to prevent
particles being entrained. Two flow meters are installed to monitor the outflow and control
the inflow, recirculating the tapped water through a tank and pump. Five capacitive level
sensors positioned 20 mm above each tap hole and underneath the raceway level allow for
monitoring of liquid level inside the main vessel.
In order to simulate the weight of the burden above the hearth, a linear actuator is used
to apply a force to the particle bed. This force is transferred through a mesh plate, which
does not obstruct the liquid flow. A load cell installed between the actuator shaft and
the mesh plate allows for control of the force applied to the particle bed. To mimic the
combustion of particles in the raceway regions, particles are removed through four outlets.
These removed particles are recirculated pneumatically. Before being reinserted through
the mesh plate, the recirculated particles are counted by an optical laser gate.
In Table 4.2, the model blast furnace hearth is compared with a typical industrial blast
furnace [13, 17, 25, 152–154] through geometric ratios and dimensionless groups. While a
perfect scaling of all physical phenomena is not possible, care has been taken to maintain
the balance between particle gravity, buoyancy and the liquid flow, as expressed by the
Reynolds, Archimedes and Froude numbers (Re, Ar, and Fr, respectively). The most
significant deviation is found in the liquid/solid density ratio (2.5 for the model hearth,
instead of 7 for an actual blast furnace), which is mainly limited by the relatively heavy
magnetic tracer required for the MPT technique.
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Figure 4.1: Schematic repre-
sentation of the model hearth
set-up. Symbols indicate:

a) main vessel
b) raceway particle outlets (4x)
c) mesh plate
d) particle bed
e) tap hole fluid outlets (8x)
f) compressed air
g) tap hole valves (8x)
h) flow sensors (2x)
i) pump
j) reservoir
k) level sensors (5x)
l) particle counter
m) flow distributor
n) load cell
o) particle recycle
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Figure 4.2: Cross-sectional view of the model hearth vessel, particle bed and surrounding
MPT sensor array. Inset shows the magnetic tracer particle.

Table 4.1: Model hearth properties. All heights are measured from the hearth inner bottom.
Property Value unit
Hearth inner diameter DH 190 mm
Hearth inner height hH 300 mm
Tap hole height hth 25, 50, 75, 100 mm
Tap hole area Ath 134 mm2

Tap hole hydraulic diameter Dth 3 mm
Raceway height hrw 165 mm
Number of raceways Nrw 4 -
Raceway diameter Drw 30 mm
Level sensor height hls 45, 70, 95, 120, 140 mm
Water inflow Φv,in 0-6 L/min
Particle diameter dp 4.5-5.6 mm
Particle density ρp 405 kg/m3
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Table 4.2: Scaling comparison between the model hearth and a typical industrial blast
furnace [13, 17, 25, 152–154], where AH = π

4D
2
H is the hearth cross-sectional

area, U0,in = Φv,in/AH the superficial inlet velocity, Uth = Φv,in/Ath the outlet
velocity, and ∆ρ = ρl − ρp and the liquid-solid density difference.

Blast furnace hearth Model hearth
ρp/ρl 7 2.5
dp/DH 200− 400 34− 42
hrw/DH 0.2− 0.6 0.87
hth/DH 0.1− 0.3 0.13− 0.53
Ath/AH 10−5 − 10−4 4.6 · 10−3

ReH = U0,inρfDH/µf 300− 1500 90− 670
Rep = U0,inρfdp/µf 2− 12 2− 20
Reth = UthρfDth/µf 5 · 104 − 3 · 105 300− 2, 300
Ar = gd3

pρl∆ρ/µ2
l 108 − 109 5 · 105 − 1 · 106

Fr = U0,in/
√
gdp∆ρ/ρp 3 · 10−5 − 1 · 10−4 10−3 − 10−2

4.2.2 Particle bed

The floating particle bed is composed of hollow alumina shells with a size distribution
between 4.5 and 5.6 mm and an apparent density of 405 kg/m3, shown in Figure 4.3.
These particles are lightweight while providing relatively high degrees of sphericity and
mechanical stability. In order to eliminate effects of surface tension, particles were treated
with a hydrophobic zirconium tetrabutanolate coating. The magnetic tracer consists of a
2.5 mm neodymium magnet encapsulated in a 7 mm polystyrene sphere, resulting in an
effective density of 585 kg/m3 and a magnetic moment of 6.75·10−3 A·m2.

4.2.3 Magnetic Particle Tracking

The working principle and methods for the Magnetic Particle Tracking technique were
discussed at length in Chapter 3. For the experiments presented in this chapter, the
magnetic field strength signals were sampled at 1 Hz before reconstruction. This allowed
for sufficient noise-reduction to track the relatively small magnet used in this work. In
order to eliminate any magnetic interference from the moving actuator and switching
solenoid valves, the signals from these elements without tracer were correlated with the
actuator and valve positions. This was used to obtain a correction signal from the actuator
and valve positions during the actual experiments, which was subtracted from the tracer
signal before reconstruction. This procedure was found to work well, provided the actuator
movement was slow and the solenoid valves were positioned far from the MPT sensor
array.
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4.2.4 Experimental procedure

Experiments were conducted in runs of 6 hours. During these runs, the controller was
programmed to open the selected tap hole when the water level reached the determined
upper limit sensor. The liquid was then tapped until the lower limit sensor is reached. The
water level therefore constantly alternated between these two switching points. Meanwhile,
the water inflow and applied weight were kept constant, such that the particle bed was
allowed to move with the alternating liquid level.
Before each experiment, the hearth was filled with the required mass of alumina particles.
The MPT sensors were then tared, and the tracer was placed in the centre of the hearth,
approximately 1 cm below the bed surface. The mesh plate was then installed and the
automatised program initiated. During the experiment, the procedure had to be paused
occasionally to manually dislodge particles and to ensure recycled particles were inserted
into the bed properly.
Table 4.3 provides an overview of the different experiments conducted. In experiments
(1-4), the distance between the switching points was kept equal, resulting in an equal
length of the tapping cycle. Tap holes at different heights were used, effectively varying
the sump depth of the hearth. Conversely, experiments (1, 5-7) were conducted with equal
tap hole heights and low-level switching points, but increasing high-level switching points.
This corresponds with a longer tapping cycle and a larger amount of liquid removed per
tap. The total bed mass and burden weight were selected such that the bed surface was at
the raceway level during the start of the tapping. The burden weight was kept constant
except for measurements with the largest two bed sizes, in which the bed was resting on
the vessel bottom. To prevent the mesh plate from crushing the particles, the applied force
was lowered in these cases.
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Figure 4.3: Photograph of hollow alumina shells, 4.5 mm < dp < 5.6 mm.

Table 4.3: Overview of conducted experiments. The indicated heights are measured from
the hearths inner bottom.

# Tap hole
height

Low-level
switch point

High-level
switch point

Burden
weight

Total bed
mass

Liquid
inflow rate

1 25 mm 45 mm 70 mm 0.5 N 1.18 kg 0.8 L/min
2 50 mm 70 mm 95 mm 0.5 N 1.11 kg 0.8 L/min
3 75 mm 95 mm 120 mm 2.0 N 0.79 kg 0.8 L/min
4 100 mm 120 mm 140 mm 2.0 N 0.60 kg 0.8 L/min
1 25 mm 45 mm 70 mm 0.5 N 1.18 kg 0.8 L/min
5 25 mm 45 mm 95 mm 0.5 N 1.11 kg 0.8 L/min
6 25 mm 45 mm 120 mm 2.0 N 0.79 kg 0.8 L/min
7 25 mm 45 mm 140 mm 2.0 N 0.60 kg 0.8 L/min
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Figure 4.4 shows the state of the bed and the liquid level for the experiments listed in Table
4.3, at the start (left bar) and end of tapping (right bar). The liquid level was obtained
from the level sensors, while the bed position is derived from the actuator position and the
measured bed height. The bed level in the upper position was kept approximately at the
raceway level. At the lowest (experiment 1) and second lowest (experiments 2 and 5) upper
liquid level, no to little coke-free space under the bed was found, while at the higher liquid
levels, where buoyancy is more dominant over the bed weight and added burden weight, a
significant coke-free space is observed. Experiments (1-4) exhibit an approximately equal
difference between the upper and lower level, with increasing tap hole height. Conversely,
experiments (1, 5-7) show a similar lower state of the bed, with an increasing liquid level
at the upper state.
During experiments with a floating bed state, the lower surface of the bed was observed
to remain mostly flat. In previous experiments by Shibata et al. [148], the angle of the
lower surface was found to vary between the horizontal and the particle angle of repose,
increasing with increasing upper liquid level. However, these experiments were conducted
in a 2D slot geometry, introducing significant wall friction to the system. As the current
work is conducted using a full 3D geometry, the influence of wall friction is much lower,
resulting in a more flat state of the lower bed surface.

Figure 4.4: Bed and liquid level positions for all experiments (Table 4.3) at the start (left
bar) and end of tapping (right bar). Experiments (1-4) (left) were performed
with equal tapping cycle length and increasing tap hole height, whereas experi-
ments (1, 5-7) (right) were performed with equal tap hole height and increasing
tapping cycle length. Liquid level is obtained through level sensors, the bed
position is derived from the actuator position and measured bed height. Height
of the raceways and tap holes are indicated.
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4.3.1 Particle movement

Per example, the trajectory of the tracer during experiment 6 is visualised in Figure 4.5, for
the three different tracer starting positions. The corresponding radial and axial positions
are plotted over time in Figure 4.6. The tracer can clearly be seen to follow the vertical
oscillation of the liquid level, but no net vertical movement of the tracer is observed. This
contradicts the findings of Takahashi et al. [21], who found a net downward movement
underneath the raceway regions in their experiments. In their work, solids were discharged
from the bottom of the hearth, thereby significantly altering the solids flow patterns.
Presumably, in our work vertical migration is only driven by result of horizontal migration,
and therefore only happens on a timescale longer than the current experimental runs.
The trajectories recorded close to the wall and halfway between the wall and bed centre
clearly show a slow horizontal migration of the particle, towards the vessel wall and,
ultimately, the raceway regions. This can be observed both from the start and end
positions in Figure 4.5 and the sloped lines in Figure 4.6. In the bed centre, a slight
horizontal movement of the tracer is found during the tapping, but no long-term migration
is found. This movement was previously observed in experiments [16, 149] and simulations
[16] by Takahashi and Kawai. These authors identified two mechanisms for deadman
renewal; particles being either pushed into the active flowing layer above the deadman or
migrating through the deadman towards the raceways in a zig-zag motion. The current
findings show that the migration mechanism is present even in the absence of a flowing
layer, confirming the assumption that particle migration is mainly driven by the vertical
bed motion [16, 149].
The mean vertical amplitudes of the tracer movement, coke-free space height and liquid
level are shown in Figure 4.7. The vertical movement of the tracer is found to be closely
related to the overall movement of the bed, indicated by the coincidence of the tracer and
coke-free space amplitudes. It can be concluded that particles in the bed have negligible
vertical mobility during the tapping cycle. The bed movement is coupled to the liquid level
movement through the force balance between buoyancy, bed weight and burden weight
added through the mesh plate (Fig. 4.1). The amplitudes in Figure 4.7 correspond with
the bed positions in Figure 4.4, showing how the deadman can be in fully sitting, partially
floating, or fully floating states.
In Figure 4.6, it is shown that particles in the upper section of the deadman can undergo a
slow radial migration through the bed. The rate of this migration mechanism is detailed in
Figure 4.8, which shows the mean radial displacement of the tracer measured at different
positions within the bed. A distinct difference is found between the core of the bed and
the regions close the walls and raceways. The top figure shows that no radial movement is
found in case of a fully sitting deadman. Only when there is a vertical movement of the
bed during the tapping cycle, a radial movement of the individual particles is observed
in the core of the bed. Little difference is found between the two floating deadman cases
with equal tapping cycle lengths (experiments 3 and 4), indicating that the height of the
coke-free space does not directly influence the particle motion.
The bottom figure of Figure 4.8 shows the influence of the tapping cycle length on the
radial displacement of particles. Even though all experiments were conducted with equal
liquid production rates, the length of the tapping cycle significantly influences the particle
movement. A larger amplitude of the vertical bed movement is found to increase radial
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migration rate, as was previously suggested by DEM simulations [16]. Furthermore, the
radial movement is found to vanish in the bed centre, as would be expected from the radial
symmetry of the system.
A strong increase of radial velocity is found near the raceway regions, which does not
appear to scale with the tapping cycle length as the migration within the core of the bed
does. Rather, in this region, particle movement is strongly influenced by the removal of
particles in the raceway regions. This is further illustrated in Section 4.3.2.

Figure 4.5: Trajectories of the tracer particle during experiment 6 (Table 4.3) for three
different tracer starting positions. Experiment duration was 6 hours per run.
Symbols indicate the start and end of the trajectory. Height of the tap hole,
liquid level switching points and raceways are indicated. The corresponding
radial and axial positions over time are shown in Figure 4.6.
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Figure 4.6: Radial and axial position of the tracer particle over time during experiment 6
(Table 4.3) for three different tracer starting positions, corresponding to the
trajectories in Figure 4.5.

Figure 4.7: Mean vertical amplitudes of the tracer particle movement, coke-free space
height and liquid level. Experiments (1-4) (left) represent increasing tap hole
height, experiments (1, 5-7) (right) represent increasing tapping cycle length.
The parameters used in each experiment are detailed in Table 4.3.
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Figure 4.8: Velocity of radial migration plotted over the bed radius. Experiments (1-4) (top)
represent increasing tap hole height, experiments (1, 5-7) (bottom) represent
increasing tapping cycle length. The parameters used in each experiment are
detailed in Table 4.3.

4.3.2 Particle discharge

During the experiments, particles removed from the hearth in the raceway regions were
counted using an optical gate sensor (Fig. 4.1, l), and pneumatically recycled to the top of
the bed. Figure 4.9 shows the measured average particle recycle rate for each experiment.
Similarly to the radial particle movement measured through MPT, the particle recycle rate
was observed to strongly dependent on the vertical movement of the bed. However, the
recycle rate was found to also strongly depend on the feedback controller governing the
movement of the mesh plate. A small under-shoot or over-shoot of the plate movement at
the higher bed position, resulting from the combination of experimental conditions and
the controller gain settings, significantly influenced the rate at which particles entered
the raceway openings. This is evident from the non-monotonous trend in the right-hand
side figure of Figure 4.9. While this makes analysis of the recycle rate in itself precarious,
comparison of Figures 4.8 and 4.9 clearly shows that the radial movement of particles close
to the raceway zones is directly connected to the rate at which particles are removed.
Simulations conducted by Kawai and Takahashi [16] have shown that entry of particles
from the deadman into the raceway zones only occurs when the deadman is in its highest
floating state i.e. just before and after the opening of the tap hole. Figure 4.10 shows the
particle recycle rate averaged over the tapping and filling cycle. In this figure, the central
point t = 0 corresponds with the opening of the tap hole. The total cycle time varied
between 30 s for the shortest tapping cycle, and 250 s for the longest. Indeed, particles
are found to enter the raceway openings only when the liquid level and bed are in their
highest positions, indicating that renewal of the deadman particles is concentrated around
this moment within the tapping cycle.
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Figure 4.9: Mean particle recycle rates measured with the optical gate sensor (Fig. 4.1, l).
Experiments (1-4) (left) represent increasing tap hole height, experiments (1,
5-7) (right) represent increasing tapping cycle length. The parameters used in
each experiment are detailed in Table 4.3.

Figure 4.10: Particle recycle rates measured with the optical gate sensor (Fig. 4.1, l)
throughout the tapping and filling cycle. t = 0 corresponds with the opening
of the tap hole. Experiments (1-4) (top) represent increasing tap hole height,
experiments (1, 5-7) (bottom) represent increasing tapping cycle length. The
parameters used in each experiment are detailed in Table 4.3.
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4.3.3 Liquid tapping

Aside from measurement of bed and particle movement, the liquid flow rate during tapping
was measured using a flow sensor (Fig. 4.1, h2). Figure 4.11 shows the probability density
function of the mean flow rate during tapping. As experiments (1-4) were conducted with
an equal tapping cycle length (i.e. difference between high and low-level switching points),
but increasing coke-free space height, the top figure of Figure 4.11 shows the influence of
coke-free space on the mean tapping velocity. Clearly, a bimodal distribution of the tapping
rates is found, with no obvious influence of the coke-free space. In previous experiments,
He et al. [146] found the coke-free space to mainly influence the gas break-through and
iron/slag tapping ratio, which were not explicitly measured in this study. However, Nouchi
et al. [145] observed that the tapping rate was strongly depend on the bed state directly
in front of the tap hole. This can be used to explain the bimodal distribution found in
the current work, considering a state in which particles partially block the tap hole, and a
state in which the tap hole cross-section is particle-free. This is supported by the fact that
only the higher tapping rate is found in cases where vertical bed movement disturbs the
packing in front of the tap hole.
Experiments (1, 5-7) were conducted with increasing tapping cycle length, and the mean
tapping rate is found to increase accordingly. As these cases exhibit larger vertical bed
movement, no bimodal distribution is found for longer tapping cycles. Furthermore, a
significant increase in tapping rate is found between experiments 5 and 6. This corresponds
with the point at which the particle bed clears the tapping hole at its highest position (as
shown in Figure 4.4), providing the liquid with a free path towards the tap hole.
In conclusion, the mean tapping rate is found to be mainly influenced by the state of coke
bed directly in front of the tap hole, where the liquid velocity is highest and therefore
flow resistance is most significant. No direct influence of the coke-free space height on the
tapping rate is found in these experiments. However, the vertical motion on the bed can
influence the tapping rate through the disturbance of the packing directly in front of the
tap hole, or possibly even completely clearing it. In such cases, an increased tapping rate
was found, stemming from the decreased flow resistance in front of the tap hole.
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Figure 4.11: Mean tapping rate obtained from the outflow sensor (Fig. 4.1, h2). Experi-
ments (1-4) (left) represent increasing tap hole height, experiments (1, 5-7)
(right) represent increasing tapping cycle length. The parameters used in each
experiment are detailed in Table 4.3.
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4.4 Conclusions

In this work, a small cold-flow blast furnace hearth model was presented, which has been
used to study coke behaviour within the deadman of the blast furnace. The movement of
an individual tracer particle was measured using Magnetic Particle Tracking, which allows
for particle tracking in a full 3D and opaque system. The design of the model hearth was
based on a scaled-down version of a typical industrial blast furnace, maintaining geometric
and physical ratios as much as possible. The liquid hot metal and deadman coke particles
were simulated with water and hollow alumina shells, respectively.
Long-term experiments were conducted with increasing hearth sump depth and increasing
length of the tapping cycle, while maintaining equal liquid production rates. For cases with
a larger liquid hold-up, the bed was observed to float, creating a coke-free space underneath
it. In such cases, the lower surface of the bed was found to remain mostly flat. From
MPT results, the trajectory of the tracer was visualised throughout the experiments. The
vertical motion of the tracer was found to follow the motion of the bed as a whole, with no
appreciable vertical migration of the particles on the timescale of the experiments.
Horizontally, the particles were observed to slowly migrate outwards, towards the raceway
regions. No net migration was found in the centre of the bed, further outwards the
migration rate increased proportionally with the amplitude of the vertical bed motion.
This deadman renewal mechanism is driven by the vertical motion of the bed due to
buoyancy, as no actively flowing particle layer was present in these experiments. Close to
the raceway regions, the radial migration rate increased, with the total rate determined
by the particle discharge rate. Furthermore, discharge of particles from the deadman was
found to happen only just before and after the opening of the tap hole, indicating that
deadman renewal is concentrated around this moment.
Lastly, the tapping rate from the model hearth was analysed. When the total tapped
volume was kept equal, a bimodal distribution of tapping rates was found. This is most
likely caused by the state of the bed directly in front of the tap hole, either blocking parts
of it or keeping the tap hole cross-section free of particles. Only the higher tapping rate
corresponding to this second state was observed whenever vertical motion of the bed was
present, as the bed motion continually disturbs the packing in front of the tap hole. In the
current experiments, no direct influence of the coke-free space height on the tapping rate
was found.
For longer tapping cycles, the higher average liquid level caused an increase in the average
tapping rate. An additional sudden increase was found at the point where the floating bed
completely clears the tap hole, stemming from the reduced flow resistance in front of the
tap hole.
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4.5 Recommendations

According to the results of Kawai and Takahashi [16, 149], two mechanisms for deadman
renewal exist aside the coke dissolution; particles either leave the deadman and join the
actively flowing layer towards the raceways or undergo a slow outward horizontal migration.
In the current experiments, only this second mechanism was considered. For more realistic
simulation of the deadman renewal, it would be beneficial to incorporate both mechanisms
into the set-up design. To this end, the total discharge rate from the raceways must be
placed under user control, for example by use of screw extractors.
Additionally, the current design allows for further in-depth investigation of the blast furnace
hearth. In the current work, both the liquid production rate and burden weight were
kept constant. It is expected that both these parameters significantly impact the particle
migration rate, and thereby influence the deadman renewal rate. Also the hearth geometry
can play a significant role in the deadman behaviour [17]. In the current work, only the
sump depth was varied. In future work, the total hearth depth could be varied through
blocking of the lower hearth section.
While the current work provides interesting results on a laboratory scale, much remains
unknown about the scalability of these results. As experiments on an industrial scale
are infeasible for practical reasons, numerical methods can be used to bridge this gap.
Especially the coupled Computational Fluid Dynamics - Discrete Element Method (CFD-
DEM) methodology is suitable for this, as it considers both the particle and fluid motions.
To this end, however, first a thorough comparison between experimental and numerical
results must be conducted, in order to validate the performance of the numerical method.
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Chapter5
Laboratory-scale blast furnace hearth simulations

Abstract

In this chapter, a VOF/CFD-DEM model and simulation set-up are presented, with which
the blast furnace hearth model presented in Chapter 4 is replicated numerically. The
level-controlled opening and closing of the tap hole is simulated through a set of dynamic
boundary conditions. Simulations are conducted to correspond with the experiments
performed in Chapter 4, and the position and movement of the floating bed is found to be
well-predicted by the CFD-DEM model. Particle trajectories are presented, and migration
of particles within the deadman is observed. However, the present simulations are judged
too short to fully mimic this slow process. Alongside the particle motion, the liquid flow
pattern during draining of the vessel is visualised. From comparison between floating and
sitting deadman cases, it is concluded that a coke-free space underneath the deadman
significantly impacts the flow patterns, which affect the erosion processes within the blast
furnace hearth.

This chapter is based on T.M.J. Nijssen, I. Hoeks, V. Manjunath, J.A.M. Kuipers, J. van
der Stel, A.T. Adema, and K.A. Buist, “Experiments and simulations on a cold-flow blast
furnace hearth model”, submitted to: Chemical Engineering Science: X, 2021.
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5.1 Introduction

In Chapter 4, experiments were presented to study the solids motion in a cold-flow blast
furnace hearth model. An overview of previous cold-flow model studies was given in
Section 4.1.1. Aside from experimental methods, mathematical and numerical modelling
are highly prominent tools applied in blast furnace research. As discussed in Section 1.2,
such approaches offer many distinct advantages over laboratory or in situ experiments, such
as being safer, less expensive, and offering an improved insight in the otherwise inaccessible
system.

5.1.1 Blast furnace modelling

Early blast furnace models used 1D, steady-state mathematical models built upon mass
and energy conservation equations. Later, these models have been extended to represent
the transient process of the full 3D blast furnace [155]. A notable example of such a
method is the four-fluid model introduced by Yagi et al. in 1997 [156, 157]. In their work,
the furnace is represented by four continuous phases: gas, liquid, solid and powder. By
considering the motion of these phases and the mutual interactions between them, the
mechanical, thermal and chemical processes in the reactor could be represented. This
particularly powerful approach still finds use in blast furnace research today [132].
While continuum models, such as the four-fluid model, provide useful results for large-
scale furnaces, their representation of the solid phase is inherently limited, especially
for zones where multiple and enduring particle contacts prevail. In order to describe
the discrete particle phase as a continuous medium, constitutive relations describing the
solid flow behaviour are used. In doing so, essential information on the particle-scale is
lost, and the macroscopic influence of microscopic properties and phenomena cannot be
captured. Fortunately, the continual development of high-performance computers has
enabled more sophisticated computational methods, in which particles can be treated as
discrete entities.

Discrete Element Method

In the Discrete Element Method (DEM) pioneered by Cundall and Strack [53], particles
are considered individual entities whose movement is described by Newtons laws of motion.
Both Nouchi et al. [27, 147] and Kawai et al. [16] conducted experiments on the solid
flow behaviour of the burden descending in the blast furnace, and were able to reproduce
their results using DEM. Nouchi et al. [28] expanded their simulation to a full-scale blast
furnace, and visualised the solids flow patterns and stress distribution within the reactor.
In order to minimise the computational cost of their simulations, a small pie-slice geometry
was used instead of a full 3D reactor. Zhou et al. [158] determined that such a pseudo-2D
approach overestimates the deadman size due to increased particle-particle and particle-
wall interactions, and a 3D approach must be adopted to accurately simulate the blast
furnace.
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Various studies were conducted by Ueda, Fan, Natsui, and Zhang et al., investigating
the influence of particle properties [159], working volume [160], asymmetrical combustion
zones [161], and shaft and bosh angles [162] on the macroscopic solid-flow patterns. More
recently, Geleta and Lee [163] studied the effect of the coke and ore layer thickness on the
burden descent and bed structure. These studies exemplify the investigation of microscopic
phenomena and their macroscopic effects, which cannot be attained using continuum
methods.

Computational Fluid Dynamics

Aside from discrete methods, continuum-based methods have also been extended as a
result of improved computational infrastructure. Modern Computational Fluid Dynamics
(CFD) have been applied to the blast furnace, especially to study the flow of liquid iron
and slag during tapping. Takatani, Inada and Takata [164] studied the tapping process
and resulting erosion with different pre-determined deadman shapes, and found that the
coke-free space and low permeability of the bed promote wall erosion. Similarly, Panjkovic
et al. [25] studied the flow and heat transfer in different industrial hearth geometries, and
compared the obtained temperature distributions with plant data. They obtained a good
correspondence of their model in case of a sitting deadman, but found discrepancies near
the hearth bottom in case of a floating deadman, possible due to an ill-defined shape of
the coke-free layer.
Guo et al. [165] developed an extensive CFD model including the heat transfer through the
hearth refractories. They found significant effects of density-driven flows inside the hearth,
and found the refractory conductivity of high importance to the temperature distribution.
Shao and Saxén [166, 167] studied the two-phase flow of iron and slag in the blast furnace
hearth and taphole, and found that both Volume of Fluid (VOF) and Two Fluid Model
(TFM) formulations can be employed to accurately describe the system. Post et al. [168,
169] included the dissolution of coke particles into the liquid metal by use of a population
balance model for the coke size.

CFD-DEM

In recent years, the combination of continuum-based and discrete approaches into the
CFD-DEM method has gained popularity for blast furnace research. In this approach, the
solid phase is treated as discrete particles, while the flow of the continuous phases (gas
and/or liquid) through this particle bed is evaluated using CFD methods. The coupling
between these phases was discussed extensively in Chapter 2. Feng et al. [170] used this
approach to simulate the formation of the coke-free raceway zones. Later, the same research
group [52] was able to integrate this into a complete CFD-DEM model of a small-scale, 2D
blast furnace. In this work, only the gas flow was considered, while the liquid was modelled
as a dynamic zone of increased buoyancy. The results of this study have shown how the
internal state of the blast furnace is an intricate interplay between gravity, buoyancy and
pressure drop, which can be accurately captured by the CFD-DEM method.
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A similar study was conducted by Adema et al. [171, 172], who included the effects of
non-spherical particle shape and compared different types of simulation domains. They
concluded that half-width slot and slice geometries do not capture the blast furnace state
accurately due to the added wall effects, and full-width slot or 3D simulations are required.
Similar findings were previously reported by Zhou et al. [158] from DEM-only simulations.
Hou et al. [173] included thermal and chemical balance equations into their model, and
were able to obtain temperature and gas composition profiles within a small-scale blast
furnace, without predefined assumptions of the reactive zones.
Vångö et al. [61, 174, 175] integrated the CFD-DEM method with the Volume of Fluid
(VOF) methodology, which allowed them to include multiple continuous phases and simulate
the iron-slag and slag-gas interfaces in the blast furnace hearth. Combined with a database-
driven model for the deadman position and porosity, they were able to perform long-term
simulations of a full-scale blast furnace hearth. By comparing simulations using static
and dynamic deadman models, they concluded that the bed movement during tapping
significantly influences the liquid flow, and the deadman cannot be accurately modelled in
a static fashion. A similar VOF/CFD-DEM approach was employed by Bambauer et al.
[151], who simulated the solid, gas and liquid flow in a complete small-scale blast furnace.
They observed the effects of liquid level on the deadman shape, and found circulation of
particles inside the deadman down the reactor centre and up along the hearth walls.

5.1.2 Current work

In this work, the VOF/CFD-DEM method developed by Vångö et al. [61] is combined with
the liquid-solid momentum coupling presented in Chapter 2 [176]. This combined method
is used to simulate the 3D model blast furnace hearth presented in Chapter 4. Through
comparison between experimental and numerical results, the applicability of the current
model to the blast furnace hearth is demonstrated. Furthermore, the simulations are used
to visualise the liquid flow patterns within the hearth, which could not be obtained from
experiments. This is used to show how experimental and numerical methods can be used
in a complementing manner.
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5.2 Methods

5.2.1 VOF/CFD-DEM

The CFD-DEM method for liquid-solid systems was discussed extensively in Chapter 2. In
order to simulate the free surface of the liquid inside the blast furnace hearth, this method
is combined with the Volume of Fluid (VOF) methodology [177]. This allows for the
simulation of an arbitrary number of continuous phases, and thereby enables distinction
between the liquid iron phase and the gas phase above it.
In the VOF methodology, transport equations for the volumetric phase fractions φi in
each computational cell are included. The phase-averaged properties such as density and
viscosity are established through so-called mixing rules. These averaged properties are
then used to solve a single set of momentum equations. This approach is a fairly robust
and efficient method for the simulation of multiphase systems [178].
Compared to other multiphase CFD methods, a major drawback of the VOF method is
the loss of information on the exact location and shape of the interface. Rather than a
sharp boundary between phases, a gradient of phase fractions exists, often distributed over
multiple cells. This renders the VOF method mainly suited for systems without highly
curved interfaces or small features. Various reconstruction methods have been introduced
to mitigate this problem [178, 179], in which geometric relations are used to reconstruct
the location and shape of the sharp interface. In large-scale systems, such as the blast
furnace hearth, the diffused interface is a matter of lesser concern, as the interface width
and curvature remain small compared to the system size. Therefore, an algebraic VOF
method (i.e. without geometric reconstruction) is employed in this work, as it offers a
greater computational efficiency.
The VOF/CFD-DEM formulation used here is based on the OpenFOAM interFoam solver
[180], and was first introduced by Vångö et al. [174]. The continuous phase density and
viscosity in the momentum conservation equation (Eq. 2.2) are replaced by phase-averaged
values (Eqs. 5.2 and 5.3, respectively). Equation 5.1 shows the transport equation for the
phase fraction φi. The third term −∇ · (ucφi(1− φi)) is an interface compression term,
which counteracts diffusion of the interface. The compression velocity uc is derived from
the local velocity at the interface to obtain a conservative compression [180]. Additionally,
the discontinuous pressure at the interface arising from the surface tension between the
phases, and the resulting force on the particles are accounted for through the Continuum
Surface Force (CSF) method introduced by Brackbill et al. [181]. The details of these
surface calculations are considered outside the scope of this work. Instead, the reader is
referred to the original work of Vångö et al. [174].

∂εfφi
∂t

+∇ · (εfφiu)−∇ · (ucφi(1− φi)) = 0 (5.1)

〈ρf 〉 =
N∑
i=1

φiρi (5.2)
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1
〈νf 〉

=
N∑
i=1

φi
νi

(5.3)

The wetting behaviour of the liquid and particles was not included in the current model.
In the experiments presented in Chapter 4, wetting effects were eliminated through the
application of a hydrophobic coating to the particle surface. This is believed to give a
more accurate representation of the blast furnace, where gravity dominates over surface
tension, as expressed by the Eötvös number Eo = ∆ρgd2

p

σ ≈ 150 � 1. Similarly, wetting
effects have been neglected in the simulations presented here.

5.2.2 Simulation set-up

A simulation geometry has been created to closely resemble the model blast furnace hearth
presented in Chapter 4. The cylindrical domain is decomposed into a hexahedral mesh,
as shown in Figure 5.1. All corresponding sizes are listed in Table 5.1. A force-controlled
moving wall was used to mimic the weight of the particle bed above the hearth, in a similar
fashion as shown in Chapter 4. A proportional controller was used to maintain the total
burden weight FB . The raceway regions, which were represented by cut-outs in the hearth
wall in the experiments, were represented by thin cylindrical regions in which particles are
removed. No new particles were inserted in the bed during these short simulations.
Table 5.2 lists the particle and fluid material properties used in these simulations. The gas
and liquid properties are chosen to represent room-temperature air and water, respectively.
The particle size is taken uniformly distributed between the sieve mesh sizes used in
experiments. The coefficient of restitution, which is used to account for the lubrication
forces between particles, has been estimated based on the work of Yang and Hunt [91].
Observing typical liquid and bed velocities, the Stokes number St = dpρpv

9ρfνf
is expected to

lie in the range 1 - 25, corresponding to a typical effective restitution coefficient in the
range 0 - 0.5 [91].

Table 5.1: Simulation geometry sizes. Schematic representation of the geometry is given in
Figure 5.1.

Property Value unit
Hearth inner diameter DH 190 mm
Hearth inner height hH 300 mm
Tap hole height hth 25, 50, 75, 100 mm
Tap hole area Ath 134 mm2

Raceway height hrw 165 mm
Number of raceways Nrw 4 -
Raceway diameter Drw 30 mm
Raceway depth Lrw 3 mm
Cell size ∆x 12.5 mm
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DH

hrw

hth

hH

Ath

Drw

Lrw

FB

Figure 5.1: Schematic representation of the model hearth simulation geometry, top and
side views. Particles entering the red raceway areas are removed from the
simulation. The position of the horizontal wall is controlled to maintain the
burden weight FB . Sizes are listed in Table 5.1.
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The tap hole is represented by a 2× 2 cells (25× 25 mm) patch on the hearth side wall.
The tap hole cross-sectional area of the experimental set-up is smaller than the area of
this outflow patch. Additionally, the piping and valves present in the flow path (Fig. 4.1)
introduce a resistance, influencing the outflow. Both these effects must be accounted for to
obtain tapping rates similar to those observed in experiments. The difference in outflow
areas was corrected through the porosity boundary condition, as given in Eq. 5.4. The
outflow friction was modelled as a pressure drop over the outflow, given by Eq. 5.5. Here,
p0 = 0 Pa is the environmental pressure and Uout the outflow velocity, calculated through
the volumetric flow rate (Eq. 5.6). The coefficient of resistance kf must be empirically
determined. To this end, the drainage rate of the hearth model (Chapter 4) without any
particles was measured, and an appropriate value of kf = 10 was found.
The opening and closing of the tap hole valve in the experiments was simulated through
switching of the outlet boundary conditions between wall conditions and the outflow
conditions described in the previous paragraph. Much like in experiments, this switching
was controlled by the rising and falling liquid level. During the simulation, the liquid level
was evaluated through Eq. 5.7. High and low-level switch points were defined, at which the
tap hole was opened and closed, respectively. To this end, simulations were conducted in
short (5 s) consecutive runs. After each run, the liquid level was compared with the switch
points, and the boundary conditions set accordingly. The simulation was then continued
using the updated conditions.

εout = Ath
Aout

(5.4)

pout = 1
2 〈ρf 〉kfU

2
out + p0 (5.5)

Uout = ΦV,out
Ath

(5.6)

hl =
∑Ncells

i=0 φL,iVi
π
4D

2
H

(5.7)

5.2.3 List of simulations

The list of simulations conducted in this study (Table 5.3) is identical to the list of
experiments presented in Chapter 4 (Table 4.3). Cases (1-4) represent equal tapping cycle
lengths, while the height of the tap hole is increased. In cases (1, 5-7), the tap hole height
is kept constant, but the length of the tapping cycle is increased through increase of the
high-level switch point.
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Table 5.2: Material properties used in simulations. Particle size is uniformly distributed
between the given limits. The coefficient of restitution is estimated according to
the work of Yang and Hunt [91].

Property Value Unit
Particle size dp 4.5-5.6 mm
Particle density ρp 405 kg/m3

Young’s modulus Yp 5.0 MPa
Poisson’s ratio νp 0.3 -
Coeff. of restitution e 0.3 -
Coeff. of friction µ 0.5 -
Coeff. of rolling friction µr 0.2 -
Coeff. of rolling damping ηr 0.3 -
Liquid density ρl 998 kg/m3

Liquid viscosity νl 1.0 ·10−6 m2/s
Gas density ρg 1.20 kg/m3

Gas viscosity νg 1.51 ·10−5 m2/s
Surface tension σgl 0.073 N/m

Table 5.3: Overview of conducted simulations. The indicated heights are measured from
the hearths inner bottom.

# Tap hole
height

Low-level
switch point

High-level
switch point

Burden
weight

Total bed
mass

Liquid
inflow rate

1 25 mm 45 mm 70 mm 0.5 N 1.18 kg 0.8 L/min
2 50 mm 70 mm 95 mm 0.5 N 1.11 kg 0.8 L/min
3 75 mm 95 mm 120 mm 2.0 N 0.79 kg 0.8 L/min
4 100 mm 120 mm 140 mm 2.0 N 0.60 kg 0.8 L/min
1 25 mm 45 mm 70 mm 0.5 N 1.18 kg 0.8 L/min
5 25 mm 45 mm 95 mm 0.5 N 1.11 kg 0.8 L/min
6 25 mm 45 mm 120 mm 2.0 N 0.79 kg 0.8 L/min
7 25 mm 45 mm 140 mm 2.0 N 0.60 kg 0.8 L/min
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5.3 Results and discussion

Figure 5.2 shows snapshots from simulation cases 1 and 4, taken at the onset of tapping.
The particle bed and the liquid level are indicated, showing the sitting and floating
deadman states previously observed in experiments (Chapter 4). A complete overview
of the simulation cases is provided by Figure 5.3, which shows the bed and liquid level
positions for all cases at the start and end of the tapping cycle. Here, the liquid level is
calculated through Eq. 5.7, whereas the bed position is defined by the heights between
which 99% of the bed mass is contained.
When comparing the numerical results in Figure 5.3 with the experimental results presented
in Figure 4.4, a close correspondence for the bed position can be observed. The transition
from the sitting (case 1) to the partially floating (cases 2, 5-7) and fully floating (cases 3-4)
states is well-predicted by the simulations, indicating that the current VOF/CFD-DEM
method is well-suited for simulation of such floating particle beds. This is confirmed by
the quantitative comparison provided in Figure 5.4. In this figure, the amplitude of the
coke-free space height is shown from both experimental and numerical studies. Deviations
from the experiments, most notably in case 3, can be explained by a difference in behaviour
of the force-controlled plates in experiments and simulations. Small differences in the
controller gain can impact the bed motion significantly, both in experiments and simulations.
However, the overall movement of the bed due to the tapping and filling cycle is found to
be captured very well by the VOF/CFD-DEM model.
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Figure 5.2: Cross-sectional views of simulation cases 1 and 4 (Table 5.3). The particle
bed, force-controlled wall and liquid level are shown. The disk-shaped raceway
zones are indicated in red. All snapshots are taken at the onset of tapping.
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Figure 5.3: Bed and liquid level positions for all simulations (Table 5.3) at the start (left
bar) and end of tapping (right bar). Cases (1-4) (left) represent an equal
tapping cycle length and increasing tap hole height, whereas cases (1, 5-7)
(right) were performed with equal tap hole height and increasing tapping cycle
length. The liquid level is calculated through Eq. 5.7, the bed position is
defined by the heights between which 99% of the bed mass is contained. Height
of the raceways and tap holes are indicated.

Figure 5.4: Comparison between coke-free space height amplitudes and liquid level obtained
from experiments and simulations. The parameters used in each experiment
and simulation are detailed in Table 4.3 and Table 5.3, respectively.
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In Figure 5.5, the liquid level (Eq. 5.7) and volumetric in and outflow rates measured
in case 1 are shown over time. The pre-determined level switching points are indicated,
and the boundary conditions can be seen to switch accordingly. A constant inflow rate
is maintained, whereas the outflow is enabled only when the liquid level has reached the
high-level switching point. Furthermore, the observed outflow rate lies within the same
range observed in experiments, (2-4)·10−5 m3/s (Fig. 4.11). From these results, it can be
concluded that the current method of switching boundary conditions is well-suited for the
simulation of the alternating blast furnace tapping.
In Chapter 4, special attention was given to the slow migration of particles through the
coke bed. Figure 5.6 shows particle trajectories recorded in simulation case 6, similar to the
experimental trajectories previously presented in Figure 4.5. As in the experiments, the
tracked particles are chosen in the vertical plane through the raceways. While CFD-DEM
simulations allow for the simultaneous tracking of all particles within the domain, the
duration of the tracking is limited by the computational time. The trajectories in Figure
5.6 represent 4 full filling and tapping cycles, whereas the 6-hour experiments in Figure 4.5
cover around 110 full cycles. For this reason, it is currently not possible to fully uncover
long-term migration mechanisms and direction from the simulation data. However, it is
evident from Figure 5.6 that particle migration does occur in the simulations. A relatively
rapid migration is found near the raceway regions, where the removal of particles increases
the local mobility. Furthermore, increased mobility is found in the lower section of the
hearth, close to the free lower surface of the bed.

Figure 5.5: Liquid level (top, Eq. 5.7), and flow rates (bottom) obtained from simulation
case 1 (Table 5.3). Liquid level switch points and switching times are indicated.
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Figure 5.6: Particle trajectories recorded in case 6 (Table 5.3), spanning 4 tapping and
filling cycles. All trajectories are captured in a vertical plane through the
raceway regions. Height of the tap hole, liquid level switching points and
raceways are indicated. The disk-shaped raceway zone is represented by the
grey rectangle.
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Chapter 5 Laboratory-scale blast furnace hearth simulations

While long-term particle migration is difficult to capture with simulations over experiments,
the numerical route has the added advantage of simultaneously providing information on
the particle motion and the liquid flow. Per illustration, Figure 5.7 shows the time-averaged
liquid flow during tapping in cases 1 and 3. The streamlines and background colour show
the flow pattern and magnitude, whereas the yellow and grey lines show the liquid level
and position, respectively. In the case of a sitting deadman (case 1), a mostly uniform flow
pattern is observed, where the liquid flows through the particle bed. In case of a floating
deadman (case 3), however, a clear distinction is observed between liquid moving through
the bed and liquid moving underneath it. Liquid drawn from the surface close to the tap
hole moves directly through the particle bed towards the tap hole. On the opposite side of
the hearth, liquid moves through the coke bed into the low-resistance coke-free space, and
then moves upwards again towards the tap hole. This pattern creates an increased-velocity
zone directly underneath the tap hole, possible increasing the mechanical and thermal
stress on the walls in a real blast furnace. This illustrates how significantly the presence
of a coke-free space affects the flow pattern during blast furnace tapping, and thereby
influences the erosion process of the hearth lining.
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Figure 5.7: Time-averaged liquid flow during tapping in cases 1 and 3 (Table 5.3), repre-
sented in the vertical plane through the tap hole. Streamlines indicate the flow
pattern; colours represent the velocity magnitude. The yellow line indicates
the liquid free surface, the grey lines the upper and lower bed surfaces.
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5.4 Conclusions and recommendations

In this chapter, the VOF/CFD-DEM model developed by Vångö et al. [61] was combined
with the complete liquid-solid momentum coupling discussed in Chapter 2. A simulation
set-up was developed, in which the laboratory-scale blast furnace hearth model presented
in Chapter 4 was reproduced. Special care was taken in the treatment of the tap hole,
for which frictional losses and the level-controlled opening and closing sequence were
incorporated. The implemented dynamic boundary conditions were found to accurately
describe the alternating tapping and filling of the hearth, as well as the flow rate during
tapping.
From comparison of the bed position and movement, it was concluded that the VOF/CFD-
DEM model accurately predicts the (partial) floating and sitting behaviour of the deadman.
The vertical amplitude of the bed position during the tapping cycle showed good corre-
spondence between experiments and simulations. The behaviour of the force-controlled
wall used to simulate the weight of the burden above the hearth was observed to be of
significant influence on the bed motion. It is therefore recommended to rigorously define
this added weight in future numerical work.
In correspondence with the experimental work presented in Chapter 4, individual deadman
particle trajectories were visualised from the simulation results. In the 6-hour experiments
conducted in Chapter 4, long-term outward radial migration of particles was found to
occur. In the simulations, migration of particles was found to be present too. However,
due to the slow nature of this process, its mechanisms and patterns could not be fully
resolved. To this end, simulations longer than the current 4 tapping cycles would be
required. Alternatively, novel advanced methods such as recurrence CFD [182] can be
applied for more efficient simulation of the slow mechanisms within the system.
While experiments provided more long-term information on the particle behaviour, the
simulations allowed for simultaneous evaluation of the particle movement and liquid
flow. Flow patterns during sitting and floating deadman simulations were compared to
demonstrate the significance of the coke-free space. When a coke-free space was present,
the liquid opposite the tapping zone was observed to flow underneath the coke bed and rise
towards the tap hole, creating a high-velocity region directly underneath it. This shows
that the coke bed shape significantly influences the flow pattern, and thereby the erosion
processes within the hearth.
In conclusion, the presented VOF/CFD-DEM model and hearth simulation set-up were
found to be in good shape for the simulation of the blast furnace hearth. The force balance
on the floating or sitting bed is accurately captured, and the simultaneous evaluation of
solid and liquid movement provides valuable information on the mutual interaction between
both phases. In the next chapter, this model is scaled up towards the industrial scale, and
used to gain insight in the full-scale behaviour of the blast furnace hearth.
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Chapter6
Blast furnace hearth modelling on industrial scale

Abstract

In this work, large-scale VOF/CFD-DEM simulations of the blast furnace hearth are
presented. Using a 5 m diameter, full-3D geometry, the influence of burden weight, bi-
disperse packing, and blocked tuyeres on the liquid and solids flow within the hearth are
investigated. Horizontal and vertical porosity profiles are presented, and the influence of
the dynamic liquid level on the state of the deadman is evaluated. The liquid iron flow
during tapping is visualised, and the influence of a coke-free space on the flow pattern is
analysed. The magnitude of the circumferential flow through the corner of the hearth is
analysed, and found to decrease with increasing burden weight pressure and coke diameter
in the bed centre. A significant influence of the dynamic deadman on the liquid flow
pattern is found, especially in case of a floating deadman. In addition to liquid flow, the
solid coke flow towards the raceways is analysed. Two pathways for coke particles towards
the raceway are uncovered, one path from the actively flowing layer and one path from the
raceway, coming from the deadman. The balance between these two mechanisms was found
to change during the tapping cycle. Lastly, implementations for heat and dissolved carbon
mass transfer are presented, and demonstrated using a full-scale 10 m hearth simulation.
Additional closures for heat and mass transfer rates are required, but the current model is
found in good shape for future work.
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Chapter 6 Blast furnace hearth modelling on industrial scale

6.1 Introduction

The ironmaking blast furnace operates under thermally and chemically harsh conditions,
rendering study of the reactor challenging. An additional major challenge for blast furnace
research is the immense scale of the reactor. With modern furnaces being constructed with
diameters up to 16 m [11], conducting research on an industrial scale is challenging with
both experimental and numerical methods. One method of overcoming this challenge is
the use of scaled-down models of the furnace, as was discussed in Chapter 4. Numerical
and theoretical methods offer a safe method for investigation of the high-temperature
reactor, but even advanced computational methods have difficulty dealing with the full size
of the furnace [132]. This problem becomes even more pronounced when long simulation
times must be covered due to slow dynamics, as for instance associated with the thermal
behaviour of the blast furnace.

6.1.1 Blast furnace dissection

An effective method for gaining insight in the physical phenomena acting inside the blast
furnace on the full scale is the dissection of industrial furnaces at the end of their campaign
life. By core drilling samples from the cooled down furnace, much can be learned about its
internal state, such as the erosion state of the refractory lining. Obviously, the opportunities
for such studies are scarce and expensive, and this method can only be applied to furnaces
nearing the end of their campaign. For example, Shinotake et al. studied the hearth lining
of the Tobata No. 1 blast furnace after its blow-out in 1998 [183]. They were able to
identify changes in the liquid iron flow pattern as the leading cause for sudden hot spot
formation and wall erosion. The authors estimated that the movement of the floating
coke bed played a major role in these sudden events. Inada et al. [13] investigated the
deadman in the Kokura No. 2 blast furnace after its second campaign. They observed a
floating deadman, which contained a large fraction of fine coke particles. This led to a
low-permeability bed, which contributed significantly to the hearth wall erosion.
More recently, Niu, Kexin and Zhang et al. [184–187] conducted dissection studies on
multiple Chinese commercial blast furnaces. Their observations mainly included particle
size and porosity distributions within the deadman, which provide important information
on the local permeability of the bed. Furthermore, Zhang et al. [187] conducted a complete
3D model of the hearth erosion state by use of a laser scanning method. They were able to
identify hot spots for erosion of the hearth lining, which were mainly located in between
the three different tap hole locations.

6.1.2 Large-scale blast furnace modelling

Blast furnace dissection is not the only method available for evaluation of the hearth
erosion, as was for example shown by Takatani, Inada and Takata [164]. They developed
a mathematical modelling approach, in which the erosion profile is estimated through
heat transfer calculations. Their numerical results were found to be in good agreement
with dissection data, proving the applicability of such methods. Furthermore, they were
able to conclude that the liquid distribution in the dripping zone hardly influences the
hearth erosion, whereas the existence or absence of a coke-free space underneath the
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deadman plays a vital role in the erosion state. Panjkovic [25] performed CFD simulations
of the liquid iron flow and heat transfer in a commercial blast furnace hearth geometry.
When comparing their results with operational thermocouple data, the authors found good
agreement for a sitting deadman. For a floating deadman, however, significant discrepancies
were found near the hearth bottom. Later, Guo et al. [165] performed similar simulations,
and found significant influence of the refractory conductivity and density-driven flows on
the liquid iron flow pattern.
Post et al. [188] expanded their CFD model to not only include heat transfer effects,
but also account for the carbon dissolution or carburisation process. To incorporate
the dissolution process, the CFD solver was coupled with a population balance model
describing the particle size distribution in each computational cell. In this method, the
macroscopic movement of particles is not accounted for, rather a pre-defined deadman
shape is employed. This approach is common to all the numerical works mentioned here;
the deadman is treated as a static entity, the influence of liquid flow and changing liquid
level during tapping on the deadman position and shape are not considered. However, it is
known from experimental work (e.g. [16, 27, 148]), that the alternating liquid level can
significantly impact behaviour of the deadman. Furthermore, the particle movement within
the deadman is of great interest, as it is expected to greatly influence the bed permeability
[189].
The VOF/CFD-DEM method described in Chapter 5 is especially suited for simulation of
the blast furnace hearth, as it allows for the simultaneous evaluation of the liquid flow and
solids movement, while accounting for the free surface of the liquid iron. Bambauer et al.
[151] were among the first researchers to apply this method to the blast furnace, simulating
a complete pilot-scale furnace. They obtained solids and liquid flow patterns for cases with
a sitting and floating deadman. Furthermore, they concluded that for accurate results a
full 3D furnace geometry must be used, as a pseudo-2D slot geometry leads to significantly
deviating results. Vångö et al. [61, 174, 175] brought the VOF/CFD-DEM simulation of
the blast furnace hearth closer to the industrial size through data-assisted modelling. They
performed short CFD-DEM simulations of a full-scale blast furnace hearth, employing
coarse-graining to reduce the computational time. Results from these simulations were
used to develop a database linking the deadman porosity distribution to the liquid iron
level. Using this database, the authors were able to conduct long-term simulations of
the tapping process in the blast furnace hearth, obtaining information on the iron and
slag flow patterns and interface shapes. Furthermore, they concluded that the dynamic
behaviour of the deadman has a significant influence on the tapping process, and should
not be neglected in future numerical simulations.
The data-assisted modelling of Vångö et al. provided valuable insights into the influence
of the deadman movement on the liquid iron and slag flows. However, the model was
not able to provide information on the individual particle movement within the deadman.
Furthermore, its applicability is limited by the size of the database, which only considered
the liquid level as an independent variable. To simulate, for example, the asymmetric
phenomena resulting from an uneven gas distribution within a blast furnace, a much more
elaborate database would be required, thereby negating the advantage of the method.
Therefore, in the current work, CFD-DEM simulations are conducted with fully-resolved
particle movement.
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6.1.3 Current work

In this chapter, large-scale CFD-DEM simulations of the blast furnace hearth are presented,
conducted using High-Performance Computing (HPC). A full-3D hearth geometry, 5 m in
diameter is used to study the influence of burden weight, bi-disperse packing, and blocked
tuyeres on the solid and liquid flow within the blast furnace hearth. To this end, the
alternating tapping and filling cycle of the furnace is implemented, and multiple of such
cycles are investigated. Additionally, the VOF/CFD-DEM method is extended with heat
and mass transfer calculations to evaluate the temperature profile and carbon dissolution
process within the hearth. A full-scale (10 m diameter) hearth simulation is presented to
demonstrate the capabilities of the current model.
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6.2 Methods

6.2.1 Heat transfer

The thermal management of the blast furnace hearth is of vital importance to its longevity.
To enable the simulation of the temperature profiles inside the reactor, a heat transfer
implementation was added to the VOF/CFD-DEM. Equation 6.1 describes the transport
of thermal energy in the continuous phase [190]. Here Qe and Qi denote the explicit and
implicit source terms, respectively. These terms account for the exchange of thermal energy
between the continuous and discrete phases, as well as the wall-to-bed heat transfer, and
generation or consumption of heat.

〈ρf 〉〈Cp,i〉
(
∂εfT

∂t
+∇ · (uεfT )

)
−∇ ·

(
εfk

eff
f ∇T

)
= Qe +QiT (6.1)

The phase-averaged thermal conductivity 〈kf 〉 and heat capacity 〈Cp,f 〉 are calculated
according to the mixing rules in Eqs. 6.2 and 6.3, respectively [178]. The effective thermal
conductivity, influenced by the presence of particles in the continuous phase, is described
by the model of Syamlal and Gidspow [191], as shown in Eq. 6.4.

〈ρf 〉〈Cp,f 〉
〈kf 〉

=
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〈ρf 〉〈Cp,f 〉 =
N∑
i=1

φiρiCp,i (6.3)

kefff =
1−

√
1− εf
εf

〈kf 〉 (6.4)

Particle-fluid heat transfer

The heat transfer between continuous and discrete phases is not resolved in the CFD-
DEM method. Rather, exchange models derived from experimental or highly resolved
numerical work are employed to evaluate the rate of transfer. In this work, the well-known
Gunn correlation (Eq. 6.5 [192]) is employed, describing the particle fluid heat exchange
Nu = hpfdp/kf as a function of the fluid properties and the local relative velocity. This
correlation is valid for 1 < Rep = |u− v|dp/νf < 103, 0.6 < Pr = νfρfCp,f/kf < 380 and
0.35 < εf < 1.

Nu =
(
7− 10εf + 5ε2

f

) (
1 + 0.7Re0.2

p Pr
1
3

)
+
(
1.33− 2.4εf + 1.2ε2

f

)
Re0.7

p Pr
1
3 (6.5)

115



Chapter 6 Blast furnace hearth modelling on industrial scale

Particle-particle heat transfer

In addition to convection and fluid conduction, thermal energy is also transported through
particle-particle conduction. The rate of conduction depends highly on the contact between
particles, and thereby on the density of the packing. The model by Chaudhuri et al. [193]
describes the heat exchange between two particles Qij as a function of the contact area
between these particles. In the LIGGGHTS framework, this contact area is derived from
the Herzian contact force between two spherical particles, while correcting for the difference
between the true material Young’s modulus and the (often lower) numerical value [51].

Qij = 2kp
√
Ac,ij (6.6)

Radiative heat transfer between particles is neglected because of the low transmission
through liquid iron. This is reflected by the optical thickness τ = κdp ≈ O(106)� 1 [194],
where κ ≈ 6 · 107 m−1 [195] is the absorption coefficient of liquid iron. Alternatively, the
Stark number or conduction-radiation parameter (Eq. 6.7) can be used to demonstrate
that conduction through the liquid iron is dominant over radiative transport. Here,
σ = 5.67 · 10−8 W/(m2K4) is the Stefan-Boltzmann constant, and ∆T 3 = T 3

in − T 3
wall is

the maximum temperature difference in the domain.

Sk = κkf
4σ∆T 3 � 1 (6.7)

Wall to bed heat transfer

Due to the limitations on the computational cell size (∆x ≥ 2dp [196]) within the unresolved
CFD-DEM method, the thermal boundary layer at the reactor wall cannot be resolved.
Therefore, a wall-to-bed heat transfer model was used the calculate the heat flux from
the wall to the reactor contents. The correlation by Yagi and Wakao [197] was developed
for packed beds with a wide range of Reynolds numbers (20 . Rep,0 . 2000) and tube
diameters (6 < DR/dp < 47). It is presented in Eq. 6.8 as a Chilton and Colburn J-factor
[198] (Eq. 6.9). Here, Rep,0 = dpU0/νf = Repεf is the particle Reynolds number based on
the superficial velocity and hw the wall-to-bed heat transfer coefficient.

JH = 0.20 · Re−0.20
p,0 (6.8)

hw = JHCpU0ρfPr−
2
3 (6.9)

6.2.2 Species transfer

In addition to the heat transfer implementation, transport of a dissolved species was
implemented into the VOF/CFD-DEM framework. This allows for the simulation of
carbon dissolution into the liquid metal. The species transfer implementation is largely
analogous to the heat transfer implementation, with exception of the diffusive term. The
transport equation for dissolved species mass concentration C is given in Eq. 6.10 [190].
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The continuous phase density ρf is assumed to be invariant under changes of C. This
assumption is valid only a small dissolved mass (C/ρf � 1). For blast furnace hearth
simulations, this is acceptable as the carbon solubility in pig iron lies below 5% [199].

∂εfC

∂t
+∇ · (uεfC)−∇ ·

(
εf (Deff

f ∇C −Φcorr)
)

= Se + SiC (6.10)

Equations 6.11 and 6.12 give the mixing rules applied for the saturation concentration
C sat and the diffusion coefficient D, respectively [178]. Analogous to the effective heat
conductivity of the continuous phase, the relation by Syamlal and Gidspow [191] (Eq. 6.13)
is used to determine the effective diffusion coefficient.

〈C sat
f 〉 =

N∑
i=1

φiC
sat
i (6.11)

1
〈Df 〉

=
N∑
i=1

φi
Di

(6.12)

Deff
f =

1−
√

1− εf
εf

〈Df 〉 (6.13)

Diffusive flux

In the implementation of the species transfer into the VOF method, the difference in
solubility between the phases must be accounted for. The species transport equation Eq.
6.10 includes the diffusive correction flux Φcorr to account for this difference. It is derived
for an arbitrary number of phases analogous to the derivation of Haroun et al. [200] for
two phases. The total diffusive flux (Eq. 6.14) is written as the sum of the flux in each
phase, as defined by Fick’s law of diffusion. Here, Ci is the concentration in phase i. In
order for this approach to be compatible with the VOF methodology, this expression is
rewritten in terms of the phase-averaged concentration C =

∑N
i=1 φiCi.

ΦD = −Deff
f

N∑
i=1

φi∇Ci (6.14)

The total driving force can be divided into the phase-averaged concentration gradient ∇C
and an interfacial term (Eq. 6.15). This remaining term is non-zero only at the interface
(∇φ 6= 0) and is the driving force for the correction flux Φcorr (Eq. 6.16). For further
expansion of the correction flux, the relative solubility or pseudo Henry coefficient Hi is
introduced by Eq. 6.17. This coefficient is defined relative to the Nth phase.

N∑
i=1

φi∇Ci = ∇C −
N∑
i=1

(Ci∇φi) (6.15)
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Φcorr = Deff
f

N∑
i=1

(Ci∇φi) (6.16)

Hi = CN
Ci

= C sat
N

C sat
i

(6.17)

Substitution of the Henry coefficient into Eq. 6.16 yields the final expression for the
correction flux Eq. 6.18. The diffusion term is now expressed only in constants, phase-
averaged properties and the phase fraction φ, and is therefore compatible with the VOF
formulation. For the special case of N = 2, Eq. 6.18 can be shown to reduce to the
correction flux found by Haroun et al. [200].

Φcorr = Deff
f C

∑N−1
i=1

[( 1
Hi
− 1
)
∇φi

]∑N−1
i=1

[
φi
( 1
Hi
− 1
)]

+ 1
(6.18)

Particle dissolution

The rate of carbon transfer from the solid cokes particles to the dissolved liquid phase is
governed by the particle-to-fluid mass transfer coefficient Kpf or, in dimensionless form,
the Sherwood number Sh = Kpfdp/D. Various correlations for the Sherwood number
are available in literature. As a first approximation, analogous to the particle-fluid heat
transfer, the Gunn correlation (Eq. 6.19) is used in this work. More advanced models are
available in literature, in which the temperature dependence of the dissolution kinetics
and saturation concentration are taken into account [199, 201].

Sh =
(
7− 10εf + 5ε2

f

) (
1 + 0.7Re0.2

p Sc
1
3

)
+
(
1.33− 2.4εf + 1.2ε2

f

)
Re0.7

p Sc
1
3 (6.19)

d dp
dt

= −2Φm
ρp

(6.20)

In order to account for the mass transferred from the particle phase to the continuous
phase, the particle size is adjusted accordingly. The rate of particle shrinking is given
by Eq. 6.20. Here, Φm = Kpf (C sat − C) is the particle-to-fluid mass flux. To avoid the
numerical difficulties arising from the presence of very fine particles, a threshold diameter
is defined, below which particles are removed from the simulation. By setting the threshold
value below 10% of the initial particle diameter, the resulting mass conservation error is
kept below 0.1%.
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6.2.3 Simulation set-up

Geometry

The hearth simulations reported in this work were conducted using two different geometries,
termed geometry 1 and 2. A schematic overview of the hearth simulation set-up is shown
in Figure 6.1. Geometry 1 represents a hearth of 5 m in diameter. This smaller geometry
enables a parameter study within acceptable computational time, and was used to assess
the fluid and particle dynamics within the hearth. Geometry 2 consists of a 10 m hearth,
and is therefore computationally more expensive to evaluate. A single simulation of this
geometry was conducted, which is used to demonstrate the implementation of mass and
heat transfer in the model, and the current feasibility of such simulations.
The primary geometry of the simulation domain is a cylindrical vessel with diameter DH

and height hH . A full 3D domain is used, as previous work has shown that slot or slice
geometries do not produce representative results [151, 172]. The domain is discretised into
a hexahedral mesh with typical cell size ∆x. The tap hole is represented by a rectangular
patch of area Ath, located at height hth. To represent the mass of tap hole clay built up
around the tap hole, a cubic cut-out is made around the tap hole. The top boundary of
the domain is divided into a thin annular ring through which liquid metal is introduced
into the domain at volumetric flow rate ΦV,in and an inner region which is kept at pressure
ptop.

Conditions

The combustion of cokes in the raceway zones is modelled through the removal of coke
particles in predefined raceway zones, at a fixed mass rate rcoke. These raceway zones
are defined as Nrw horizontal cylinders of length and diameter Lrw, which are distributed
uniformly around the hearth perimeter at height hrw. The particle removal rate and
the liquid inflow rate are related through the coke rate R, defining the mass of coke
consumed per tonne liquid metal produced. New particles are introduced at the top of
the bed continuously, in order to keep the upper bed level constant. In order to limit the
computational time required to obtain meaningful results, larger-than-realistic values were
chosen for the tap hole area and coke removal rate (by a factor 20), to accelerate both the
particle and liquid movement within the hearth.

R = rcoke
ρfΦv,in

(6.21)

An important factor determining the state of the deadman is the total weight transferred
from the burden above the hearth. In this work, this weight is modelled through an
additional force applied to the particles in the top layers of the bed. A radial pressure
profile is applied, such that a high granular pressure P1 is applied to the core of the bed
(r ≤ R1), and a low pressure P2 near the walls (r ≥ R2), above the raceway regions [202].
A linear profile is used in the transition region (R1 < r < R2) to obtain a continuous
pressure profile.
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Figure 6.1: Schematic representation of the simulation set-up, top and side view. Sizes
are indicated and their values listed in Table 6.1. The red zones indicate the
cylindrical raceway regions, whereas the yellow zone represents the initial liquid
level. The pressure profile represented by P1 and P2 is applied in the blue
region, in the top of which new particles are introduced. The top view also
includes the hexahedral mesh outlines, and the free boundary (light grey) and
inlet patch (dark grey).
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Table 6.1: Simulation geometry and set-up parameters.
Property Geometry 1 Geometry 2 Unit
Hearth diameter DH 5 10 m
Hearth height hH 5 10 m
Cell size ∆x 150 250 mm
Tap hole area Ath 7.05 ·104 2.08 ·105 mm2

Tap hole height hth 1.18 2.5 m
Tap hole pressure pth 0 0 kPa
Top pressure ptop 140 140 kPa
Number of raceways Nrw 12 24 -
Raceway size Lrw 0.65 1.0 m
Raceway height hrw 2.5 5 m
Particle diameter dp 50-70 60-85 mm
Coke removal rate rcoke 65 500 kg/s
Coke rate R 400 400 kg/tonne
Liquid inflow φV,in 2.4 ·10−2 1.9 ·10−1 m3/s
Liquid level hl 1.45 - 1.65 2.75 - 3.25 m
Inner radius R1 1 2 m
Outer radius R2 1.85 4 m
Inner pressure P1 60-140 150 kPa
Outer pressure P2 6-14 15 kPa

The material properties used in the simulations are listed in Table 6.2. Typical values are
used for the gas and liquid viscosity and density, which are considered uniform throughout
the domain. Monodisperse and bidisperse size distributions of spherical particles are used.
Common values are used for the Young’s modulus and Poisson’s ratio, as their influence
on the results is negligible [83]. A mean value for the restitution coefficient was estimated
based on the work of Yang and Hunt [91]. By using the liquid velocity as the typical
collision velocity, the Stokes number St = dpρpv/(9ρfνf ) was calculated to lie in the range
1 - 75. The parameters and conditions used for the mass and heat transfer calculations in
geometry 2 are listed in Table 6.3. Similar to the liquid and solid flow, the heat and mass
transfer processes were accelerated to decrease computational time.
The opening and closing of the tap hole are modelled through switching of the boundary
conditions on the outlet patch, from a pressure-driven outlet during tapping to a wall
condition during filling. During the simulation, the liquid level hl (Eq. 6.22) was monitored.
When it reached the predefined limits (Table 6.1), the tap hole condition was switched
accordingly. Simulations of geometry 1 were run for 3 complete tapping-filling cycles, the
last two of which were used for analysis. Case 14 (geometry 2) was simulated for 50 s of
simulation time, during which liquid iron was continually tapped.

hl =
∑Ncells

i=0 φL,iVi
π
4D

2
H

(6.22)
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Table 6.2: Material properties used in the simulations.
Property Value Unit
Particle density ρp 900 kg/m3

Young’s modulus Yp 5.0 MPa
Poisson’s ratio νp 0.3 -
Coeff. of restitution e 0.3 -
Coeff. of friction µ 0.5 -
Coeff. of rolling friction µr 0.2 -
Coeff. of rolling damping ηr 0.3 -
Liquid density ρl 6700 kg/m3

Liquid viscosity νl 1.0 ·10−6 m2/s
Gas density ρg 0.25 kg/m3

Gas viscosity νg 3.0 ·10−4 m2/s
Surface tension σgl 1.65 N/m

Table 6.3: Heat and mass transfer properties and conditions applied in simulation of
geometry 2. Values of properties indicated with * were increased by a factor 20
to accelerate the simulations.

Property Value Unit Ref.
Coke phase

Thermal capacity Cp 870 J/kgK [203]
Thermal conductivity∗ k 2 W/mK [165]

Iron phase
Thermal capacity Cp 850 J/kgK [25]
Thermal conductivity∗ k 16.5 W/mK [25]
Diffusion coefficient∗ D 8.5·10−9 m2/s [204]
Saturation concentration Cs 5 m% [205]

Gas phase
Thermal capacity Cp 1200 J/kgK
Thermal conductivity∗ k 0.1 W/mK
Diffusion coefficient∗ D 8.5·10−9 m2/s
Saturation concentration Cs 0.1 m%

Conditions
Wall temperature Tw 1423.15 K [15]
Inlet temperature Tin 1823.15 K [165]
Initial temperature T0 1623.15 K
Inlet concentration Cin 2 m% [206]
Initial concentration C0 3.5 m%
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Table 6.4: Overview of simulations conducted.
Case dp,1 dp,2 P1 P2 Nrw Geometry
1 50 mm 50 mm 60 kPa 6 kPa 12 1
2 50 mm 50 mm 80 kPa 8 kPa 12 1
3 50 mm 50 mm 100 kPa 10 kPa 12 1
4 50 mm 50 mm 120 kPa 12 kPa 12 1
5 50 mm 50 mm 140 kPa 14 kPa 12 1
6 60 mm 50 mm 120 kPa 12 kPa 12 1
7 70 mm 50 mm 120 kPa 12 kPa 12 1
8 50 mm 50 mm 60 kPa 6 kPa 11 1
9 50 mm 50 mm 60 kPa 6 kPa 10 1
10 50 mm 50 mm 60 kPa 6 kPa 9 1
11 50 mm 50 mm 120 kPa 12 kPa 11 1
12 50 mm 50 mm 120 kPa 12 kPa 10 1
13 50 mm 50 mm 120 kPa 12 kPa 9 1
14 60 mm 85 mm 150 kPa 15 kPa 24 2

Simulation cases

A total of 14 cases were simulated in this work, their conditions are listed in Table 6.4.
Cases 1-5 represent different burden weights applied on top of the deadman, with case 4
adopted as a base case. In cases 6 and 7, larger cokes are used in the centre of the furnace,
as is encountered during operation with central coke charging [207]. Cases 8-10 and 11-13
represent a hearth with an increasing number of blocked tuyeres, at low and high burden
weight respectively. During blocking of tuyeres, particle removal in the raceway region
was disabled, as well as the liquid inflow above that raceway. Meanwhile, the overall coke
removal rate was kept constant, representing a constant production rate. The first blocked
tuyere (cases 8 and 11) was the tuyere above the tap hole (number 1, Figure 6.1), followed
by the two neighbouring tuyeres (numbers 2 and 12) in consecutive simulations. Finally,
case 14 was performed using the larger geometry 2, and with heat and mass transfer
calculations enabled.
All simulations were performed using an in-house computer cluster, consisting of Dell
PowerEdge R7425 nodes equipped with 2 AMD Epyc 7601 32 core/64 thread processors
and 512 GB DDR4 memory. Simulations of geometry 1 were conducted in 32 threads,
geometry 2 was performed with 64 threads. For geometry 1, the required computational
time was round 2.5 hr per second of simulation time, or around 30 days per simulation.
For the larger geometry 2, computational time was 10 hr per second of simulation time.
The memory usage was found to be around 100 GB and 450 GB for geometries 1 and 2,
respectively.
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6.3 Results and discussion

In Figure 6.2, snapshots of cases 1, 4 and 7 at the onset of tapping are presented, showing
both the coke bed state and the liquid iron level. In case 1, a low burden weight is applied,
leading to a floating deadman and a significant coke-free space. Conversely, the coke bed
rests on the hearth bottom in case 4 due to the higher burden weight. In case 7, larger
centre coke particles are inserted, which are highlighted in Figure 6.2c. This leads to a
core of larger particles, which spreads out radially towards the raceway regions due to coke
removal.
The tapping cycle implemented in the simulations is illustrated by Figure 6.3, showing
the liquid level (Eq. 6.22), total liquid holdup (Eq. 6.23), and in and outflow rates over
time for case 4. The outflow condition can be seen to switch when the liquid level reaches
the respective limit, leading to the alternating liquid level. Meanwhile, the liquid inflow
remains constant over time.

Vl =
Ncells∑
i=0

φL,iεf,iVi (6.23)

(a) Case 1 (b) Case 4 (c) Case 7

Figure 6.2: Cross-sectional views of simulation cases 1, 4, and 7 (Table 6.4). Liquid iron
is represented in yellow, the raceway zones in red. Blue and cyan represent
the burden weight zone and particle insertion zone, respectively. Larger centre
coke particles in case 7 are highlighted. All snapshots are taken at the onset of
tapping.
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Figure 6.3: Liquid level (Eq. 6.22, top), liquid holdup (Eq. 6.23, middle) and volumetric in
and outflow rates (bottom) during simulation case 4.

6.3.1 Deadman porosity

The porosity or void fraction distribution within the deadman is an important parameter for
the permeability of the bed, thereby impacting the liquid and gas flow patterns within the
furnace. In the CFD-DEM method, the local porosity is found by subtracting the particle
volume within a computational cell from its total volume. This can lead to non-physical
porosity values, as particles are allowed to overlap each other in the applied soft-sphere
contact scheme [54]. This is particularly important for densely packed systems, such as
the blast furnace. In the porosity profiles present here, this has been corrected for by
subtracting the overlap volume from the particle volume. The overlap volume was found to
lie between 2% and 4.5% of the particle volume, depending on the applied burden weight.
It should be noted that the obtained porosity might still be smaller than the limiting value
for equal sphere packing, as the interstitial space between the particles is reduced.
In Figure 6.4, temporally-averaged vertical porosity profiles computed in the centre of
the hearth are presented for cases 1 and 4. Discrimination has been made between the
time around the start of the tapping and the end of it, averaging over 10 s periods each.
The deadman porosity in the centre of the bed is found to lie between 0.25 and 0.4, as
was previously found from blast furnace dissection studies [184, 185]. A slight increase
of porosity is found approaching both the more actively flowing top and the bottom of
the deadman, where a larger part of the burden weight has been transferred to the hearth
walls and particle-particle contact forces are decreased. As was discussed previously, this
effect is amplified by overlapping particle volume found in the soft sphere approach. A
similarly shaped porosity profile was observed by Zhang et al. [186] during dissection of a
commercial Chinese blast furnace.
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(a) Case 1 (b) Case 4

Figure 6.4: Vertical porosity distribution computed in the centre of the deadman during
the start and the end of the tapping cycle, for cases 1 and 4 (Table 6.4).

As was observed in Figure 6.2, a floating deadman is found in case 1. Comparing the
porosity distributions at the start and end tapping, the bottom of the bed can be seen to
shift with the moving liquid level, leading to a smaller coke-free space at the end of the
tapping cycle. This shift, however, does not propagate upward through the deadman, but
is absorbed by the bed within approximately 1 m from the hearth bottom.
The sitting deadman stemming from the higher burden weight in case 4 is found to hardly
undergo a change in porosity during the tapping cycle. As the liquid level drops, the
decreased buoyancy is transferred to the hearth bottom through the coke bed, leaving it
in a constant sitting state. In all cases, a small densified layer was found at the raceway
level (z = 2.5 m). Presumably, this feature stems from the solids flow pattern towards to
raceways, forming higher stresses in this region.
In addition to the vertical porosity profiles shown in Figure 6.4, Figure 6.5 shows horizontal
porosity profiles, computed in the plane through the tap hole. Again cases 1 and 4 are
shown, alongside equivalent simulations with 1 blocked tuyere (cases 8 and 11, respectively).
At the tuyere level, the low porosity in the bed centre is found to gradually increase towards
the raceway zones. The porosity found inside the raceway zones is not representative of
an actual blast furnace, as the gas flow from the tuyeres and the resulting combustion of
cokes are not actively simulated, but modelled through a fixed coke removal rate. When
the right-hand side tuyere is blocked, the dense zone expands towards the wall, showing
only a small increase in porosity due the presence of the neighbouring raceways.
At the tap hole level (z = 1.18 m), the obtained porosity profile is mostly flat leading up
to the tap hole. This contradicts the findings of Niu et al. [184] and Kexin et al. [185], who
conducted dissection studies and found a higher deadman porosity close to the walls. The
exact cause for this discrepancy is unknown, but it is probable that the shape of the burden
weight distribution above the hearth [202] and the size of the furnace play important roles
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[19]. Furthermore, the carbon dissolution process might influence the porosity distribution
within the industrial furnace, which was not accounted for in these simulations.
The effect of the blocked tuyere on the bed porosity was found to not propagate downwards
in the current simulations. However, the effect of the stopped tuyeres on the force
distribution above the hearth was not considered in this work, which might significantly
impact these results [161]. Additionally, the shifting of the porosity might occur on a
timescale spanning multiple tapping cycles, which is not visible from the current results.
In case of the sitting deadman, the flat porosity distribution is found to continue towards
the bottom of the hearth. For the floating deadman, the shift of porosity distribution
during the tapping cycle can be observed. This shift is most pronounced in the centre of the
bed. A diminishing difference between the two bed states is found near the walls, as wall
friction restricts the movement of the bed in this region. During the experiments shown in
Chapter 4, the lower surface of the floating deadman was observed to remain mostly flat
during the tapping cycle. However, due to the small scale and low-density materials used
in these experiments, the contact force between particles and the hearth walls were much
smaller compared to the current simulations, explaining these contradictory observations.
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(a) Case 1 (b) Case 8

(c) Case 4 (d) Case 11

Figure 6.5: Horizontal porosity distribution computed at the raceway level, tap hole level
and hearth bottom during the start and the end of the tapping cycle, for cases
1, 8, 4 and 11 (Table 6.4).
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6.3.2 Hot metal flow

The flow of liquid metal is of paramount importance to the erosion of the hearth lining, as it
rapidly carries heat through the hearth [25]. Figure 6.6 shows the time-averaged flow pattern
during tapping for cases 1 and 4, expressed through streamlines and colours indicating
velocity magnitude. The influence of the floating or sitting deadman is immediately clear
from this figure. The low-resistance coke-free space in case of a floating deadman leads
to a concentration of the iron flow over the reactor bottom, as was previously found in
various studies (e.g. [165, 175]). In the case of a sitting deadman, the flow is distributed
more evenly over the height of the coke bed.
The concentration of the iron flow over the hearth bottom is further illustrated by Figure
6.7, which shows the liquid velocity over the hearth bottom. A strong circumferential flow
is observed, mainly concentrated at

(
0− π

2
)
rad from the tap hole. This concentration

was previously observed from CFD simulations [202], and corresponds with the findings of
Zhang et al. [187], who found increased erosion next to the tap holes during blast furnace
dissection. A distinct area of low velocity is found in front of the tap hole, where iron flows
through the coke bed rather than across the bottom.
The circumferential flow detailed by Figure 6.8, which shows the time-averaged velocity
along the hearth circumference for different burden weights, measured in the corner of
the domain. In this figure, the tap hole is located at angle θ = 0 rad. It can clearly
be seen that a low burden weight and the resulting coke-free space lead to a stronger
circumferential flow. Once the deadman is in a sitting state (P1 ≥ 100 kPa), the increase
in burden weight results in a diminishing decrease of flow velocity. Similar results were
found in CFD simulations by Takatani et al. [164], who concluded that a small coke-free
space accelerates erosion of the hearth lining.
In Table 6.5, the circumferential flow observed in simulations 1-13 is compared with the
base case 4. This confirms the decrease of circumferential flow with increasing burden
weight. Furthermore, cases 6 and 7 show that a coarser centre coke leads to decreased
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Figure 6.6: Time-averaged liquid iron flow during tapping in cases 1 and 4, represented in
the vertical plane through the tap hole. Streamlines indicate the flow pattern;
colours represent the velocity magnitude. The yellow line indicates the liquid
free surface.

129



Chapter 6 Blast furnace hearth modelling on industrial scale

0.00
0.01

0.02
0.03

0.04
0.05

0.06
|u| (m/s)

-2.5 -1.5 -0.5 0.5 1.5 2.5
x (m)

-2.5

-1.5

-0.5

0.5

1.5

2.5

y 
(m
)

Figure 6.7: Time-averaged liquid iron flow during tapping in case 1, represented in a
horizontal plane over hearth bottom. Vectors indicate the flow pattern, colours
represent the velocity magnitude.

Figure 6.8: Circumferential flow magnitude during tapping for different burden weights
(cases 1-5, Table 6.4). The azimuth θ = 0 rad corresponds with the position of
the tap hole.
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circumferential flow. This is explained by the decreased flow resistance in the bed centre,
promoting liquid flow through the coke bed [202]. It was previously discussed that the
effect of blocked tuyeres on the porosity distribution was found to be only local, not to
propagate towards the bottom of the hearth. Consequently, little effect on the liquid metal
flow is expected. From Table 6.5, a reduction of the circumferential flow due to blocked
tuyeres is suggested for the floating deadman. However, the trend is not fully apparent.
For a sitting deadman, no influence of blocked tuyeres is found.
From analysis of the porosity distributions, it was already found that the state of the
deadman can alter during the tapping cycle, especially in case of a floating deadman. This
shift in solids distribution can contribute to a shift in liquid flow pattern, as is evident
from Figure 6.9. In this figure, the tapping flow pattern found in case 1 is split between the
periods just after opening of the tap hole, and just before it is closed. It is clear that the
lower liquid level and smaller coke-free space at the end of the tapping cycle lead to a more
concentrated flow along the hearth bottom. This confirms that the dynamic behaviour
of the deadman during tapping has significant influence on the liquid flow, and therefore
should be accounted for when studying blast furnace tapping [61, 175].
The circumferential flow at the start and end of tapping is plotted in Figure 6.10. A
comparison is made between a floating (case 1) and sitting (case 4) deadman. Clearly, the
mobility of the floating deadman leads to an increase of the circumferential flow throughout
the tapping. As was shown in Figure 6.5, the central coke bed lowers during tapping,
pushing the liquid flow more along the hearth circumference. Conversely, in case of a
sitting deadman, which does not undergo significant change during the tapping, a more
uniform flow distribution is found. This insight might be used to develop a more refined
tapping strategy by considering the opening and closing times of the tap hole.

Table 6.5: Magnitude of the circumferential flow measured in each simulation, relative to
the base case 4 and case 1 (for cases 8-10). Conditions used for each case are
listed in Table 6.4.

Case 〈Ui−U4〉
〈U4〉

〈Ui−U1〉
〈U1〉

1 + 22.2 % 0.0 %
2 + 13.4 %
3 - 1.8 %
4 0.0 %
5 - 4.4 %
6 - 2.4 %
7 - 3.6 %
8 - 3.5 %
9 - 2.1 %
10 - 3.9 %
11 + 0.5 %
12 - 0.3 %
13 + 0.3 %
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Figure 6.9: Time-averaged liquid iron flow during the first (left) and last (right) 10 s of
tapping in case 1. Top figures show a vertical cross-section through the tap
hole, bottom figures show a horizontal cross-section along the hearth bottom.
Streamlines and vectors indicate the flow pattern, colours represent the velocity
magnitude. The yellow line indicates the liquid free surface.
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(a) Case 1 (b) Case 4

Figure 6.10: Circumferential flow magnitude for the first 10 s, last 10 s and total duration
of the tapping in cases 1 and 4. The azimuth θ = 0 rad corresponds with the
position of the tap hole.

6.3.3 Deadman coke flow

Aside from the analysis of the liquid metal flow, the CFD-DEM method allows for simulta-
neous evaluation of the solids flow. The movement of the coke inside the deadman is of
interest for blast furnace operation, as a continuous renewal of the coke bed can lead to
a more permeable structure, thereby limiting circumferential flow. On the other hand, a
completely stationary deadman might be prone to accumulation of fine cokes and char,
leading to a non-desirable low-permeability bed state [12, 189].
Figure 6.11 shows the temporally and radially averaged solids velocity profile obtained from
the base case 4. One can clearly distinguish between the actively flowing layer towards
the raceway region and the deadman. Despite being significantly less mobile than in the
flowing layer, particles inside the deadman are not stationary, but rather undergo a slow
movement towards the raceways. Such a mechanism of deadman renewal was observed
previously in the experiments detailed in Chapter 4, as well as in various numerical and
experimental studies reported in literature (e.g. [16, 149, 202]).
When focussing on the solids flow pattern around the raceway regions, two separate
pathways towards the combustion zone can be discerned. The primary source of solids
entering the raceways is the actively flowering layer over the surface of the deadman, driven
by the burden weight applied above the deadman. A secondary flow of particles is found
underneath the raceways, where particles are pushed upwards due to the liquid buoyancy
and join the radial flow into the raceways. This is represented by Figure 6.12, which shows
a more detailed view of the solids movement around the raceway zone. Distinction is made
between the flow patterns during filling and tapping of the hearth, represented by the left
and right panels respectively. Additionally, the difference between solids flow patterns
during filling and tapping is shown.
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Figure 6.11: Time-averaged solids velocity measured in case 4. Grey square indicates the
position of the raceway region.

The primary flow of particles from above the raceways is found to be significantly stronger
than the secondary flow from underneath, indicating that the burden weight provides a
stronger driving force than the upwards buoyancy from the liquid. It should be mentioned
that the upward gas flow from the tuyeres is not accounted for in the work. The resulting
drag force can influence the balance between the two mechanisms, altering the relative
rates. Interestingly, the flow of particles entering the raceway from below is found to be
strongest just inward of the raceways, rather than directly underneath them. It was seen
previously from porosity distributions that the mobility of deadman cokes is largest in the
centre of the hearth, and is severely limited close to the walls. Similarly, the solids flow
pattern shows a more stagnant zone of particles towards the hearth walls.
When comparing the solids flow during tapping (Fig. 6.12a) and filling (Fig. 6.12b) of the
hearth, as expressed by their difference shown in Figure Fig. 6.12c, the upward particle
flow is found to be up to 20% stronger during the filling phase. This can be explained by
the rising liquid level during filling of the hearth, which changes the force balance on the
particles and thereby alters the flow pattern. This finding suggests that the rate of renewal
is significantly higher amidst the blast furnace tapping cycles, and that the alternating
liquid level plays a vital role in the deadman renewal mechanism. This was previously
found from the cold lab-scale experiments presented in Chapter 4.
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(a) Tapping (b) Filling

(c) Tapping (d) Filling

(e) Filling minus tapping

Figure 6.12: Time-averaged solids velocity around the raceway region, measured in case
4 (Table 6.4). Top left figure a represents the solids flow during tapping of
liquid iron, top right figure b during the filling of the hearth. Figures c and d
provide detailed view directly underneath the raceway. The bottom figure e
represents the difference between the two states (filling minus tapping). Grey
square indicates the position of the raceway region.
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Lastly, Figure 6.13 shows the impact of blocked tuyeres on the solids flow within the blast
furnace hearth. Cross-sectional flow patterns are shown for cases 11 and 13, representing
cases with 1 and 3 blocked tuyeres, respectively. When only 1 tuyere is blocked, the solids
flow is observed to develop an asymmetric pattern. Yet, the solids velocity underneath
the blocked tuyere does not totally disappear, as particles are still consumed in the
neighbouring raceways. When three adjoining tuyeres are blocked (Fig. 6.13b) an even
stronger asymmetric flow pattern is obtained, with the top of the flowing layer even slightly
surpassing the hearth centre. Furthermore, the particles on the blocked side are found
to be stationary up to a height above the raceway level. This shows the formation of a
stagnant particle zone whose highest point lies above the tuyeres, towards the furnace
wall. Such deadman shapes were found previously from DEM simulations by Natsui et al.
[161] and multi-fluid modelling by Jiao et al. [208]. The presence of such a asymmetric
deadman can influence the burden descent higher upwards in the furnace shaft [209], induce
undesirable effects such as erratic burden behaviour [209], unstable operation [210], uneven
liquid distribution, and hotspots [208].
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(a) Case 11

(b) Case 13

Figure 6.13: Time-averaged solids velocity measured in the vertical plane through the tap
hole, for cases 11 and 13 (Table 6.4). Grey rectangles indicate the position of
the raceway regions and mushroom.
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6.3.4 Heat and species transfer

Simulation case 14 was performed with heat and mass transfer calculations enabled. Due to
the large computational time associated with geometry 2, this simulation was limited to 50
s of simulation time, encompassing a single tapping phase. Figure 6.14 provides a snapshot
of this simulation, taken at t = 50 s. As is expected from the liquid level and applied
burden weight, the coke bed is observed to be in a floating state with a small coke-free space
covering the entire bottom of the hearth. The resulting liquid iron flow profile is visualised
in Figure 6.15. Similar to what was previously observed in simulations of geometry 1, a
flow concentration in the coke-free space is found, resulting in a high-velocity zone in front
of and below the tap hole.
Figure 6.16 shows the particle phase (left) and continuous phase temperature distributions
obtained after 50 s of simulation time. Particles and liquid are inserted at the top of the
hearth at T = 1823 K. To simulate the heat released by combustion of cokes, the particles
inside the raceways are kept at the inlet temperature of T = 1823 K. Cooling is provided
through the side walls, which are maintained at a constant temperature T = 1423 K. As
was discussed in Section 6.2.1, the wall to bed heat transfer is implemented through the
model developed by Yagi and Wakao [197].

Figure 6.14: Cross-sectional view of simulation cases 14 (Table 6.4), taken at t = 50 s.
Liquid iron is represented in yellow, the raceway zones in red. Blue and cyan
represent the burden weight zone and particle insertion zone, respectively.
Larger centre coke particles are highlighted.
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Figure 6.15: Time-averaged liquid iron flow during tapping in case 14 represented in the
vertical plane through the tap hole. Streamlines indicate the flow pattern;
colours represent the velocity magnitude. The yellow line indicates the liquid
free surface.
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Figure 6.16: Cross-sectional view of the particle (left) and fluid phase (right) temperatures
in simulation case 14 (Table 6.4), taken at t = 50 s.
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Figure 6.17: Cross-sectional view of the dissolved carbon concentration in simulation case
14 (Table 6.4), taken at t = 50 s.

The close resemblance of the particle and fluid temperature distributions in Figure 6.16
indicate a strong thermal coupling of the two phases. A bell-shaped hot zone is found above
the tuyere level, created by hot particles travelling towards the raceways. Similar-shaped
temperature distributions were recently obtained by Jiao et al. [208]. Colder zones are
found directly above the tuyeres, where cooling is provided through the walls, and hot
coke particles are carried downwards less rapidly than in the centre of the bed (Fig. 6.11).
Due to the slow transport of particles in the deadman, a near isothermal core is observed
below the tuyere level. Closer to the walls, a colder zone is found due the cooling provided
through the walls. The temperature of the liquid metal in contact with the hearth bottom
is found to be notably higher than at the side walls, which is presumably caused by the
hot metal being drawn into the coke-free space from the core of the bed.
The thermal modelling presented here is rather rudimentary, as it does not include the
important effects of conduction through the refractory lining. For more realistic simulation
of the heat transfer processes, advanced cooling models should be included (e.g. [211]).
Furthermore, previous studies have highlighted the effect of buoyancy driven flows [165].
In order to consider these buoyancy effects, an implementation of temperature-dependent
densities and viscosities (e.g. [212]) is required, which have not been accounted for in this
work. Nevertheless, the results provided here demonstrate the implementation of heat
transfer calculations within the VOF/CFD-DEM method, as well as their applicability in
blast furnace research.
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Figure 6.18: Snapshot of coke particles in front of the tap hole in simulation case 14 (Table
6.4), taken at t = 50 s. Colours indicate the particle volume relative to their
initial volume.

In addition to thermal calculations, the transport of dissolved carbon in the liquid iron
phase was implemented. Figure 6.17 shows the carbon concentration profile obtained after
50 s of simulation time. The separation between gas and liquid phases is obvious from
this figure, demonstrating the successful implementation of the interfacial correction flux
described in Section 6.2.2. Furthermore, the effects of the coke-free space are evident,
where the absence of coke-particles leads to a vanishing rate of dissolution and therefore
lower concentration. Lastly, the effect of the larger centre coke particles is faintly visible,
as the decreased specific surface area leads to a lower dissolution rate.
The mass transfer from the coke particles to the liquid iron was modelled through shrinkage
of the particles, as was described in Section 6.2.2. This is demonstrated by Figure 6.18,
which shows the volume of particles in front of the tap hole after 50 s of simulation time,
relative to their initial volume. Dissolution is found to be fastest directly in front of and
below the tap hole, where high liquid velocities combined with low-carbon iron carried
from the coke-free space lead to increased mass transfer rates. Within the length of the
simulation presented here, the particle volume is observed to be reduced as much as 50%.
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Figure 6.19: Permeability (Eq. 6.24) of the coke bed directly in front of the tap hole plotted
over time, relative to the initial permeability.

Nouchi et al. [145] observed that the permeability of the coke packing directly in front of
the tap hole is determining for the maximum obtainable tapping rate. The accelerated
particle dissolution in this area can therefore greatly impact the blast furnace tapping, as
the mass transfer process alters the packing in front of the tap hole. Figure 6.19 shows the
permeability κ in this area obtained through the Ergun equation [35] (Eq. 6.24), relative
to its initial value κ0. Here, Rep,0 = 〈dp〉|u|εf/νf is the average particle Reynolds number
based on the superficial liquid velocity, and 〈dp〉 =

∑
d3
p/
∑
d2
p the Sauter mean particle

diameter.

κ = 〈dp〉2
ε3
f

(1− εf )2

(
150 + 1.75 〈Rep,0〉1− εf

)−1

(6.24)

The shrinking of particles directly in front of the tap hole affects the permeability in this
zone in multiple ways. The reduced particle volume increases porosity, which leads to
new particles being pushed into this area and widening the local particle size distribution.
Secondly, the smaller particle size results in a higher specific surface area, providing a
larger resistance to the liquid iron flow. Combined, these effects lead to the fluctuating
permeability shown in Figure 6.19. Within the 50 s simulation time, the permeability
directly in front of the tap hole decreased by up to 40%, impacting the iron drainage rate
significantly.
As was previously emphasized for the heat transfer calculations presented in this chapter,
additional steps are required to bring the carbon dissolution and transport model towards
realism. Kinetic models for the carbon dissolution rate are available, such as the work
by Gudenau et al. [199]. A fully integrated model should include thermal effects on the
solubility limit [201] and carbon diffusion rate [213]. While these factors are expected to
significantly impact the concentration profiles obtained from simulations, the suitability of
the current model for evaluation of the carburisation process has been clearly demonstrated
in this chapter.
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6.4 Conclusions

In this work, large-scale VOF/CFD-DEM simulations of the blast furnace hearth were
presented. Using a 5 m diameter, full-3D geometry, the influence of burden weight, bi-
disperse packing, and blocked tuyeres on the liquid and solids flow patterns within the
hearth were investigated. The porosity of the deadman was found to lie between 0.25 and
0.4, increasing towards the bottom of the hearth and upwards towards the shaft. These
findings are in line with previous blast furnace dissection studies [184–186]. In case of a
floating deadman, the bottom of the bed was found to contract and expand under influence
of the changing liquid level. This effect is most pronounced in the centre of the hearth,
and vanishes towards the walls. For a sitting deadman, the radial porosity profile was
found to be mostly flat. This does not correspond with previous dissection studies, and
probable causes for this discrepancy were suggested. Lastly, the effect of blocked tuyeres
on the porosity distribution was found to be mostly local, and not propagate towards to
bottom of the hearth.
From evaluation of the liquid metal flow during tapping, a significant flow concentration
in the bottom and corner of the hearth were observed. Corresponding with previous
numerical and dissection research [187, 202], this effect was found most pronounced on the
walls next to the tap hole. The circumferential flow was found to decrease with increasing
burden weight, due to the smaller coke-free space. Furthermore, the use of larger cokes
in the centre of the hearth also decreased circumferential flow, caused by the increased
permeability of the core of the bed. For the floating deadman, blocking of tuyeres seemed
to slightly decrease the flow concentration, but no clear trend was discerned. In case of a
sitting deadman, no influence of blocked tuyeres on the liquid flow was found.
In case of a floating deadman, a significant influence of the dynamic coke bed on the liquid
flow pattern was observed. Due to the dropping liquid level, the bottom of the coke bed was
shifted downwards, especially in the centre of the hearth. This, in turn, pushed the liquid
flow further outwards, towards the corner of the hearth. As a result, the circumferential
flow was found to increase over time during the tapping. In case of a sitting deadman, this
effect was not observed, as there was no change in the deadman state.
The flow of particles towards the raceway regions was found to be composed of two
mechanisms; the primary flow of particles above the deadman driven by the burden weight
above the hearth, and a secondary movement of particles being pushed upwards into the
raceways due to the liquid buoyancy. The contribution of these two mechanisms was
found to vary throughout the tapping cycle, as the changing liquid level changes the force
balance of the individual particles. The deadman renewal mechanism of particles travelling
upwards into the raceways was found most pronounced during the filling stage of the cycle.
The blocking of tuyeres was found to result in asymmetric solids flow patterns. Only when
multiple adjacent tuyeres are blocked a stationary dead zone is created, which expands
above the raceways and towards the furnace wall. Such a dead zone is expected to also
influence the solids flow and burden distribution further upwards in the furnace.
Lastly, a 10 m diameter blast furnace hearth has been simulated with inclusion of thermal
and dissolved carbon balances. Solid and fluid phase temperature distributions have been
computed, which were of similar shape obtained in earlier work. The dissolved carbon
concentration profile was visualised, as well as the effect of dissolution on the local particle
size. Dissolution was found to be fasted directly in front of the tap hole, significantly
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shrinking particles in this zone. The effect of this shrinkage on the bed permeability
was shown, which was found to decrease as much as 40% within the presented length of
simulation. While additional steps are required for realistic simulation of the thermal
and chemical processes within the hearth, the current implementations of heat and mass
transfer within the VOF/CFD-DEM model were found to provide a good basis for future
research.

6.5 Recommendations

As was demonstrated in this work, the VOF/CFD-DEM method is a highly suitable
technique for gaining understanding into the blast furnace processes. Using modern,
high-performance computing facilities, large-scale studies can be performed to investigate
the complex phenomena inside the furnace. As was mentioned, the simulations presented
here would benefit from a more accurate representation of the raceway regions and the
burden distribution above the hearth. To this end, more detailed simulations of these
effects should be performed, and their results applied to the large-scale models.
With the implementation of heat and species balances presented in this chapter, all major
transport mechanisms relevant to the blast furnace hearth are captured. In order to bring
the numerical results closer to reality, more accurate closures for these mechanisms are
required. It is recommended to include specific correlations for the temperature-dependence
of the liquid density and viscosity, as well as rate equations for cooling provided by the
hearth wall and carbon dissolution mechanics. Also, the viscous slag phase should be
included in the simulations, which the current model is fully suited for. By combination
of such a complete model with realistic blast furnace hearth geometries and conditions,
parametric studies of the furnace can be conducted. This will lead to a greatly improved
understanding of the hearth phenomena, and provide an excellent tool for optimisation of
the blast furnace design and operation.
In order to obtain more long-term results on the slow thermal and chemical processes
involved in the blast furnace hearth operation, recurrence CFD [182] can be applied to
significantly reduce computational times. In this approach, the timescales of the tapping
cycle and the slow heat and mass transfer mechanisms are decoupled, enabling more efficient
simulation of the slow dynamics and providing information on the long-term behaviour of
the reactor.

144



References

References

[11] M. Geerdes, R. Chaigneau, and O. Lingiardi. Modern Blast Furnace Ironmaking:
an introduction. 4th. IOS Press, 2020, p. 274.

[12] K. Andreev, G. Louwerse, T. Peeters, and J. van der Stel. “Blast furnace campaign
extension by fundamental understanding of hearth processes”. Ironmaking and
Steelmaking 44.2 (2017), pp. 81–91. doi: 10.1080/03019233.2016.1154716.

[13] T. Inada, A. Kasai, K. Nakano, S. Komatsu, and A. Ogawa. “Dissection Investigation
of Blast Furnace Hearth—Kokura No. 2 Blast Furnace (2nd Campaign)”. ISIJ
International 49.4 (2009), pp. 470–478. doi: 10.2355/isijinternational.49.470.

[15] J. Torrkulla and H. Saxén. “Model of the State of the Blast Furnace Hearth.” ISIJ
International 40.5 (2000), pp. 438–447. doi: 10.2355/isijinternational.40.438.

[16] H. Kawai and H. Takahashi. “Solid Behavior in Shaft and Deadman in a Cold
Model of Blast Furnace with Floating-Sinking Motion of Hearth Packed Bed Studied
by Experimental and Numerical DEM Analyses”. ISIJ International 44.7 (2004),
pp. 1140–1149. doi: 10.2355/isijinternational.44.1140.

[19] H. Takahashi, H. Kawai, and Y. Suzuki. “Analysis of stress and buoyancy for solids
flow in the lower part of a blast furnace”. Chem.Eng.Sc. 57 (2002), pp. 215–226.

[25] V. Panjkovic, J.S. Truelove, and P. Zulli. “Numerical modelling of iron flow and
heat transfer in blast furnace hearth”. Ironmaking and Steelmaking 29.5 (2002),
pp. 390–400. doi: 10.1179/030192302225005187.

[27] T. Nouchi, A.B. Yu, and K. Takeda. “Experimental and numerical investigation
of the effect of buoyancy force on solid flow”. Powder Technology 134.1-2 (2003),
pp. 98–107. doi: 10.1016/S0032-5910(03)00121-9.

[35] S. Ergun and A.A. Orning. “Fluid Flow through Randomly Packed Columns and
Fluidized Beds”. Industrial & Engineering Chemistry 41.6 (1949), pp. 1179–1184.
doi: 10.1021/ie50474a011.

[51] C. Kloss, C. Goniva, A. Hager, S. Amberger, and S. Pirker. “Models, algorithms
and validation for opensource DEM and CFD-DEM”. Progress in Computational
Fluid Dynamics, An International Journal 12.2/3 (2012), p. 140. doi: 10.1504/
PCFD.2012.047457.

[54] A. Di Renzo and F.P. Di Maio. “Comparison of contact-force models for the
simulation of collisions in DEM-based granular flow codes”. Chemical Engineering
Science 59.3 (2004), pp. 525–541. doi: 10.1016/j.ces.2003.09.037.

[61] M. Vångö, S. Pirker, and T. Lichtenegger. “Unresolved CFD–DEM modeling of
multiphase flow in densely packed particle beds”. Applied Mathematical Modelling
56 (2018), pp. 501–516. doi: 10.1016/j.apm.2017.12.008.

[83] B. Blais and F. Bertrand. “CFD-DEM investigation of viscous solid–liquid mixing:
Impact of particle properties and mixer characteristics”. Chemical Engineering
Research and Design 118.2014 (2017), pp. 270–285. doi: 10.1016/j.cherd.2016.
12.018.

145

https://doi.org/10.1080/03019233.2016.1154716
https://doi.org/10.2355/isijinternational.49.470
https://doi.org/10.2355/isijinternational.40.438
https://doi.org/10.2355/isijinternational.44.1140
https://doi.org/10.1179/030192302225005187
https://doi.org/10.1016/S0032-5910(03)00121-9
https://doi.org/10.1021/ie50474a011
https://doi.org/10.1504/PCFD.2012.047457
https://doi.org/10.1504/PCFD.2012.047457
https://doi.org/10.1016/j.ces.2003.09.037
https://doi.org/10.1016/j.apm.2017.12.008
https://doi.org/10.1016/j.cherd.2016.12.018
https://doi.org/10.1016/j.cherd.2016.12.018


References

[91] F.L. Yang and M.L. Hunt. “A mixed contact model for an immersed collision
between two solid surfaces”. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences 366.1873 (2008), pp. 2205–2218.
doi: 10.1098/rsta.2008.0014.

[132] X. Dong, A. Yu, J.-i. Yagi, and P. Zulli. “Modelling of Multiphase Flow in a Blast
Furnace: Recent”. ISIJ international 47.11 (2007), pp. 1553–1570.

[145] T. Nouchi, M. Yasui, and K. Takeda. “Effects of Particle Free Space on Hearth
Drainage Efficiency.” ISIJ International 43.2 (2003), pp. 175–180. doi: 10.2355/
isijinternational.43.175.

[148] K. Shibata, Y. Kimura, M. Shimizu, and S.-i. Inaba. “Dynamics of dead-man coke
and hot metal flow in a blast furnace hearth.” ISIJ International 30.3 (1990),
pp. 208–215. doi: 10.2355/isijinternational.30.208.

[149] H. Takahashi and H. Kawai. “Deadman Renewal Motion in a Cold Model of Blast
Furnace”. Tetsu-to-Hagane 87.5 (2001), pp. 373–379.

[151] F. Bambauer, S. Wirtz, V. Scherer, and H. Bartusch. “Transient DEM-CFD simu-
lation of solid and fluid flow in a three dimensional blast furnace model”. Powder
Technology 334.2017 (2018), pp. 53–64. doi: 10.1016/j.powtec.2018.04.062.

[161] S. Natsui, S. Ueda, Z. Fan, and N. Andersson. “Characteristics of Solid Flow and
Stress Distribution Including Asymmetric Phenomena in Blast Furnace Analyzed
by Discrete Element Method”. ISIJ International 50.2 (2010), pp. 207–214. doi:
10.2355/isijinternational.50.207.

[164] K. Takatani, T. Inada, and K. Takata. “Mathematical model for transient erosion
process of blast furnace hearth”. ISIJ International 41.10 (2001), pp. 1139–1145.

[165] B.Y. Guo, D. Maldonado, P. Zulli, and A.B. Yu. “CFD modelling of liquid metal
flow and heat transfer in blast furnace hearth”. ISIJ International 48.12 (2008),
pp. 1676–1685. doi: 10.2355/isijinternational.48.1676.

[172] A.T. Adema. “DEM-CFD Modelling of the Ironmaking Blast Furnace”. PhD thesis.
Delft University of Technology, 2014, p. 300.

[174] M. Vångö. “CFD-DEM modeling of multi- phase fluid-granular systems and its
application to blast furnace tapping”. Dissertation, Johannes Kepler Universität
Linz (2019).

[175] M. Vångö, C. Feilmayr, S. Pirker, and T. Lichtenegger. “Data-assisted CFD modeling
of transient blast furnace tapping with a dynamic deadman”. Applied Mathematical
Modelling 73 (2019), pp. 210–227. doi: 10.1016/j.apm.2019.04.024.

[178] A. Prosperetti. “Navier-Stokes numerical algorithms for free-surface flow compu-
tations: An overview”. Drop-Surface Interactions 456 (2002), pp. 237–257. doi:
10.1007/978-3-7091-2594-6_8.

[182] T. Lichtenegger, E.A.J.F. Peters, J.A.M. Kuipers, and S. Pirker. “A recurrence
CFD study of heat transfer in a fluidized bed”. Chemical Engineering Science 172
(2017), pp. 310–322. doi: 10.1016/j.ces.2017.06.022.

[183] A. Shinotake, H. Nakamura, N. Yadoumaru, Y. Morizane, and M. Meguro. “In-
vestigation of blast-furnace hearth sidewall erosion by core sample analysis and
consideration of campaign operation”. ISIJ International 43.3 (2003), pp. 321–330.
doi: 10.2355/isijinternational.43.321.

146

https://doi.org/10.1098/rsta.2008.0014
https://doi.org/10.2355/isijinternational.43.175
https://doi.org/10.2355/isijinternational.43.175
https://doi.org/10.2355/isijinternational.30.208
https://doi.org/10.1016/j.powtec.2018.04.062
https://doi.org/10.2355/isijinternational.50.207
https://doi.org/10.2355/isijinternational.48.1676
https://doi.org/10.1016/j.apm.2019.04.024
https://doi.org/10.1007/978-3-7091-2594-6_8
https://doi.org/10.1016/j.ces.2017.06.022
https://doi.org/10.2355/isijinternational.43.321


References

[184] Q. Niu, S. Cheng, W. Xu, W. Niu, and Y. Mei. “Analysis of the coke particle size
distribution and porosity of deadman based on blast furnace hearth dissection”.
ISIJ International 59.11 (2019), pp. 1997–2004. doi: 10.2355/isijinternational.
ISIJINT-2019-253.

[185] J. Kexin, Z. Jianliang, C. Chunlin, W. Senran, and L. Lisheng. “Analysis of the
deadman features in hearth based on blast furnace dissection by comprehensive
image-processing technique”. ISIJ International 59.1 (2019), pp. 16–21. doi: 10.
2355/isijinternational.ISIJINT-2018-397.

[186] L. Zhang, J. Zhang, K. Jiao, Z. Zou, and Y. Zhao. “Observation of deadman samples
in a dissected blast furnace hearth”. ISIJ International 59.11 (2019), pp. 1991–1996.
doi: 10.2355/isijinternational.ISIJINT-2019-244.

[187] L. Zhang, J. Zhang, K. Jiao, et al. “Measurement of erosion state and refractory lining
thickness of blast furnace hearth by using three-dimensional laser scanning method”.
Metallurgical Research and Technology 118.1 (2021). doi: 10.1051/metal/2020085.

[188] J. Post, T. Peeters, Y. Yang, and M. Reuter. “Hot Metal Flow in the Blast Furnace
Hearth: Thermal and Carbon Dissolution Effects on Buoyancy. Flow and Refractory
Wear”. 3rd International Conference on CFD in the Minerals and Process Industries
December (2003), pp. 433–440.

[189] A. Agrawal, A.K. Kothari, K. Ramakrishna Rao, Padmapal, and M.K. Singh. “Effect
of Hearth Liquid Level on the Productivity of Blast Furnace”. Transactions of the
Indian Institute of Metals 72.4 (2019), pp. 867–876. doi: 10.1007/s12666-018-
1545-z.

[190] R.B. Bird, W.E. Stewart, and E.N. Lightfoot. Transport Phenomena. 2nd. John
Wiley and Sons, 2006.

[191] M. Syamlal and D. Gidaspow. “Hydrodynamics of fluidization: Prediction of wall
to bed heat transfer coefficients”. AIChE Journal 31.1 (1985), pp. 127–135. doi:
10.1002/aic.690310115.

[192] D.J. Gunn. “Transfer of heat or mass to particles in fixed and fluidised beds”.
International Journal of Heat and Mass Transfer 21.4 (1978), pp. 467–476. doi:
10.1016/0017-9310(78)90080-7.

[193] B. Chaudhuri, F.J. Muzzio, and M.S. Tomassone. “Modeling of heat transfer in
granular flow in rotating vessels”. Chemical Engineering Science 61.19 (2006),
pp. 6348–6360. doi: 10.1016/j.ces.2006.05.034.

[194] C. Cintolesi, H. Nilsson, A. Petronio, and V. Armenio. “Numerical simulation of
conjugate heat transfer and surface radiative heat transfer using the P1thermal radi-
ation model: Parametric study in benchmark cases”. International Journal of Heat
and Mass Transfer 107 (2017), pp. 956–971. doi: 10.1016/j.ijheatmasstransfer.
2016.11.006.

[195] H. Kobatake, H. Khosroabadi, and H. Fukuyama. “Normal spectral emissivity
measurement of liquid iron and nickel using electromagnetic levitation in direct
current magnetic field”. Metallurgical and Materials Transactions A: Physical
Metallurgy and Materials Science 43.7 (2012), pp. 2466–2472. doi: 10.1007/s11661-
012-1101-0.

147

https://doi.org/10.2355/isijinternational.ISIJINT-2019-253
https://doi.org/10.2355/isijinternational.ISIJINT-2019-253
https://doi.org/10.2355/isijinternational.ISIJINT-2018-397
https://doi.org/10.2355/isijinternational.ISIJINT-2018-397
https://doi.org/10.2355/isijinternational.ISIJINT-2019-244
https://doi.org/10.1051/metal/2020085
https://doi.org/10.1007/s12666-018-1545-z
https://doi.org/10.1007/s12666-018-1545-z
https://doi.org/10.1002/aic.690310115
https://doi.org/10.1016/0017-9310(78)90080-7
https://doi.org/10.1016/j.ces.2006.05.034
https://doi.org/10.1016/j.ijheatmasstransfer.2016.11.006
https://doi.org/10.1016/j.ijheatmasstransfer.2016.11.006
https://doi.org/10.1007/s11661-012-1101-0
https://doi.org/10.1007/s11661-012-1101-0


References

[196] A. Volk, U. Ghia, and C. Stoltz. “Effect of grid type and refinement method on
CFD-DEM solution trend with grid size”. Powder Technology 311 (2017), pp. 137–
146. doi: 10.1016/j.powtec.2017.01.088.

[197] S. Yagi and N. Wakao. “Heat and Mass Transfer from Wall to Fluid in Packed
Beds”. AIChE Journal 5.1 (1959), pp. 79–85. doi: 10.1002/aic.690050118.

[198] T.H. Chilton and A.P. Colburn. “Mass Transfer (Absorption) Coefficients Prediction
from Data on Heat Transfer and Fluid Friction”. Industrial & Engineering Chemistry
26.11 (Nov. 1934), pp. 1183–1187. doi: 10.1021/ie50299a012.

[199] H.W. Gudenau, J.P. Mulanza, and D.G.R. Sharma. “Carburization of hot metal
by industrial and special cokes”. Steel Research 61.3 (1990), pp. 97–104. doi:
10.1002/srin.199000309.

[200] Y. Haroun, D. Legendre, and L. Raynal. “Volume of fluid method for interfacial
reactive mass transfer: Application to stable liquid film”. Chemical Engineering
Science 65.10 (2010), pp. 2896–2909. doi: 10.1016/j.ces.2010.01.012.

[201] N.W. Jones. “Kinetics of carbon dissolution in Fe-C alloy at 1550°C”. Ironmaking
and Steelmaking 25.6 (1998).

[202] L. Shao, Q. Xiao, C. Zhang, Z. Zou, and H. Saxén. “Dead-man behavior in the blast
furnace hearth—a brief review”. Processes 8.11 (2020), pp. 1–16. doi: 10.3390/
pr8111335.

[203] W. Chen. “Détermination des propertiétés thermophysiques de matériaux granu-
laires”. PhD thesis. Université du Québec à Chicoutimi, 1998.

[204] D. Goldberg and G.R. Belton. “The Diffusion of Carbon in Iron-Carbon Alloys at
1560 degree C”. Metall Trans 5.7 (1974), pp. 1643–1648. doi: 10.1007/BF02646337.

[205] J. Chipman, R. Alfred, L. Gott, et al. “The solubility of carbon in molten iron and
in iron-silicon and iron-manganese alloys”. Transactions of the American Society
for Metals 44 (1952), p. 1215.

[206] H. Jin, S. Choi, J.I. Yagi, and J. Chung. “Dripping liquid metal flow in the lower
part of a blast furnace”. ISIJ International 50.7 (2010), pp. 1023–1031. doi: 10.
2355/isijinternational.50.1023.

[207] X. Yu and Y. Shen. “Model Study of Blast Furnace Operation with Central Coke
Charging”. Metallurgical and Materials Transactions B: Process Metallurgy and
Materials Processing Science 50.5 (2019), pp. 2238–2250. doi: 10.1007/s11663-
019-01657-2.

[208] L. Jiao, S. Kuang, Y. Li, et al. “Numerical simulation of 3D asymmetric inner states
of an ironmaking blast furnace resulting from tuyere closure”. Metallurgical and
Materials Transactions B. (2021), pp. 1–36. doi: 10.1007/s11663-021-02217-3.

[209] S. Natsui, S. Ueda, H. Nogami, J. Kano, R. Inoue, and T. Ariyama. “Analysis on
non-uniform gas flow in blast furnace based on DEM-CFD combined model”. Steel
Research International 82.8 (2011), pp. 964–971. doi: 10.1002/srin.201000292.

[210] S. Puttinger and H. Stocker. “Toward a Better Understanding of Blast Furnace
Raceway Blockages”. Steel Research International 91.12 (2020), pp. 1–9. doi: 10.
1002/srin.202000227.

148

https://doi.org/10.1016/j.powtec.2017.01.088
https://doi.org/10.1002/aic.690050118
https://doi.org/10.1021/ie50299a012
https://doi.org/10.1002/srin.199000309
https://doi.org/10.1016/j.ces.2010.01.012
https://doi.org/10.3390/pr8111335
https://doi.org/10.3390/pr8111335
https://doi.org/10.1007/BF02646337
https://doi.org/10.2355/isijinternational.50.1023
https://doi.org/10.2355/isijinternational.50.1023
https://doi.org/10.1007/s11663-019-01657-2
https://doi.org/10.1007/s11663-019-01657-2
https://doi.org/10.1007/s11663-021-02217-3
https://doi.org/10.1002/srin.201000292
https://doi.org/10.1002/srin.202000227
https://doi.org/10.1002/srin.202000227


References

[211] S. Kumar. “Heat Transfer Analysis and Estimation of Refractory Wear in an Iron
Blast Furnace Hearth Using Finit Element Method”. ISIJ International 45.8 (2005),
pp. 1122–1128. doi: 10.2355/isijinternational.45.1122.

[212] C. Smothells, E. Brandes, and G. Brook. “Smithells Metals Reference Book: Gen-
eral physical properties”. Smithells Metals Reference Book. 7th. Oxford, Boston:
Butterworth-Heineman, 1992. Chap. 14. Genera, pp. 14–1–14–43. doi: 10.1016/
b978-0-08-051730-8.50019-4.

[213] M. Kosaka and S. Minowa. “On the Rate of Dissolution of Carbon into Molten Fe-C
Alloy”. Transactions of the Iron and Steel Institute of Japan 8.6 (1968), pp. 392–400.
doi: 10.2355/isijinternational1966.8.392.

149

https://doi.org/10.2355/isijinternational.45.1122
https://doi.org/10.1016/b978-0-08-051730-8.50019-4
https://doi.org/10.1016/b978-0-08-051730-8.50019-4
https://doi.org/10.2355/isijinternational1966.8.392




Chapter7
Epilogue

7.1 Conclusions

The work reported in this thesis has been aimed at the understanding and modelling of
complex multiphase flows of liquids and solids, with a specific interest towards the lower
section or hearth of the blast furnace. Both experimental and computational methods have
been employed to gain further understanding on the complex interaction between solid
particles and a surrounding liquid under dynamic conditions. The developed methods have
been applied to study the liquid and solids movement within the blast furnace hearth in
detail.
Systems of flowing particles and liquids are frequently encountered, both in nature and
large-scale industrial processes. A striking example of such a system is the blast furnace
hearth, in which a bed of coke particles is submerged in a bath of liquid iron and slag. Due
to the density difference between the solid and liquid phases, this bed has a tendency to float,
and create a coke-free space underneath it. The formation of such a space can have a great
influence on the liquid flow pattern during the tapping of liquid iron, thereby promoting
the erosion of the hearth lining and limiting the lifetime of the reactor. As the interior
of the blast furnace consists of a thermally and chemically harsh environment, numerical
simulation is especially suited for the study of this reactor. However, numerical methods
to study multiphase flows on a large scale have been mainly aimed at gas-solid systems. In
this work, such a method (the unresolved CFD-DEM method) has been extended towards
liquid-solid systems, and subsequently been applied to the blast furnace.
In Chapter 2, the different interaction forces between a solid particle and its surrounding
liquid have been studied and integrated into a CFD-DEM model. The existing method,
which focusses solely on the drag force, was extended with models for the lift, added mass
and Basset history forces. This allows the modified method to be applied to systems with
high fluid density and viscosity, i.e. extends the method from gas-solid systems to liquid-
solid systems. The significance and accuracy of this extended model were demonstrated
for liquid-solid fluidised beds. The implemented Basset history force scheme was critically
evaluated, and found to provide an accurate approximation of this viscous, unsteady force.
From comparison of the extended model with the traditional drag-only approach, the
added interaction forces were found t0 dampen the dynamics of the fluidised bed system,
thereby impeding mixing of the solid particles. Lastly, simulations were compared with
experiments conducted in a laboratory-scale drinking water pellet softening reactor. In
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this validation case, the model was found to accurately predict the expansion of the bed.
Furthermore, simulations were used to study the heterogeneous flow patterns in the reactor,
which can significantly impact its chemical performance.
In Chapter 3, Magnetic Particle Tracking (MPT) experiments of dry and floating-bed
rotating drums were presented. These experiments were used to demonstrate the applica-
bility of MPT in liquid-solid systems, and study the significance of the interstitial medium
on granular flow behaviour. The influence of the presence of water on the rotating drum
flow was found to be a complex subject, which cannot be simply captured by considering
an effective gravity of the particles. Instead, the altered particle-particle and particle-wall
interactions lead to slipping behaviour, impacting both the active and passive layers of
the drum flow. Furthermore, the inertial and viscous liquid-solid interactions were found
to have significant influence within the active layer. The results presented in this chapter
provide an excellent validation case for multiphase flow models.
Magnetic Particle Tracking was applied to the blast furnace hearth in Chapter 4. A
laboratory-scale cold-flow blast furnace hearth model was presented, in which liquid iron
and cokes were represented by water and hollow alumina particles, respectively. Long-term
experiments were conducted using different sump-depths and tapping cycle lengths, during
which the position of a single tracer particle was recorded through time. The oscillating
motion of the bed was observed, and the migration of particles within the bed was visualised.
Particles were found to slowly migrate outwards, towards the raceway regions. The rate of
this migration was closely related to the amplitude of the bed motion, exhibiting a faster
migration for a larger amplitude. No direct influence of the coke-free space on the tapping
rate was observed, but the disturbance of the packing in front of the tap hole due to the
bed motion was found to increase the average outflow rate.
The experiments presented in Chapter 4 were numerically replicated in Chapter 5. Using
a VOF/CFD-DEM method, the experimental set-up and conditions were mimicked in the
simulations. Special attention was paid to the outflow condition. Frictional losses and
the level-controlled opening and closing of the tap hole were modelled through a set of
dynamic boundary conditions. The CFD-DEM method was found to accurately predict
the position and motion of the sitting or (partially) floating particle bed. Migration of the
particles within the bed was observed to occur, but the simulations were not sufficiently
long to fully uncover its mechanisms and patterns. Lastly, the liquid flow pattern during
draining of the vessel was visualised. These data could not be obtained from experiments,
illustrating the complementarity of experimental and numerical methods. The presence
of a coke-free space underneath the deadman was found to significantly impact the flow
profile during tapping, thereby influencing the erosion process of the hearth lining.
In Chapter 6, the VOF/CFD-DEM method was applied to large-scale blast furnace hearth
simulations. The influence of burden weight, bi-disperse packing, and blocked tuyeres
on the liquid and solids flow within the hearth were investigated. The porosity of the
deadman was computed, and largely found in good agreement with commercial blast
furnace dissection studies. The liquid iron flow pattern during the tapping was visualised,
and a significant flow concentration along the circumference of the hearth was found,
especially in case of a floating deadman. The motion of the floating coke bed during
the tapping was found to amplify this effect over time. Aside from the liquid iron flow,
motion of the coke particles was studied too. Two pathways for coke particles to enter
the raceways were found, one through the actively flowing layer, and one through the
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deadman bed. The balance between these two mechanisms was found to vary during
the tapping cycle, as the changing liquid level influences the force balance on the coke
particles. Lastly, implementations for mass and species transfer equations within the
VOF/CFD-DEM framework were presented. Their applicability was demonstrated using a
large, 10 m diameter hearth simulation.

7.2 Outlook

7.2.1 Liquid-solid systems

The work reported in this thesis has made advances to the modelling of complex large-scale
liquid-solid systems, and has contributed to the understanding of the blast furnace hearth.
This has created opportunities for future work, both regarding the refinement of the current
model and through its application. In Chapter 2, the liquid-solid momentum coupling was
described, but so far the effects of local particle fraction on the lift and Basset history forces
are not considered. It is known from previous studies (e.g. [86–88]) that this influence is
significant for the lift force. For the Basset history force, however, little is known with
respect to the effect of neighbouring particles. Direct Numerical Simulation (DNS) is an
especially suited tool for investigation of these phenomena, as it allows for the evaluation
of the liquid-solid interaction force without use of force models established a priori. A
major challenge in such studies is the decomposition of the total interaction force into
its various components. While this decomposition is well-known for isolated particles at
vanishing Reynolds numbers (Basset-Boussinesq-Oseen equation [40]), such a breakdown
for multi-particle systems at finite Reynolds numbers has not been rigorously defined.
In addition to the particle-scale interaction forces, the sub-particle-scale lubrication forces
play a major role in the momentum transfer within liquid-solid systems [214]. In the current
work, this effect has been accounted for through an effective restitution coefficient for
particle-particle and particle-wall collisions, based on previous experimental work [91, 215]
and an estimated typical Stokes number. However, the method would benefit significantly
from a dynamic modelling of the lubrication forces, especially for systems where collision
characteristics are not uniform throughout the domain (e.g. fluidised beds).
Modelling of the lubrication forces within the CFD-DEM method can be achieved either
through direct inclusion of an additional contact force between particles, or through an
effective restitution coefficient incorporated in the existing contact models. The latter
approach may provide computational advantages, as it does not suffer from the divergence
of the contact force at diminishing distance between particles, which must be otherwise
dealt with. In either approach, the local fluid and particle properties and velocities must be
considered in the calculations in order to obtain accurate representation of the lubrication
effects.
In a large majority of literature on DEM and CFD-DEM modelling (including the current
work), particles are considered perfect spheres. While this assumption provides numerous
computational advantages, real particles are hardly ever spherical. It was demonstrated
in Chapter 2 that shape effects can significantly affect the hydrodynamic behaviour of a
fluidised bed reactor. In recent years, this discrepancy has been widely acknowledged, and
the modelling of particle shape effects has gained increasing attention (e.g. [92–95]). It
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is expected that through continual development of such detailed models, more realistic
simulation of particle-laden systems will be obtained.
In Chapter 2, an example of the application of the current CFD-DEM method was given in
form of a study on liquid-solid fluidised bed drinking water softening reactors. Obviously,
this represents but one of the many interesting scenarios and problems the method can be
applied to. Both industrial and natural systems provide potential subjects of study using
the current model, such as liquid-solid (bio)reactors, hydraulic conveying and sediment
transport. In an industrial context, it would be especially interesting to couple the current
hydrodynamic model with chemical models, as through such integration the chemical
performance of reactive systems can be assessed. By use of modern high-performance
computing facilities, the current model can be used to gain insight into these intricate and
complex systems.

7.2.2 Blast furnace hearth

Through experiments and large-scale VOF/CFD-DEM simulations, the work in this
thesis has provided a unique insight into the inner processes of the blast furnace hearth.
Continuation and extension of this work can lead to additional valuable results.
The experimental set-up presented in this thesis is a powerful tool for investigation of the
long-term particle movement within the hearth. In its current form, it considers the slow
migration of particles through the deadman, but not the actively flowing layer above it.
As these two zones likely interact with each other (e.g. deadman particles being drawn
into the flowing layer), it would be a valuable addition to also consider the active flow.
To this end, a controlled extraction rate at the raceway locations much be achieved, for
example through the use of screw extractors. With this extension, additional studies can
be conducted, such as investigation into the influence of the total hearth depth and coke
rate on the deadman renewal rate.
In addition to the MPT experiments, VOF/CFD-DEM modelling has proven to be an
excellent method for investigation of the blast furnace at large scale. The work in this
thesis has provided a broad perspective for application of VOF/CFD-DEM towards in-
depth analysis of the hearth. Through combination of the current method with realistic
geometries of the furnace, the influence of various design choices (e.g. sump depth) on
the furnace performance can be uncovered. By not only considering the freshly lined
hearth geometry, but also various erosion stages of the lining, an evaluation of the hearth
behaviour over the lifetime of the reactor can be performed.
In Chapter 6, the VOF/CFD-DEM method was combined with transport equations for
the thermal energy and dissolved carbon mass. It was noted that these implementations
were still rather rudimentary, as they did not include relevant correlations for the various
transport parameters. Firstly, the temperature-dependency of the liquid iron density and
viscosity is expected to significantly impact the flow patterns [165]. It is recommended to
include closures for these important phenomena in the current model [212]. Additionally,
detailed modelling of the cooling provided through the hearth wall is vital for accurate
simulation of the thermal effects [211]. Similarly, simulation of the carburisation process
requires implementation of dedicated closures for the carbon solubility and transport
kinetics [199, 201, 213].
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As the blast furnace hearth process involves a quasi-periodic flow behaviour with superim-
posed slow mass and heat transfer dynamics, novel advanced modelling techniques such as
recurrence CFD [182] might be employed to attain a considerable computational speed-up.
Through decoupling of the timescales between these processes, longer simulations can be
conducted more efficiently, and results on the slow thermal and chemical mechanisms can
be obtained.
In conclusion, the current work signifies considerable progress towards the development
of integrated, physics-based modelling of the blast furnace at its full scale. Through the
continual growth of available computing power and advancement of modern parallelisation
techniques, many interesting studies on the development and application of such advanced
reactor models are to be expected in the near future.
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