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Chapter 1

Introduction
Extracting iron from iron ore requires a
lot of efforts. A greater part of iron ore is
oxidised iron. In order to extract the iron,
a few steps have to be done:
• Reduce the iron oxides, that is removing the oxygen from the iron
oxides to return iron in its nonoxidised form.
• Melt the iron to separate the iron
from the non-ferrous part of the
ore: the gangue minerals.
• Tap the liquid iron to transport it to
the steel plant to transform it into
steel.
The reactor commonly used for largescale ironmaking is the blast furnace (see
figure 1.1). In essence it is a very large reactor. The largest blast furnaces have diameters of around 14 metres and a height
of approximately 45 metres. In the top
of the reactor iron ore together with coke
is charged, while at the same time hot air
Figure 1.1 – Cross-section of a blast furnace
is blown into the lower part of the blast
furnace. The hot air gasifies the coke and the hot rising gases, having temperatures of
around 2000◦C and containing for the most part carbon monoxide (CO), react with the
iron ore removing the oxygen from the iron oxides. At the same time the material is heated
up and is melted. The molten iron and other molten components drip down to the lowest
part of the blast furnace, the hearth, where it is collected by tapping the molten material.
The molten iron, called ‘hot metal’, has a temperature of around 1500◦C and is transported
to the steel plant where the iron is refined into steel.
1
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Process control Because of the size and its process conditions, a blast furnace is a
challenge to control. Besides making iron within specifications and as economically as
possible, process control is needed to make a blast furnace last as long as possible. However,
the extreme conditions in the blast furnace make it near to impossible to measure and
assess the process state directly. Indirect measurements, like pressure drop, temperatures
in the refractory lining, chemical composition of the liquid iron and flue gas and various
other measurements are used to evaluate the process.
The size of the blast furnace complicates matters. Widely varying residence times make
it difficult for the operators to assess the process. For example, the residence time of
the hot air blown into the lower part of the
blast furnace is in the order of seconds, while
changes in iron ore composition is usually
detected after 8 - 10 hours - [2].
Models are used to assist the operators
and the process control department to relate measurements to the process within
(see figure 1.2). The models cover topics
like
• Heat and mass balances..
• Gas flow distribution
• Burdening, which is the way raw materials are charged into the blast furnace.
• Trace elements.
• Coal injection.
• Hot metal quality.
• Liquid iron in the hearth.
• Solidification.

Figure 1.2 – Examples of blast furnace models [5]

For example, gas flow distribution and burdening models enable to design burdening
recipes to optimise gas flow and optimise heat losses along the wall of the blast furnace.
Hot metal quality, for example, is closely related to the temperature of the process. Coal
injection and silicon (Si) gasification models provide insight into this process.
Operational goals Two goals are important in controlling the blast furnace. The first
goal is stable operation and consistent liquid iron (hot metal) quality. Consistent hot metal
quality is a pre-requisite for efficient operation of the steel plant. The other goal is the
maximisation of the life span of the refractory lining in the bottom part of the blast furnace,
the hearth. Once every 10 - 20 years the refractory has to be replaced [1], especially at the
junction between bottom and wall. The harsh conditions cause the refractory to degrade
and dissolve in liquid iron and slag. The refractory will disintegrate by carbon deposition
and penetration of liquid metal into cracks and cyclic events of solidification and melting
make the refractory crumble [3, 4, 6].
Temperature and heat flux measurements are able to pinpoint locations of endangered
2
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refractory areas and enable the calculation of the remaining refractory. Still the area to
be covered is large and critical spots can arise without being detected. Insight into the
mechanism is necessary and why particular areas are especially affected. Questions like
‘Why does the hot metal flow only affect certain parts of the refractory and what measures
will help to postpone or delay the refractory degradation?’ need to be answered.
Temporal analyses techniques, using signal analyses techniques, try to correlate temperature
and heat flux measurements with the cyclic opening and closing of the different tapholes.
But none gives insight into how and why the hot metal flow takes a particular route.
Refractory degradation The lower part of the blast furnace, the hearth, is filled with
remaining coke particles. This packed bed of coke particles between the position where
hot air is blown into the furnace and the bottom, is called the deadman. Hot metal is
collected in the hearth and flows through this bed on its way to the taphole. The porosity
distribution of the coke bed determines the path the hot metal will take. Dissolution of
the coke particles in hot metal occurs, because the hot metal is usually not saturated with
carbon. The dissolution of the coke particles causes changes in the porosity distribution of
the coke bed which influences the path of the hot metal flow.
The inside wall of the blast furnace is protected by refractory. The refractory consists for
a large part of carbon, giving the refractory a high thermal conductivity. Cooling of the
wall creates a solidified layer on top of the refractory, adding extra protection to the wall.
Degradation of the refractory occurs due to preferential, non-saturated (carbon) hot metal
flow, cyclic solidification and melting of iron which has penetrated the protective refractory.
The location of degradation of the refractory have made researchers look at the way liquid
iron flows through the hearth. The combination of a packed coke bed, preferential flow
and relatively high velocities along the wall and bottom, cooler iron at the wall flowing
down at high velocities, all make for accelerated degradation of the refractory at those
positions.
Objectives of the thesis - using mathematical support Using computational models
can help shed some light on the process of the refractory degradation caused by hot metal
flow. This thesis helps to gain insight into this process and helps to answer why a packed
bed of dissolving particles behave the way it does. The main goal of this thesis is to look
into the influence of the changing particle size distribution on the packing of the coke bed in
the hearth. The method used is the modelling of the evolution of particle size distributions
of dissolving particles and validating the dissolution model with experiments. It includes
modelling the porosity of a packed bed of dissolving particles and calculating the effects of
a porosity change on liquid iron flow in a simple blast furnace hearth configuration.
Structure of the thesis In this paragraph an overview of all chapters is given together
with a short description of the contents of each chapter.
• Chapter 1 is this introduction chapter, introducing the objectives of this thesis while
describing the ironmaking process.
• Chapter 2 is an introduction into the main routes of ironmaking. It describes how
and why the route with the blast furnace is the most important route. Current developments of alternative ironmaking technologies and the need for such technologies
are highlighted.
3
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• Chapter 3 gives an overview of blast furnace models and modelling techniques. The
topics covered are the liquid and particle streams in the blast furnace and describes
the need for a packed bed porosity model. Continuous methods and discrete element
modelling (DEM) are briefly described.
• Chapter 3.2 explains why population balance modelling (PBM) as a technique, a
packing model and computational fluid dynamics (CFD) are used. Research topics
are porosity as a function of particle size distribution. In order to model the change
in particle size distribution the dissolution of particles and the resulting effect on
packing and liquid iron flow in the hearth is calculated.
• Chapter 4 details the framework of the deadman model, which is used to calculate
the changes in particle sizes, the changes in packing and the interaction with the
CFD software used. Validation of the packing model is done using data from coke
bed packing experiments.
• Chapter 5 gives an overview of the results of several CFD cases, including dissolution
and varying boundary conditions. The geometry used, is a simple cylindrical version
of the hearth of a blast furnace with one taphole. All cases are steady state. Dynamic
cases and variations in initial particle size distributions were not done because of the
long computational time (weeks) needed for one case to reach convergence.
• Chapter 6 describes the results of validation experiments using packed beds of
benzoic acid spheres, which were dissolved in water. Changing particle size distributions are compared to model results and interlocking spheres, causing arching, is
discussed.
• Chapter 7 is the last chapter, and overall conclusions and recommendations are made
here.
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Chapter 2

Ironmaking Processes - an
Introduction
2.1

The Ironmaking Blast Furnace

A large modern ironmaking blast furnace has a total height of about 45 metres, a maximum
internal diameter of about 14 metres and operates with process temperatures between 50◦C
and 2000◦C. It is in effect a very large pyrometallurgical reactor (see Chapter 1, figure 1.1).
The lower part or hearth of an ironmaking blast furnace plays an important role in the
making of its primary product: hot metal, liquid iron with high carbon content. Hot metal
is the raw material for the steel plant. The hearth is the location where the final reactions
take place, which determine the hot metal quality. But it is also the location where the wear
of the protective refractory lining takes place being the main reason for a major, lengthy
and costly shut-down for maintenance (once every 10 to 20 years).
This thesis focuses on using an approach, using particulate theory, in explaining hearth
processes. When collecting the hot metal, called tapping, liquid iron flows through a bed of
packed coke particles towards a tap hole in the wall of the hearth. The coke particles of the
bed have a particle size distribution, which determines the porosity distribution of the bed.
This porosity distribution determines the permeability for liquid flow in the packed bed.
Porosity distribution and particle size distribution have their effect on flow and chemical
reactions - in this case the dissolution of the coke particles and carbon dissolution of the
refractory lining of the hearth.

2.1.1

General

Iron ore consists of chemically bonded iron and oxygen. In ironmaking the iron is returned
to its non-oxidised form and one of the most efficient reactors is the blast furnace [46].
Other ironmaking processes known as direct reduction processes, which produce a solid
product, and smelting reduction processes where the product is liquid iron, are used in
quite a lot of countries, but globally less than 5% of iron is made this way [41, 47] (also
see Section 2.2 on page 17).
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In essence, the blast furnace is a vertical countercurrent heat and oxygen exchanger in
which hot reducing gas travels upwards while transferring its heat on the way up, leaving
the blast furnace at a temperature of about 200◦C. At the same time descending iron ore is
turned into metallic iron and in the end melted and tapped to be refined at the steel plant
[16, 43, 46].
The blast furnace is charged in the top with a ferrous burden which consists of agglomerated
iron ore fines (sinter, pellets), lump ore, coke and additives (flux). Simultaneously preheated
air with temperatures between 900◦C-1200◦C, together with injected fuel such as coal,
oil, natural gas or suitable carbon containing recycled material, for example, carbonised
biomass or pulverised plastics, is injected into the furnace through multiple nozzles or
tuyeres located around the circumference of the furnace near the top of the hearth.
Gasification of coke in front of the tuyeres produces the reducing gases and heat. The
temperature rises to 2000-2500◦C. The gases, when leaving the reactive and turbulent zone
in front of a tuyere, the raceway, contain carbon monoxide (CO) and hydrogen gas (H2 ).
These reductants react with the oxygen of iron oxides and gradually reduce the iron oxide
to metallic iron.
It is important that the burden consists of evenly sized ferrous and coke charges. The
ferrous materials and coke are charged in turns to create alternating permeable layers which
will keep the furnace permeable when sinter, pellets and lump ore start to soften and melt.
A charge which is evenly sized will descend more regularly. Nevertheless, it is impossible
to eliminate the occurrence of size variations. Some degradation will occur between the
sinter plant, pelletizing plant or coke ovens and the blast furnace. These generated fines
are removed from the burden by screening materials just before charging.
Bench-scale laboratory tests of sinter or pellets are used to monitor the amount of fines
generated during reduction. These tests are designed to simulate the first part of iron
oxide reduction in the blast furnace and are used as a blast furnace burden quality indicator.
The hearth of the blast furnace is a vertical steel shaft protected internally by a refractory
lining. The tall shaft of a blast furnace can be divided into five parts (see figure 2.1(a) from
[46]). The bottom part is a cylinder, the hearth. Here the liquid iron and slag collect. On
top of this part is an inverted truncated cone: the bosh. Preheated air is blown into the blast
furnace through water-cooled nozzles called tuyeres. These are made of copper and are
located close to the bosh. The bosh and the second highest section, the stack, are connected
with a short vertical section called the belly. The stack has the shape of a truncated cone.
The topmost part is the part where the charge enters the furnace. It is called the throat.
The refractory lining of the hearth and the bosh is commonly made of carbon bricks. This
type of refractory withstands best the harsh conditions at those locations. Another type of
refractory is used for the lining at the other positions. The high thermal conductivity of
the carbon refractory in the hearth and bosh, combined with intensive cooling at the steel
shell creates a layer of solidified material between the lining and the hot metal and slag.
The solidified layer protects the lining against the corrosive action of the molten iron and
slag.
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(a) Shaft sections.

(b) Process zones.

Figure 2.1 – Schematic of shaft sections and process zones of a blast furnace [16, 43]

2.1.2

Raw materials

Iron ore and its preparation Iron is a metal of the transition group VIII of the periodic
table. It has the symbol Fe which is derived from the Latin word for iron: ferrum. The
atomic number of iron is 26 and it has an atomic weight of 55.85 and a melting point of
about 1535◦C. The Earth’s crust consists approximately 5% out of iron and iron does not
occur as metallic iron, except in the core of the Earth. In the Earth’s crust it is always
found as an iron ore [45]. Iron ores need a lot of processing before becoming the product
metallic iron.
A large number of minerals contain iron. According to their chemical composition they
can be grouped into:
•
•
•
•

Oxides.
Carbonates.
Sulfides.
Silicates.

(see table 2.1 for examples of some principal iron bearing minerals)
All iron ores are basically oxides [45], which means that iron is chemically bonded with
the element oxygen. Besides that, iron ores also contain small amounts of other elements
such as manganese or phosphorus. On top of that, iron oxides are often mixed with gangue
materials such as sand, rock and clay in the ore body, which makes ironmaking much more
difficult.
Iron oxides are found in three mineral forms [5]; the most complete oxidised form is
hematite (Fe2 O3 ), which is the form found in most iron ores. The second form is magnetite

7
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Table 2.1 – Principal iron bearing minerals [45]

Mineralogical name

Chemical composition

Common name

Magnetite
Hematite
Ilmenite
Goethite
Lepidocrocite

Fe3 O4
Fe2 O3
FeTiO3
HFeO2
FeO(OH)

Ferrous-ferric oxide
Ferric oxide
Iron-titanium oxide
Hydrous iron oxides

Siderite

FeCO3

Iron carbonate

which is a combination of FeO and Fe2 O3 . The third form is only formed as an intermediary
product during the reduction of iron ores as well as during the oxidation of iron. When
hematite is reduced to iron the following oxides are formed: Fe2 O3
Fe3 O4
FeO
Fe
The hot blast entering the blast furnace creates a hot reducing gas which travels upwards.
To achieve high productivity the burden needs to be as permeable as possible. For this,
iron ores need to be prepared before charging in the blast furnace. The iron ores are
agglomerated by the sintering and pelletizing processes to create larger* agglomerated,
sintered and pelletized ore particles.
Coke and cokemaking Metallurgical coke is a porous carbon material of high strength
and with large pores produced by carbonisation of coking coals or of coal blends at
temperatures up to 1200◦C. About 90% of the coke produced from blends of coking coals
is used to maintain the process of iron production in the blast furnace where it has three
major roles [8, 15, 16, 43]:
• Thermal - Coke is the primary reagent in reactions providing heat for the endothermic chemical reactions, the heating of the burden and the melting of slag and
metal.
• Chemical - Reducing gases produced from coke, e.g. via gasification, for the
reduction of iron oxide. These gases also reduce the gangue oxides like SiO2 , MnO2
and P2 O5 of iron ore. Liquid iron which comes into contact with coke is carburised
by the coke.
• Physical - Coke supports the burden in the furnace, providing permeable layers
necessary for the liquids trickling into the hearth and it will also let the hot process
gases rise upwards into the stack.
The first two functions of coke can also be fulfilled by carbonaceous substitutes like oil,
gas, plastics, coal and biomass. These are injected through the tuyeres as an energy and
a carbon source. Such a substitution brings about a reduction in coke consumption for
the blast furnace. However, there is no other acceptable material which can be used as a
substitute for the main physical function of metallurgical coke: the permeable support of
the blast furnace burden.
Before coke is charged in the blast furnace, it is screened for a narrow particle size range.
* Sinter

has a size from 10-15 mm and pellets are approximately 12 mm in diameter

8

2. Ironmaking Processes - an Introduction

2.1. The Ironmaking Blast Furnace

Figure 2.2 – Types of coke degradation in a blast furnace [42]

This is necessary to obtain optimal permeability in the furnace. After all, at high coke rates
coke can occupy up till 50% of the volume in the blast furnace [3]. This means that coke
breakage and abrasion will have a negative effect on the permeability of the furnace. High
mechanical quality standards are mandatory.
Burdening the blast furnace is done by charging every other layer with ferrous material and
every other one with coke. Special attention is payed to burdening the coke in such a way
that the central part of the furnace consists of a coke column, the so-called coke chimney.
The reducing gases, while rising through the coke column, will then easily spread radially
through the layers of coke throughout the furnace from centre to the wall [16, 27, 43]. On
the other hand, the gas is able to pass through the coke column if for some unforeseen
reason the passage through the layers is blocked.

2.1.3

Blast Furnace Process and Operation

Charging the Burden Two main methods of charging the ferrous burden in the blast
furnace are being used:
• Double-bell system Until some years ago, all blast furnaces used the double-bell
system for charging the burden into the furnace. The double-bell system consists
of two cones, bells, which act as gas-tight lock gates. To charge the burden, the
material is first put in the upper bell, which is then opened by lowering itself to let
the burden material fall onto the lower bell. Next, the upper bell is closed, and the
lower bell is opened, lowered, to allow the burden to be charged into the furnace. In
this way, gas cannot escape into the atmosphere.
• Rotating-chute system It is difficult to control the distribution of the burden with
the double-bell system, and because of abrasion of the bells gas leakage eventually
occurs. Furnaces have therefore been equipped with a rotating-chute system, also
called a bell-less top. Good distribution control is achieved by an adjustable gate to
control the burden flow through the chute and the angle of inclination of the rotating
chute can be altered for a precise delivery of the material. In successive tranches
the burden material is placed in rings in the furnace. Different, optimised charging
9
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(a) BF #6 (rotating chute)

(b) BF #7 (rotating chute)

Figure 2.3 – Schematics of blast furnace #6 and #7 at Tata Steel in IJmuiden [16, 43]

patterns are used for different materials.
A blast furnace has a typical shape. A general description of the blast furnace process
explaining why the furnace has its characteristic shape (see figures 2.3(a) and 2.3(b)), is
that the burden materials when charged at the top of the stack, are relatively cold. The
descending charge is heated up and will expand. In order to let the burden material move
downwards unhampered, an increase of the stack diameter is necessary. Therefore the wall
of the stack has a typical outward angle of 6° to 7° to the vertical. A decrease in volume
of the burden occurs when melting takes place and the liquid fills the voids between the
solids. To accommodate this, the wall at bosh level angles inward and the angle to the
vertical is in the range of 6° to 9° [46].
Operation Skips or conveyor belts are used to transport the burden materials to the top
of the blast furnace. Air is preheated to a temperature between 900◦C and 1350◦C in
stoves, and enriched with up to 25% oxygen before it is injected into the furnace through
the tuyeres. The main product, hot metal or blast furnace iron, is tapped by opening,
drilling, a tap-hole through the wall at the bottom of the furnace at regular time intervals.
Continuous operation is achieved using multiple tap-holes: by opening and closing tapholes in overlapping turns at different circumferential positions.
Productivity of a blast furnace is defined as the output divided by the internal working
volume of the furnace; 2 to 2.5 t·m−3 can be obtained every 24 hours from furnaces with
working volumes of approximately 4000 m3 .
Slag and gas are the two by-products. Slag is tapped at the same tap hole as the iron, upon
which it floats. Its composition is as follows:
• 30-40% silica (SiO2 )
10
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• 5-15% alumina (Al2 O3 )
• 35-45% lime (CaO)
• 5-15% magnesia (MgO)
The gas leaving the furnace is composed mainly of carbon monoxide (CO), carbon dioxide
(CO2 ), hydrogen (H2 ), water (H2 O) and nitrogen (N2 ). The calorific value of this gas is
approximately one-tenth of that of methane. This gas, after dedusting and enrichment with
coke-oven gas, is used as a fuel for burners.
Hot blast stoves consist of a combustion chamber combined with a chequer work of
refractory bricks. The bricks will heat up during combustion and when the stove is hot,
combustion is discontinued and cold air is blown through the chequered bricks in the
opposite direction. The bricks will release their heat to the air which is injected into the
blast furnace through the tuyeres. For continuous operation multiple stoves are used.
Chemistry The chemistry of the blast furnace process is now generally accepted. The
main step is the reduction, the removal of oxygen, of the iron oxides. This is accomplished
by the carbon of the coal and coke. It produces reducing gases (CO and H2 ) and the heat
required for the reactions.
Indirect reduction, the reduction by carbon monoxide (CO) and hydrogen (H2 ) gas, takes
place below 1000◦C. Higher oxides of iron transform into ferric oxide (FeO) and then into
iron [7, 45].
3 Fe2 O3 + H2

2 Fe3 O4 + H2 O

(2.1)

3 Fe2 O3 + CO

2 Fe3 O4 + CO2

(2.2)

Fe3 O4 + H2

3 FeO + H2 O

(2.3)

Fe3 O4 + CO

3 FeO + CO2

(2.4)

FeO + H2

Fe + H2 O

(2.5)

FeO + CO

Fe + CO2

(2.6)

3 Fe + CO + H2
3 Fe + 2 CO

Fe3 C + H2 O
Fe3 C + CO2

(2.7)
(2.8)

C + CO2

2 CO (Boudouard reaction)

C + H2 O

CO + H2 (water gas shift reaction)

(2.10)

FeO + C

Fe + CO (direct reduction)

(2.11)

3 Fe + C

Fe3 C

(2.12)

(2.9)

Metallic iron also forms iron carbide (Fe3 C) with carbon and absorbs CO2 and H2 O. Above
1000◦C, the gaseous reduction of solid iron oxides still takes place but the carbon also
reacts with CO2 and H2 O and forms CO and H2 . This creates an extra reduction potential
of the gas.
C + CO2

2 CO (Boudouard reaction)

(2.13)

C + H2 O

CO + H2

(2.14)
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At 1200◦C, softening of the materials occurs. Above this temperature, metallic iron absorbs
carbon and the iron starts to soften and melt, although the melting point of pure iron is
1530◦C [7].
3 Fe + C

Fe3 C

(2.15)

Above 1350◦C rapid absorption of carbon occurs and liquid hot metal is produced.
Coke combusts with the oxygen immediately in front of the tuyeres.
2 C + O2

2 CO − heat

(2.16)

The hot gases created by the reaction rise upward and transfer their heat to the descending
burden. CO gas reacts with iron oxides in the burden. Not all reduction reactions of the iron
oxides take place like this. Some oxides react directly with carbon at higher temperatures.
In the bosh softening and melting takes place, droplets of material, metal and slag, trickle
down to collect in the hearth.
All other oxides also undergo chemical reduction. All the phosphorus pentoxide (P2 O5 )
and some of the silica (SiO2 ) and manganese oxide (MnO) are reduced. Phosphorus,
silicon and manganese all dissolve in the hot metal together with some carbon from the
coke.
Coke behaviour Particle size change - stock line to tuyere - Shimizu [38], Iwanaga [26],
Negro [33], Vogt [44] and Srivastava [40] have reported results of coke sampled at tuyere
level in blast furnaces and reported the change in particle size distribution (from stock line,
or skip to tuyere). Hilding [23] presented an overview of changes in relevant properties
of coke while descending in an experimental blast furnace. The coke was sampled in
LKAB’s experimental blast furnace (EBF). In table 2.2 an example of the change in coke
size distribution is presented. Obviously, the particle size distribution is dependent on the
coke quality used in the blast furnace and on the operational settings of the blast furnace in
question. In figure 2.2 is illustrated the different types of coke degradation as a function of
the location in the blast furnace.
Quality of coke - Over the last decades the blast furnace trends towards a larger size and
higher production levels, while at the same time a reduction in coke rate is accomplished by
Table 2.2 – Coke particle size distribution change: skip to tuyere [40]

Size, mm

80−100
60−80
40−60
25−40
12−25
5−12
<5
Mean, mm

Set IV

Set V

Skip coke

Raked coke

Skip coke

Raked coke

9.1
22.7
36.3
25.0
4.6
1.2
1.1

0.0
0.0
19.8
27.4
32.2
14.0
6.6

8.9
27.6
39.8
20.7
2.0
1.0
0.0

0.0
7.6
27.0
33.5
19.1
8.7
4.1

51.3

26.1

54.4

34.1
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Figure 2.4 – Coal injection rate, residence time, carbon consumption and gasification [4]

high levels of injection of carbonaceous components, particularly pulverised coal, via the
tuyeres. Because of this, the importance of the role of coke as support and as a permeable
component of the blast furnace burden has grown, calling for further improvements in coke
quality. In such conditions, a decrease in coke rate means a decrease in thickness of an
individual coke layer in the stack and cohesive zone but also an increased residence time
of the coke in the lower part of the blast furnace.
Increasing the coal injection rate increases the residence time of burden and coke in the
blast furnace. At increased coal rates gasification of coal is more and more replacing the
coke gasification in front of the tuyeres (see figure 2.4). The resulting coke quantity cannot
be too low: coke still needs to function as supporting structure in the lower furnace and
ensure the uniform discharge of hot metal and slag. Furthermore, about 100 kg of coke is
consumed per tonne of hot metal for direct reduction (equation (2.11)) and about 50 kg
coke for hot metal carburisation [3].
Coke residence times sometimes increase by more than 30% with variations in coal rate
from 100 to 200 kg·t−1 of hot metal [3, 4, 15, 17, 34] (see also figure 2.4). This means that
coke degradation in the blast furnace is increased because of longer periods of exposure to
mechanical and thermal stresses and chemically induced degradation [15, 23].
Coke quality test standards and requirements for chemical and physical properties are
related to the roles coke plays in the blast furnace and the mode of blast furnace operation.
Nowadays, the physical and mechanical properties are described by the level of coke
stabilisation, grain size distribution, its cold strength for the dry part of the furnace (for
example, I40 , I10 ) and for the high temperature zone by the coke CRI index and the CSR
index* . High cold strength values guarantee the permeability in the upper region of the
* Results from a test which determines lump coke reactivity in CO2 at elevated temperatures and its strength
after reaction in CO2 gas by tumbling in a cylindrical chamber.
A dry coke sample of designated size and origin is allowed to react with CO2 gas in a retort at a specified elevated
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(b) Carburisation behaviour of different coke
types

Figure 2.5 – Setup and results of dissolution behaviour of coke. Setup: 1-spindle drive, 2-motor, 3thermocouple, 4-graphite tube, 5-corundum tube, 6-corundum crucible, 7-crucible holder, 8-gas entry,
9-coke, 10-hot metal, 11-spindle thread [20]

furnace. CRI indices should be kept as low as possible to shift the solution loss reaction to
higher temperatures but the index should also be in a range which guarantees satisfactory
carburisation of the hot metal. The CSR index should be high to produce a permeable
deadman (coke bed) in the hearth.
The chemical properties are classified in terms of the amount of tramp elements in the ash,
for example, alkalis, zinc, sulphur and phosphorus contents. High levels of coke moisture
and chlorine are known to cause problems in blast furnace operation.
Dissolution of coke in hot metal - Not only does the coke in blast furnaces react with
oxygen or carbon dioxide to form gaseous carbon monoxide, it also dissolves in hot metal.
The maximum amount of carbon able to dissolve in liquid iron depends on temperature
and composition of the melt [35]. For example, the solubility of carbon in pure iron is a
function of temperature [6, 36], or
log NC = −

560
− 0.375
T

(2.17)

[%C] = 1.34 + 2.54 × 10−3 × θ

(2.18)

where NC = mole fraction of carbon, T = temperature in K and θ = temperature in ◦C.
An overview is given in [6, 35] in which the influence for a number of elements on carbon
solubility is given at a standard temperature of 1600 ◦C. For example, the presence of Al
in liquid iron will lower the solubility of carbon with 0.25 % per % of Al (see table 2.3).
The dissolution rate of carbon from coke depends on the composition of the slag components, the structure of the slag skeleton in the coke [8–13, 18, 19, 32, 48] and the amount
of graphitization [42]. In the past a number of researchers [8–10, 14, 18, 19, 32] have
temperature for a specified length of time. Two indices, coke reactivity index (CRI) and coke strength after
reduction (CSR) are determined using the reacted coke residue. The weight retained after reduction determines
the CRI. The weight retained after screening the tumbled reacted coke in a designated number of revolutions over
a designated turning rate determines the CSR.
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Table 2.3 – Influence of elements on carbon solubility in liquid iron [35]

Element
Al
Cr
Co
Cu
Mn
Ni
Nb
P
Si
S
V
Ti

Temp.◦C

∆%C
%Element

1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600

−0.25
+0.90
−0.03
−0.20
+0.04
−0.07
+0.12
−0.35
−0.30
−0.40
+0.13
+0.17

performed experiments by dissolving coke into liquid iron and concluded that the dissolution rate could be approximated by an Arrhenius-type of equation (see figure 2.5(b)). The
parameters of this equation also included the effect of different types of coke (reactivity,
slag composition, etc.).

2.1.4

Blast Furnace Products

Hot metal Most blast furnaces are located at an integrated steelmaking site. Their hot
metal is refined by a basic oxygen steel plant, which typically require the composition
of the hot metal to be 4 to 4.5% carbon, 0.6 to 0.8% silicon, 0.03% sulphur, 0.7 to 0.8%
manganese and 0.15% phosphorus. Freshly tapped hot metal has a temperature in the range
of 1400◦C to 1500◦C; to save energy, the hot metal is transported directly to the steel plant
with a temperature loss of about 100◦C.
Hearth temperature and the composition of the burden determine the composition of blast
furnace iron. For example, the carbon content is determined by the temperature but also
the amount of other elements in the liquid iron. Both the amounts of sulphur and silicon
are determined by the temperature: low sulphur iron with high silicon is produced at high
temperatures. On the other hand, the working volume of a blast furnace also influences the
silicon levels in hot metal: low-silicon iron is produced by large furnaces. The amount of
phosphorus in hot metal only depends on the amount present in the input materials. A part
of the manganese oxide is reduced by carbon, and its concentration in hot metal depends
on the hearth temperature and slag composition.
Slag When a blast furnace is tapped, two liquid products are tapped: hot metal and liquid
slag. Iron ores contain gangue, it is the non-metal material or matrix surrounding the iron
oxides [39]. Slag is formed from gangue and from the mineral content of coke and coal.
During operation of the blast furnace, liquid slag collects in the hearth and has to be fluid
enough to be easily removed from the hearth during tapping. The slag fluidity is controlled
by controlling its basicity, which is achieved by adding CaO and MgO containing additives.
Slag is also able to remove sulphur from the liquid iron. Sulphur is an unwanted element in
15
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steel. Slag is usually sold to cement manufacturers, who require a certain range in chemical
composition of the slag.
Blast furnace gas The gas leaving the blast furnace at the top, is enriched with coke-oven
gas and is used as burner fuel (see section 2.1.3, page 11).

2.1.5

The Deadman - a Packed Bed of Coke Particles

The burden materials of an ironmaking blast furnace have distributed properties. Resulting
zones in the blast furnace also have distributed properties. For example, the coke particles
of the deadman and those in the dripping zone have a size distribution, producing a
distributed porosity of the coke bed.
The deadman of an ironmaking blast furnace is located in the lower part of a blast furnace
and part of it resides in the lowest region of the blast furnace: the hearth. It is a packed
coke bed dissolving slowly in a pool of hot metal on top of which a liquid slag layer floats.
The deadman consists of surviving coke particles originally charged at the top of the blast
furnace. The hot metal and slag are tapped regularly. During tapping the hot metal flows
through the deadman. The flow of hot metal in the hearth is not uniform, bringing about
a non-uniform coke dissolution: channelling is bound to occur. In some cases extreme
channelling will occur at the junction between wall and bottom refractory, causing the hot
metal to flow there at such high velocities that not only the carbon from coke particles is
readily dissolved but also the carbon from the wall and bottom refractory. The shape of the
degraded refractory is called an ‘elephant foot’.
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Figure 2.6 – The major routes for iron and steel production [7, 37]

2.2

Alternative Processes

In figure 2.6 the basic, major routes for iron and steel production are shown. The principal
route for production of iron for steelmaking at this moment is via the blast furnace, using
coke as the reductant [7, 21, 22, 25, 28, 29, 31]. The liquid iron from the blast furnace
is refined in a Basic Oxygen Furnace (BOF) to produce steel. This production route, the
blast furnace - basic oxygen furnace (BF-BOF) route, currently accounts for around 64%
of world steel production. Steelmaking using Electric Arc Furnaces (EAF) forms the
other major steel production route with around 28% of the world market [7, 21, 25, 28,
31].
The blast furnace process needs for physical reasons a minimum amount of coke. Not only
will the surviving coke which has reached the deadman, act as a support for the burden
but the coke layers will also serve to keep the burden during the softening and melting
stage, as permeable as possible. In this way, a relatively unimpeded flow of reducing gases
through the burden is maintained.
This dependency on coke and stricter environmental legislation on CO2 emissions are the
main reasons why other (or alternative) ironmaking processes have been developed. These
alternative processes, which produce a pre-product for crude steelmaking, are based on
iron ore reduction without coke as the main reductant and are meant to minimise CO2
emissions and avoid operation of capital intensive raw materials preparation plants, like
coke oven or iron ore agglomeration plants. These processes are known as direct reduction
(DR) and smelting reduction (SR) processes.
Direct reduction processes produce solid direct reduced iron (DRI) or hot briquetted iron
(HBI). Smelting reduction processes, on the other hand, produce hot metal. Some of these
processes also avoid iron ore agglomeration prior to reduction, which reduces their CO2
footprint at the same time and have the advantage to further reduce the number of process
steps for the production of crude steel by using non-agglomerated iron ore directly in the
17
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(a) Production type and iron source (2013) [29]

(b) Crude steel production history [47]

Figure 2.7 – Sources of metallic charge in steelmaking and crude steel production over the years

process. Some processes emit process gases, which are directly suited for carbon capture
technologies [21, 22].
Several DR and SR processes are presented in figures 2.9(a) and 2.9(b). An overview is
reported by Schenk [37] and in the US department of energy report of Hasanbeigi [22].
This report includes overviews and evaluations of CO2 emissions reduction technologies
besides alternative ironmaking and steelmaking processes.
A lot of effort has been put in the development of alternative ironmaking processes that use
non-coking coal and other reductants to reduce the iron ores directly. There are a number
of reasons driving steel-makers to develop alternative ironmaking processes that can use
non-coking coals to reduce iron ores directly [2, 7, 21, 41]:
•
•
•
•
•
•

•

•

Limited availability of coking coals, and thus coke, and other raw materials.
High costs of raw materials.
The considerable costs of ironmaking in an environmentally sound way.
High capital costs of coke ovens, blast furnaces, pellet and sinter plants. Replacing
ageing coke ovens will cost the steel industry millions of euros.
Changing legislation makes it mandatory to diminish CO2 emissions and use more
renewable reductant sources.
Rigorous regulations are being enforced on emissions from coke ovens, pellet and
sinter plants. To meet these environmental standards existing coke ovens require
significant capital expenditure.
Scrap shortages and deterioration in the quality of scrap used in basic oxygen
furnaces and electric arc furnaces. Electric arc furnaces in particular need a stable
supply of virgin iron, at a reasonable cost, that can provide a scrap substitute.
Customers continue to require improved properties and reliable delivery of steel at a
good value relative to competitive materials.

In 2014 approximately 1670 million tons of steel were produced compared to 902 million
tons in 2002 (see figure 2.7(b)); 71% was produced through the oxygen steelmaking route
and 34% through the electric steelmaking route [21, 22, 25, 28–30, 41]. Of all the tons of
iron needed, 58% was in the form of hot metal, 38% was steel scrap and 4% was direct
reduced iron. In 2014 the process route via the blast furnace was the most important
18

2. Ironmaking Processes - an Introduction

2.2. Alternative Processes

Figure 2.8 – World DRI production history [47]

iron source for crude steel production and will likely keep this role also for the near
future.

2.2.1

Direct Reduction Processes

All direct reduction processes are basically the same: iron ores are reduced in the solid
stage to DRI, still containing the gangue minerals. In figure 2.8 an overview is given of the
worldwide production history.
The direct reduction processes can roughly be divided into gaseous reduction and coalbased reduction type of processes. In the gas-based processes reduction takes place
in reactors like shaft furnaces and fluidised beds; rotary kilns, rotary hearth furnaces
and multiple hearth furnaces are the reactor choices for the coal-based processes (figure
2.9(a)).
Although the development of these processes began around the 1950s, being regarded
as a real alternative to the blast furnace process, two main reasons prohibited a real
breakthrough:
• Current energy prices allow the operations of such facilities only at places where
cheap energy, such as cheap natural gas is available.

(a) Direct reduction processes

(b) Smelting reduction processes

Figure 2.9 – Schematic of alternative ironmaking processes [37]
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• Prices for steel scrap worked against the demand for high-quality DRI. This situation
will change if demand for steel scrap keeps increasing caused by a steadily increasing
world steel production.
The gas-based direct reduction processes produced about 82% of the DRI in 2016 [1].
Market leader is the Midrex process with 47 million tons, followed by the Hyl III process
with 12.7 million tons. The direct reduction plants are predominantly based in regions with
cheap natural gas: Latin America, Asia, Oceania, the Middle East and North Africa.

2.2.2

Smelting Reduction Processes

A simplified definition of smelting reduction is the production of liquid hot metal from
iron ore without coke or even with the aid of non-carbon reductants. The technologies
developed to date, can be divided in two categories [21, 22, 37, 41]:
• Melter gasifier processes. Melter gasifier processes are two stage processes. The
first step is the reduction of the ore producing DRI and then followed by a melting
stage under reducing conditions. Coal and oxygen are used to provide heat for the
smelting process and to produce the reducing gas.
The only melter gasifier technology being used on an industrial scale is the Corex
process from which also the Finex process was developed. The Corex process, for the
most part similar to the blast furnace process, separates the drying and pre-reduction
zone from the dripping and deadman zone, eliminating the cohesive zone [24]. It
is the cohesive zone in the blast furnace necessitating the use of coke to keep the
cohesive zone permeable to the rising reducing gases.
• Iron bath processes. In iron bath processes, pre-reduced iron ore, solid or liquid,
is fed into a smelt (hot metal and slag) with coal and oxygen until it is reduced
and smelted. The process gas emitting from the bath contains CO and H2 and is
post-combusted to increase the energy utilisation.
The energy necessary for smelting is provided differently in the different processes:
(1) Oxygen is blasted into bath vessel to enhance the heat transfer from the freeboard
and slag phase to the rest of the melt, or (2) the energy is provided electrically in arc
furnaces.
Using oxygen also imposes a drawback on the process: reoxidation of the iron which
is to be avoided. The high heat demand of the process necessitates wall refractory
and cooling systems which need to withstand the high heat loads.
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Chapter 3

Blast Furnace Hearth
Modelling
3.1
3.1.1

Known Blast Furnace Hearth Models
The Necessity to Model Melt Flow

The flow, heat and mass transfer of molten iron and slag through the coke bed in the hearth
of a blast furnace can affect substantially the hearth lining life, the furnace productivity
and product quality. The interactions between melts and coke bed, between the melts
and refractory linings as well as between slag and molten iron, are dynamic processes
during blast furnace operation. Physical characteristics of the porous coke bed, like shape,
location and bed-porosity and particle size distribution, play a critical role for the final
product quality and productivity.
The state of the porous coke-bed changes constantly, being slowly replaced by the descending solid feed, being consumed by the dissolution process into unsaturated liquid iron,
and also being consumed in the raceway by combustion. Because of the distributed nature
of particle sizes and irregular shapes of the coke, the packing structure and porosity will
not be constant in the bed, and will be affected by many process parameters. In practice,
the flow of molten iron and slag in the hearth is a dynamic process because of continuous
liquid flow into the hearth from the dripping zone and the intermittent changing of tap hole.
In order to have continuous production changing the tap hole from which to tap the hot
metal and slag, is common practice.
The melt flow within the deadman and the associated heat and mass transfer processes are
very complex. It is important to further understand the transport phenomena, physical as
well as chemical, within the blast furnace hearth because of their critical influences on
the campaign life of the hearth and on the product quality. Due to the extreme difficulty
in directly accessing the blast furnace interior, physical and numerical simulation of the
melt flow behaviour in the blast furnace hearth will prove to be very useful tools. The
simulation results will also lead to better control of subsequent downstream operations of
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desulphurisation or silicon removal during steelmaking.
Traditional numerical simulations for flow in porous beds are among others based on
lumped properties of the porous bed (e.g. bed-porosity), which determine the magnitude
and direction of the calculated flow. However, research results indicate that a combination
of pore size (inter-particle distance), hot metal/slag viscosity, surface tension and wettability
of the particles determines if hot metal or slag flows through a certain pore size or not [58–
60, 117]. Using the lumped properties (i.e. bed-porosity) will not give correct numerical
simulation results. A possible solution is the use of population balance modelling, which
will enable the description and calculation of distributed properties of e.g. the porous bed.
Distributed properties can possibly be tracked in time and place more realistic. Creating
(sub-) models that can track and calculate these distributed properties will aid the numerical
simulations of flow phenomena in the coke bed of a blast furnace.

3.1.2

Bed-porosity Model

The hearth of the blast furnace is defined as the zone below the tuyeres of the blast furnace.
This means that in order to describe the coke behaviour in the hearth, the properties and
distribution of the coke and other solids should be known at tuyere level. The same applies
to the melt entering the hearth. The chosen mathematical technique (population balance
modelling) will result in a detailed spatial and temporal description of the chosen properties
(bed-porosity) but requires a priori knowledge of relationships between properties and e.g.
process conditions. Looking closely at the desired property (bed-porosity), a whole range
of factors influencing the bed-porosity is discerned (see table 3.1). Those factors can be
grouped into two major parts: factors influencing particle size distribution (and thus the
bed-porosity) and external forces influencing directly the bed-porosity distribution.
Table 3.1 also indicates what information and relationships are needed in order to formulate
the population balance equations:
•
•
•
•
•
•

Initial coke particle size distribution (hearth boundary).
Initial coke mass flux distribution (hearth boundary).
Relation between carbon dissolution and particle size distribution.
Breakage function.
Aggregation function.
Bed-porosity as a function of:
– External forces.
– Particle size distribution.
– Solid flow.

This review reflects the pre-requisite to define or determine the a priori relationships for
the population balance model. Chapter 3.1.4 contains the theory and a general description
of numerical models that cover the melt flow in the blast furnace hearth. Chapter 3.1.3.2
contains a description of theories and publications that cover the changes in particle size
distribution of coke and the solid flow (among others coke) in a blast furnace. Chapter
3.2.1 describes the theory behind the population balance modelling technique and explains
why this technique is so well suited to handle the modelling of the deadman. Chapter
3.2.1.2 discusses what research is needed to implement the population balance and reports
the data available to formulate the boundary conditions of the model and internal functions
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Table 3.1 – Factors influencing coke particle size distribution in the deadman

Factors influencing particle size distribution
Factor
Influenced by
External forces
Solids flow
Dissolution
Breakage
Abrasion
Aggregation

External forces
Hot metal flow
Carbon concentration in hot metal
Coke strength
External forces
Coke strength
External forces
External forces

of the population balance.

3.1.3

Modelling Blast Furnace Solids

Nomenclature
ε
ΓφI
ρg
µg
µs
ω
φs
ψs
ρI
ρs
dp
fgs

Void fraction of bed
Diffusive coefficient of I
Density of gas phase
Viscosity of gas phase
‘Viscosity’ of solid phase
Angular velocity
Shape factor of particles
Velocity potential
Density of phase I
Density of solid phase
Particle diameter
Gas/particle
interaction (Ergun’s equation (3.94))


Pa·s
kg·m−3
Pa·s
Pa·s
rad·s−1
m2 ·s−1
kg·m−3
kg·m−3
m
N·m−3

Friction coefficient
Friction at the wall
Mass
Volume fraction of phase i, i can be either gas or solid
Force
Moment of inertia
Source term in Navier-Stokes equation
Source term in potential flow equation
Torque
Gas velocity
Velocity of species i
Solids velocity

N·m−2
kg
N
kg·m2
N·m−3
kg·m−3 ·s−1
N·m
m·s−1
m·s−1
m·s−1

fgs =

fs
fw
m
ri
F
I
SφI
Ss
T
Vg
Vi
Vs

150µg (1−ε)
dp φs

+ 1.75ρg Vg

(1−ε)vg
ε3 dp φs
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Solids Flow in General

The goal of this thesis is to develop a description or model of the behaviour of the coke
bed or so-called deadman in the blast furnace hearth. The upper boundary of the hearth
flow model which includes the coke bed model, is below the tuyeres. This means that
the coke particles entering the hearth have properties that differ from their initial state at
stock line, properties like particle size distribution. In addition, the radial particle flux
distribution of the coke entering the hearth differs from the initial distribution at stock line.
Other conditions that will have to be taken into account in the hearth are among others the
distribution of hot metal entering the hearth.
The following paragraphs will discuss, based on the literature, the available results of experiments and/or measured data carried out with scaled down models or with an operational
blast furnace.

(a) Streamlines and time
lines

(b) Coke streamlines

Figure 3.1 – Ore and coke streamlines in physical blast furnace models, from [104, 152]

Solids flow to the Lower Part of the Blast Furnace Tracer experiments in physical
models show that the burden material in the blast furnace descends as a plug flow from
throat to belly [104, 152] (see figure 3.1(a) and 3.1(b)). The descent behaviour in the lower
part, near the raceway region, is like funnel flow.
From the velocity vectors of the particles (see figure 3.2(a)), one can discern two zones in
the central part near the raceway region of the blast furnace where the flow is different. In
zone B the velocity is very low, while in zone A there is almost no flow at all. Zone A is
also called the dead coke zone (deadman) [104]. Figure 3.2(b) shows a more detailed view
of the streamlines and time lines near the raceway region. Lower velocities can be seen for
particles near the wall (friction).
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Figure 3.3 – Particle flow into the raceway [104]

Solids Flow or Coke Flow to the Raceway Results from experiments (hot and cold
experiments, segment models as well as circular models [104] indicate that the coke
particles move through a narrow region of the raceway ceiling to the raceway (see figure
3.3). The flow through this region can be considered as funnel flow. This means that, under
normal operational conditions, the coke flux above the raceway is highest near the wall.
Other examples of typical coke flow to the raceway region are shown in figure 3.4(a) and
figure 3.4(b).

(a) Velocity vectors

(b) Time lines/streamlines

Figure 3.2 – Solids vectors and streamlines around the raceway [104]
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(b) Non-uniform
burden pattern

(c) Influence of coke consumption

Figure 3.5 – Influence of burden pattern and coke consumption on deadman shape, indicated by “D” [202]

(a) Case A

(b) Case B

Figure 3.4 – Typical flow pattern of coke to the raceway, from [152]

Shape of the Deadman Calculation results with numerical models [2, 3, 96, 202, 206],
although only validated with physical models, have shown that the shape of the deadman
changes depending among others on blast volume, solids consumptions, geometry of blast
furnace and initial burdening (see figures 3.5(a), 3.5(b) and 3.5(c)).
Other calculations and simulations show the influence of gas flow and other model parameters on the shape of the deadman (see figure 3.6).
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(a) Effects of gas flow on the
size/shape of stagnant zone (experimental data)

(b) Simulation results (plasticity theory) of the boundaries of the deadman,
comparison with observed data

Figure 3.6 – Deadman shape - influence of gas flow and simulation results, from [152]

Coke Flow in the Deadman and the Hearth Results (Table 3.2) of radioactive tracer
measurements in a blast furnace show the different zones and different renewal rates of
the coke in the deadman [104]. Shimizu, Kasai, Kobayashi and Uenaka [64, 65, 132, 134–
137, 165] have done measurements (tracer) and taken coke samples from the deadman as
well as in blast furnaces and scaled down models. It is obvious that their results indicate
that coke of the deadman is primarily replaced by centre coke.
Table 3.2 – Coke renewal rate, radioactive measurements [104]

Radial position
1.5 m
1.7 m
3.6 m
7.9 m

3.1.3.2

Height

Residence time

Tuyere level
1.2 m below tuyere level
Tuyere level
Tuyere level

10.0 hours
2.5 days
18.5 days
15.5 days

Modelling Solids Flow

In the following paragraphs, the existing methods and numerical models used to model
solids flow in the blast furnace are discussed.
Table 3.3 – Classification of soil mechanics models of blast furnaces [201]

Granular approach

Continuous approach

Experiments

Kinematic method

Dynamic method

Discrete element method

Potential method
Kinematic method

Static soil method
Plasticity method
Fluid mechanics method
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Different modelling approaches Zaimi [199–201], Dong [30], Zheng [205], Ueda
[164], Nick [90] and Ariyama [6] have made overviews of the approaches, which are
used in describing and modelling the solids flow in blast furnaces (Table 3.3):
• Discrete element modelling - A particle by particle approach, which calculates the
position, motion and velocity of individual particles based on the net force on each
particle. For example, forces like buoyancy, friction, viscosity, electrostatic and van
der Waals forces are used to calculate the motion of the particles [30]. This includes
interparticle collisions and interactions and their interactions with walls and passing
fluids [3].
• Continuum modelling – Velocity modelling - Includes the potential flow model and the kinematic model.
Both models furnish velocity distribution without stress field.
– Viscous flow modelling - Gives velocity field and viscous shear stresses.
– Perfect plasticity modelling - Also known as limit state, which is derived from
static soil mechanics theory.
– Incremental plasticity modelling - Derived from dynamic soil mechanics theory.
The continuous method approach of combining viscous flow method and hypoplasticity
theory [199], is a successful approach in modelling solids flow in a blast furnace. The
hypoplasticity theory was introduced by Kolymbas [68] and extended by Herle [49], and
is capable of calculating the position of the stagnant zone. A pre-described zone with
different properties with the shape of the deadman, is not necessary.
The following describes the different methods in more detail.
Discrete element model Interparticle forces, elastic and friction forces are used to
calculate the movement of the particles. The translational and rotational motion of the
particles is calculated as the integral of the equations governing this motion [3, 32]
m

I

dv X
=
Fn
dt

(3.1)

dω X
=
(T + Mr )
dt

(3.2)

With I is moment of inertia, m is the mass of a particle, v is the translational velocity and
ω angular velocity. T denotes torque and Mr rolling friction.
Combined with CFD calculations, the interaction, like drag, with passing fluids can be
modelled. Nice examples of this approach are [2, 94–99]. It is feasible to change properties
of each particle with this method, like shape or diameter, and then calculate interactions
with gas and liquids. This means that softening (shape change) and melting (particle sink
and fluid source) can be modelled. Even the complicated trickle zone, where liquid slag
and molten iron drip downwards to the hearth and take different paths causing different
hold-ups, can now be modelled by simulating fluid as dispersed particles with the proper
weak interaction forces and properties like viscosity and miscibility. Proper interactions
between fluid and particles like wetting and non-wetting, can also be modelled. Overviews
are given by Dong [30], Zheng [205], Ueda [164] and Ariyama [6].
However, the calculation effort is very high. For example, Yuu [198] modelled a realistically
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Figure 3.7 – Representation of interaction forces between particles, from [32]

sized blast furnace, which consisted of a 90° segment of the cross section and across the
complete height of a blast furnace. The DEM-model of that blast furnace had a diameter of
15 m and a height of 27 m. This model of this quarter blast furnace contained 16 million
particles in total. It took a 16 node parallel computing network, with a 4 Xeon processor
workstation at each node, capable of 500 MFlops, a total of 70 days to compute 1s of
elapsed time.
Viscous flow model If the gravity flow of solid particles is treated as a continuous (steady
state) flow of viscous fluid, the fundamental equations become [20]
∇ · (ri ρi Ui − ri Γφi ∇φi ) = ri Sφi

(3.3)

where ri is the volume fraction of gas or solid phase and Sφi is the source term given as
follows
For the gas phase
ΓφI = µg ⇒ SφI = −rg ∇Pg − rg ρg g − fgs

(3.4)

For the solid phase
ΓφI = µs ⇒ SφI = −rs ∇Pg − rs ρs g + fgs + fw

(3.5)

The solid viscosity µs is used to describe the friction between particles. The friction
between particles and the wall or the deadman is described with fw , while fgs describes
the interaction between gas and particles as given by Ergun’s equation (3.94).
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Figure 3.8 – Comparison of different model approaches and data from physical model experiments [20]

Potential flow model The equations of continuity and momentum [20]:
∇ · (ρs Vs ) = Ss

(3.6)

∇ · (−ρs ∇ψs ) = Ss

(3.7)

Kinematical model The kinematical model assumes that the velocity of a particle is
proportional to the velocity gradient in the axial direction [20]
vr = −B

∂vz
∂r

(3.8)

When substituted in the equation of motion, it gives
 2 
∂vz
∂ vz
=B
∂z
∂r2

(3.9)

B is approximately 2-3 ×dp .In figure 3.8 and figure 3.9, simulation results are compared
with measurements of 3D and 2D cold (scaled down) models of a blast furnace.

Figure 3.9 – Comparison of different model approaches and data from physical model (2D) experiments
[20]
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Streamline method The streamline approach is a hybrid method superimposing potential
sources onto a viscous down flow stream. It also introduces a boundary layer on the
deadman. Discussion of this method falls outside the scope of this chapter. For more
details, see Xie et al. [181].

3.1.4

Models of Melt Flow

Various efforts [185] have been made to understand the principles of the melt flow through
the porous coke-bed since early 1970s, which include both physical modelling and numerical simulation. Several steelmaking companies in Japan (Nippon Steel, Kawasaki
Steel, Kobe Steel), Australia (BHP Steel), and also in Germany (Thyssen), France (IRSID),
and in the Netherlands (Tata Steel, former Corus or Hoogovens) have undertaken research
activities in this area. Most of the research is done in close association with universities.
Burgess [13] gave a review on various aspects of modelling ironmaking processes, including the hearth flow modelling. The first studies were undertaken by Fukutake et al.
[35–37] in Japan, by using physical and later mathematical models to simulate slag and
metal drainage through the coke bed. Their studies were more on the residual slag retained
in the hearth at the end of the tapping. In Australia, various modelling work has been
carried out by undertaking experiments with one and two immiscible liquids in order to
simulate both metal and slag, and by developing two and three-dimensional numerical
models, e.g. Burgess et al. [12, 13], Pinczewski et al. [116], and Tanzil et al. [156, 157].
It was found through physical and numerical modelling [13, 156, 157] that at the end of
tapping, tilting of both slag (downward) and iron (upwards) towards the tap-hole occur. It
means that more slag will be retained above the tap-hole level, and iron can be drained
below the tap-hole level at the end of tapping. Shibata et al. [132, 133, 135] presented a
three-dimensional analysis of the drainage of liquid iron in the blast furnace hearth, by
using a general-purpose 3D CFD code STREAM. The calculations were made under
steady conditions. The focus was on the effect of different physical conditions of the cokebed: with ring-type of coke-free space, floating or partially floating coke-bed, or without
coke-free space. These authors also reported the development of the control method of
hot metal flow, dynamic movement of deadman and formation behaviour of coke-free
space in the hearth by using a 2D cold physical model and numerical models. Based on
the measurements of coke fines (-3 mm) distribution in an actual blast furnace simple
distribution manners of the void fraction as stair-step constants were studied. In addition,
influence of depth of a tap-hole on molten iron flow and heat transfer was also studied.
Preuer et al. [121] reported a detailed computational study of 3D iron flow in the hearth of
a blast furnace, by using CFD package PHOENICS and physical water models. In water
models, both natural convection and tapping operation (forced convection) were studied.
The iron flow was simulated numerically with different situations of the deadman during
tapping:
1. floating deadman at start of tapping
2. sitting deadman at the bottom
3. sitting deadman at end of tapping
The simulated deadman situation was simplified from a detailed study of force balance
during a tapping cycle, as shown in figures 3.10(a) and 3.10(b).
Tanski [155] reported numerical studies of flow and heat transfer in Inland’s No. 7 blast
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(a) ‘Sitting’ deadman case.

(b) Floating deadman case.

Figure 3.10 – Modelling results of melt flow in the hearth, from [121]

furnace hearth by using CFD package FIDAP, in relation to pre-determined hearth erosion
profiles. The computations were assumed with uniform bed-porosity, and the flow in the
porous coke-bed is governed by Darcy’s law and Brinkman extension. A study on molten
iron flow in the hearth of a blast furnace was also reported by using FIDAP numerical
simulation together with 2D and 3D water models [148]. Residence time distribution
(RTD) experiments and flow simulation were conducted under different conditions of
coke-bed situations, with or without coke-free regions.
A large number of publications about numerical simulation and physical modelling of
melt flow in the hearth of the blast furnace is available [185]. Many publications cover
the erosion of the blast furnace hearth [10, 19, 41, 62, 71, 76, 80, 100, 102, 111, 114, 118–
121, 129, 135, 151, 159, 161, 166–168, 186]. To estimate the results of measures to protect
the hearth complete 3D numerical models of the blast furnace hearth were developed.
These models simulate the liquid flow in the hearth in order to shed more light on hot
metal and slag flow behaviour, heat transfer and temperature distribution in the hearth
when:
• In separate cases the (fixed) bed-porosity distribution and/or the position of the
deadman was changed [118, 120, 121] (see figure 3.10(b) and 3.10(a)).
• Titanium is injected [69, 83, 159].
• Hearth cooling water temperature is lowered [159].
• For example, the hearth is being tapped (melt level drops dynamically) [120].
• Erosion or wear of the refractory lining occurs [62, 80–82, 119, 121, 153, 186].
Preuer [118, 120] gives an overview of the evolution of modelling the melt flow in the
hearth of a blast furnace. The models in the overview range from 2D electrical analogy
models [114], numerical hearth models with a homogeneous porous deadman (or no
deadman at all), to complete 3D numerical models that take into account effects of burden
force on the deadman, wall stress [166], buoyancy and stratification [101] in the melts.
To validate the results (radioactive tracer) measurements of blast furnaces are used, or
scaled down physical models are used. Even physical models with soluble walls are used
to simulate erosion or wear in the hearth [10, 71].
Only a few of the models describe or simulate dynamically the processes in the hearth.
The description of the deadman behaviour usually consists of a change in the floating/non36
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floating state of the deadman during a tap or a fixed bed-porosity distribution. The fixed
bed-porosity distribution usually simulates a coke free zone along the perimeter of the
deadman, between the coke bed and the refractory (coke free gutter) [15, 40, 44, 57, 71,
81, 82, 111, 112, 120, 132, 137, 142, 148, 166]. None of the studies mentioned calculates
the dissolution of coke particles dynamically.

3.1.5

Combined Solids and Melt Flow Modelling

In the last sections, most of the models describing liquids flow or solids flow in the blast
furnace, considered the solids phase as stationary and the non-solid phase to be exclusively
gas. E.g., models simulating liquid flow in the hearth of a blast furnace usually depict the
solids (coke) as a stationary porous bed. Sometimes the porosity of the porous bed varies.
Most of the solids flow models only consider inter-particle interactions and particle-gas
interactions (in some cases also particle-liquid interactions). Most of the interactions are
limited to friction and heat transfer.
Some researchers have proposed models, extension of continuous phase models (based on
Navier-Stokes), describing up to four fluids (liquid, solid, gas and fines) [7–9, 20, 25, 72,
89, 90, 115, 173–175, 182–184, 200, 201].
Although discrete element element modelling (DEM) holds high promises for modelling
combined solids flow and melt flow in the hearth of a blast furnace, there are to date no
known publications where for a full sized blast furnace model, DEM is combined with
computational fluid dynamic (CFD) calculations during a tap. The models mentioned in
the publications describe the flow of solids (coke particles, sinter and pellets) where at
predefined locations the particles ‘disappear’ and there are DEM/CFD models published
of scaled down blast furnace models where the blast furnace model has a size of 4.5 m and
a diameter of 1.4 m [207]. The effects of buoyancy are incorporated and the results show
the appearance of a coke free zone near a ‘taphole’ [94, 96].
3.1.5.1

Four fluids model

The following description is from Zaimi [199] whose own adapted viscous flow model
will be discussed in the next section.
A large project called Four Fluids Flow [7–9, 20, 25, 72, 115, 173–175, 182–184, 200, 201],
implemented large improvements in the viscous fluid model. In this project highly coupled
momentum equations are considered for the hot metal and liquid slag (the liquid phase),
the gas, solid and fines (powder). For each phase, the momentum equation reads
X
∇ · σ = ρg +
Fi
(3.10)
i

here σ stands for the stress field, ρ the density, g the gravity, and F, the forces interacting
with the other phases (for example, Ergun’s solid-gas drag force (3.94)). The stress field is
consists of a hydrostatic part (I) and a deviation, which is a function of the shear strain
rate, e, and equal to the deviation of the velocity gradient tensor
σ = −P I + 2µs e

(3.11)

With µs is the viscosity coefficient. The final equation, a general transport equation,
consists of a convective part and a diffusive part on the left hand side, and a source term
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(a) Stress field (left), plasticity index (right).

(b) Trajectories (left), isovelocities (right).

Figure 3.11 – Examples of results of solids flow simulation using hypoplastic model formulation, from
[199]

on the right hand side (which includes all terms that generate momentum, like gravity or
pressure gradients)
∇ · (ρUφ − µ∇ · φ) = S

(3.12)

here φ is one of the components of the velocity vector field. This method uses the same
equation to describe the motion of all four phases, therefore simplifying the calculations
(use of the finite volume technique). A similar approach is undertaken in Australia
[202, 203] and takes into account gas-solid interactions. The source term S is used
to consider many kinds of interactions. For example, certain slip boundary conditions
for the wall and the deadman boundary. To compare experimental time lines with the
calculated time lines, a small-scale physical model was used for model validation. The
four fluid method approach gave better agreement with experiments than the kinematical
or the potential flow method. The solid viscous coefficient, µs , was determined using the
experimental results. Supposing that the solid phase motion behaves as a fluid has a major
drawback: one cannot calculate the deadman shape. A shape has to be predetermined
before the numerical simulations, resulting in complex mesh structures. In general, the
use of a viscous flow theory for describing granular material behaviour is questionable
[199].
3.1.5.2

Viscous flow and hypoplasticity

It is necessary to model correctly the granular behaviour of the solids in a blast furnace.
Zaimi stated that using a fluid approach will give questionable results [199]. According
to him, modelling of the stress field within the viscous flow model with granular models
(hypoplasticity theory) will give results, which will resemble experimental results closely.
The general transport equation is
∇ · (ρUφ − µ∇ · φ) = S

(3.13)
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This equation is written in an Eulerian frame, meaning that the arbitrary control volume
(finite volume approach) is fixed in space and that the material flowing through it is
described by the field φ (only dependent on its position in space). Transcribing the problem
to a Lagrangian framework enables the use of finite element method (FEM) to solve the
solid phase momentum. The use of FEM also enables to solve the equations using the
hypoplasticity theory, which is a better theory for describing granular behaviour. In table
3.4 is explained what the factors are and which are relevant for the different transport
equations.
Zaimi’s approach results among other things in the local bed-porosity as a function of
external load and pressure, which influences the local drag force. The thesis of Herle [49]
gives a complete and detailed description of the hypoplasticity theory. Implementation of
this theory in the four fluids model is described extensively in [200] and more recently by
Nick [89, 90]. Examples of the results are given in the figures 3.11(a) and 3.11(b).

3.1.6

Incorporating the Shape of the Deadman

The shape of the deadman is determined by the softening and melting zone within the
blast furnace. The different numerical methods have different ways to establish this. For
example, in the hypoplasticity theory [49] it is the boundary of the so-called ‘stagnant’
zone in the lower part of the blast furnace model, where particles have very low velocities.
In discrete element modelling the shape of deadman is a result of the calculations. There
are several ‘sink holes’ in discrete element modelling, which determine its shape. For the
ore particles, this is the temperature zone where iron ore starts to soften and melt. For
the coke particles this is in front of the tuyeres where coke is gasified. The resulting net
movement of particles creates a stagnant zone in the lower part of the blast furnace model.
Other methods to estimate or calculate this shape by using particle properties like internal
friction, angle of repose, etc. [104]. Predefined deadman shapes are also used, for example,
[89, 90].

3.1.7

Modelling Coke Dissolution

Many authors have researched the dissolution of carbon or coke in iron-carbon alloys
or in steel [16–18, 63, 70, 86, 87, 103, 130, 149, 178, 179]. The reported dissolution
experiments can be roughly divided into two types:
Table 3.4 – Explanation of transport equations coefficients [199]

Transport
equation

Field φ

Diffusive
coefficient µ

Source S

Continuity

Volume fraction of
species or phases
Phase velocities components
Phase temperature or
phase enthalpy

Not relevant

Chemical reaction rate or
phase transformation
Pressure gradients, drag
forces, gravity
Interphase heat transfer
and heat of chemical reaction

Momentum
Energy

Viscosity
Thermal diffusivity
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• Dynamic tests - For example, a cylindrical carbon or coke sample is rotated in
liquid iron and the dissolution rate as a function of rotational velocity is determined.
Another dynamic test consists of a liquid iron drop which glides along the screw
thread of a carbon cylinder, which was threaded at the perimeter.
• Static tests - These tests consist of carbon or coke particles in liquid iron where from
time to time samples are taken to determine the dissolution rate.
The dissolution rate formulas used, incorporate the velocity of the molten iron and the
actual carbon content of the iron, but also take into account the mineral composition of the
coke. Their formulas describe their results accurately by using among others a factor to
take into account the effects of variation in mineral composition or differences in surface
availability.
This means that for an accurate simulation the type of carbon or coke, expressed in, for
example, crystal structure (Lc , mineral type), should be known.
In the following model equations the dissolutions rates as proposed and fitted by several
authors are reported.
Olsson et al. [103]
k = const · v 0.7

(3.14)

with k is the mass transfer coefficient and v is the peripheral velocity of the rotating
cylinder.
Kosaka [70] has calculated the effective diffusivity as follows
1

Sh = 0.115 (Grm Sc) 8

(3.15)

Sh is the dimensionless Sherwood number, Grm is the dimensionless Grasshof number
for mass transfer and Sc is the dimensionless Schmidt number.
McCarthy [86] determined the influence of sulphur

−0.616
K ×1000s−1 = 0.7842 [S (wt%)]
(3.16)
with K is the combined rate constant
coefficient en V the volume.

Ak
V .

A is the area concerned, k is the mass transfer

McDonald [87] determined the influence of the mineral type (Lc value)

K ×1000s−1 = 1.5411 · ln (Lc ) − 1.5725

(3.17)

Gudenau [42] determined the effects of surface availability by defining an ash factor n∗
(the higher the factor, the better the carburisation)

∗ 
CEs − CE
−k0 v n A∗ tn
= exp
(3.18)
CEs − CE0
V
v is the melt velocity along the carbon surface, A∗ the available surface, t elapsed time, CE
is the carbon equivalent content in the melt, with CE0 is the starting carbon equivalent
CEs carbon equivalent of a saturated melt
CEs = 1.3 + 0.00257 · T

(3.19)
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T is the temperature in ◦C.
The idea behind the concept of carbon equivalent is the influence on carbon pickup by
other elements in the melt (sulphur, silicon, manganese, phosphorus, etc.). Because of this,
carbon equivalent is defined [43] as
CE = C + 0.31Si + 0.33P + 0.4S − 0.028M n

(3.20)

with C is the carbon content in the melt and Si, P , S and M n, respectively the silicon, phosphorus, sulphur and manganese content in the melt. The carbon equivalent
reverts to the carbon content C of the melt if the melt is a pure iron melt with no other
elements.
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The goal of this thesis study is to model the effect of hot metal flow on the porosity of
the packed coke bed in the hearth of a blast furnace. When using computational fluid
dynamics (CFD) calculations to calculate hot metal flow can only succeed if the porosity
of the packed coke bed is known. It is also clear that the coke particles in the blast furnace
hearth will eventually dissolve in the hot metal and this dissolution affects the porosity of
the coke bed: in time areas will appear where all the coke has dissolved.
In chapter 3 it has become clear that it requires a tremendous amount of computing power
to use discrete element modelling (DEM) in combination with CFD calculations, to model
hot metal flow in a blast furnace hearth. On the other hand, using a continuum approach
requires a priori knowledge about, for example, the porosity of the packed coke bed in the
hearth and modelling porosity changes requires knowledge about the coke particles, for
example, their particle size distribution.
However, using population balance modelling enables to account for the change in properties of individuals in a population, in this case the coke particles, and calculate the change
in the macroscopic properties, for example, the particle size distribution (PSD). The change
in PSD enables the calculation of the porosity, which is needed for the continuum approach
of calculating hot metal flow using CFD.

3.2.1

Population Balance Modelling

Mathematical modelling is a very successful tool for improving mineral and metallurgical
processes. Mineral processes can be described by describing particles, as solid fragments,
liquid drops or bubbles. Process performance usually is highly dependent on the behaviour
of these particles. Models of a particulate system try to simulate the behaviour of the
population of particles and its environment from the behaviour of single particles in their
local environment. In modelling particle behaviour, the basic relation to be used is the
population balance [61, 122–125, 127, 138, 147, 176].
It is valid to consider particulate systems separately instead of a bulk phase system. Often a
few independent properties, like temperature, composition, rate or equilibrium relations are
enough to characterise a bulk phase system. Particulate systems need additional information
to adequately describe them. Such a need for additional information arises from the fact
that each individual particle can be given (different) values for those properties.
For example, consider coke particles in an iron or slag melt. Consider the transfer of, for
example, sulphur and carbon across the particle interface. For each particle, a value can
be assigned for its size and a value for the average concentration of sulphur. Particle size
and sulphur concentration are two independent property co-ordinates, which can be given
values at any time for each particle in the system. A coke particle can change size by
carbon dissolution due to equilibrium changes, disappear as an entity by breakage, or by
compaction of two or more particles, while the sulphur concentration of a particle changes
because of mass transfer. It is these changes, which will be described. However, not all the
coke particles are of the same size or the same concentration: there is a distribution of sizes
and a distribution of concentrations. It is usually not the values of the properties of the
individual particle, which are of interest, but the entire distribution of values. Describing
the behaviour of a group of particles, in this case a coke bed in the blast furnace hearth, is
no mean task.
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So, why at all consider describing the behaviour of the individual particles, which in fact
is the same as describing the distributed properties, of a coke bed?
In numerically simulating hot metal flow through a coke bed in the blast furnace hearth the
bed is usually divided in volumetric parts. The physical and chemical properties of these
parts are described by means of lumped (volume averaged) properties.
So, what if the coke bed has a pore size distribution (bed-porosity distribution) causing the
hot metal to exhibit a flow distribution?
The correct calculation of the hot metal flow - in that case - cannot be done. A way
to describe more precisely the behaviour of particles and thus their macro properties, is
population balance modelling [123, 125, 176].
3.2.1.1

The Population Balance

The population balance was developed for demographic studies, e.g. predicting the change
in the population (numbers) of, say, school children between one census and the next.
The first prolonged application to the processing industry appeared in the 1960s for
crystallisation [125]. The population balance is just a way to account for the number of
things [176]. In general terms these things are called entities. For mineral processing, the
entities are usually particles. In demography, they are people. In polymerisation processes,
they are macromolecules.
In the population balance, the entities are accounted for (balanced). Starting with a certain
number of particles, there should be the same number at the end - unless some got lost
- or gained some, or the ones that have been kept changed in number, e.g. they have
aggregated or are broken into multiple particles. A system is defined as the region of
interest where the entities will be counted. The number of entities is influenced by external
transfers and internal processes. External transfers are the numbers crossing the boundary
of the system: inflow and outflow. Internal processes happen to the numbers within the
system. Traditionally these internal processes are called birth and death processes, which
respectively increase or decrease the numbers. The terminology obviously comes from
demography. Quantifying these internal processes is the biggest challenge in applying
population balance methods.
The population balance is exact. It is like the material balance or the energy balance. It
simply accounts for the numbers, as the others account for the mass or energy. However,
there will be problems in using population balance:
• because it is difficult to measure or count all the numbers
• because it is difficult to quantify the internal mechanisms
Total Numbers Balance Consider the total number of coke particles N (t) in the hearth
of a blast furnace at time t. Coke particles enter the hearth at a number rate vi (t) and leave
the hearth at a number rate ve (t). These are external transfers. The internal processes
are:
• Particles are born at a number rate B(t), e.g. a particle breaks into two new particles.
• Particles are destroyed at a number rate D(t), e.g. they agglomerate, break or
dissolve.
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(a) Cumulative distribution.

(b) Density distribution.

Figure 3.12 – Examples of distribution functions F and f , from [176]

The population balance, in number rate terms, is
dN (t)
= vi (t) − ve (t) + B(t) − D(t)
dt

(3.21)

in other words,
accumulation = in - out + birth - death
This is a total numbers population balance relation. If not the total numbers, but the
number of coke particles with a particular property is considered a more powerful relation
is obtained.
Population Balance and Properties The strength of the population balance relation
is the ability to account for the number of particles (in our case coke particles) with a
particular property. Examples of coke particle properties are:
•
•
•
•
•
•
•

Size.
Specific surface area.
Shape.
Reactivity.
Temperature.
Concentration (e.g. Sulphur).
Etc.

Because the treatment within population balances of properties with discrete values (e.g.
it is broken or it is not broken) is different, only properties with a continuous range are
considered, e.g. size. Because different particles have different sizes, there will be a size
distribution.
The size distribution leads us to distribution plots as shown in figure 3.12(a) and 3.12(b).
In figure 3.12(a) the y-axis variable, F (x), represents the fraction of the total number of
particles having sizes (property x represents size in this case) less than any chosen value
of x (size). This is a standard representation of distributions in statistics. Differentiation
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Figure 3.13 – Various distributions involved in population balance [176]

of figure 3.12(a) gives figure 3.12(b) (the density distribution). The two forms are related
by
dF (x)
= f (x)
dx

(3.22)

Considering the coke particles in a blast furnace hearth system, there can be five separate
distributions (see figure 3.13). The coke particles entering the hearth in general will
have a different size distribution, FI (x), to those in the hearth, F (x), those leaving the
hearth, FE (x), those being created (born), FB (x) or those disappearing (dying), FD (x).
Accounting initially for these distributions, the population balance on the number of
particles having a size smaller than x, would give us,
∂N (t)F (x, t)
=
∂t
vi (t)Fi (x, t) − ve (t)Fe (x, t) + B(t)FB (x, t) − D(t)FD (x, t)

(3.23)

The left hand side term is the accumulation of numbers with sizes less than x. The
right hand side terms are the inflow, outflow, birth and death contributions. Because the
distribution function F (x) can also change with time and should be written as F (x, t),
partial derivatives are used. Being a function in this case of two variables, the partial
derivative is required. The same goes for the other distributions and this is indicated in
equation (3.23). If more than one particle property is being considered, the population
function becomes F (x1 , x2 , . . . , t). Any number of properties can be handled, but the
solution becomes increasingly complex. In fact, the complexity can be so, that only
numerical approaches are feasible to calculate the solutions [21, 23, 54, 55, 73–75, 84,
85, 91, 92, 170, 180]. Analytical solutions are not easily obtained. Hill [52] gives a nice
overview of numerical techniques, which have been used to solve complex population
balance equations.
If only one property is considered and time and property variation indications between the
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brackets are omitted equation (3.23) becomes
∂N F
= vi Fi − ve Fe + BFB − DFD
∂t

(3.24)

Equation (3.23) and (3.24) are not complete. There is also an internal process known as
growth or ageing. For example, coke particles in the blast furnace hearth may be dissolving.
This process does not change the total numbers, so equation (3.21) is still correct. However,
it will change the size distribution F so it must be included in equation (3.24). The actual
form of the term depends on the nature of the internal process, but for a simple ageing
process (e.g. dissolution or growth at the particle level) it is
Ageing = −N (t)G(x, t)

∂F (x, t)
∂F
= −N G
∂x
∂x

(3.25)

G(x, t) is termed the growth rate [125] and is the way the property x of a single particle
changes with time. If x is size, then G is the growth or dissolution rate of a single particle
and it may vary with both time and size. Adding this term the population balance relation
changes into
∂N F
∂F
= v i Fi − v e Fe − N G
+ BFB − DFD
∂t
∂x

(3.26)

This is the population balance in cumulative form for a well-mixed system (for a single
property). Differentiating this equation with respect to x gives the population balance with
the distributions in density form
∂GF
∂N f
= vi f i − ve f e − N
+ BfB − DfD
∂t
∂x

(3.27)

Moments of the Population Balance Solving equation (3.26) and (3.27) will give the
complete property distribution, e.g. the full product size distribution. Sometimes, only
the main characteristics like mean or standard deviation or skewness of the distribution is
required. These are inherent statistical properties of distributions and are called moments.
They are defined as
Z∞
µk =

xk f (x)dx

(3.28)

0

Using the moments form instead of the distribution or density forms will result in less
complex and easier to solve equations. However, a restriction has to be satisfied. The
growth rate must not depend on the property, i.e.
G(x, t) = G(t)

(3.29)

Multiplying equation (3.27) by xk and integrating gives the population balance in moments
form
dM µk
= vi µki − ve µke + kN Gµk−1 + BµkB − DµkD
dt
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Agglomeration as an Internal Process Agglomeration is the process by which smaller
particles collide and adhere to form a stable new particle. It involves both birth (creation
of a new agglomerated particle) and death (removal of the small particles to form the
agglomerate). The kinetics are often modelled as a binary collision process giving birth
and death terms in the population balance of equation (3.27) as:
Zv
β(v − u, u, t)n(v − u, t)n(u, t)dt
BfB (v, t)|agg =

DfD (v, t)|agg

0

2N α−2

n(v, t)
= α−2
N

(3.31)

Zv
β(v, u, t)n(u, t)du

(3.32)

0

Where β(v, u, t) is called the agglomeration kernel. It is a combination of the overall
collision rate and the probability that particles will stick and form stable agglomerate.
The equation is in terms of particle volume v and expressed as in terms of the population
density of particles, n = N f . The equations consider particles of volume v − u and u
colliding to form a binary agglomerate of volume v.
The factor 12 is included because the integral counts each collision twice, e.g. it counts the
collisions of particle u with v − u as well particle v − u with u.
The exponent α indicates whether the system is a dilute particle system (α = 2) or a
concentrated particle system (α = 1).
Rupture and Breakage as an Internal Process One formulation of the birth and death
terms due to breakage in the population balance equation (3.27) is
Z∞
BfB (x, t)|rup =

b(x, w)M (w)S(w)n(w, t)dw

(3.33)

0

Dfd (x, t)|rup = S(x)n(x, t)

(3.34)

S(x) is a selection function that describes the rate of breakage of particle size x, b(x, w)
is the breakage function, the fraction of particles of size x resulting from the breakage
of particle of size w and M (w) is the number of daughter particles resulting from the
breakage of a particle of size w.
Simplifying Assumptions
•
•
•
•
•
•

Steady state.
Well-mixed system.
Representative outflow (Fe = F ).
No external transfers.
Some internal processes are negligible.
Property independent growth.
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Discussions

Research needed for this thesis research
Death and birth functions of coke particles Most of the published population balance
research is in the field of crystallisation, polymerisation or agglomeration. This means that
typical internal functions of the PBM like breakage and aggregation for coke particles have
to be deducted from experiments and/or published data on coke particle aggregation and
degradation. Some research (see chapter 3.1.7) and articles [50, 51, 56, 75, 78, 85, 91, 128]
cover the subject and are based on crystallisation or agglomeration data.
Ageing functions of coke particles The ageing functions degradation, dissolution and
growth within PBM are described among others by [52, 61, 176]. It is clear that the general
formulation of the ageing functions must be made specific by data from experiments or
measurements from coke samples.
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Packing Model

Nomenclature
Ap
C#
dp
dv
f (r)
g(r)
m
r
V
Vp
VL
VS
x
x100
y
ε
εi
εdc
εlc
ψ

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

particle area, (m2 )
coordination number, (-)
equivalent packing diameter / particle diameter, (m)
equivalent volume diameter, (m)
particles interaction function
particles interaction function
width of distribution, (-)
packing size ratio, (-)
specific volume, (-)
particle volume, (m3 )
partial specific volume of the large component, (-)
partial specific volume of the large component, (-)
screen size (m), fractional volume (-)
screen size with 100% passing, (m)
fraction by weight, (-)
porosity, (-)
initial porosity, (-)
dense packing porosity, (-)
loose packing porosity, (-)
shape factor, sphericity (-)

We have now seen that it is possible to model the dissolution of packed coke particles in
hot metal. The dissolution of carbon from the deadman coke into hot metal can now be
translated into a change of coke particle size and using population balance modelling the
(changed) particle size distribution is calculated. However, all that is not enough. The
change in particle size distribution causes changes in (local) deadman porosity. When
hot metal flows through the deadman it is (among others) the bed-porosity distribution
which determines the resistance to flow. CFD calculations need the - new and changed bed-porosity to calculate the - new and changed - hot metal flow through the deadman. To
characterise the porosity of a bed of particles, it is not enough to know the particle size
distribution and the particle shape. The bed volume is not completely occupied by solids.
The space in-between the larger particles might be filled with fine solids. The degree to
which the space is filled with fine solids is different for different packing and particle size
distributions [48]. A packing (or bed-porosity) model is a requisite to recalculate the new
porosity distributions based on the new and changed particle size distribution of the packed
coke bed.
3.2.2.1

General

The properties of packed particles have been researched for a long time. Since the early
1930s researchers are trying to link granular properties with the observed bed-porosity
of packed granular media [77]. The two most investigated particle characteristics in
order to calculate (or model) the bed-porosity, is their size distribution and their shape.
Perfect geometrical shapes including sphere, cylinder and cube. To classify the different
(geometrically imperfect) shapes of particles one uses, for example, the Powers’ classes of
Roundness (see figure 3.14).
49

3.2. Chosen Models for Present Study

3. Blast Furnace Hearth Modelling

Figure 3.14 – Powers’ classes of roundness, (from left to right) examples for very angular, angular,
sub-angular, sub-rounded, rounded and well-rounded for a high sphericity (top row) and low-sphericity
class [77]

The particle size distribution and the shape of the particles probably have the most influence
on bed-porosity and are the most important factors when studying loose packing [77]. In
order to predict bed-porosity, the interaction between particles in a large packing has to be
understood, which requires the understanding of the influence of (e.g.) size distribution,
shape distribution and compaction. Porosity has been extensively researched in order to
understand aggregates of particulates. The most important factors to affect the physical
properties (a.o. porosity) of packed particles systems, are:
•
•
•
•
•
•
•
•

The particle size distribution.
Distribution of particle gross shape and roughness.
Particle size and shape (see, for example, figure 3.14).
Homogeneity/segregation.
Inter-particle forces.
Coalescence history.
Dynamic boundary conditions or fluid interactions.
Particle strength.

Examples of applications of a packing model are [77]:
• Calculation of weight of rock fragments with a broad spectrum of particle size
distributions, needed to fill loader buckets, trucks, etc.
• Calculation of the amount of rock-fill needed for (e.g.) foundations and structures as
rock-fill dams, embankments, etc.
• Concrete recipes.
• Minimise compaction of (e.g.) landfills.
• Improve fluid flow in (e.g.) porous or granular media.
• Optimise agglomeration of e.g. iron ore fines.
3.2.2.2

Particle Size Distribution

It is far easier to understand experimental observations from granular media, if particle size
characteristics are available. Especially if data from screening analyses or from particle
size measurements are represented by generic equations like the Weibull distribution to
describe the particle sizes (see Appendices A.1 and A.2). In that case the particle size data
are captured using just a couple of parameters. Ample of theory has been developed for
these distribution forms in the minerals industries.
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Fuller and Thompson [38, 77] were one of the first to try to capture particle size distribution
by using the so-called Fuller parabola

m
x
y=
(3.35)
x100
with y is the fraction by weight finer than a given screen size, x is the screen size and x100
represents the screen size with 100% passing (maximum screen size) and m determines
the width or spread of the sizes. The reason for using the Weibull and/or Rosin-Rammler
distributions in this thesis to describe particle size distributions, is the particle size distribution of coke samples from the frozen hearth of a blast furnace which was reported by
Nightingale [93].
3.2.2.3

Porosity Modelling

Monosized Particles
Regular packed particles The simplest cases of calculating the porosity of a packed
particles system, are those with monosized, that is equal-sized spheres. Special cases are
the ordered arrangements or regular packing cases (examples in figure 3.15).
Table 3.5 – Structural properties of regular packings (for abbreviations: see text) [47]

Type

Packing pattern

Cell

Cell void

Bulk

C#

Spheres
×d3p per
unit vol.

2

4

volume
per d3p

volume
per d3p

voidage
ε

CC

AA..

–

1.000

0.476

0.4764

6

1.00

OCT
OC
OB

–
BB../CC..
BCBC..

AA..
–
–

0.867
0.867
0.867

0.343
0.343
0.343

0.3954
0.3954
0.3954

8
8
8

1.15
1.15
1.15

TSC

–

0.750

0.226

0.3019

10

1.33

TSB

–

0.750

0.226

0.3019

10

1.33

CCP
CPH
FCC

EE..
–
–

0.708
0.708
0.708

0.184
0.184
0.184

0.2595
0.2595
0.2595

12
12
12

1.41
1.41
1.41

BB..
CC..
DD..
BCBC..
BDBD..
CDCD..
–
EE../FF..
EFEF..

Those cases can all be solved mathematically [47, 48]. There are in total nine possible
ways to regularly pack monosized spheres [47]:
•
•
•
•

Cubic: cubic (CC).
Orthorhombic: cubic-tetrahedral (OCT).
Orthorhombic: with clear passages (OC).
Orthorhombic: with blocked passages (OB).
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(a) Regular packed spheres in
a. one plane, b. on top of each
other - cubic packed - and
c. on top of each other - orthorhombic packed.
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(b) Hexagonal packed spheres in
a. one plane, b. layer lattice, coordination number 8 c. layer lattice
- co-ordination number 12.

Figure 3.15 – Examples of regular packed spheres [48]

.
•
•
•
•
•

Tetragonal-spheroidal: with clear passages (TSC).
Tetragonal-spheroidal: with blocked passages (TSB).
Rhombohedral: Pyramidal, dense cubic or cubic close packed (CCP).
Rhombohedral: Close packed hexagonal or tetrahedral (CPH).
Rhombohedral: Face centred cubic (FCC).

Most of the structural properties of each packing (after [47]) are listed in table 3.5.
Random packed particles In contrast to regular packed particles, the porosity of a
random packed bed made from monosized particles is not easily calculated nor determined.
The resulting porosity of a packed particle system, is heavily dependent on the method
of deposition and the type of container used to collect the particles. Treating (shaking,
vibrating, etc.) the container after depositing the particles causes the original packing to
change from a loose to a dense or close packing type. The porosity of a randomly packed
bed of monosized spheres shows a distribution (see also figure 3.16) [45–47, 162]. There
is even a discussion that some regular packed particles exhibit behaviour of random packed
systems [27].
Particles with a Size Distribution
Short overview Predicting or calculating the porosity of a packed particles system has
been the subject of research and study for considerable time. Particularly calculations
correlating particle size distribution and particle shape with porosity received a lot of
interest of the research community [1, 4, 11, 14, 22, 26–29, 33, 39, 45–47, 53, 67, 77, 79,
88, 105–110, 113, 126, 131, 139–141, 143–146, 150, 154, 160, 162, 163, 169, 172, 187–
197, 204, 208].
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Figure 3.16 – Deposition (random packing) results with monosized particles. Distribution of overall
voidage and several distribution fits [45, 46, 162]

Burminster [14] was one of the first to classify the porosity of particle mixtures, based on
their particle size distribution. He distinguished five types of distributions:
•
•
•
•
•

Type A - Rosin–Rammler distribution with k ≈ 5. Suited for course road surfaces.
Type B - Rosin–Rammler distribution with k ≈ 0.75. Found for blast pile particles.
Type C - Bimodal distribution, with either course or fines dominating.
Type E – skewed (to fines) distribution.
Type F - skewed (to coarser particles) distribution.

He investigated those by widening the particle size distribution by adding courser or finer
materials. Peronius and Sweeting [77, 113], tried to formulate a generic relationship
between porosity of particle packings and their size distribution.
Stovall et al. [26, 146] developed a formulation in order to describe the concept that smaller
particles will fit in the voids between larger particles (see figure 3.17). Standish, Yu and
Zou [141, 143–145, 187–197, 208] followed up with an adapted formulation which could
also handle non-spherical particles (e.g. cylinders). A similar approach is done by Dias
et al. [27, 28]. The strength of the concept is the ability to determine - experimentally each bilateral interaction, which the concept describes, between the particles of different
size-groups. Superior prediction results are demonstrated by Yu et al. and Zou et al.
[191–193, 196, 208].

(a) Binary mixtures, different volume ratios.

(b) Binary mixtures, different void fillings.

Figure 3.17 – Examples of binary packings - voids are filled by smaller particles [27, 28]
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The linear packing model The Linear packing model from Stovall et al. and adapted by
Standish et al. and Yu et al. [26, 141, 143–146, 187–197, 208], is a model framework which
encompasses a system of particles. The hard and non-deformable particles are assumed
to have a constant density and each monosized fraction is considered to be characterized
by its initial porosity, εi , and effective packing diameter, dpi (i=1, 2, . . . , n). The initial
porosity is based on a system of random packed monosized particles. This definition also
applies to non-ideal monosized/equal-shaped particles.
The porosity of the particles system is a function of the characteristics of each of the
component monosized fractions:
ε = f (x1 , x2 , . . . , xn , dp1 , dp2 , . . . , dpn , ε1 , ε2 , . . . , εn )

(3.36)

with
dp1 ≥ dp2 ≥ · · · ≥ dpn
and
n
X

xi = 1

(xi ≥ 0)

i=1

Using the initial porosities the specific volume of each component, Vi , the specific volume
of the system can be expressed as
V = f (x1 , x2 , . . . , xn , dp1 , dp2 , . . . , dpn , V1 , V2 , . . . , Vn )

(3.37)
th

the variable xi is the fractional solid volume of the particles from the i monosized fraction.
The effective packing diameter, dpi , is a concept developed by Zou [208] to relate initial
porosities with the sphericity* ,ψ, of the particles. In this framework, gravity plays the
major role in the settling of particles during deposition. A framework like this is best suited
to describe systems with large particles. To describe systems with small particles (fines,
inter-particle forces like van der Waals forces have to be considered [187]. In the case of
alumina powder, this means a particles size smaller than 500 µm. In the model framework,
there are three types of mixing which cause a change in porosity:
• The combination of smaller and larger particles is such that the overall porosity
decreases.
• The smaller particles will, in this case, fit in the voids between the larger particles.
• The volume of larger particles is such that overall porosity decreases because of
the volume taken up by the solids volume, which would otherwise be filled with a
combination of smaller particles and voids.
A decrease in porosity is called a crowding system by Stovall et al. [146] or mixing effect
by Yu et al. [190], while an increase is called a non-crowding system by Stovall et al. [146]
or unmixing effect by Yu et al. [190]. Figure 3.18 illustrates this concept. This interaction
* Shape factor as a measure of how spherical a particle (or any object) is. The concept was developed by
Wadell et al. in 1935 [177]

ψ=

π 1/3 (6Vp )2/3
, Vp is the particle volume and Ap is the particle area.
Ap
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Figure 3.18 – Illustration of the crowding/non-crowding system or the mixing/unmixing effect [190].

between components during mixing is dependent on their relative size. If a system consists
of non-spherical particles the equivalent volume diameter, dvi , is used to relate single
particle volumes to equivalent spherical particles and equivalent packing diameter, dpi , is
used to relate non-spherical packings to equivalent spherical packings. Zou et al. [208]
found that the relation between sphericity and the ratio of the equivalent volume diameter
and the equivalent packing packing diameter is not affected by shape of the particles
dvi
= ψi2.785 e2.946(1−ψi )
dpi

(3.38)

The initial porosity εi for a spherical particles system is constant: approximately 0.4 for a
loose random packing and 0.36 for a packed random packing. For a non-spherical particles
the following relationships can be used to describe the system [196]
ln εlc = ψ 5.58 e5.89(1−ψ) ln 0.40, for a loose random packing

(3.39)

ln εdc = ψ 6.74 e8.00(1−ψ) ln 0.36, for a dense random packing

(3.40)

To account for the contributions for the different types of effects in mixing, the contribution
of each size has to be elucidated via the specific volume calculation under the assumption
that component i contributes as a mixing component [196]
ViT =

M
−1
X
j=1

VLj xj + VM i

N
X
j=M

xj +

n
X

VSj xj

(3.41)

j=N +1

with VSj is the partial specific volume of the j th - small - component, VLj is the partial
specific volume of the j th - large - component. This calculation assumes that the medium
particles, which cause the mixing effect, are the ones from the M th to N th components
(1 ≤ M ≤ i ≤ N ≤ n). Because it is impossible to know - a priori - which effect a
specific component will have, the logical notion that the volume occupied by a unit solid
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volume (specific volume) of a component should be at least a volume that can accommodate
all of said particles, leads to the conclusion that the specific volume, V , of a mixture should
be [196]

V = max V1T , V2T , . . . , VnT
(3.42)
In order to calculate VSj Stovall [146] introduced interaction functions, which described
the effect on mixing, between components i and j. For a small component (i < j ≤ n) it
is
VSj = Vi [1 − f (r)]

(3.43)

For a large component (1 ≤ j < i):
VLj = Vi [Vi − (Vi − 1) g(r)]

(3.44)

with r is the packing size ratio between components i and j (small to large). Yu et al. [196]
used literature data (a.o. [26, 188, 191, 193] to determine f (r) and g(r)
3.3

+ 2.8r (1 − r)

2.0

+ 0.4r (1 − r)

f (r) = (1 − r)
g(r) = (1 − r)

2.7

(3.45)

3.7

(3.46)

However, these relations only hold for spherical particles. To accommodate non-spherical
particles, equations (3.43) and (3.44) have to be adapted
VSj = Vj [1 − f (r)]

(3.47)

VLj = [Vj − (Vj − 1) g(r)]

(3.48)

Yu et al. [196] postulate that the dependence on particle shape can be ignored if r is
based on the equivalent packing diameters of the respective components. Following their
adaptation of the equations [196]
ViT =

i−1
X

[Vj − (Vj − 1) g(r)] xj

j=1

+ V i xi +

(3.49)

n
X

Vj [1 − f (r)] xj

j=i+1

note that xi = 1 −

i−1
P
j=1

ViT = Vi +
+

i−1
X

j=1
n
X

xj −

n
P

xj , or:

j=i+1

[Vj − (Vj − 1) g(r) − Vi ] xj
(3.50)
[Vj − Vj f (r) − Vi ] xj

j=i+1

The above discourse is applicable to a mixture with a discrete particle size distribution.
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Mixtures with a continuous size distribution If the volume frequency distribution of
the particles is fv (dp ) with particle size dp (0 ≤ dp < +∞), and if the initial specific
volume is V0 (dp ), then (equations (3.42) and (3.50))


V = max V T (dp )
(3.51)
V T (dp ) =
 

Zdp 
x
V0 (dp ) +
V0 (x) − V0 (x)f
− V0 (dp ) fv (x)dx
dp
0

(3.52)

+∞
 

Z
dp
+
V0 (x) − (V0 (x) − 1) g
− V0 (dp ) fv (x)dx
x
dp

The calculated specific volume of a system of packed particles with a size distribution,
enables the calculation of the porosity of such a system. If the specific volume in such a
system, is locally known then the porosity distribution of such a system is known.
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Computational Fluid Dynamics

Nomenclature
A
B
Cp
g
H
h
i
K
k
M
p
R
R0
S
T
T0
t
U
Y
Y0
α
β
δ
ε

Γ
λ
µe
µT
ω
ρ

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

surface area vector, (m2 )
body force, (N·m−3 )
specific heat, (J·kg−1 ·K−1 )
gravity, (m·s−2 )
enthalpy, (J)
static enthalpy, (J)
(subscript) species i
area porosity tensor, (-)
turbulence kinetic energy, (m2 ·s−2 )
molecular weight, (g·mol−1 )
pressure, (N·m−2 )
resistance for flow, (kg·m−3 ·s−1 )
Universal Gas Constant, 8.314 (J·mol−1 ·K−1 )
source or sink term
temperature, (K)
reference temperature, K
time, (K)
(u, v, w) = velocity, (m·s−1 )
mass fraction, (-)
reference mass fraction, (-)
expansion coefficient, (kg·m−3 )
thermal expansion coefficient, (kg·m−3 ·K−1 )
delta function (identity matrix)
porosity, (-)
turbulence eddy dissipation, (m2 ·s−3 )
diffusion coefficient, (m2 ·s−1 )
thermal conductivity, (J·s−1 ·m−1 ·K−1 )
effective viscosity, (N·s·m−2 )
turbulence viscosity, (N·s·m−2 )
angular velocity, (rad·s−1 )
density, (kg·m−3 )

Computational fluid dynamics (CFD) is the study of fluid mechanics that uses numerical
methods and algorithms to solve and analyse problems that involve fluid flows. Computers
are used to perform the large number of calculations required to simulate the interaction
of liquids and gases with surfaces defined by boundary conditions. This computational
technology enables the study of the dynamics of fluids. Using CFD, one can build a
computational model that represents a system or reactor that one can study [31, 34]. After
applying fluid flow physics and chemistry to the virtual prototype the software will output a
prediction of the fluid dynamics and related physical phenomena. CFD allows to carry out
a sophisticated computationally-based design and analysis. CFD enables the simulation of
flows of gases and liquids, heat and mass transfer, moving bodies, multi-phase physics,
chemical reaction, fluid-structure interaction and acoustics through computer modelling.
Using CFD, one can build a virtual prototype of the system or reactor to be analysed and
one can apply real-world physics and chemistry to the model. The results can be visualised
with images and the simulation data allows prediction of the performance and behaviour
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of a design or system.
Historical [31, 34] In antiquity it was Archimedes who started the work on static mechanics, hydrostatics and how to determine density and volume of objects. In the Renaissance
these concepts were used by Da Vinci, who researched fluids and fluid flow in detail. Da
Vinci engineered canal and harbour works in a large part of Italy. His research into fluid
flow is described in a nine part treatise called Del moto e misura dell’acqua. Da Vinci was
followed in the late 17th century by Newton in England. Newton is known for his second
law (F = m · a), the concept of Newtonian viscosity and the reciprocity principle known
as ‘the force applied upon a stationary object by a moving fluid is equal to the change in
momentum of the fluid as it deflects around the front of the object’.
In the 18th and 19th centuries, important work was done by Bernoulli who derived
Bernoulli’s famous equation, and Euler. Two other very important fluid flow researchers at
this time were the Frenchman Navier and the Irishman Stokes. They introduced viscous
transport into the Euler equations creating the now famous Navier-Stokes equations.
Although proposed nearly 200 years ago, these equations are the foundation of modern
computational fluid dynamics (CFD). The equations cover conservation of mass, momentum, pressure, species and turbulence. These equations are too difficult to solve by
hand. In the 1960s and 1970s with the aid of computers they could be solved within an
acceptable time for flow problems. Important researchers developing fluid flow theories
in the 19th century were d’Alembert, Poisson, Lagrange, Poiseuille, Rayleigh, Couette,
Reynolds, and de Laplace.
In the early 20th century, researchers did much work on expanding fluid flow theory, for
example,
•
•
•
•
•

Prandtl - on boundary layers and turbulence.
Von Kármán - on vortices.
Taylor - on turbulence.
Kolmogorov - on turbulence.
Batchelor - on homogenous turbulence.

It is not really known who did the earliest CFD calculations. A few researchers did early
CFD-like work:
• Richardson developed the first numerical weather prediction system. He divided the
problem into cells and used finite difference approximations
• One of the earliest numerical solution for flow past a cylinder was presented in 1933
by Thom [158].
• Kawaguti [66] calculated a similar solution for flow around a cylinder in 1953. He
used a mechanical desk calculator. It took him 18 months, working 20 hours per
week (sic!).
In the 1960s, NASA at Los Alamos developed many methods that are still used in CFD
today, such as
• Particle-in-cell - enabled particle tracking.
• Marker-and-cell - enable free surface calculations.
• the k − ε turbulence model and many more.
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In the 1970s, a research group with Spalding developed superior fluid flow codes and
techniques. For example, ‘upwind differencing’, ‘eddy break-up’ and combustion models.
In the 1980s commercial companies started to sell CFD software. Using commercial CFD
software by large companies became commonplace. In-house development of CFD code
became less common. Powerful graphics for the preconditioning and post-processing
phase, interactive manipulation of models make the process of developing and analysing a
CFD model much less laborious. Advances in mathematics and computers have reduced
calculation length to a reasonable time.
Applications Nowadays, CFD is used in many industries and in many disciplines. For
example, [24],
•
•
•
•
•
•
•
•
•

Aerospace.
Automotive.
Power generation.
Chemical manufacturing.
Polymer processing.
Petroleum exploration.
Medical research.
Meteorology.
Astrophysics.

Using CFD reduces the costs for developing new processes, new products and reduces
time to market for new products. Using CFD also helps to improve conversion and yields
of processes, helps to optimise product and process design and improves the efficiency in
using physical experiments [24].
Mathematics The set of equations which describe the processes of momentum, heat
and mass transfer are known as the Navier-Stokes equations (also see §3.2.3, page 58).
These partial differential equations were derived in the early 19th century and have no
known general analytical solution but can be discretized and solved numerically. Equations
describing other processes, such as combustion, can also be solved in conjunction with the
Navier-Stokes equations. Often, an approximating model is used to derive these additional
equations, turbulence models being a particularly important example.
(Commercial) CFD software is based on complex non-linear mathematical expressions
that define the fundamental equations of fluid flow, heat and materials transport. These
equations are solved iteratively using complex algorithms embedded within CFD software.
There are a number of different solution methods which are used in CFD codes. The most
common is known as the finite volume technique. In this technique, the region of interest
is divided into small sub-regions, called control volumes. The equations are discretized
and solved iteratively for each control volume. As a result, an approximation of the value
of each variable at specific points throughout the domain can be obtained. In this way,
one derives a full picture of the behaviour of the flow. The software allows the user to
computationally model any flow field for a given geometry, the physics and chemistry are
identified, and some initial flow conditions are prescribed. Outputs from CFD software
can be viewed graphically in colour plots of, for example, velocity vectors, contours of
pressure, and other scalar variables.
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Methodology The process of performing a single CFD simulation is split into four
components (see figure 4.1):
•
•
•
•

Creating the geometry and mesh.
Defining the physics of the model.
Solving the CFD problem.
Visualising the results in the post-processor.

Creating the Geometry and Mesh This interactive process is the first pre-processing
stage. The objective is to produce a mesh for input to the physics pre-processor. Before a
mesh can be produced, a closed geometric solid is required. The geometry and mesh can
be created in the Meshing application or any of the other geometry and mesh creation tools.
The basic steps involve:
• Defining the geometry of the region of interest.
• Creating regions of fluid flow, solid regions and surface boundaries.
• Setting properties for the mesh.
This pre-processing stage is now highly automated. A geometry can be imported from most
major CAD packages and the mesh of control volumes is generated automatically.
Defining the Physics of the Model This interactive process is the second pre-processing
stage and is used to create input required by the solver. The mesh files are loaded into the
physics pre-processor.
Next, the physical models that are to be included in the simulation are selected. Examples
of these models are:
•
•
•
•

Turbulence models.
Combustion or chemical reaction models.
Particle flow models for multi-phase flow systems.
Sub-models for describing flows in porous media.

Fluid properties and boundary conditions are then specified.
Solving the CFD Problem The component that solves the CFD problem is called the
solver. It produces the required results in a non-interactive/batch process. A CFD problem
is solved as follows:
1. The partial differential equations are integrated over all the control volumes in the
region of interest. This is equivalent to applying a basic conservation law (for
example, for mass or momentum) to each control volume
2. These integral equations are converted to a system of algebraic equations by generating a set of approximations for the terms in the integral equations
3. The algebraic equations are solved iteratively
An iterative approach is required because of the non-linear nature of the equations and
complex coupling of variables, and as the solution approaches the exact solution, it is said
to converge. For each iteration, an error, or residual, is reported as a measure of the overall
conservation of the flow properties.
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How close the final solution is to the exact solution depends on a number of factors,
including the size and shape of the control volumes and the size of the final residuals.
Complex physical processes, such as combustion and turbulence, are often modelled using
empirical relationships. The approximations inherent in these models also contribute to
differences between the CFD solution and the real flow.
3.2.3.1

Governing Equations

The basic set of equations to be solved consists of equations for conservation of mass and
momentum [5] (unsteady Navier-Stokes equations). In a non-isothermal flow, the first law
of thermodynamics provides an equation for energy conservation.
The instantaneous equations of mass, momentum and energy conservation can be written
as follows:
The continuity equation
∂ρ
+ ∇ · (ρU ) = 0
∂t

(3.53)

The momentum equation
∂ (ρU )
+ ∇ · (ρU ⊗ U ) = −∇p + ∇ · τ + SM
(3.54)
∂t
where SM is the momentum source and τ is the stress tensor, which is a function of the
strain rate


2
T
τ = µ ∇U + (∇U ) − δ∇ · U
(3.55)
3
The energy equation
∂
∂p
(ρH) −
+ ∇ · (ρU H) = ∇ · (λ∇T ) + ∇ · (U · τ ) + SE
∂t
∂t

(3.56)

here (U · τ ) represents the viscous work term and where H, the total enthalpy, is given in
terms of static (thermodynamic) enthalpy h by
1
H = h + U2
2

(3.57)

h = h (p, T )

(3.58)

where

These transport equations are not enough to calculate all the seven unknowns U, V, W, p, T,
ρ, h. To complete the equations, two equations are added, the Equation of State relating
density to temperature and pressure
ρ = ρ (T, p)

(3.59)

and the Constitutive Equation, relating enthalpy to temperature and pressure
h = h (T, p)

(3.60)
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Equations of State

In (3.59) the density of a fluid is a function of pressure and temperature. The specific heat,
Cp , is also a function of temperature and pressure
Cp = Cp (p, T )

(3.61)

The density for an Ideal Gas is defined by the Ideal Gas Law and cp (at constant pressure)
is only a function of temperature:
Cp = Cp (T )

(3.62)

Ideal gas equation of state The Ideal Gas Law states
ρ=

M (p + pref )
R0 T

(3.63)

where M is the molecular weight of the gas and R0 is the Universal Gas Constant.
General fluid equations of state To represent real fluids the Redlich-Kwong equation of
state, developed in 1949 and which is considerably more accurate than the van der Waals
equation, can be used
p=

R0 T
a
√
−
v − b v (v + b) T

(3.64)

a=

0.42747R0 2 Tc 5/2
pc

(3.65)

b=

0.08664R0 Tc
pc

(3.66)

where

and

Another general equation of state is the Vukalovich virial [171], which is being used by the
software CFX™

p = ρR0 T B1 + B2 ρ + B3 ρ2 + B4 ρ3
(3.67)
This equation of state is known to be valid over pressure and temperature ranges of 0.01
bar to 100 bar and 273.15 K to 1000 K.
General constitutive equations The algebraic thermodynamic equation of state for fluid
enthalpy is called the constitutive equation. Entropy and enthalpy functions, h (T, p) and
s (T, p), are calculated by integrating the differential definitions of enthalpy and entropy
change using the functions supplied for ρ and cp . The change in enthalpy and entropy, dh
and ds, are calculated in two steps: first at constant pressure, then at constant temperature.
The total change in enthalpy from state 1 to state 2 is calculated using
  #
ZT2
Zp2 "
1
T ∂ρ
h2 − h1 = cp dT +
1+
dp
(3.68)
ρ
ρ ∂T p
T1

p1
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where the second term will cancel out if density is proportional to T −1 , such as for an ideal
gas. The total change in entropy is:
ZT2
s2 − s1 =
T1

3.2.3.3

cp
dT +
T

Zp2

1
ρ2

p1



∂ρ
∂T


dp

(3.69)

p

Turbulence Models

Turbulent flows have velocity fields with highly variable velocities, which vary not only
in magnitude but also in direction. These variations are also unsteady and consist of
many scales. They cause large fluctuations in the transported quantities of energy, momentum and species. The scale of the fluctuations is small and often the frequency is high.
Computationally it will take too large an effort to calculate and simulate turbulent flows
reliably, which limit the use for practical applications. To overcome that, time-averaging or
geometry-averaging is used to remove the small scales. The disadvantage is that the timeaveraged equations contain unknown terms, which contain the results of the fluctuations.
Turbulence models are used to determine or estimate these terms.
There are a number turbulence models available in commercial CFD software. In the ANSYS software used (CFX) the Standard k- model, the Reynolds stress model (RSM)
and the Renormalisation group (RNG) k- model are available. Only the Standard k-
model is discussed here, since it is used in the CFD model of the hearth.
Standard k- model In the Standard k- model transport equations are used to model
the turbulence kinetic energy k and its rate of dissipation . The viscosity variable in the
momentum equation (3.54) changes into an effective viscosity (see equation (3.92)) and
the modified pressure equation (see also (3.72)) changes into
2
2
p0 = p + ρk + µe ∇U
3
3
3.2.3.4

(3.70)

Momentum Transfer and Body Forces

The momentum equation can also be rewritten into an advection-diffusion equation
i
h
∂
T
(ρU) + ∇ · (ρU ⊗ U − µ∇U) = B − ∇p0 + ∇ · µ (∇U)
(3.71)
∂t
and p0 is the modified pressure, or


2
0
p =p+
µ−ζ ∇·U
3

(3.72)

If the flow is incompressible, the modified pressure is equal to the pressure. If the molecular
viscosity is constant then the contribution from the stress divergence from the right hand
side vanishes.
Some examples of the body force B are:
• Buoyancy force, B = ρg, where ρ = ρ (T, Yi ). Here g is the acceleration due to
gravity, T is the temperature and Yi is the composition of the fluid*
* In

the case of hot metal, carbon content or mass fraction of other elements present in hot metal.
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• Rotational forces (coriolis and centrifugal), B = −2ρω × U − ρω × x (ω is the
angular velocity) for a flow in a rotating co-ordinate system
• Resistances, B = −R · U for flow in a porous medium.
The body forces may be combined, e.g. B = ρg − R · U for buoyant flow in a porous
medium.
3.2.3.5

Buoyancy

Buoyancy can be included in two ways. The flow can be considered incompressible and
the density is given from the equation of state. The buoyancy force is then simply ρg, with
the density ρ written as
ρ = ρ0 + (ρ − ρ0 )

(3.73)

For low Re number flows with small temperature differences, the Boussinesq approximation suffices
ρ = constant = ρ0

(3.74)

Except in the buoyancy terms in the momentum equations where
ρ = ρ0 [1 − β (T − T0 )]

(3.75)

For multi-component flow an analogue treatment for the effect of the composition on
density gives (αi is the expansion coefficient due to component i)
"
#
N
X
ρ = ρ0 1 +
αi (Yi − Y0i )
(3.76)
i−1

If we consider hot metal with just one component (carbon), the equation for density
variations due to concentration variations, can be rewritten into
ρ = ρ0 [1 + αC (Yc − Y0C )]

(3.77)

Combining both thermal and composition effects, will give
ρ = ρ0 {1 + [αC (YC − Y0C ) − β (T − T0 ) ]}
3.2.3.6

(3.78)

Heat Transfer

An analogue treatment for heat transfer gives
∂
∂p
(ρH) + ∇ · ρUH − ∇ · λ∇T =
+ SE
∂t
∂t

(3.79)

A little hidden in term SE are the heat effects of, for example, chemical reactions. For the
model considered, carbon dissolution is the chemical reaction which has a significant heat
effect
C(s)

(C)- heat

(3.80)
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If the fluid is assumed to be thermally perfect (static enthalpy h is only a function of
temperature), then
 
∂h
Cp (T ) =
(3.81)
∂T p
or
ZT
h=

Cp (T 0 )dT 0

(3.82)

Tref

3.2.3.7

Flow in Porous Media

To approximate a porous medium using a numerical model, one has to assume that
‘infinitesimal’ control volumes and control surfaces are large compared to the open volume
of the porous medium. Because the scale to be resolved is large relative to the chosen
control volumes, given control cells and control surfaces will contain both solid and fluid
regions.
The volume porosity ε at any point is the ratio of the volume V 0 available to flow in an
infinitesimal control cell surrounding that point and the physical volume V of that cell.
V 0 = εV

(3.83)

Assume that the vector area A’ is available for flow through the infinitesimal planar control
surface vector A
A0 = K · A

(3.84)

K is called the area porosity tensor. The general advection-diffusion equation for flow in
porous medium becomes
∂
(ερΦ) + ∇ · (ρK · UΦ) − ∇ · (ΓK · ∇Φ) = εS
∂t

(3.85)

The source term S contains production, dissipation terms and transfer terms from the fluid
to the solid parts of the porous medium.
Based on equation (3.2.3.7) the conservation equations for mass and momentum become
∂
(ερ) + ∇ · (ρK · U) = 0
∂t

(3.86)

and
∂
(ερU) + ∇ · [ρ (K · U) ⊗ U]
∂t
n
h
io
− ∇ · µe K · ∇U + (∇U)

T

(3.87)
= εR · U − ε∇p
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(a) Velocity fields

(b) Temperature fields

Figure 3.19 – Calculated results from [111].

Similar for heat transfer
∂
(ερH) + ∇ · (ρK · UH) − ∇ · (Γe K · ∇H) = εQ
∂t

(3.88)

Γe = the effective thermal diffusivity.
If the resistance for flow is very large, a large pressure gradient in the reverse direction
must exist to balance the resistance. Otherwise there is no flow. This means that the two
terms of the right hand side of (3.87) are large and of opposite sign and the convective and
diffusive terms of the left hand side can be neglected
U = −R−1 · ∇p

(3.89)

We now obtain a familiar equation: Darcy’s law.
3.2.3.8

Steady State Example of Flow in a Porous Medium

If the porous system is in steady state, the mass conservation and momentum transport
equations become [111] (see for results figure 3.19(a) and 3.19(b)):
∇ · (ρU) = 0

(3.90)

∇ · (ρU × U − µe ∇U) = − ∇p
h
i
T
+ ∇ · µe (∇U)
+ Su + gρ

(3.91)

Where ρ is a function of temperature and composition (see (3.78)). The effective viscosity
is calculated as the sum of laminar and turbulence viscosity
µe = µL + µT

(3.92)

In the κ- turbulence model the turbulence viscosity is a function of the turbulence kinetic
energy and its dissipation
µT = 0.09ρ

κ2


(3.93)

The resistance to flow through the porous medium is calculated using Ergun’s equation
2

Su = −150µL

(1 − ε)
1−ε
2
|U| − 1.75ρ
|U|
2
2
ε d
εd
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The transport equation for enthalpy becomes




λ
µT
∇ · ρUH −
+
∇H = 0
Cp
0.9

3.3

(3.95)

Summary of the Discussed Models

In this chapter models have been discussed which have been used to simulate or at least
emulate conditions in an ironmaking blast furnace. A wide range of methods and concepts are used or have been used ranging from methods where the different species (coke,
sinter, pellets, gas and liquid) were modelled as continuous phases to methods where each
particle is modelled in conjunction with continuous phases (gas and liquid). For example
methods defining a ‘fourth fluid’ to incorporate dust, but also a method considering one
and each particle (the discrete element method or DEM). Each method has its advantages
but also disadvantages. For example, the discrete element is a very promising technique
but computationally very demanding: extreme long computation times are necessary to
compute a full sized DEM-model of a blast furnace, containing millions of particles. This
is why most of the DEM-publications are about scaled-down models of blast furnaces,
with 25,000 to 100,000 particles and sizes up to 5 m in height and 1.5 m in diameter.
The models and approach chosen for this thesis, are about finding a solution for incorporating discrete particles and their behaviour (dissolution, packing) and their effect on
continuous phases (flow, porosity, resistance to flow). The choice was made to use the
population balance method to model the most important effect, packing or porosity, based
on the particles and also to take into account the result of dissolution on the particles. The
result is then used to calculate the global effect on flow in an ironmaking blast furnace
using computational fluid dynamics. In this way not every individual particle has to be
considered and the granular ‘phase’ is not considered a continuous phase. Consequently,
computation time for each case has been acceptable. This modelling compromise enables
the evaluation of the dissolution of coke particles and its effect on their packing behaviour
in the hearth of an ironmaking blast furnace and its effect on hot metal flow in the hearth
of an ironmaking blast furnace.
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Chapter 4

Construction of Deadman
Model
In this chapter the links and interaction between the different models is explained. An
explanation is given why certain methodologies are chosen.
Parts of this chapter have been published by Post [6, 7].

4.1

Hot Metal Flow and a Changing and Heterogenous
Coke Bed

In the past chapters, it was argued that probably the best way to gain insight into the
phenomena during hot metal flow in the hearth, is the use of a complete (blast furnace
hearth) 3D-CFD model. In such a model the packed bed of coke particles (deadman) is
represented by a porous medium. The properties of the porous medium, porosity and
average particle diameter, can be calculated by a deadman model.
The desired functionality of the deadman model is to be able to calculate the impact of a
dissolving packed bed on liquid flow through the same packed bed, while the packed bed
itself dissolves in the liquid. Furthermore, changes in hot metal flow caused by dissolving
carbon must be considered. The model must be able to calculate the change in porosity of
the packed bed, but also able to calculate the change in particles size and the change in hot
metal composition. After all, carbon (from the coke or from the refractory) is dissolving in
the - unsatu - ed - hot metal and thereby changes the average particle diameter, but also the
density of the hot metal. All these changes influence the flow of hot metal in the coke bed.
The porosity has to be calculated on a cell by cell basis, and since the hot metal flow is not
uniform throughout the hearth, the calculations will result in a distributed porosity of the
coke bed.
All in all, the following has to be taken into account
• Properties of the deadman
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– The particle size distribution which changes during coke dissolution. This is
done using population balance modelling.
– Porosity which is dependent on the particle size distribution of the coke. A packing model calculates the porosity when the particle size distribution changes.
• Properties of hot metal
– Carbon content is influenced by coke dissolution which can be calculated using
coke dissolution model. It also changes through the interaction with the coke:
mass transfer as a function of hot metal velocity is part of the coke dissolution
model.
– Density is influenced by temperature and composition.
– Viscosity influenced by temperature.
• Properties necessary for calculations of flow in a porous bed
– Resistance to flow of the bed is determined by the porosity and particle size
distribution of the coke particles.

4.2

Methodology

The basis of the bed porosity calculations is the particle size distribution of the coke
particles and their packing in space. A population balance model is used to track the particle
size distribution of the coke. The population balance model translates the carbon dissolution
of the individual particles (or particle size bins) into a new particle size distribution. With
the aid of a particle packing model, the change in particle size distribution is translated
into a new packed bed porosity, or local deadman porosity (see figure 4.1).

Figure 4.1 – Lay-out of CFD framework and sub-models.

The new porosity distribution will lead to a new (calculated) hot metal flow distribution in
the hearth, leading to changes in carbon dissolution of coke and refractory. Ultimately the
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deadman model, in combination with CFD calculations, will provide insight in matters
like:
• The influence of initial particle size distribution on dissolution and thus porosity
evolution.
• The influence of coke quality (i.e. carbon release or solubility) on dissolution and
porosity evolution.
• Impact of porosity distribution on hot metal flow.
• Impact of hot metal flow on refractory service life.
• Impact of hot metal properties like temperature and carbon concentration on the
deadman evolution.

4.3

Deadman Model Framework

In figure 4.2 the global structure of the CFD model is depicted. The structure consists of
four parts:
• The CFD model, where within a hearth geometry, the following is calculated
– Porous flow (see §3.2.3.7, page 66).
– Buoyancy effects (see §3.2.3.4, page 64).
– Heat transfer (cooled walls).
• (FORTRAN) Interface to transfer flow and temperature data to the sub-models (see
appendix B, page 171)
• (C++) Interface to collect the CFD data for the sub-models (see appendix B, page
171)
• The Matlab sub-models to (see appendix B, page 171)
– Calculate carbon dissolution.
– Calculate new particle size distribution.
– Calculate coke bed porosity.
– Do (some) array calculations for CFD.

Figure 4.2 – Flowsheet of model: data exchange between the different sub-models.

Figure 4.1 highlights the framework - the course of actions - when doing a CFD calculation.
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(a) Particle size distribution (population balance
model) sub-model flowsheet.

(b) Porosity sub-model flowsheet.

Figure 4.3 – Flowsheets of both sub-models.

The sub-models for particle size distribution (population balance model) and porosity
(packing model) furnish the necessary data for the fluid flow calculations.
The particle size distribution sub-model (see figure 4.3(a)) calculates, for each time step
and each bin size, how much carbon dissolves and calculates the resulting particle size
distribution. The new particle size distribution is used in the porosity (or packing) submodel (see figure 4.3(b)) to calculate the resulting porosity. The resulting porosity, then,
is used to calculate the new flow (see figure 4.1). In the following time step the newly
calculated flow is used to update the carbon dissolution kinetics.
The following sections will explain in more detail the two sub-models. Details of fluid
flow theory for porous media, buoyancy effect on fluid flow caused by thermal and fluid
composition changes, can be found in §3.2.3. Coding is detailed in appendix B.
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Sub-model of Coke Particle Size Distribution
Using the Coke Population Balance

Setting up the population balance model (PBM) for the deadman of a blast furnace involved
several steps [6, 7]. In general terms, the PBM is implemented and tested as systematic
and as simple as possible. This means that the all the functions of the PBM have been
developed on a base element (representing one of the volume finite elements of the hearth
geometry in the final, complete model). Simple means that the base element has a certain
volume V and that the base element behaves as a CISTR (Continuous Ideally Stirred Tank
Reactor).
In the next paragraphs, the following subjects are discussed:
•
•
•
•

Set-up the general PBM with particle size as the considered property.
Extending the PBM for one or more properties.
Development of birth and death functions for the properties.
Development of ageing functions for the properties.

The following systems and assumptions have been used:
•
•
•
•
•

Steady state.
No birth.
First property considered is particle size.
First ageing function will be dissolution of carbon.
Ideally mixed volume.

To be complete, the next topics have been included:
• Dynamic.
• Implement in complete finite volume model (FVM).

4.4.2

Simplifying the Coke Population Balance

If the base element of the PBM is represented as in figure 4.4, then the population balance
equation is
∂N (t)
= ni (t) − ne (t) + B(t) − D(t)
∂t

(4.1)

where N is the total number of coke particles in the base element, ni is the number of
coke particles entering and ne is the number of particles exiting the base element. The
internal processes birth and death (B and D respectively) are responsible for an increase or
decrease in particle numbers. When considering just the variations over time, the simplified
equation becomes
dN
= ni − ne + B − D
dt

(4.2)

However, this formula is not complete. Ageing should be included. Ageing influences the
distribution of the property considered. It can be formulated using the cumulative particle
size distribution function F (x, t) or particle size density function f (x, t). Whereas F is
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Figure 4.4 – PBM base element representation.

defined as (for x being the particle size) the fraction of particles with sizes smaller than x,
f is defined as the fraction of particles with size x.
First, the population balance for particle sizes smaller than x (no ageing) is
∂ [N (t)F (x, t)]
= ni (t)Fi (x, t) − ne (t)Fe (x, t)
∂t
+ B(t)FB (x, t) − D(t)FD (x, t)

(4.3)

where F is the resulting cumulative particle size distribution in the base element, Fi and
Fe are the cumulative particle size distribution of the particles entering and exiting the
base element. For fixed x and only considering varying time this simplifies into
d (N F )
= ni Fi − ne Fe + BFB − DFD
dt

(4.4)

Including the ageing or growth function G(x, t) in this equation will give
dF
d (N F )
= n i Fi − n e Fe − N G
+ BFB − DFD
dt
dx

(4.5)

Simplifying assumptions:
• Isothermal.
• Steady state means
∂N
∂ni
∂ne
= 0,
= 0,
=0
∂t
∂t
∂t
•
•
•
•
•
•

(4.6)

Well mixed: F = Fe .
No birth or death: B = 0 en D = 0.
One property: size x.
Fi = e.g. Weibull distribution.
One ageing or growth function: the carbon dissolution of coke particles.
All particles are spherical.

This will reduce the PBM to
d (N F )
dF
= n i Fi − n e Fe − N G
dt
dx

(4.7)
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Ageing or Growth - Coke Dissolution

The dissolution rate of carbon from a coke particle with size x, is determined by two major
factors:
• The velocity of the melt flowing along the particle.
• The difference in actual carbon content in the melt and the carbon saturated content
of the melt, which is the maximum possible carbon content of the melt at the given
temperature and composition.
The total change of mass of all coke particles is equal to the change of carbon dissolved in
the melt, or
1
dt

Z∞
cx N f (x)dx =

d (V Ct )
dt

(4.8)

0

where V is the volume of the base element, Ct is the carbon concentration in the melt, cx
is the amount of mass of carbon in a coke particle with size x, N is the number of particles
in the base element and f(x) is the coke particle size density distribution. The mass transfer
of carbon from the coke particle into the melt is governed by the carbon concentration of
the melt and its offset with the saturated carbon content. So for one particle the following
holds
dcx
= Ax k (Csat − Ct )
dt

(4.9)

where Ax is the surface of a coke particle with size x, k is the carbon mass transfer
coefficient, Csat and Ct are the carbon saturated concentration and carbon concentration
in the melt respectively. This equation can also be expressed as a change in particle size,
in this case the change of volume of a coke particle while dissolving is
i
πh 3
3
x − (x − 2dx)
(4.10)
dcx = ρcoke
6
where ρcoke is the density of coke. This relation can be simplified when considering that
2
dx is an infinitesimal change in particle size and thus one can neglect the terms with (dx)
3
and (dx) (compared to x and dx), or
3

2

3

(x − 2dx) = x3 − 6x2 dx + 12x (dx) − 8 (dx)

(4.11)

dcx ≈ ρcoke πx2 dx, ∀ |dx|  x

(4.12)

The change in particle size can be estimated by stating that the infinitesimal loss incarbon
mass - dcx - can be related to the infinitesimal change in particle volume πx2 dx . Thus
the change in size for one coke particle will be
dcx
dx
= ρcoke πx2
dt
dt

(4.13)

Expressing coke particle surface Ax as a function of particle size gives
Ax = πx2

(4.14)
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or
dx
πx2 k (Csat − Ct )
=
dt
ρcoke πx2
=

k (Csat − Ct )
ρcoke

(4.15)

From (4.13) one can derive that
dcx
= πx2 k (Csat − Ct )
dt

(4.16)

For the carbon dissolution of all particles with size x - with given particle size density
distribution f(x) - the following equation can be derived
Cx = N f (x)cx = N cx

∂F (x)
∂x

(4.17)

Integrating over the complete particle size range will give the total carbon dissolution for
the complete particle size distribution and thus
Z∞
CT =

cx N f (x)dx

(4.18)

0

Considering this for the complete particle size distribution with the known distribution (F
or f ), the change in particle size is
N
N f (x)
f (x)dx =
dcx
2
ρcoke πx2

4.4.4

(4.19)

The Complete Coke Population Balance Model

The Rosin-Rammler distribution is commonly used within the mining and quarrying
industry and it is a special case of the Weibull distribution (see Appendix A). Products of
a breakage process follow a Weibull distribution. The Weibull distribution will be used
in completing the set of equations for the PBM. The density distribution of the particle
size distribution is given by (4.20) and the cumulative distribution of the particle size
distribution by (4.21), which are
(
k
1 − e−(x/λ)
F (x; λ, k) =
0
(
f (x; λ, k) =

k
λ

x≥0
x<0


x k−1 −(x/λ)k
e
λ

x≥0
x<0

0
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(a) fi for ai = 3.02, bi = 16377.

(b) F for given k and λ.

Figure 4.6 – Weibull distribution based on Nightingale [5].

Figure 4.5 – Hearth coke size distribution, sample from a ‘frozen’ hearth - after Nightingale [5].

Basics One of the first assumptions is the distribution of the particles entering the base
element. The assumption will be that the mean diameter = 0.036 m (36 mm) and the
standard deviation = 0.013 m (13 mm) (from Nightingale [5], see figures 4.5 and 4.6).
For the particles entering the base element, the values are
k = 3.09645

(4.22)

λ = 0.03419

(4.23)

and

The carbon dissolution is given by equations (4.10) - (4.18). Since Csat and k are only
dependent on temperature and since the residence time τ is constant, the equations can be
rewritten to
−

dcx
dCt
=V
= Ax k (Csat − Ct )
dt
dt

(4.24)

or
ZCτ
−
C0

dCt
=
Csat − Ct

Zτ

Ax k
dt
V

(4.25)

0
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Ax is dependent on x and x = g(t). This means that Ax = h(t). First thing to do is to
write the surface area as a function of time.
Since dcx is the amount of carbon dissolved from one particle of - originally - size x in dt
seconds, the change in diameter dx because of dcx , based on equations (4.13) and (4.14),
would be
dcx
dx
1
=
dt
ρcoke πx2 dt

(4.26)

or
−dx =
=

−

πx2 k (Csat − Ct )
dt
ρcoke πx2
k (Csat − Ct )
dt
ρcoke

(4.27)

πx2 k (Csat − Ct )
dx
=
dt
ρcoke πx2
k
(Csat − Ct )
=
ρcoke

(4.28)

The total carbon dissolution of all the particles with size x is
N f (x)cx

(4.29)

From the simple population balance equation and applying the rule
(uv)0 = u0 v + uv 0 , the derivative is
∂N F
∂F
= ni Fi − ne Fe − N G
∂t
∂x
∂F
∂N
F +N
=
∂t
∂t
∂F
=N
∂t

(4.30)

Equation (3.24) changes into
N

h
i
ai
∂F
∂F
= ni 1 − e−(x/bi )
− ne F − N G
∂t
∂x

(4.31)

N

h
i
ai
∂f
∂ (GF )
= ni ai bi −ai xai −1 e−(x/bi )
− ne f − N
∂t
∂x

(4.32)

or

Growth or ageing G or the growth or ageing function is the dissolution rate (in this
case) of a property for a single particle. So the change in size x per second is (based on
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equations (4.26), (4.27) and (4.28)) given by
G=

dx
dt

= −
=

N

πx2 k
(Csat − Ct )
ρcoke

−k
(Csat − Ct )
ρcoke

(4.33)

h
i
ai
∂F
= ni 1 − e−(x/bi )
∂t


k (Csat − Ct ) ∂F
− ne F − N
ρcoke
∂x

(4.34)

The total area of dissolving carbon is
A = N f (x)Ax = N f (x)πx2

(4.35)

For k, the carbon dissolution rate, McDonald et al. [4] determined the following range
k = 8 · 10−3 − 10 · 10−3 m · s−1

(4.36)

Better to use the results of McDonald et al. [4] or Gudenau et al. [3]:
CEsat = 1.3 + 0.00257 T

(4.37)

CE = C + 0.31 Si + 0.33 P + 0.4 S − 0.028 Mn
n
n∗
CEs − CE
= e−k0 (v) At /V
CEs − CE0

(4.38)
(4.39)

or from (4.35):
n
n∗
CEs − CE
= ek0 (v) N f (x)Ax t /V
CEs − CE0

4.4.5

Recapitulating the Coke Population Balance Model

One end up solving the following equations
Dissolution of one coke particle
−

dcx
dCt
=V
= Ax k (Csat − Ct )
dt
dt

Carbon content of the melt
dCt
Ax k
=
(Csat − Ct )
dt
V
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Mass transfer coefficient
k = k0 v n
Hot metal velocity
v=

Φf
Vε

Porosity
Vp
V
Z
π
1
N f (x) x3 dx
=1−
V
6

ε=1−

Saturated carbon equivalent
CEsat = 1.3 + 0.00257 T
Growth or ageing
G=

dx
−k
=
(Csat − Ct )
dt
ρcoke

The coke population balance
i n
ai
ni h
k (Csat − Ct )
∂F
e
=
1 − e−(x/bi )
− F+
∂F
∂t
N
N
ρcoke
∂x

4.4.6

Conditions and Case Studies Overview done with PBM and
Packing model

In table 4.1 initial values used for the case studies, are shown of parameters for cases where
a control volume is monitored during dissolution. The initial particle size distribution is
shown in table 4.2.
Table 4.1 – Parameters and initial values used for the spherical and non-spherical particles cases.

Parameter

Spherical

Non-spherical

Bed porosity, (−)
Coke density, (kg·m−3 )
Shape factor, (−)
Particle size distribution
Standard deviation PSD, (mm)
Hot metal density, (kg·m−3 )
Hot metal velocity, (mm·s−1 )
Initial carbon content, (m%)
Carbon content at saturation, (m%)

0.31, 0.25
1100
1.0
Weibull
6, 13
7100
5, 8
0.0
4.5

0.55
1100
0.7
Measured [5]
7100
1, 10
3.5
4.5
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Case studies were performed with the dissolution model, the combined population balance
model and packing model. The calculations were done on a single control volume of
1 m3 . In order to keep the control volume constant, the dissolved coke is replenished. The
replenishment of solids was done with coke particles having the same particle size distribution as the actual one. Modelling coke bed porosity, by means of the coke particle size
distribution, is extensively described in §3.2.2 and §5.1. The models are coded in Matlab.
Discrete particle size intervals are used to represent the particle size distribution. The
differential equations of each size interval (bin) are solved at each time step. The dissolved
carbon volume in each control volume is replenished by adding the same volume of coke
particles having the same particle size distribution as the newly calculated particle size
distribution. During calculations a few things have to be considered, which is characteristic
for calculations using discrete particle size distributions.
During dissolution the spheres belonging to a bin will diminish in size. The following considerations have to be met when modelling the change in particle size distribution:
• A particular bin can disappear (has no particles anymore),
– because different dissolution rates may cause a new size range of particles fall
within another bin, or
– because a particular bin may disappear altogether because of complete dissolution of the particles.
• During calculation, if two or more bins have size ranges which are the same the bins
are combined.
Cases are split in two main categories: with spherical particles with their shape factor = 1
and non-spherical particles with their shape factor = 0.7, which is the approximate shape
factor for coke particles. The shape factor impacts the available area for dissolution and
for non-spherical particles the random packing porosity of 0.55 is a good approximation
for a packed coke bed.
Calculations with different initial hot metal velocities were done to assess the influence of
the mass flow on the results.
Table 4.2 – Initial particle size distribution of the coke used for the non-spherical particles cases. Data are
from Nightingale [5].

Diameter (mm)
0−6
6 − 12
12 − 18
18 − 24
24 − 30
30 − 36
36 − 42
42 − 48
48 − 54
54 − 60
60 − 66
66 − 72

Volume (%)
0.0
2.5
8.0
16.0
20.5
20.0
16.0
8.0
5.0
2.5
1.0
0.5
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CFD Model of the Hearth
Settings of the CFD simulations

In the following table the settings are listed which were used for the simulations.
Table 4.3 – Settings for the CFD software.

Setting type

Setting

Turbulence model
Heat transfer
Heat generation/consumption
Body force, porous flow
Buoyancy
Gravity

κ- model
Fixed heat flux at wall and bottom
Endothermic dissolution
Ergun
Boussinesq approach
Enabled

Figure 4.7 – Typical dimensions of a large blast furnace hearth

4.5.2

Geometry of the Hearth

In figure 4.7 the typical shape and dimensions are shown for a large blast furnace. The
location of one taphole is also shown. For the 2D CFD models and 3D CFD-models only
the lower part, the upside down truncated cone, is modelled with the geometries.
The geometry in the 2D CFD model is a rectangle (see figure 4.8), with corresponding
width and height and one taphole at the correct height in the wall. The geometry of the
hearth in the 3D CFD-model has the same upside down truncated cone shape, and only
one taphole (see figure 4.9). In practice large blast furnaces have multiple tapholes, which
are opened alternately.
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Figure 4.8 – 2D CFD hearth geometry

Figure 4.9 – 3D mesh of blast furnace CFD hearth model geometry

4.5.3

Outline of the 2D-CFD Cases

Preliminary fluid flow case studies were done in order to investigate, albeit in 2D, the
effects of carbon and temperature on buoyancy when hot metal flows through a packed
coke particles bed. No coke particle size distribution and no change in coke particle size
were considered.
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Table 4.4 – Parameters and initial values for the 2D CFD cases.

Parameter values for the 2D cases
Parameter

Isothermal

Non-isothermal

Non-isothermal
carbon dissolution

Bed porosity, (−)
Hot metal density, (kg·m−3 )
Hot metal viscosity, (Pa·s)
Hot metal Cp , (J·kg−1 ·K−1 )
Hot metal velocity (in), (m·s−1 )
Thermal expansion, (K−1 )
Coke particle diameter, (m)
Carbon diffusivity, (m2 ·s−1 )
Wall heat flux, (kW·m−2 )
Bottom heat flux, (kW·m−2 )

0.35
7100
0.005
840
3.0 10−4
1.4 10−4
0.04
-

0.35
7100
0.005
840
3.0 10−4
1.4 10−4
0.04
10−5
15.0
5.0

0.35
7100
0.005
840
3.0 10−4
1.4 10−4
0.04
10−5
15.0
5.0

In table 4.4 the parameters and their values are outlined of the 2D CFD hearth model cases.
An overview of the characteristics of the 2D cases is given in table 4.5.
Table 4.5 – All 2D-cases and their characteristics. For the 2D-cases the inflow is defined by the inflow
velocity in mm·s−1 .

Case

Heat
loss

C diss.
w. heat

C
diffus.

Visc.
f (T )

C init.
m%

T init.
K

Flow rate
m·s−1

Uniform
inflow

1
2
3
4
5

No
No
Yes
Yes
Yes

No
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

0.0
0.0
0.0
0.0
2.5

1823
1823
1823
1823
1823

0.3
0.3
0.3
0.3
0.3

Yes
Yes
Yes
Yes
Yes

4.5.4

Outline of the 3D CFD Cases

The 3D CFD-simulation cases were all performed with a simplified blast furnace hearth
geometry (see figure 4.9). It is a geometry with one taphole, the hearth diameter is 14
metre and the height is 2.5 metre. The boundaries don’t contain the refractory and the
geometry only contains the fluid and the coke. Cooling losses are implemented by imposing a negative heat load (see table 4.6), gravity is implemented by applying a downwards
gravitational acceleration of 9.81 m·s−2 . An overview of the characteristics of each 3D
case is given in table 4.7.
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Table 4.6 – Parameters and initial values for the 3D-CFD cases.

Parameter

No dissolution

Carbon dissolution

Initial bed porosity (−)
Wall heat flux (kW·m−2 )
Bottom heat flux (kW·m−2 )

0.52
15.0
5.0

0.52
15.0
5.0

Hot metal
Density (kg·m−3 )

7100 − 1.4 · 10−4 T

Viscosity (Pa·s)
Specific heat capacity (J·kg−1 ·K−1 )
Inflow (kg·s−1 )
Distribution (m% ring)
Thermal expansion (K−1 )
Thermal conductivity (W·m−1 ·K−1 )
Initial carbon content (m%)

0.005 · e RT
840
115
no, 100%-80%-50%-20%-0%
1.4 10−4
36
3.50

idem
840
115
idem
1.4 10−4
36
3.50

Coke, carbon
Density (kg·m−3 )
Specific heat capacity (J·kg−1 ·K−1 )
Thermal expansion (K−1 )
Initial coke particle diameter (m)
Carbon diffusivity (m2 ·s−1 )
Heat of dissolution (kJ·mol−1 )

2250
711.3
1.2 10−6
0.04
10−5
-

2250
711.3
1.2 10−6
0.04
10−5
15

aη

idem

In all case studies the following has been assumed or is calculated
•
•
•
•
•
•

Constant liquid level.
Steady state calculations
Locally varying porosity is calculated.
Carbon diffusion in hot metal is calculated.
Heat effects of carbon dissolving in hot metal are calculated.
Buoyancy effects, and thus gravity effects, are calculated based on.
– Hot metal density variation caused by temperature variation.
– Hot metal density variation caused by variation in composition, in these cases
changes in carbon content caused by dissolution.

The constant liquid level assumption has implications for the hydraulic pressure at tap-hole
level, however the influence on fluid properties is deemed negligible.
The local porosity is calculated, based on the local carbon dissolution. However, calculation
results show that the difference in remaining coke between the cases is negligible. In
Chapter 5.4.2 the results are shown of the residual coke volume at steady state and an
explanation is given of why these results were achieved.
The next paragraphs will discuss the results of the 3D case studies, which also include
cases where the hot metal inflow is distributed. In table 4.6 an overview is presented of the
parameters and initial values used in the CFD cases. Of every type of case (uniform vs
distributed inflow case) results covering hot metal flow paths or streamlines, temperature
distribution, hot metal velocity distribution and residence time are presented. For the
cases where carbon dissolution is modelled, results are shown of the carbon concentration
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Figure 4.10 – Inner ring and outer ring at the inlet of the model. Width of outer ring is 1.0 m.

profiles in hot metal and the carbon dissolution rate distribution in the hearth. All scales
in the figures have the same range, so that an easy comparison can be made between the
figures of different cases.
Figures of all 3D-cases are presented in Appendix C. Figures showing typical behaviour
are used in this chapter to illustrate the different cases. Figures of the results of the extreme
cases will also be shown in this chapter.

4.5.5

3D CFD Cases with Uniform and Distributed Inflow

A CFD simulation of hot metal entering the hearth also takes into account a distribution
of the hot metal inflow. This distribution comes from the fact that hot air enriched with
oxygen enters the blast furnace through the tuyeres and creates a zone of intense heat in
front of the tuyeres. A reaction zone where oxygen reacts with the surrounding coke. The
zone is approximately 1 - 2 metres deep and has temperatures of around 2500◦C. Above
this zone most of the melt formation takes place. This is corroborated by Gauje [1, 2] who
measured residence times of radioactive gold tracer, which was introduced in the blast
furnace hearth through one or more tuyeres. By using a tuyere probe Gauje was also able
to measure the amount of liquid dripping down along the radius of a blast furnace.
Using this as a basic assumption, several cases are formulated where the inflow of hot
metal is assumed to be distributed between a ring 1 metre deep and the rest of the top
of the blast furnace hearth. The distribution is assumed to be uniform - 100% - 80% 50% - 20% and 0% respectively of hot metal entering the hearth through that ring. Preuer
mentioned considerations like these in his publications [8–10]. The results, though, are
quite different.
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Table 4.7 – All 3D-cases and their characteristics. Outer ring is defined as a ring-shaped area at the wall of
the inlet area having a width of 1.0 m (see figure 4.10).
Case
1
2
3
4
5
6
7
8
9
10
11

C diss.
w. heat

C
diffus.

f (T )

Visc.

C init.
m%

T init.
K

Flow rate
kg·s−1

Uniform
inflow

Inner ring
kg·s−1

Outer ring
kg·s−1

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
Yes

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

1823
1823
1823
1823
1823
1823
1823
1823
1823
1823
1823

115
115
115
115
115
115
115
115
115
115
115

Yes
Yes
No
No
No
No
No
No
No
No
No

−
−

−
−

1
1
20
20
57
57
114
114
1

114
114
95
95
58
58
1
1
114
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Chapter 5

Simulation Results
In this chapter results are shown of the validation of the dissolution sub-model and case
studies results of the coke particle size sub-model. In addition to the sub-models results,
results of 2D- and 3D CFD model case studies are shown. All case studies conditions and
their parameters are outlined in chapter 4. Part of the results of the case studies have been
published earlier by Post [4–8].
The validation of the packing model is a comparison made between published measurements of packed coke beds [12, 13] and the calculation results of the packing model using
the published data.
The dissolution sub-model combines the packing model and the population balance model
which incorporates coke dissolution. The combination is necessary for calculating the
particle size distribution after dissolution in a control volume and the resulting porosity in
the control volume is then calculated using the packing model.

5.1
5.1.1

Validation of the Coke-bed Packing Model
Preliminary

It is obvious that coke particles are not spheres. The packing model, used for the calculation
of the coke bed-porosity, uses the results of the Population Balance Model (i.e. the actual
particle size distribution during dissolution). Using a packing model which uses the
cumulative interaction between discrete, non-spherical particle sizes requires calibrating
the functions describing the influence of the particle shape on packing behaviour. A more
or less general approach to translate the shape/volume of the non-spherical particle in
an equivalent parameter related to the random packing of the non-spherical particles is
introduced: equivalent packing diameter, dpi (see equation (3.38) on page 55). This
approach gives results in a generic function, which describes the interaction between two
different particles sizes as a function of their size ratio: fr and gr (see equations (3.45) and
(3.46)).
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(a) Porosities of binary coke beds.
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(b) Porosities of ternary coke beds.

Figure 5.1 – Coke bed porosities. Binary and ternary coke mixtures [12, 13].

5.1.2

Validating the Linear Packing Model using Literature Data

The packing model as proposed by Yu and Standish [15] (also see §3.2.2.3, page 55),
is an adjustment from their previous model [14] in order to accommodate non-spherical
particles. But how does this model perform when predicting (calculating) porosities of
packed coke beds?
Using data from Standish et al. [12, 13], porosities of coke beds consisting of over 50
separate mixtures with varying particle size distribution (ternary as well as binary mixtures)
were collected (see figure 5.1). To evaluate the adjusted linear packing model, the interaction functions were fitted using the collected data and then used to calculate the porosities
of the mixtures. Figure 5.2(a) and 5.2(b) show the results from the calculations. Data from
Nightingale [3] is included to show the result for a sample taken from a blast furnace with
a ‘frozen’ hearth.

(a) Calculated vs. literature data.

(b) Relative error of calculated porosities

Figure 5.2 – Calculated vs measured coke bed porosities, model validation using data from Yu and Standish
[3, 12, 13]
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Results of Dissolution Model

The dissolution model is a combination of the population balance model and the packing
model. The population balance model will calculate the dissolution of the coke particles
in a packed bed and consequently the change in particle size distribution. The packing
model will calculate the bed packing and thus the porosity of the packed bed based on the
changed particle size distribution.
Shown are results of earlier publications of Post [4, 7] in which the dissolution of a
packed bed consisting of spherical and non-spherical coke particles in a fixed volume is
tracked.

(a) Coke bed porosity change during dissolution.

(b) Change in particle size during dissolution
Figure 5.3 – Porosity and particle size during (calculated) dissolution of packed beds consisting of spherical
coke particles with different size distributions (from earlier publications of Post [6, 7]).

5.2.1

Spherical Particles Cases

Two size distributions of spherical coke particles were studied (see table 4.1). To maintain
a constant control volume the dissolved carbon is replaced, otherwise the control volume
would shrink in time. The dissolved carbon is replaced with particles having the same,
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actual, size distribution of the particles in the control volume. Over time the porosity and
particle size distribution will of course change.
The graphs in figure 5.3 and 5.4 depict the change in porosity, particle size and particle
size distribution during dissolution.
The initial porosity of the smallest distribution, as expected, has the highest value (see
figure 5.3(a)). After all, wide particle size distributions include sufficient particles small
enough to fit in the voids in-between the larger particles, thus lowering the overall porosity
of the packed system. Figure 5.3(a) shows a similar porosity evolution for the packed
bed of coke particles, both for the small and the wide particle size distribution. This is
explained by the conditions of the simulation where the dissolved coke is replaced with
particles having the same, actual, size distribution. Both particle size distributions evolve
into a distribution, with a larger part of smaller particles. The distribution develops a left
side ‘tail’.
The distribution will not convert into a monosized system, because the average size of
the particles diminishes and the larger particles transform into smaller particles, thus

(a) Change in particle size of coke particles with a narrow distribution

(b) Change in size of coke particles with a wide distribution
Figure 5.4 – Particle size distribution during (calculated) dissolution of packed beds consisting of spherical
coke particles with different size distributions [6, 7]
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sustaining the distribution. However, in representing the dissolving particles with a discrete
distribution the differences between sizes (bins) will eventually become so small that in
effect a monosized system has come into being. The porosity of both systems will become
constant, with the porosity of the system with a wide particle size distribution having the
lowest value. In the end, the porosity will shoot up to unity, since the average particle size
will diminish to zero (extreme case).

(a) Bed porosity change during dissolution

(b) Particle size during dissolution
Figure 5.5 – Porosity and particle size during (calculated) dissolution of packed beds with non-spherical
coke particles. Cases with different initial hot metal velocities.

5.2.2

Non-spherical Particles Cases

In this section, results are presented of case studies in which the dissolution of a packed
bed consisting of non-spherical coke particles in a fixed volume are monitored. The
dissolved carbon is replaced with an equal volume of coke particles having the same,
actual, particle size distribution of the particles which are dissolving. The graphs in figure
5.5 and 5.6 depict the change in porosity, particle size and particle size distribution during
dissolution. The non-spherical cases follow a pattern, more or less like the cases of the
spherical particles (see figure 5.5 and 5.6). The particle size distributions become smaller,
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the average particle size diminishes and the system with the highest hot metal velocity
evolves the quickest. Similarly as with the spherical cases, the porosity of both systems
will become constant. As with the spherical cases, in the end the porosity will shoot up to
unity because the average particle size will reach zero (in the extreme case). Although the
patterns are similar, the change in particle size distribution is different. The case with a
low melt velocity has a distinctly different distribution shape.

(a) Change in particle size distribution at low hot metal velocity

(b) Change in particle size distribution at high hot metal velocities
Figure 5.6 – Particle size distribution during (calculated) dissolution of packed beds with non-spherical
coke particles. Cases with different initial hot metal velocities.

5.2.3

Conclusions

From the simulation results with dissolution and packing model the following can be
concluded:
• Using population balance modelling it is possible to model the evolution of particle
size distribution during dissolution and thus the evolution of packed particles systems
during dissolution.
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• Replenishing the disappearing carbon with the initial particle size distribution has
the following impact:
– In all cases the porosity of the packed coke beds tends to go to a constant
porosity during dissolution.
– Depending on the starting particle size distribution the porosity of the particle
system will either drop or increase to the constant porosity. The increase or
drop in porosity depends on the evolution of the initial particle size distribution
and the packing which goes with it.
• Replenishing the disappearing carbon with particles having the actual particle size
distribution has the following impact:
– The ‘final’ model porosity depends on the initial PSD. During dissolution the
distribution of the coke particles gets smaller: since the bins have a finite size
range, the system will become monosized and thus have the initial porosity of
the monosized system as defined by the packing model.
– In the mathematical end however, all the particles will be dissolved and the
system will have unity porosity.
• In the complete CFD hearth geometry, the coke particles will come from neighbouring control volumes and it is implemented that the coke from the volume with the
highest pressure will replenish the coke in the actual control volume. It is expected
that ‘diffusion’ will take place, starting with the original coke PSD at the inlet of the
geometry.
• At a given mass influx, the porosity determines the fluid velocity through the bed
and therefore also the rate of carbon dissolution. It is important to know that for fluid
flow calculations the resistance to flow in a packed coke particles bed is determined
by its porosity (see paragraphs 3.2.3.7 and 3.2.3.8 and Ergun’s equation (3.94)).

5.3

2D Flow Simulations in a Blast Furnace Hearth

The 2D case studies were performed on a simple geometry depicting a slice of a blast
furnace hearth and results were published earlier by Post [5]. Description of the geometry
and the parameters used in the case studies are given in table 4.4 and table 4.5. Setting
up a CFD simulation in this way simulates a rectangular hearth with a slit as a ‘tap-hole’.
However, conclusions for buoyancy effects will be valid, although conclusions about flow
patterns should be treated with care.
The hot metal enters the hearth at the top of the geometry and exits on the left side through
the ‘taphole’. The simulations are divided in cases with and without cooling losses to
emphasize the effect of density variations and thus buoyancy on the results of the CFD
simulations. Dissolution of carbon into the hot metal makes the flow pattern more complex,
since hot metal containing an increasing amount of carbon will have a lower density. This
extra effect on buoyancy is shown in the paragraph with non-isothermal conditions and
carbon dissolution (§5.3.3).

5.3.1

Isothermal Cases

The isothermal cases are the cases in which the hearth has no cooling losses. The calculated
flow is the result of the pressure gradient in the geometry. This is the cumulative effect
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of ‘hydraulic’ head (gravity) and the pressure difference between inlet (4 bar) and taphole
(1 bar). Results are shown in figures 5.7(a) and 5.7(b).
The flow patterns, streamlines, show a straightforward pattern: the hot metal entering
the hearth flows directly to the taphole. No recirculating patterns are observed, and high
velocities are observed close to the tap-hole. The high fluid velocities at the taphole
are expected, since one of the conditions for the calculations is a fluid entry velocity of
0.3 mm·s−1 . This is the average fluid velocity of hot metal entering the hearth (uniformly)
with a mass flow rate of 115 kg·s−1 and a hearth diameter of 14 m.

(a) Streamlines and velocity profile in a 2D blast furnace hearth (isothermal case).

(b) Vector graph and velocity profile in a 2D blast furnace hearth (isothermal case).
Figure 5.7 – Streamlines, vector graphs and velocity profiles of 2D blast furnace hearth isothermal CFD
simulations cases [7].

5.3.2

Non-isothermal Cases

The non-isothermal cases are the cases with heat losses through the walls of the geometry:
the side walls have a constant heat loss (heat flux) of 15 kW·m−2 and the bottom has a heat
loss of 5 kW·m−2 . The same inlet conditions as for the isothermal cases, apply for these
cases. Results for the non-isothermal case are shown in figures 5.8(a) and 5.8(b).
Streamlines show a distinct pattern. Density variations caused by cooling, instigate a
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‘stagnant’ zone with low velocities and slow exchange to the ‘upper’ zone. Fresh hot metal
entering from the top will for the most go directly to the tap-hole. The hot metal entering
the lower zone, will for the most enter along the wall. This is caused by buoyancy effects
due to the cooling at the walls: the cooler hot metal, having a larger density, sinks to the
bottom. Recirculating patterns are observed and the appearance of a clear exchange layer
were hot metal from the stagnant zone ‘escapes’ to the tap-hole.
As expected, high velocities are observed close to the tap-hole.

(a) Streamlines and velocity profile.

(b) Streamlines and temperature profile.
Figure 5.8 – Streamlines, velocity and temperature profiles of blast furnace hearth 2D non-isothermal CFD
simulations cases [7].
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(a) Streamlines and velocity profile.

(b) Streamlines and temperature profile.

(c) Vector graph and carbon concentration profile.
Figure 5.9 – Streamlines, vector graphs, velocity, temperature and carbon concentration profiles of blast
furnace hearth 2D non-isothermal with carbon dissolution (CFD) simulations cases [7].
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Non-isothermal Carbon Dissolution Cases

In the non-isothermal carbon dissolution cases, there are heat losses at the wall (15 kW·m−2 )
and at the bottom (5 kW·m−2 ). Also carbon dissolution is implemented where the carbon
dissolution rate is dependent on the hot metal velocity. Buoyancy effects because of density
variations caused by temperature and composition variations are also calculated. Results
for the non-isothermal case with carbon dissolution are shown in figures 5.9(a), 5.9(b) and
5.9(c).
Streamlines show the same distinct pattern, similar to the non-isothermal case without
carbon dissolution. As in that case, density variations caused by cooling, create a low
velocity zone and hence a slow exchange with the ‘upper’ zone. The results also show
that most of the fresh hot metal entering from the top will go directly to the tap-hole. At
the far side of the tap-hole hot metal enters the lower zone along the wall. This can be
concluded from the relative lower carbon concentration area for the low velocity zone at
the far side from the tap-hole. This transport of fresh hot metal to the lower zone is induced
by buoyancy effects due to cooling at the walls. Cooling causes an increase of the density
of the hot metal, which causes the hot metal to ‘sink’ to the lower part of the hearth. The
carbon concentration is higher to the far left in the lower zone. This is caused by longer
residence times in the lower zone. The buoyancy effect of a higher carbon concentration,
and thus lower density of the hot metal, can be observed by the upward movement of hot
metal in the lower zone. The lower hearth zone is roughly divided in two zones: one with
high residence time and high carbon concentration and one with lower residence time and
lower carbon concentration. This ‘division’ is caused by the introduction of ‘fresh’ hot
metal in the lower zone: the downwards flow of hot metal at the far wall across the taphole.
Familiar recirculating patterns and the appearance of a clear exchange layer are observed.
The exchange layer is the place where the hot metal from the lower zone flows to the
tap-hole. High velocities are observed close to the tap-hole.

5.3.4

Conclusions

Although the results of the 2D simulations have to be treated with care, the main conclusions
for these 2D results are that density variations caused by variations in hot metal temperature
and hot metal composition, have a large impact on buoyancy and thus flow and one can
conclude that
• Stagnant zone exists with low hot metal velocity and consequently long residence
times.
• Zones exist with high and low carbon concentration respectively (figure 5.9).
• Fresh hot metal will flow preferentially to the tap-hole.
• Long residence times are the main factor for higher carbon concentrations in the
stagnant zone.
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In this section the results are presented of 3D flow simulations. The results are divided
into cases with carbon dissolution and cases without carbon dissolution. Also cases were
done per carbon dissolution case, with uniform and distributed hot metal flow at the inlet
of the geometry. Outlines of these cases are given by table 4.6 and table 4.7. All cases
have heat loss implemented at the walls of 15 kW·m−2 and bottom of 5 kW·m−2 of the
geometry. Furthermore, all cases are steady state cases. Parts of these paragraphs have
been published earlier by Post [5, 6, 8].
To highlight the differences in results between the cases, each case is illustrated with the
same type of figures:
• One hour away from the taphole These figures illustrate at which point fluid
elements are when they are one hour away from the taphole. In order to create the
figure streamlines are generated from the taphole exit area into the hearth. At the
point where the remaining residence time is one hour, spheres are placed on the
streamlines. The colouring of the spheres is indicative for the hot metal velocity,
which can be read from the bar next to the graph.
• Streamlines These figures show the path of streamlines which originate from the
inlet area. Depending on the case, the streamlines can take an extremely convoluted
path to the taphole or “end” somewhere in the hearth. This abrupt “ending” of the
streamline is a choice made when generating the streamlines: at a maximum of
8 hours residence time or 8 hours along the streamline the generation is halted in
order to cut down computation time. Often streamlines with long residence times
end up in areas which have circulatory flow and slow material exchange.
• Hot metal velocity The hot metal velocity is shown by colouring three intersections and the wall areas. Because the CFD simulations are all done with “no-slip”
condition at the boundaries (not at the inlet or outlet), the velocity is zero at the wall
and bottom. To visualize the velocity nearby the wall and bottom, it is shown on the
area 1 cm inwards from the wall and bottom. The three intersections chosen are two
planes going through the taphole, one parallel to the bottom and one perpendicular
to that plane, and one plane perpendicular to the taphole. To guide the eye velocity
vectors with their origin on the intersections, are perpendicularly projected on the
chosen planes. The length of the vector is a relative measure of the velocity.
• Hot metal temperature Like with the figures of the hot metal velocity, the
figures of the hot metal temperature show the temperature by colouring the same
intersections and wall and bottom areas. Also to guide the eye, projected velocity
vectors are also shown in those planes.
• Residence time In order to keep track how long each fluid element is on its way
to the taphole, an extra variable is created that is incremented each second. As with
the figures of hot metal velocity and temperature, the same planes and areas are used
to show in colouring what the distribution of the residence time is in the hearth for
the different cases.
• Carbon concentration For the cases with carbon dissolution, the carbon concentration in the hot metal is shown in these figures, as with the hot metal velocity
figures, by colouring the planes, wall and bottom. Also shown in these figures are
the projected velocity vectors.
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• Carbon dissolution rate In order to identify the vulnerable areas in the hearth,
it is of importance to know where the areas are with high carbon dissolution rates.
If the blast furnace hearth is protected by carbon containing refractory, then in
those areas high refractory degradation is to be expected. For the cases with carbon
dissolution, the carbon dissolution rates are shown in the figures by colouring the
same planes, the wall and bottom areas as in the figures showing the hot metal
velocity. Also here the projected velocity vectors are shown ont he planes.
The figures, which illustrate the case results, depict an eagle’s eye view of the blast furnace
hearth, where the taphole is located at far left-top corner of the figure. The taphole is
easily identified by the high velocities (red colouring in the figures showing the hot metal
velocity).

5.4.1

Uniform vs Distributed Inflow

In §4.5.5 is explained why these simulation cases with different inflow distributions are
done: in an ironmaking blast furnace a large part of the liquid enters the hearth through a
ring with a width of approximately 1 - 2 m located at the perimeter of the bird’s nests in
front of the tuyeres (figure 4.10). This was measured by Gauje [1, 2] and mentioned by
Preuer [9–11]. In order to assess the impact of the distribution of hot metal at the inlet of
the hearth, a wide variation in distribution is assumed in the cases.
In this paragraph figures are shown with the results for uniform vs distributed hot metal
inflow cases. Cases are shown with (a) uniform inflow, (b) 80% and (c) 0% of the mass
inflow through the outer ring (100% through inner circle). The cases are subdivided in the
following paragraphs for cases with and without carbon dissolution.
5.4.1.1

Cases with no Carbon Dissolution

In the cases discussed here, there is no carbon dissolution from the coke into hot metal
implemented in the model. Buoyancy effects are solely the result of thermal density
variations of the hot metal. These density variations are the result of temperature variations
of the hot metal, caused by heat losses along the wall and bottom. Since there is no
carbon dissolution, the porosity and packing of the coke bed is taken as constant across the
hearth.
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Figure 5.10 – No carbon dissolution: streamlines from the outlet into the interior of the hearth for the
uniform flow case, spheres indicate 1 hour residence time away from the tap-hole. Colouring indicates hot
metal velocity.

One Hour away from the Taphole In figures 5.10, 5.11 and 5.12 streamlines are shown
for the different inflow cases. The streamlines are generated from the taphole back into
the hearth. In the figures, spheres on the streamlines indicate the position from where it
will take 1 hour to reach the taphole. The streamlines will indicate the pathways taken by
the hot metal and the spheres and will point to the areas where the hot metal is coming
from. The clustering and arrangement of the spheres will also indicate where the velocity
distribution, or length of the paths taken.
For the uniform inflow case, the positions of the spheres are uniformly clustered around
the taphole and are an indication that the hot metal, which is 1 hour away from the taphole,
has its origins nicely distributed in the hearth. The colouring of the spheres, a measure of
the velocity, does not differ much between the different positions which partly explains the
nice clustering of the spheres.
For the distributed inflow cases the patterns are quite different. The hot metal close to the
wall, has its one-hour-away-from-the-taphole-spheres much closer to the taphole.

Figure 5.11 – No carbon dissolution: streamlines for the 80% hot metal inflow case (through the ring).
Streamlines go from the outlet into the interior of the hearth for the non-uniform inflow cases, spheres
indicate 1 hour residence time away from the tap-hole. Colouring indicates hot metal velocity.
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This is more pronounced for the case with 80% hot metal inflow through the outer ring.
Spheres closer to the taphole means either a lower local hot metal velocity or a longer
distance to cover. The shape of the streamlines shows that there are vortices along the wall,
directed towards the taphole. The hot metal, represented by these streamlines with vortices,
follows the path of the vortices. This means that in these cases, with positions near the
wall, the line-of-sight distance from taphole to the spheres is shorter.

Figure 5.12 – No carbon dissolution: streamlines for the 0% hot metal inflow case through the outer
ring (or 100% through inner circle). Streamlines go from the outlet into the interior of the hearth for the
non-uniform inflow cases, spheres indicate 1 hour residence time away from the tap-hole. Colouring
indicates hot metal velocity.

Streamlines Figures 5.13, 5.14 and 5.15 show streamlines which are generated with
their origin at the inlet.

Figure 5.13 – No carbon dissolution: streamlines from the inlet into the interior of the hearth for the
uniform inflow case. Colouring indicates hot metal velocity.

The figures clearly show, in all cases, circulatory flows along the walls. The cause is
that the hot metal enters the hearth at the wall, is cooled, gets denser and will therefore
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flow downwards, towards the bottom. At the bottom the hot metal is redirected and will
eventually give rise to a circulatory flow. In all cases higher velocities are seen along the
walls. Compared to the distributed inflow cases, the overall velocities in the case with
uniform hot metal inflow are lower because of the lower amount of hot metal entering the
hearth at the wall.

Figure 5.14 – No carbon dissolution: streamlines for the 80% hot metal inflow case (through the outer
ring). Streamlines go from the inlet into the interior of the hearth, colouring indicates hot metal velocity.

The distribution of the streamlines for the uniform inflow case is more regular compared to
the distributed inflow case, which is also explained by the fact that less hot metal enters
at the wall causing a lower amount of circulatory flow. The effect of changing amount
of inflow at the wall can also be seen in the diameter of the convolutions created by the
circulatory flow.

Figure 5.15 – No carbon dissolution: streamlines for the 0% hot metal inflow case through the outer ring
(or 100% through inner circle). Streamlines from the inlet into the interior of the hearth, colouring indicates
hot metal velocity.
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Figure 5.16 – No carbon dissolution: velocity profile and vector graph for the uniform inflow case.
Colouring and vector length indicate hot metal velocity.

Hot Metal Velocity In figures 5.16, 5.17 and 5.18 the hot metal velocity is shown. In
each figure the wall and two planes are shown: the colouring indicates the hot metal
velocity at the wall, at the vertical plane through the taphole and at the horizontal plane
at the same height as the taphole. Furthermore, vectors are shown on the vertical plane,
showing the projected direction and velocity (vector length) of the hot metal.

Figure 5.17 – No carbon dissolution: velocity profile and vector graph for the 80% hot metal inflow case
(through the outer ring). Velocity profiles and vector graph, colouring and vector length indicate hot metal
velocity.

The figures give a good indication of the velocity distribution in the hearth during tapping.
The areas with the highest hot metal velocities are around the taphole and at the junction
between the wall and the bottom. At the taphole the hot metal flow is accelerated because of
the small cross section of the taphole, causing high velocities near and in the taphole. High
velocities at the corner between wall and bottom are caused by downwards acceleration of
the flowing hot metal. This acceleration is induced by an increase in density of the metal
because of the heat losses.
117

5.4. 3D Flow Simulations in a Blast Furnace Hearth

5. Simulation Results

Figure 5.18 – No carbon dissolution: velocity profile and vector graph for the 0% hot metal inflow case
through the outer ring (or 100% through inner circle). Velocity profiles and vector graph, colouring and
vector length indicate hot metal velocity.

Hot Metal Temperature In figures 5.19, 5.20 and 5.21 the hot metal temperature is
shown. In each figure, as in the velocity figures, the wall and two planes are shown: the
colouring indicates the hot metal temperature at the wall, at the vertical plane through the
taphole and at the horizontal plane at the same height as the taphole. Furthermore vectors
are shown on the vertical plane showing the projected direction and velocity (vector length)
of the hot metal.

Figure 5.19 – No carbon dissolution: hot metal temperature profile and vector graph for the uniform inflow
case.

When comparing the temperatures in figures 5.19, 5.20 and 5.21, the case with uniform
inflow shows the highest temperatures. The temperature differences are not high: in the
order of 10◦C - 15◦C. This can be explained by looking at the residence time during
tapping of the hot metal in the hearth (see also figures 5.22, 5.23 and 5.24). For the case
with distributed inflow the residence time of the hot metal is higher and has therefore more
to time to cool. Wall cooling and bottom cooling cause the temperature of the hot metal to
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drop.

Figure 5.20 – No carbon dissolution: hot metal temperature profile and vector graph for the 80% hot
metal inflow case (through the outer ring). Temperature profiles and vector graph, colouring indicates
temperatures. Length of vectors indicates hot metal velocity.

Figure 5.21 – No carbon dissolution: hot metal temperature profile and vector graph for the 0% hot metal
inflow case through the outer ring (or 100% through inner circle). Temperature profiles and vector graph,
colouring indicates temperatures. Length of vectors indicates hot metal velocity.
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Figure 5.22 – No carbon dissolution: residence time and vector graph for the uniform inflow - case.

Residence Time In figures 5.22, 5.23 and 5.24 the residence time is shown for the the
three different cases of inflow. The uniform inflow case shows, on average, the shortest
residence time, followed by the case with 100% hot metal inflow through the centre. The
case with 80% hot metal inflow through the outside annular region has the highest residence
times. The case which has the highest inflow and flow along the walls also has the highest
amount of vortices of the hot metal streamlines, which indicates that hot metal in some
regions have longer path to the taphole. The effect of the more circulatory paths to the
taphole is visible: the residence time of the hot metal in the hearth is longer. This effect
explains the effects which can already be seen from the temperature figures (figures 5.19,
5.20 and 5.21) where in, those cases, the temperature of the hot metal is lower, because of
the extended cooling time.

Figure 5.23 – No carbon dissolution: residence time and vector graph for the 80% hot metal inflow case
(through the outer ring). Residence time and vector graph, colouring indicates amount of residence time,
length of vectors indicates hot metal velocity.
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Figure 5.24 – No carbon dissolution: residence time and vector graph for the 0% hot metal inflow case
through the outer ring (or 100% through inner circle). Residence time and vector graph, colouring indicates
amount of residence time, length of vectors indicates hot metal velocity.
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Cases with Carbon Dissolution

In this section results are shown of simulation cases where the hearth not only has heat
losses through the wall and bottom, but also where carbon dissolution occurs. In the
simulations the carbon source is the coke bed and the dissolution also changes the particle
size distribution of the coke. The changed particle size distribution is translated to a
changed packing and porosity of the coke bed, which in turn impacts the hot metal flow
through the coke bed. This is in contrast to the simulations where no carbon dissolution is
simulated. In those simulations a constant porosity is assumed across the coke bed in the
hearth. In contrast to the 3D cases the 2D simulations with carbon dissolution have a coke
bed which has a constant porosity (see paragraph 5.3.3).
In the model not only carbon dissolution of the coke bed is implemented, but also carbon
diffusivity in the hot metal. The implemented carbon dissolution rate is dependent on hot
metal velocity, carbon content of the hot metal, available coke surface area and temperature.
The temperature, for example, determines what the saturated carbon content is of hot metal.
The implementation of carbon diffusivity in hot metal means that transport of carbon, next
to convection, also occurs because of diffusion. The rate of carbon diffusivity implemented
in these cases, is 10−5 m2 ·s−1 .
The dissolution of carbon is an endothermic reaction and the heat of dissolution of carbon
is also implemented in the model: 15 kJ·mol−1 . Furthermore, heat losses through wall and
bottom are implemented in the model: heat losses through the wall are 15 kW·m−2 and the
heat losses through the bottom are 5 kW·m−2 . In tables 4.6 and 4.7 (pages 97 and 99) a
complete overview is given of the parameters and the different scenarios for the cases used
in the simulations.
A selection of graphs, typical for the results of uniform vs distributed hot metal inflow,
are shown in the figures. These cases illustrate the additional effects of carbon dissolution
on hot metal flow patterns in the hearth of a blast furnace (compared to the cases without
carbon dissolution). The main causes for the differences in flow pattern is the effect on
buoyancy when carbon dissolves in hot metal and the pattern of hot metal inflow. Hot
metal containing carbon has a lower density, which will counteract the effect of cooling on
the density of hot metal.
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One Hour away from the Taphole In figures 5.25, 5.26 and 5.27 hot metal streamlines
are shown for the different inflow cases discussed. As is in the case with no carbon
dissolution, these streamlines are generated from the taphole back into the hearth. Also
in these figures, spheres on the streamlines indicate the position from where it will take
1 hour to reach the taphole.
For the uniform inflow case, the positions of the spheres are predominantly placed along
the wall and are an indication that the hot metal, which is 1 hour away from the taphole, has
its origins mostly from the areas along the wall. The colouring of the spheres is a measure
of the velocity and has the same scaling as in the figures of the cases with no carbon
dissolution: on average the hot metal velocity is higher compared to those cases.

Figure 5.25 – With carbon dissolution: streamlines from the outlet into the interior of the hearth for the
uniform inflow case, spheres indicate 1 hour residence time away from the tap-hole. Colouring indicates
hot metal velocity.

Figure 5.26 – With carbon dissolution: streamlines for the 80% hot metal inflow case (through the ring).
Streamlines go from the outlet into the interior of the hearth for the non-uniform inflow cases, spheres
indicate 1 hour residence time away from the tap-hole. Colouring indicates hot metal velocity.
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Figure 5.27 – With carbon dissolution: streamlines for the 0% hot metal inflow case through the outer
ring (or 100% through inner circle). Streamlines go from the outlet into the interior of the hearth for the
non-uniform inflow cases, spheres indicate 1 hour residence time away from the tap-hole. Colouring
indicates hot metal velocity.

The figures show the occurrence of convoluted flow along the walls and the existence of
completely developed vortices. The amount of convolution depends on the type of hot
metal inflow and on the amount of hot metal entering along the wall.
The occurrence of these vortices is caused by the opposite effects on buoyancy of carbon
dissolution in hot metal and the cooling of hot metal. Increase in carbon content will lower
the density of hot metal, while a decrease in temperature will increase the density of hot
metal.
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Streamlines Figures 5.28, 5.29 and 5.30 show hot metal streamlines which are generated
with their origin at the inlet. Comparable to the figures with streamlines generated from
the taphole, these figures show in all cases circulatory flows along the walls. Contrary to
the cases without carbon dissolution, complete vortices along the wall can also be seen
along the wall. As explained earlier, this effect originates from the cooling down of the hot
metal at wall and bottom and from carbon dissolution, which causes a higher and lower
hot metal density respectively, thus causing opposite buoyancy effects.

Figure 5.28 – With carbon dissolution: streamlines from the inlet into the interior of the hearth for the
uniform inflow case. Colouring indicates hot metal velocity.

Figure 5.29 – With carbon dissolution: streamlines for the 80% hot metal inflow case (through the outer
ring), colouring indicates hot metal velocity.

Like with the other cases, high hot metal velocities along the walls can be observed.
Streamlines in the uniform inflow case are now not evenly distributed: the streamlines
form a pattern - more or less - comparable with the distributed inflow case. The streamlines
for the distributed cases show the mentioned circulatory patterns, where the amount of
convolution depends on the amount of hot metal inflow along the wall. The special,
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unrealistic case with no hot metal inflow along the wall, shows the occurrence of complete
vortices in the middle of the hearth, which has its effect on carbon dissolution and hot
metal velocity distribution.

Figure 5.30 – With carbon dissolution: streamlines for the 0% hot metal inflow case through the outer ring
(or 100% through inner circle). Colouring indicates hot metal velocity.

126

5. Simulation Results

5.4. 3D Flow Simulations in a Blast Furnace Hearth

Hot Metal Velocity In figures 5.31, 5.32 and 5.33 the calculated hot metal velocity of
the three cases are shown. The velocity patterns in the horizontal planes of the figures, are
created by the pattern of vortices of the hot metal streamlines. For all the different inflow
cases complete vortices and high relative high velocities are seen at the wall and at the
corner with the bottom. These higher velocities impacts o.a. the carbon dissolution rate
and the residence time. These effects are of course localised.
In figure 5.31 the uniform inflow case with carbon dissolution shows relative high hot
metal velocities. This leads to lower residence times (see figure 5.34) and consequently
lower carbon concentrations (figure 5.40). This can be explained that although at higher
velocities there is an increase in mass transfer, the decrease in residence time lowers
the time available to dissolve more carbon. Higher velocities also mean that the local
volumetric flow is higher, which causes a larger dilution of the dissolving carbon.

Figure 5.31 – With carbon dissolution: velocity profile and vector graph for the uniform inflow case.
Colouring and vector length indicate hot metal velocity.

Figure 5.32 – With carbon dissolution: velocity profile and vector graph for the 80% hot metal inflow case
(through the outer ring). Velocity profiles and vector graph, colouring and vector length indicate hot metal
velocity.
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On the other hand, in the standard case with 80% of hot metal inflow at the outer ring
(figure 5.32 areas can be seen with low hot metal velocities

Figure 5.33 – With carbon dissolution: velocity profile and vector graph for the 100% hot metal inflow
case through the the centre, colouring indicates hot metal velocity.

The special case with all hot metal inflow through the middle, shows the effect of the
multitude of vortices on the velocity distribution of the hot metal. The vertical intersection
shows clearly the circle-like paths the hot metal takes when it is part of one of the vortices.
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Residence Time In figures 5.34, 5.35 and 5.36 residence times for the 3 types of cases
are shown. Clearly visible are the higher residence times of the distributed case where
80% of the hot metal inflow is through the outer ring. Distinct areas with high residence
times are visible. These areas correspond with areas with a large amount of circulatory
flow or slow exchange rates and consequently have high carbon concentrations, and low
temperatures (figures 5.41, 5.32 and 5.38).

Figure 5.34 – With carbon dissolution: residence time and vector graph for the uniform inflow case. Length
of vectors indicate hot metal velocity.

Figure 5.35 – Residence time and vector graph for the 80% hot metal inflow case (through the outer ring).
Length of vectors indicate hot metal velocity.

The combination of two opposite effects on buoyancy is seen here: lower density because
of an increase in carbon concentration and a higher density because of cooling. It is clear
that areas with high hot metal residence times are the result of the length of the path the
hot metal takes on its way to the taphole. Circulatory flow, means long pathways and thus
longer residence times. The impact of this can be seen in carbon concentration (high),
temperature (lower, because of longer cooling times).
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Figure 5.36 – Residence time and vector graph for the 100% hot metal inflow case through the centre.
Length of vectors indicate hot metal velocity.
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Hot Metal Temperature Hot metal temperature profiles for the three hot metal inflow
cases are shown in figures 5.37, 5.38 and 5.39. Lower velocities (figure 5.31) and longer
residence times (figure 5.34) create a lower temperature profile for the case with most of
the hot metal inflow through the outer ring shaped area at the wall. Longer cooling of the
hot metal is the cause that the overall temperature is lower for the case with 80% inflow in
the outer ring at the top of the hearth.
Another effect effect, which will lower the hot metal temperature, is the dissolution of
carbon into hot metal. To dissolve a mol of carbon 15 kJ of energy is consumed.

Figure 5.37 – With carbon dissolution: hot metal temperature and vector graph for the uniform inflow case.
Length of vectors indicate hot metal velocity.

Figure 5.38 – With carbon dissolution: hot metal temperature and vector graph for the 80% hot metal
inflow case (through the outer ring). Length of vectors indicate hot metal velocity.
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Figure 5.39 – With carbon dissolution: hot metal temperature and vector graph for the 0% hot metal inflow
case (100% through the centre). Length of vectors indicate hot metal velocity.
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Carbon Concentration Carbon concentration profiles for the all the case types are seen
in figures 5.40, 5.41 and 5.42. Areas with high and low concentrations can be seen. High
carbon concentration areas are consistent with low hot metal velocity, long residence times,
low temperatures. The distribution of the carbon content highly depends on the hot metal
flow pattern in the hearth and the residence time. It has been already concluded that the
two counteracting effects on buoyancy of temperature and carbon content are the main
causes of the complex flow patterns.

Figure 5.40 – With carbon dissolution: carbon concentration and vector graph for the uniform inflow case.
Vector length indicates hot metal velocity.

Figure 5.41 – With carbon dissolution: Carbon concentration and vector graph for the 80% hot metal
inflow case (through the outer ring). Vector length indicates hot metal velocity.
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Figure 5.42 – With carbon dissolution: Carbon concentration and vector graph for the 100% hot metal
inflow case through the centre. Vector length indicates hot metal velocity.
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Carbon Dissolution Rate figures 5.43, 5.44, 5.45, 5.46, 5.47 and 5.48. The areas where
the fastest dissolution take place can be seen in figure 5.43. At these places the dissolution
is sometimes so fast that the replacement of coke cannot keep up and at steady state these
areas will not have any coke left. When the refractory also contains carbon, it is expected
that the quickest refractory degradation will occur on places where the dissolution rate is
the highest. The figure shows a ring shaped area at the corner between wall and bottom.
This area is consistent with the observation of a so-called “elephant’s foot”, a doughnut
shaped area where degradation (dissolution) of refractory has taken place in hearths of
blast furnaces. This condition is typical for blast furnaces which have been many years in
operation.
The discussion of the effect on the final remaining coke volume distribution is done in
paragraph 5.4.2, “Residual Coke Volume Fraction”.

Figure 5.43 – With carbon dissolution: carbon dissolution rates for the uniform inflow case. Length of
vectors indicate hot metal velocity.

Figure 5.44 – With carbon dissolution: carbon dissolution rates for the uniform inflow case, with horizontal
intersection. Length of vectors indicate hot metal velocity.

Carbon dissolution rate distribution for the all the case types are seen in
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Figure 5.45 – With carbon dissolution: carbon dissolution rates for the 80% hot metal inflow case (through
the outer ring). Length of vectors indicate hot metal velocity.

Figure 5.46 – With carbon dissolution: carbon dissolution rates for the 80% hot metal inflow case (through
the outer ring), with horizontal intersection. Length of vectors indicate hot metal velocity.

Depending on the case, circular areas near the bottom can be found, where the dissolution
rates are relatively high. The wall areas show in all case relatively high carbon dissolution
rates. In these areas the downwards hot metal velocity is high, caused by the density
increase of the hot metal. This is caused by the cooling losses at the wall.
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Figure 5.47 – With carbon dissolution: carbon dissolution rates for the 100% hot metal inflow case through
the centre. Length of vectors indicate hot metal velocity.

Figure 5.48 – With carbon dissolution: carbon dissolution rates for the 100% hot metal inflow case through
the centre, with horizontal intersection. Length of vectors indicate hot metal velocity.

Conclusions and summary of the 3D simulations results The results of the three types
of cases of the 3D simulations all show:
• Occurrence of more or less convoluted flow patterns or even complete vortices, is
heavily influenced by the distribution of the inflow of hot metal.
• The opposite effects of carbon dissolution into hot metal and cooling of hot metal
have a strong effect on the occurrence of circulatory flow patterns.
• High hot metal velocities are calculated near the cooled walls, caused by an increase
in hot metal density which generates a downwards hot metal flow near the wall.
• The flow patterns strongly influences the height and distribution of the hot metal
temperature, the height and distribution of the carbon dissolution rate and the amount
and distribution of the carbon content.
• The value and distribution of the residence time is the consequence of the complex
flow patterns.
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Hot metal flow, carbon dissolution rate, hot metal carbon content, cooling losses and hot
metal temperature all influence each other. Either they impact the buoyancy effects (carbon
content, cooling losses), the carbon dissolution rate (velocity, carbon content, residence
time), or residence time (occurrence of circulatory flow patterns).
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Residual Coke Volume Fraction

In figures 5.49, 5.50 and 5.51 the residual amount of coke at steady state is shown. The
term ‘coke volume fraction’ is defined as the amount of coke present in the total (local)
volume. Most notable are the areas were all the coke has dissolved: near the walls and
near the taphole. This is caused by the high hot metal velocities in those areas. High hot
metal velocities increase the mass transfer between coke and hot metal and thus the carbon
dissolution rate. In those areas the replacement of coke is not quick enough to replenish all
the dissolved carbon. At the end, at steady state, all the coke in those areas is dissolved.

Figure 5.49 – Residual coke volume at steady state. Bird’s eye view. Colouring indicates remaining coke
volume fraction.

Although different cases with different boundary and starting conditions were calculated,
the calculated residual amount of coke did not differ significantly between cases. The most
probable cause is the implemented coke replacement mechanism when calculating the
coke dissolution in a control element in the dissolution model. Not only the particle size
distribution of the neighbouring control volumes is used, but also the pressure gradient is
used in order to choose from where the replacement coke should come. The idea is that the
initial particle size distribution would ‘diffuse’ into the hearth and would eventually reach
steady state. While ‘diffusing’ the particles would dissolve. Probably a better choice for
choosing the replacement coke, is the net force direction. This includes buoyancy forces
and pressure effects. For future versions of this model, it is recommended to use a DEM
model to calculate the migration of the particles.
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Figure 5.50 – Residual coke volume at steady state. Cross section through taphole. Colouring indicates
remaining coke volume fraction.

Another issue is the enormous difference in scale for the different variables, which makes
it difficult to assess steady state. For example, velocities range from mm·s−1 to m·s−1 .
For the mass balance a small error does not necessarily mean that locally the dissolution
has reached steady state. Because the carbon concentration is just a few mass %, local
dissolution conditions which are not at steady state will not cause large variations in the
hot metal output. Steady state in all cases was deemed reached when all balances (mass,
energy, pressure) had a small error.

Figure 5.51 – Residual coke volume at steady state. Top view. Colouring indicates remaining coke volume
fraction.
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Conclusions

3D flow simulations of hot metal in the hearth of a blast furnace were done. The case
studies consisted of flow simulations with changing local porosity, with and without carbon
dissolution, with cooling losses through the wall and bottom and cases in which the hot
metal inflow in the hearth was either uniform or distributed.
The main conclusions are:
• The heat losses or cooling at the wall have a strong effect on buoyancy. For all
cases (except the isothermal cases) high downwards directed liquid velocities are
calculated at the wall.
• Complete vortices are formed along the wall. Depending on the case (amount of
inflow in the outside ring) these vortices have more or less convolutions, creating
longer or shorter pathways for the flow to the taphole. Cases with highly convoluted
vortices have therefore longer residence times.
• The mechanism of vortex formation for the carbon dissolution cases is the combined
counteracting effect of increasing hot metal density because of heat losses, and
decreasing density of the hot metal because of increasing carbon content.
• The mechanism of vortex formation for the cases without carbon dissolution, is
the increase in density of the hot metal because of the heat losses. The downwards
flowing hot metal at the wall will bear off to the centre when it reaches the bottom,
where it will meet a similar opposite directed flow. The resulting flow is directed
upwards and a vortex is created.
• For cases with carbon dissolution, areas are formed where the carbon concentration
is high, the liquid velocity is low or almost nil and consequently the residence time
is long. These areas are almost stagnant compared to other areas.
• Areas without coke are created near the wall, near the taphole and near the corner of
the wall and bottom of the hearth. These areas have high hot metal velocities. Carbon
concentration here will not reach saturation easily because of the fast replenishment
of hot metal. Consequently the hot metal has a lower carbon concentration in these
areas. Therefore, combined with the high hot metal velocities these areas show high
carbon dissolution rates. High enough to create areas without coke.
• The results of the remaining amount of coke for all the carbon dissolution cases are
similar. It is very probable, but not supported by the mass balances, that the carbon
dissolution did not reach steady state.
• The shape of areas with high carbon dissolution rates correspond to the shape of the
degraded refractory, the ‘elephant foot’, found in blast furnace hearths after long
periods of operation.
• Longer hot metal residence times result in lower average hot metal temperatures and
higher average carbon content in hot metal.
• It is expected that the form of the streamlines will be quite different for cases where
the hearth has multiple tapholes, which are opened in turn.
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Chapter 6

Particle Dissolution
Experiments
To assess the effect of dissolving particles on a packed bed, an experimental setup was
needed to measure the effect on the properties of the packed bed during dissolution. In the
setup a fluid flow through a packed bed had to dissolve the particles in the bed. During
dissolution, properties such as fluid flow, dissolution rate, pressure drop, bed height and
final particle size distribution were to be measured.
One of the preconditions was that the setup should be easy to monitor. Therefore a water
soluble solid acid was chosen, which also could easily be moulded into spheres: benzoic
acid. Benzoic acid is an organic acid. It is solid at room temperature and slightly soluble in
water. The solubility in water makes it possible to monitor the dissolution by measuring the
change in acidity (pH) of the water. Benzoic acid has a melting point of 122.4◦C making it
possible to cast spheres from molten benzoic acid using a mould.
The preparations for each experiment were quite labour intensive. The melting and casting
of the benzoic acid spheres for an experiment took about two weeks. Careful handling was
necessary to ensure safe execution of the casting. The dissolution experiment itself took
about 1-2 weeks to execute. Complete dissolution took about two weeks.
Part of the results of this chapter have been published earlier by Post [2].
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Benzoic Acid*
Material Properties

Benzoic acid (C7 H6 O2 or C6 H5 COOH) is an organic acid. It is an aromatic carboxylic
acid and a colourless crystalline solid at room temperature.
O
C
OH



TTT
T

T
T



Figure 6.1 – Benzoic acid

Benzoic acid is named after its long time only source, gum benzoin. Gum benzoin is an
aromatic balsamic resin originating from trees of the genus Styrax [3]. Benzoic acid also
occurs naturally in many plants [4]. Salts of benzoic acid serve as food preservatives, are
constituents of ointments for treatment of fungal skin diseases and are used in antiseptics.
Benzoic acid is also a raw material for the industrial synthesis of many other organic
substances, for example,
• Phenol (precursor for cyclohexanol, the raw material for nylon [1]).
• Plasticisers.
Benzoic acid has a low solubility in water, which makes for a slow dissolution rate. Some
data of its solubility in water and organic solvents are tabulated in tables 6.1 and 6.2.
Table 6.1 – Solubility of benzoic acid in water
at different temperatures

Table 6.2 – Solubility of benzoic acid in different organic solvents

g/100g at ◦C

g/100g

0.17
0.29
0.60
1.20
2.75
6.85

0
20
40
60
80
95

Acetone
Benzene
Tetrachloromethane
Ethanol (absolute)
Hexane (17◦C)
Methanol (23◦C)
Toluene

55.60
12.17
4.14
58.40
0.94
71.50
10.60

Some other properties of benzoic acid worth mentioning, are its molecular mass of
122.12 g·mol−1 , its boiling point of 250◦C, but most notably is its sublimation point
of 100◦C. The sublimation point of 100◦C makes it mandatory to process the melting and
casting of benzoic acid in a fume cupboard. During heating up the benzoic acid crystals
will start to sublimate at 100◦C. The fumes will turn to solid and deposit on airborne dust
* An

extensive description of the properties, manufacturing and usage can be found in [1].
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particles as soon as they cool down below 100◦C, creating glittering clouds of benzoic
acid crystals.

6.1.2

Casting the Benzoic Acid Spheres

To make the benzoic acid spheres, the crystals were melted and a mould was used to cast
spheres from the molten acid. This idea is not new. In 1963 Williamson et al. [6, 7] used
this same method to make benzoic acid spheres in order to investigate mass transfer ratios
during dissolution in packed beds (see figure 6.2).

(a) Old idea [6]

(b) Inspired by old ideas

Figure 6.2 – Benzoic acid spheres moulds, old and new

Initial tests were performed using a small mould with which only a few spheres could be
cast. With those spheres a few dissolution tests were done (see figure 6.3). The diameter
of the benzoic spheres from the final mould was 20 mm.

(a) Small test mould

(b) Dissolution test result of a single sphere

Figure 6.3 – Results from explorative casting and dissolution tests

6.2
6.2.1

Experimental Lay-out
Reactor

The reactor is a clear, acid resistant, perspex tube with an internal diameter of 0.29 m
and a height of 1.0 m (see figure 6.4(b)). It is divided in several sections separated by
perforated perspex plates. These sections can individually be dismounted to access the
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sections internally. The perforated plates act as diffusors, whose purpose is to even out
non-uniform flow distribution of the water before it enters the packed bed.
In figure 6.4(c) the schematic lay-out of the reactor is shown. In the mid-section of the tube
three layers are put on top of each other. Layers (1) and (3) consist of ceramic spheres, layer
(2) consists of benzoic acid spheres. The function of the top ceramic spheres layer (1) is to
even out irregularities in flow and to prevent the benzoic spheres from floating upwards. It
also has to quicken the settling of the dissolving particles in the packed bed.

(a) Empty reactor

(b) Reactor with packed
spheres layers

(c) Schematic of packed bed reactor

Figure 6.4 – Experimental packed bed reactor with dissolving spheres

In the top section tap water is pumped in and the level of water is kept constant by using
an overflow. In an earlier version of the reactor, the water was pumped in directly without
the use of an overflow. During the first pilot experiments, using the earlier version of
the reactor, non-uniform dissolution took place on the far side of the inlet of the reactor
(see figure 6.5). CFD calculations showed a flaw in the layout, which created a large area
of recirculation just above the place where the fastest dissolution took place (see figure
6.6).

Figure 6.5 – Non-uniform dissolution during pilot tests

Using an overflow the total hydraulic head is kept as constant as possible, although variation
occurs with varying temperatures. With the hydraulic pressure as the driving force, water
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(a) Pressure measurements

(b) Temperature measurement

Figure 6.7 – Pressure and temperature measurements

flows through the packed bed to the opening at the bottom of the reactor. The dimensions
of the outlet are chosen in such a way that it has a large resistance to flow compared
to the packed bed. The idea behind this setup is that the total flow of water is mainly
determined by the resistance of the outlet. Consequently, all pressure drop and water
velocity variations in the packed bed will be caused by the changing properties of the bed
during an experiment. The dissolution of the benzoic acid causes the size of the particles
to become smaller and thus changes the porosity of the layer containing the benzoic acid
particles. Monitoring the flow rate, the pressure drop, the velocity, temperature and the pH
of the water enables monitoring the changing bed properties and thus the properties of the
particles.

(a) Velocity vectors in reactor

(b) Flow streamlines in reactor

Figure 6.6 – CFD results of the pilot setup of the reactor with water entering at 2 bar in the top of the
reactor
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Measurements*

Data Acquisition The signals of the sensor-based measurements were acquired using
a Hawco DAS8000 data acquisition equipment. The equipment has 8 analogue inputs, 8
digital inputs and 8 logic outputs. Typical sampling frequency was 1 Hz. The data were
stored on a PC.
Pressure and Flow In order to measure the pressure, Validyne pressure transducers were
used. These pressure transducers are so-called ‘variable reluctance’ transducers and are
operated with a signal conditioner to obtain a stable DC signal. Pressure was measured
by inserting stainless steel tubes in the bed on four different levels (see figures 6.4(c) and
6.7(a)). By connecting a pressure sensor, pressure measurements were possible. In this way
the pressure drop across the complete bed (including the diffusor) and across the benzoic
spheres bed could be monitored. Two pressure difference sensors were used to measure
pressure drop and velocity. The sensors are made of stainless steel and Inconel. These
corrosion resistant metals are able to withstand long exposures to solutions of benzoic
acid.
Calibration was done by measuring the signals at static conditions (no flow) with different
water heights. The velocity measurement was calibrated by measuring the throughput of
water when the reactor contained no ceramic or benzoic acid spheres. During a dissolution experiment regular measurements of the throughput of water were used to calibrate
the sensors. Using the measured temperature of the water, density corrections were
made.
Temperature Temperature measurements were done using a Pt-100 thermocouple,
which was inserted in the reactor into the layer of benzoic acid spheres (see figure
6.7(b)).
pH of the Tapped Water To measure the acidity of the tapped water at the bottom of the
reactor a Metrohm pH meter (type 691) was used. To keep the measurements as accurate
as possible the electrode was regularly calibrated using buffer solutions of different acidity
and when necessary, the electrode fluid was replaced. The electrode signal will drift because
the electrolyte of the electrode is ‘consumed’ during prolonged use, hence the replacement.
Regular calibration enables to translate this drift into a time dependant correlation, which
is used to calculate the pH from the mV-measurements, in-between calibrations (see figure
6.11). In figure 6.8 an example of calibration results is shown (experiment #1). The drift in
signal is mainly caused by a drift of the offset of the signal, which is evident in the change
of the intercept of the calibration line.
Initial Porosity During the preparation of an experiment, the initial porosities of the two
layers of ceramic spheres (top and bottom layer) and the benzoic acid spheres layer were
determined (see table 6.3). After a layer of spheres was added, water was added until the
layer of spheres was just below the water surface. The ceramic spheres and the benzoic
acid spheres are not porous. Thus, by weighing the amount of water added, measuring
the water temperature in order to determine the density and measuring the increase in
* Equipment

details in Appendix D
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Figure 6.8 – pH calibration, drift during experiment

(a) Photo

(b) Automatic feature extraction

Figure 6.9 – Image analysis with automatic sizing

height of water in the reactor, the porosity of the layer of newly added spheres could be
determined.
Table 6.3 – Measured initial porosities of the three layers in the reactor

#
1
2
3
4
5
6
7
8

Porosities of the three layers
Top
Benzoic acid
Bottom
0.374
0.374
0.365
0.335
0.400
0.422
0.375
0.365

0.393
0.435
0.348
0.410
0.360
0.406
0.418
0.390

0.391
0.396
0.373
0.416
0.422
0.418
0.399
0.329

Post Experimental Size Distribution After each experiment, the particle size distribution of the benzoic spheres was determined. Since the number of spheres, which were used
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(a) Start experiment
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(b) After 48 hours

(c) After 72 hours

(d) After 96 hours

Figure 6.10 – Photographs of a layer of benzoic acid spheres in a packed bed during exploratory dissolution
experiments

per experiment, was between 700 and 900 measuring the spheres individually would be
very labour intensive task. The spheres were also too brittle to allow screening. Therefore
image analysis was performed to determine the post-experimental particle size distribution.
This was done by collecting the spheres and taking photos of the spheres (see figure
6.9(a)). Next, the images were analysed using automatic feature extraction by using the
Hough transformation* [5] to find the edges of the spheres (see figure 6.9(b)). In this way
the size distribution of the spheres on the images can be determined (see figure 6.13).
Calibration was done using a small amount of Benzoic acid spheres, which were sized
manually.

6.3

Experimental Results

Calculations Changes during an experiment were evaluated using calculations. The
pH was calculated, based on the calibrations and using drift correction. The formula for
calculating the pH including a drift correction is shown below for experiment #1:
pH (t) = a (t) · mV (t) + b (t)
a (t)
= 3.307 · 10−2 t − 12.780 · 10−2
b (t)
= 26.57 · 10−2 t − 102.09 · 10−2

(6.1)

With mV (t) is the acquired signal f - the pH meter.
For the calculation of the change in porosity the root of the signal of one pressure sensor
was used. This signal was calibrated before each experiment. After temperature correction
the local velocity of the water in the benzoic acid layer was calculated:
v0 =

φm
ρ(T )

(6.2)

A · ε0

With A is the reactor cross section, T (t) is the temperature, ρ (T ) is the density of water, ε0
is the starting porosity, φm is the mass flow of water and v0 is the starting velocity.
The mass flow through the reactor was constant because of the setup of the reactor: with a
constant hydraulic head and a taphole with a large resistance determining the flow. Control
measurements during the experiment showed slight variations in mass flow in the order
* This

algorithm is part of the Matlab functionality (for coding see Appendix B)
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±0.5%. Hence, the change in measured velocity was caused by the change in local porosity:
ε (t) =

v0 · ε 0
v (t)

(6.3)

+
Benzoic acid is a carboxylic acid, which can provide 1 mole of H(aq)
per mole of benzoic
+
acid when it is dissolved in water. Changes in pH, which are changes in H(aq)
concentration,
were used to calculate the dissolution rate:

φbenzoic =


 

φm
· H + − H0+ · Mbenzoic
ρ (T )

(6.4)



With H0+ is the H + concentration in pumped-in water, [H + ] the measured H + concentration, Mbenzoic the molecular mass of benzoic acid and φbenzoic is the dissolution
rate.
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Pressure Drop, Flow and Concentration During Dissolution

In figure 6.11 a typical evolution of the pH of the tapped water during a dissolution experiment is shown. During the first stage of the experiment the pH drops due to an increase in
dissolution rate (see figure 6.12). This increase is caused by a gradual drop in porosity and
subsequent increase in local velocity of the water (see figure 6.12). The porosity levels out
to a more or less constant value, which is also reflected in the velocity of the water. The
dissolution rate also levels out.
In the next stage the dissolving spheres of benzoic acid clearly show arching: there is no
continuous settlement of the spheres and porosity increases to unity. Some time after that
the bed settles and the porosity drops to ‘normal’ values. This phenomenon repeats itself
up to a point where the velocity is very low. After that erratic arching and settling periods
occur.

(a) Duration dissolution experiment approx. 1 day. (b) Duration dissolution experiment approx. 3 days.

(c) Duration dissolution experiment approx. 3 days.
Figure 6.11 – pH during three dissolution experiments on different dates.

The erratic settling can be clearly seen in the figures of the experiments of longer duration
(figure 6.12). Sudden shifts in velocity and porosity are noticeable.
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(a) Benzoic acid dissolution rate, duration approx. 1
day.

(c) Benzoic acid dissolution rate, duration approx.
3 days.

(b) Benzoic acid dissolution rate, duration approx.
3 days.

(d) Benzoic acid dissolution rate, duration approx. 1
day.

(e) Benzoic acid dissolution rate, duration approx. 3
days.

(f) Benzoic acid dissolution rate, duration approx. 3
days.

Figure 6.12 – Benzoic acid dissolution, flow rate and porosity evolution during experiments of different
duration.

6.3.2

Post-Experimental Size Distribution

Based on image analyses the particle size distribution in volume percentages is shown in
table 6.4. One should note that because of the difference in the duration of each experiment
there is a difference in the average size of each final PSD.
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Figure 6.13 – Image analysis results: particle size distribution of surviving particles from experiments of
different duration (see also table 6.4).

At the start of each experiment monosized benzoic acid spheres of 20 mm diameter were
used. The results showed that at the end of an experiment the spheres were not uniform
anymore: the spheres showed a size distribution (see figure 6.13). This effect is caused
by local velocity variation of the water. At void level, there is no uniform velocity profile.
Because the velocity determines in part the mass transfer from the sphere to the water, the
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Table 6.4 – Image analyses results - post-experimental particle size distribution by volume. Column
indicator is experimental duration in hours.

Particle size distribution of surviving benzoic acid spheres (v%)
dp , mm 48 h
82 h
90 h
92 h 100 h 135 h 143 h 221 h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8
8.7
32.2
43.2
13.5
1.5
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
2.3
9.9
28.2
32.7
21.5
4.8
0.2
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.1
5.5
13.2
23.6
29.8
20.8
5.4
0.4
0.2
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.4
1.0
4.9
13.4
40.0
40.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.9
3.9
10.8
21.1
29.4
25.6
8.2
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.7
2.1
7.6
17.4
26.3
28.9
16.6
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.2
0.9
3.0
8.3
16.0
26.4
31.7
13.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.1
0.2
1.2
3.6
7.1
14.3
21.2
38.0
14.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

dissolution rate will vary too. This effect is enhanced because changes in dissolution rate
cause changes in pH of the water. A change in pH of the water causes a change in driving
force for dissolution: the difference between the acidity at the surface of the sphere and
the acidity of the bulk. To confirm this, a CFD case study was done with a few spheres
arranged as a ‘packed bed’ (see figure 6.14).
The figures with the results of the CFD calculations (see figure 6.14) show clearly the
variation in local velocity in the voids in the case of a simple packed bed with a few
spheres.
When evaluating the particle size distribution of the surviving particles, one can see that

Figure 6.14 – Velocity variation in packed bed voids
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the measured evolution of the particle size distribution in figure 6.15 follows the calculated
dissolution results of the population balance model (see Chapter 5, figures 5.3 and 5.5): the
larger sized particles dissolve the quickest and populate the smaller sized bins. The smaller
particles take relatively longer to dissolve. This causes a skewed particle size distribution
in a later stage of the dissolution. Similar results are shown with the population balance
results of Chapter 5.
The results of the experiments cannot be used for validating CFD results, because arching
during dissolution was never modelled in the packing model. The results however give
valuable insight in the behaviour of a packed bed with dissolving spheres.

Figure 6.15 – Post-experimental PSD of surviving spheres of experiments of varying duration

6.3.3

CO2 Bubble Formation

During the experiments the measurements were slightly hampered by the formation of
gaseous CO2 bubbles (see figure 6.16). In normal tap water gaseous CO2 is dissolved
which is partly converted to carbonic acid. Carbonic acid dissolves in water forming H+
and HCO3 – ions:
CO2 (g) + H2 O

H+ (aq) + HCO3 − (aq)

H2 CO3 (aq)

(6.5)

The increased degree of acidity around the dissolving acid spheres, causes the reaction to
go the left side. Carbonic acid is an unstable molecule, which will spontaneously dissociate
into gaseous CO2 and H2 O. The formation of the CO2 bubbles increased the resistance
to flow in comparison with a bubble-free packed bed. Influence on the total resistance to
flow of the packed bed is in the order of a few percent. This was checked by comparing
the pressure drop at the beginning of an experiment and at the time when CO2 bubbles had
formed.
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Figure 6.16 – CO2 bubbles formation during an experiment

6.3.4

Density Variation of Benzoic Acid Spheres

An alternative way of determining the initial porosity of the benzoic acid layer during the
preparation of an experiment, is determining the number of spheres which are used in the
layer. This can be done by weighing the total amount of benzoic spheres used and weighing
a fixed number of spheres, for example, 50 of them. Based on the calculated number of
spheres the volume of the benzoic acid spheres can be calculated. Surprisingly, the
amount of volume of benzoic acid determined in this way differs much from the amount
determined by the volume displacement technique. This difference can be explained
that during casting, air is trapped inside the benzoic acid spheres. This means that this
alternative for determining the porosity is not very reliable.
Table 6.5 – Initial porosities benzoic acid layer, based on number of spheres

Exp. #

Spheres
(meas.) kg

# Spheres
-

1
2
3
4
5
6
7
8

3.5163
3.7794
3.8786
3.6152
3.9783
3.4802
3.7477
3.9611

735
790
811
756
832
728
783
828

Spheres
(calc.) m3
0.00308
0.00331
0.00340
0.00317
0.00348
0.00305
0.00328
0.00347
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Water
(meas.) m3

Spheres+water
(meas.) m3

Porosity
-

0.00296
0.00278
0.00267
0.00292
0.00273
0.00281
0.00296
0.00263

0.00680
0.00707
0.00766
0.00713
0.00760
0.00694
0.00707
0.00674

0.490
0.456
0.440
0.480
0.440
0.480
0.474
0.431
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Conclusions

The aim of the experiments was to validate the dissolution model of the CFD and Matlab
model. From the results of the experiments the following can be concluded:
• Dissolution of monosized spheres in a packed bed creates spheres having a size
distribution. The main cause is variation in local fluid velocity which causes a
variation in dissolution rate.
• During dissolution the evolution of the spheres’ size distribution follow the calculated
evolution of the population balance (Matlab) model. These results are shown in
Chapter 5 and figures 5.3 and 5.5. The larger sized particles dissolve the quickest
and when they become smaller, will populate the smaller size fractions.
• The evolution of the shape of the size distribution in time follows the model calculations: the size distribution of the benzoic acid particles gets skewed in time.
The size distributions of model calculations develop a ‘tail’ while the shape of size
distributions of the benzoic acid particles develop a likewise ‘tail’. In the case
for the benzoic acid spheres this is caused by variation in local water velocities: a
distribution of local water velocity causes a distribution in dissolution rate. For the
cases of the Matlab model the water velocity in a control volume is set as the average
velocity based on the actual porosity of the control volume. The size distribution
evolution is in this case mainly determined by the surface area of the particles and
the average water velocity: a ‘tail’ will develop during dissolution, because the
smaller particles take longer to dissolve.
• It is not possible to compare the calculated porosity evolution of the Matlab model
with the experimental results because of arching. Arching occurs because friction
between the spheres is high enough to prevent a continuous settlement of the benzoic
acid spheres. Arching takes place despite an additional layer of ceramic spheres on
top of the layer benzoic acid spheres.
• While arching occurs, local porosity will approach unity. This situation will continue
until the spheres settle again.
• Arching followed by settling of the spheres follow a, more or less, regular pattern.
• During the experiments the porosity decreases while there is no arching: the spheres
are still settling. In the model this takes place when the starting porosity is higher
than the random packed value of the monosized system. As soon as arching occurs
the local porosity will increase, because the benzoic acid spheres will continue to
dissolve increasing the void volume in the packed bed.
• After an arching episode it will take awhile before the system has settled: the porosity
returns to a lower, somewhat constant value. Arching occurs after a time and the
porosity will increase until unity again.
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Chapter 7

Conclusions and
Recommendations
7.1

Conclusions

In general the conclusions of this thesis are
• For the first time a dissolving, heterogenous packed coke bed was studied using CFD
to simulate hot metal flow in a blast furnace hearth.
• Population balance modelling is very well suited to model systems with a large
number of particles. It enables the calculation of the evolution of the particle size
distribution of dissolving particles. Thus it enables the calculation of the evolution
of a packed system of dissolving particles. Contrary to discrete element methods,
the computational load of population balance methods is less, since in this case a
discrete number of sizes is modelled. Discrete element modelling will model in
essence every particle. That means that a realistic sized model will be comprised of
millions of particles.
• The packing model of the coke particles showed good agreement with literature data,
proving the validity of using this packing model for a random packed coke bed.
• The implementation of the coke dissolution, opens the possibility to implement and
research the effect of different coke types.
• The particle size distribution of packed particles undergoes an evolution during
dissolution: the average diameter of the size distribution becomes smaller and
the distribution becomes skewed. In Chapter 6 this is confirmed by dissolution
experiments with benzoic acid spheres in water.
• The porosity evolution of a packed bed of particles during dissolution, as calculated
by the dissolution model, could not be confirmed by experiments because of arching.
• Using benzoic acid as the dissolving component for dissolution experiments proved
to be very fruitful. Even though arching occurred, it is possible to monitor the
porosity evolution of a packed bed with dissolving particles. It is possible to monitor
the evolution of the particle size distribution using image recognition techniques to
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analyse samples of the surviving particles.
• It is possible to calculate the change in porosity of a packed system of dissolving
coke particles and use the result to calculate the effect on hot metal flow using a
CFD model.
• The assumption that coke in a control volume is replenished by the control volume
“upstream” is most probably incorrect, since the remaining coke profiles for all cases
are all similar. The low dissolution rate of carbon causes the software to make
many iterations, during which numerical round off errors can accumulate. Using a
smaller geometry is suggested to compensate for this. To be complete, monitoring
the change in the remaining coke profile is necessary to judge wether convergence
has been reached.
• 3D CFD calculations make clear that:
– The way the hot metal inflow is distributed, has a large impact on the flow
patterns in the hearth.
– Areas are created where there is no coke anymore. These areas are next to the
wall and bottom and near the taphole. These areas are characterised by high
hot metal velocities. This is supported by the case study of the dissolution
sub-model with high fluid velocity.
– Large effects on buoyancy are caused by:
* Temperature variations, for example, caused by heat losses at the wall.
* Hot metal composition variations, variations in carbon concentration.
– Because of the steady state and one taphole cases, complete vortices, convoluted flow patterns, are formed. The amount of convolutions the flow undergoes
on its way to the taphole, depends on the boundary conditions. Highly convoluted patterns, have long residence times, lower hot metal temperatures and
higher carbon concentration of the hot metal.
– Stagnant zones are created by differences in density. In that case fresh hot
metal almost directly flows to the taphole.
– A fast downwards flow of hot metal along the cooled walls can be seen. The
cooled hot metal has a higher density and consequently a downwards flow at
the wall is created.
– High carbon concentrations can be seen in areas with long residence times.
– The shape of areas with high carbon dissolution rates corresponds to the
position of the degraded refractory, the ‘elephant foot’, found in blast furnace
hearths after long periods of operation.
– Longer hot metal residence times result in lower average hot metal temperatures
and higher average carbon content in hot metal.
– It can be expected that the form of the streamlines will be quite different for
cases where the hearth has multiple tapholes, which are opened in turns.
– Dissolution of the coke and its PSD evolution play a major role in flow distribution and velocity distribution of the hot metal, which in turn determine the
place and speed with which degradation of refractory will occur.
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Recommendations

• For a complete confirmation of the dissolution model, dissolution experiments where
arching is avoided are to be done.
• Another suggestion is to simulate the first phase of the dissolution experiments
when no arching is occurring, where measured data can support the results of the
simulations.
• Long execution times of the simulations can be greatly reduced by incorporating all
the packing and dissolution model codes directly into the CFD code.
• More realistic simulations will entail geometries having multiple tapholes and in
case of dynamic simulations, the opening in turns of different tapholes
• Using a geometry which includes refractory, will give insight when and where the
‘elephant foot’ will occur. Using a dissolution or degradation model for the refractory,
which includes moving boundaries, will give more realistic insight in the evolution
of the ‘elephant foot’.
• Since the dissolution model incorporates coke dissolution properties, case studies
will reveal the impact of different coke types on flow and dissolution in the hearth.
• Using DEM, correct migration for the coke particles in the hearth can be modelled.
Using DEM will incorporate the correct interactions between moving particles in a
packed bed.
• It is possible to implement different coke dissolution rates and even a coke dissolution
rate dependency on mineral type. A most interesting follow up are simulations with
different coke types.
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Appendix A

Distributions
A.1

Weibull Distribution

The Weibull distribution in probability theory and statistics is a continuous probability
distribution and named after Waloddi Weibull (1887 - 1979), a Swedish engineer[10].
He described this distribution in 1951 [6]. However, one of the first to use this type of
distribution to describe particle size distributions, were Rosin and Rammler [3–5].
This distribution is often used in the field of the analysis of lifetime of objects. It was
originally developed to quantify fatigue data or failure rates. The Weibull distribution is
given by [8, 11]:

k
1 − e−(x/λ)
x≥0
F (x; λ, k) =
(A.1)
0
x<0
where k is the shape parameter and λ is the scale parameter. The complementary density

(a) Cumulative distribution.

(b) Density distribution.

Figure A.1 – Weibull distribution.
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distribution is


k
λ

f (x; λ, k) =


x k−1 −(x/λ)k
e
λ

0

x≥0
x<0

(A.2)

The mean is:


1
µ = λΓ 1 +
k

(A.3)

The variance is:



 
1
2
− Γ2 1 +
σ 2 = λ2 Γ 1 +
k
k

(A.4)

Γ is the Gamma function [7, 9] (z ∈ C ∧ <(z) > 0):
Z∞
Γ(z) ≡

y z−1 e−y dy

0

Z∞
=2

2

e−y y 2z−1 dy

(A.5)

0

or
Z1   z−1
1
Γ(z) ≡
ln
dy
y

(A.6)

0

and if z ∈ R
Z∞
Γ(z) =

y z−1 e−y dy

0


∞ Z∞
z−1 −y
= −y
e
+ (z − 1) y z−2 e−y dy
0

Z∞
= (x − 1)

0

y z−2 e−y dy

0

= (z − 1) Γ (z − 1)

(A.7)

or if z ∈ N
Γ(z) = (z − 1) Γ (z − 1)
= (z − 1) (z − 2) Γ (z − 2)
= (z − 1) (z − 2) · · · 1
= (z − 1)!

(A.8)
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A.2. Rosin-Rammler Distribution

Rosin-Rammler Distribution

The size distributions of blast piles - in mining and quarrying - have continuous rather
than discrete distributions. One of the most commonly used equations to describe the
measured cumulative distribution of sizes for broken rocks and blast piles is the RosinRammler equation [2]. It is a special case of the Weibull distribution [11]. Originally it
was developed to describe the particle size distribution of broken coal, but later it was
also used to describe the particle size distribution of various materials [3–5]. Rosin and
Rammler claimed the distribution to be universal and that it was independent of the grinding
equipment. Although some authors dispute the validity of that claim [1]. The cumulative
distribution of Rosin-Rammler is:

(a) Cumulative distribution.

(b) Density distribution.

Figure A.2 – Rosin-Rammler distribution.

k

F (x; λ, k) = 1 − e−λx

(A.9)

The accompanying density distribution is:
k

f (x; λ, k) = kλxk−1 e−λx

(A.10)

The mean:
µ = λ−1/k Γ



k+1
k


(A.11)

The variance:
 

2
k+2
k+1
−1/k
σ =λ
Γ
− λ
Γ
k
k
" 


2 #
k+2
k+1
−2/k
=λ
Γ
− Gamma
k
k
2

−2/k
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Appendix B

Coding
B.1

Matlab

B.1.1

Main

The main program for calculating the dissolution of coke in an unit cell.
1
2
3
4
5

function main = solve_dissolution
%clear workspace
clear;
%Close all graph windows
close all;

6
7
8
9
10
11
12
13
14
15
16
17
18
19

%Initial values
%Volume unit cell [mˆ3]
V = 0.5;
%Volume rate [mˆ3.sˆ-1], since v_init is given , PHI is
% calculated below
%PHI = 0.0004;
%Melt velocity [m/s]
v_init = 0.010;
%v_init = PHI/(Vˆ(2/3)*eps_init);
%Density coke (solids only = 1.88E3 kg/mˆ3)
rho = 1.1E3;
%number of particles
N
= 200000;

20
21
22
23
24
25
26

%Particle size distribution convention rule
%All size distributions are VOLUMETRIC distributions
%This means, for example, that D(x)=cum. volume fraction
% of particles with size <= x
%This means, for example, that P(x)=volume fraction
% of particles within size x +/- dx

27
28
29
30
31

%According to results of deadman samples
% Port Kembla (Nightingale)
coke_distrib = [0.006 0.000;...
0.012 0.025;...
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32
33
34
35
36
37
38
39
40
41

B. Coding
0.018
0.024
0.030
0.036
0.042
0.048
0.054
0.060
0.066
0.072

0.08;...
0.16;...
0.205;...
0.20;...
0.16;...
0.08;...
0.05;...
0.025;...
0.01;...
0.005];

42
43
44
45
46
47
48
49

%Distribute particles according to Rosin-Rammler
% Other choices are
%distrib ='LogNormal';
%distrib ='LogWeibull';
distrib ='Weibull';
%distrib ='Rosin-Rammler';
nbins = 48; %number of particle sizes

50
51
52
53

%Default average and standard dev.
avg = 0.036; %average (36 mm)
stdev = 0.012; %stdev (13 mm)

54
55
56
57
58
59
60
61
62
63
64
65
66

%Calculates the number of particles (bins) per size,
%conforms to choice of distribution function, avg and stdev
%and/or to given coke distribution.
%Will fit the given distribution choice to given coke
%distribution
%Returns
% the particle size (sizes) of the individual bins
% the volumefraction distribution per size (P)
% the cum. volumfraction (D)
% the numberfraction distribution per size (bins)
% average
% std dev

67
68
69
70
71
72

modus='fit to data';
%modus='use coeffs';
[sizes,bins,P,D,avg,stdev,size_max] = ...
calc_distribution(N,avg,stdev,...
nbins,distrib,coke_distrib,modus);

73
74
75
76
77
78
79
80

%sizes = coke_distrib(:,1);
%P = coke_distrib(:,2);
%D(1)=P(1);
%for ii=2:length(P)
%
D(ii)=D(ii-1)+P(ii);
%end
%bins=sizes;

81
82
83
84
85
86
87
88

%Ok, so we now have created a particle population
% with a R-R size distribution
%What next?
%Assume all the particles are spheres
%Find out how to calculate porosity (eps) for
% that mixture
%We'll try the Yu-Standish formulae

89
90

%Dense packing porosity monosized spheres
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91
92
93
94
95
96
97
98
99
100

B.1. Matlab

eps0 = 0.36;
%Loose packing porosity monosized spheres
%eps0 = 0.40;
%Specific volume of coke particles (mˆ3/kg)
% within dense packing eps0
%V0 = 1/((1-eps0)*1.1E3);
%Shape factor
psi = 0.81;
eps = calc_epsilon(sizes,bins,eps0,psi);
dum=0;

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

%Recalc some variables
%Current system with volume V mˆ3 has
% a different number of particles
%Current solids volume distribution
Vs_init = vols(sizes,bins);
%Sum of the solid vols
Vs_tot = sum(Vs_init);
%Correct number of particles
N
= round(N*(1-eps)*V/Vs_tot);
%New number distribution
bins
= round(bins*(1-eps)*V/Vs_tot);
%Corrected vol. distribution
Vs_init = vols(sizes,bins);
%Solids area per size (bin)
A_init = areas(sizes,bins);
eps_init = eps;
%Melt velocity: volume V is assumed as cubic
%element with equal sides,
%v_init is given at the top, so no need to calc.
%v_init = PHI/(Vˆ(2/3)*eps_init);
%V
= 1;
%Volume unit [mˆ3] defined at the top
%PHI = 1;
%Volume rate [mˆ3.sˆ-1], idem
PHI = v_init*(Vˆ(2/3)*eps_init);
C_init= 0;
%Initial concentration [w%]
C_sat = 4.5;
%Saturated concentration [w%]
rho = 1.1E3;
%Density of coke particle
%
(solids only = 1.88E3 kg/mˆ3)
k0
= 5.05;
%rate constant
n
= 0.7;
%Rate constant
%n
= 1.7;
%Rate constant
k_0 = k0*v_initˆn; %Initial mass transfer constant
tau = V*eps/PHI;
%Max. residence time in V=tspan

134
135
136

tspan=[0 tau];
%tspan=[0 0.01*tau];

137
138
139
140
141
142
143

%
%
%
%
%
%

y1=Ct
y2=x
y3=eps
y4=v
y5=F

=>
=>
=>
=>
=>

carbon concentration
diameter of coke particle
1-Vp/V = fraction coke free volume in V
PHI/(V*eps) = speed of melt
Cumulative PSD

144
145
146
147
148
149

% Define Known relation
% y1'=dC/dt =
%
A*k/V*(Csat-C)=pi*xˆ2*k0*vˆn/V*(Csat-C)
%
=pi*y2ˆ2*k0*y4ˆn/V*(Csat-y1)
% y2'=dx/dt =-2*k/rho*(Csat-C)
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150
151
152
153
154
155
156
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%
=-2*k0*y4ˆn/rho*(Csat-y1)
% y3'=deps/dt=-pi/2*xˆ2/V*x'
%
=-pi/2*y2ˆ2/V*(-2*k0*y4ˆn/rho*(Csat-y1))
% y4'=dv/dt =-PHI/(V*epsˆ2)*eps'
%
=-PHI/(V*y3ˆ2)* ...
%
(-pi/2*y2ˆ2/V*(-2*k0*y4ˆn/rho*(Csat-y1)))
% y5'=dF/dt =.......

157
158
159
160
161
162

%Initialization
x_init = sizes;
c_init = zeros(1,nbins);
Vp_init = bins.*(pi/6*sizes.ˆ3);
dum=0;

163
164
165
166
167

%y0=[(Vp_init.');...
y0=[(x_init.');...
(c_init.');...
C_init];

168
169
170
171
172
173
174
175

%Set solver options
%Stop integration when x=0.
%Rel. tolerance to 1e-6
%Stats report 'on'
%Make step 4 times smaller if necessary
options = odeset('Events',@ode_events,'Stats','on',...
'RelTol',1e-6,'AbsTol',1e-6);

176
177
178
179
180
181
182
183
184

%Solve
%[t,y]=ode45(@dissolve,tspan,y0,[],A,k,V);
%[t,y,te,ye,ie]=ode113(@dissolve2,tspan,y0,...
%
options,Csat,k0,n,V,PHI,rho);
%[t,y,te,ye,ie]=ode23s(@dissolve2,tspan,y0,...
%
options,Csat,k0,n,V,PHI,rho);
%[t,y]=ode45(@dissolve2,tspan,y0,[],Csat,k0,...
%
n,V,PHI,rho);

185
186

delta_dp = size_max/nbins;

187
188
189

for ii=1:100000
ii %Present step in loop

190
191
192
193
194
195
196

%[t,y,te,ye,ie]=ode45(@dissolve3,tspan,y0,...
%
options,C_sat,k0,n,V,PHI,rho,nbins,...
%
sizes,bins,P,eps0,psi);
%[t,y,te,ye,ie]=ode113(@dissolve3,tspan,y0,...
%
options,C_sat,k0,n,V,PHI,rho,nbins,...
%
sizes,bins,P,eps0,psi);

197
198
199
200
201
202
203
204
205
206

%Solve ODEs
%All results are output to y
%Start conditions in y0
%Residence time in tspan
%Rest of variables are needed to recalculate
% values during solve
[t,y,te,ye,ie]=ode15s(@dissolve3,tspan,y0,...
options,C_sat,k0,n,V,PHI,rho,nbins,...
sizes,bins,P,eps0,psi);

207
208

nn=size(y,1);
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209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
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%Results are start conditions for next step
y0=[y(nn,1:2*nbins).';C_init];
%New epsilon
eps_new = calc_epsilon(y(nn,1:nbins),...
bins,eps0,psi)
%New residence time
tau_new = (eps_new*V)/PHI
%New melt velocity
v_new = PHI/(Vˆ(2/3)*eps_new)
%Show new size (bin1, 6 and 12) in mm
size1_new = y(nn,1)*1000
size6_new = y(nn,6)*1000
size12_new = y(nn,12)*1000
%New time span for ODE calcs
tspan = [0 tau_new];
%New carbon content hot metal
C_new = y(nn,2*nbins+1)
%Store time step calc results in array
y_t(ii,1:2*nbins+1)=y(nn,:);
%Idem for epsilon
eps_t(ii,1) = eps_new;
%Idem for melt velocity
v_t(ii,1) = v_new;
%Length of y-matrix
mm = size(y_t,1);
%Idem for new size per bin
sizes_t(1:mm,1:nbins)=y_t(1:mm,1:nbins);
if ii==1
tau_t(ii,1) = tau_new;
elseif ii>=2
tau_t(ii,1) = tau_t(ii-1,1)+tau_new;
end;
bins_t(ii,1:nbins)=bins;
%Check which particles with actual size are
% to be tranferred to other bin
%Some bins get 'empty' because of total dissolution
%Some new sizes fall into other bin-range
for jj=1:nbins
for kk=1:nbins
if kk>=2
if y(nn,jj)<=(sizes(kk)-0.5*delta_dp)...
& y(nn,jj)>=(sizes(kk-1)+0.5*delta_dp)
bins_t(ii,kk)=bins_t(ii,kk)+...
bins(jj);
bins(jj)=0;
end
elseif kk==1
if y(nn,jj)<=(sizes(kk)-0.5*delta_dp)
bins_t(ii,kk)=0;
end
end
end
end;
for oo=1:mm
%Based on original number of particles
% per bin, actual size
P_tvol(oo,1:nbins) = (bins(1:nbins)*pi/6).*...
sizes_t(oo,1:nbins).ˆ3;
P_tvolfrac(oo,1:nbins) = P_tvol(oo,1:nbins)...
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./sum(P_tvol(oo,1:nbins));
%Based on original size per bin, actual
% number of particles
Padj_tvol(oo,1:nbins) = (bins_t(oo,1:nbins)*...
pi/6).*sizes_t(1,1:nbins).ˆ3;
Padj_tvolfrac(oo,1:nbins) = ...
Padj_tvol(oo,1:nbins)./ ...
sum(Padj_tvol(oo,1:nbins));

268
269
270
271
272
273
274
275

end;

276
277

%Save intermediate results
save results tau_t y_t sizes_t eps_t v_t bins_t ...
P_tvol P_tvolfrac Padj_tvol Padj_tvolfrac;

278
279
280
281

end

282
283
284
285

%[t,y,te,ye,ie]=ode15s(@dissolve3,tspan,y0,...
%
options,C_sat,k0,n,V,PHI,rho,nbins,...
%
sizes,bins,P,eps0,psi);

286
287
288
289
290

%Calculate new P and sizes...
%Some sizes don't exist anymore etc...
%Criteria: search in which bin sizenew belongs =>
% all of corresponding bin to that bin

291
292
293
294
295

%for ii=1:nbins
%
sizes_t(1:nn,ii)=(y(:,ii)./...
%
((pi/6)*bins(ii))).ˆ(1/3);
%end

296
297
298
299

sizes_old = sizes;
bins_old = bins;
P_volold = (bins_old*pi/6).*sizes.ˆ3;

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

close all;
figure;
plot(tau_t,sizes_t(:,1)*1000,'b');
figure;
plot(tau_t,sizes_t(:,round(nbins-1))*1000,'b');
figure;
plot(tau_t,eps_t);
figure;
plot(tau_t,y_t(:,2*nbins+1));
figure;
plot(sizes(1:nbins),P_tvolfrac(:,1:nbins));
figure;
plot(sizes(1:nbins),P_tvol(:,1:nbins));
figure;
plot(sizes_t.',bins_t.');
beep;beep;
dum=0;
end;

B.1.2
1
2
3

Main adjusted for CFX™

function [eps_new, P_old, P_new, bins_old, ...
bins_new, C_new, N_old, N_new] = cfxsolve(coke_distrib,...
distrib, nbins, avg,...
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stdev, modus, V,...
phi, rho, eps0,...
psi, C_init, k0, n, v,...
temp);

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

%-----------------------------------------------------------% coke_distrib
Array with with PSD of the coke particles
%
(particle size vs volumetric fraction)
% distrib
This continuous will be fitted through the
%
given PSD
% nbins
Number of discreet particle sizes
% avg
Average particle size (if PSD is to be
%
calculated based on average and std)
% stdev
Standard deviation of PSD (if PSD is to
%
be calculated based on average and std)
% modus
Tell how the PSD is to be created, based
%
on data or use coeffs
% V
Volume of control unit
% phi
Liquid volume rate
% rho
Density of coke particle (NOT of carbon)
% N
Number of initial particles in V
% eps0
Porosity of densily packed monosized
%
(non) spherical particles
% psi
Shape factor of particles
% C_init
Carbon concentration in liquid entering
%
control volume
% k0
Dissolution rate constant
% n
Dissolution rate constant
% v
Liquid speed
%-------------------------------------------------------------

34
35
36
37
38
39
40

%Particle size distribution convention rule
%All size distributions are VOLUMETRIC distributions
%This means, for example, that D(x)=cum. volumefraction of
% particles with size <= x
%This means, for example, that P(x)=volumefraction of particles
% within size x +/- dx

41
42

clear; %clear workspace

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

%Initial values
%Volume unit [mˆ3]
V
= 0.1;
%Volume rate [mˆ3.sˆ-1]
phi
= 0.0004;
%Density of coke particle (solids = 1.88E3 kg/mˆ3)
rho
= 1.1E3;
%number of particles
N
= 10000;
%According to results of deadman samples Port Kembla
% (Nightingale)
coke_distrib = [0.006 0.000;...
0.012 0.025;...
0.018 0.08;...
0.024 0.16;...
0.030 0.205;...
0.036 0.20;...
0.042 0.16;...
0.048 0.08;...
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63
64
65
66
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0.054
0.060
0.066
0.072

0.05;...
0.025;...
0.01;...
0.005];

67
68
69
70
71
72
73
74
75

%Other choices are 'LogNormal' and 'Weibull'
distrib ='Rosin-Rammler';
%number of discrete particle sizes
nbins = 12;
%average (36 mm), if coeff method is chosen
avg = 0.036;
%stdev (13 mm), if coeff method is chosen
stdev = 0.013;

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

%Calculates the number of particles (bins) per size,
% conforms to choice of distribution, avg and stdev
% and/or to given coke distribution
%Will fit the given distribution choice to given
% coke distribution
%Returns
%-------------------------------------------------% sizes
the sizes of the individual bins
% P
the volumefraction distribution per size
% D
the cumulative volumfraction
% bins
the numberfraction distribution per size
% avg
average
% stddev
standard deviation
% size_max
maximum size
%--------------------------------------------------

92
93
94
95
96

modus='use coeffs'; % Other choice 'fit to data'
[sizes,bins,P,D,avg,stdev,size_max] = ...
calc_distribution(N,avg,stdev,nbins,distrib,...
coke_distrib,modus);

97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

% Ok, so we now have created a particle population with
% a 'distrib' size distribution
% What next?
% Assume all the particles are spheres
% Find out how to calculate porosity (eps)
% for that mixture....
% We'll try the Yu-Standish formulae
% Need initial values to calculate that
%------------------------------------%Dense packing porosity monosized spheres,
% eps0 = 0.40 for loose packing
eps0 = 0.36;
%Specific volume of coke particles (mˆ3/kg) within
% dense packing eps0
V0 = 1/((1-eps0)*1.1E3);
%Shape factor
psi = 0.81;

115
116
117

%The Yu formulae
eps = calc_epsilon(sizes,bins,eps0,psi);

118
119
120
121

%Recalc some variables
%Current system with volume V mˆ3 has a different
% number of particles
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122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
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%Current solids volume distribution
Vs_init
= vols(sizes,bins);
%Sum of the solid vols
Vs_tot
= sum(Vs_init);
%Correct number of particles
N
= round(N*(1-eps)*V/Vs_tot);
%New number distribution
bins
= round(bins*(1-eps)*V/Vs_tot);
%Corrected vol. distribution
Vs_init
= vols(sizes,bins);
%Areas distribution
A_init
= areas(sizes,bins);
%Starting porosity
eps_init
= eps;
%Melt speed: volume V is assumed as cubic element
% with equal sides
v_init
= phi/(Vˆ(2/3)*eps_init);
%Initial concentration [w%]
C_init
= 0;
%Saturated concentration [w%]
C_sat
= 4.5;
%Density of coke particle (solids only = 1.88E3 kg/mˆ3)
rho
= 1.1E3;
%rate constant
k0
= 5.05;
%Rate constant
n
= 0.7;
%Initial mass transfer constant
k_0
= k0*v_initˆn;
%Max. residence time in V = tspan
tau
= V*eps/phi;
%Define timespan
tspan
= [0 tau];

155
156
157
158
159
160
161
162
163

%The set of differential equations look like this
%-----------------------------------------------% y1=Ct => carbon concentration
% y2=x
=> diameter of coke particle
% y3=eps => 1-Vp/V = fraction coke free volume in V
% y4=v
=> phi/(V*eps) = speed of melt
% y5=F
=> Cumulative PSD
% Define Known relation

164
165
166
167
168
169
170
171
172
173
174

%
%
%
%
%
%
%
%
%
%

y1'=dC/dt =A*k/V*(Csat-C)=pi*xˆ2*k0*vˆn/V*(Csat-C)=
pi*y2ˆ2*k0*y4ˆn/V*(Csat-y1)
y2'=dx/dt =-2*k/rho*(Csat-C)
=
-2*k0*y4ˆn/rho*(Csat-y1)
y3'=deps/dt=-pi/2*xˆ2/V*x'
=
-pi/2*y2ˆ2/V*(-2*k0*y4ˆn/rho*(Csat-y1))
y4'=dv/dt =-phi/(V*epsˆ2)*eps'
=
-phi/(V*y3ˆ2)*(-pi/2*y2ˆ2/V*(-2*k0*y4ˆn/rho*
(Csat-y1)))
y5'=dF/dt

175
176
177
178
179
180

%Setting the variable for solving
%The initial conditions first
x_init = sizes;
%Set all discrete volumes
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185
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c_init = C_init * ones(1,nbins);
%Set all discrete size volumes
Vp_init = bins.*(pi/6*sizes.ˆ3);
%The initial conditions array
y0=[(x_init.');...
(c_init.');...
C_init];

188
189
190
191
192
193
194
195

%Set solver options
%---------------------------%=> Stop integration when x=0.
%=> Rel. tolerance to 1e-6
%=> Stats report 'on'
%=> Make step 4 times smaller if neccesary
%----------------------------

196
197
198

options = odeset('Events',@events,'Stats','off',...
'RelTol',1e-6,'AbsTol',1e-6);

199
200
201

%Size difference between discrete sizes
delta_dp = size_max/nbins;

202
203
204
205
206
207
208
209
210
211
212
213
214
215

%Solve ODEs
%-----------------------------------------% t
Contains all the individual
%
timesteps in TSPAN
% y
All results
% y0
Initial conditions in y0
% tspan
Residence time
%-----------------------------------------% Rest of variables are needed to recalculate
% values during solve
% Other functions are ode45, ode113, ode23
% (check Matlab documentation)
%------------------------------------------

216
217
218

[t,y,te,ye,ie]=ode15s(@dissolve3,tspan,y0,options,...
C_sat,k0,n,V,phi,rho,nbins,sizes,bins,P,eps0,psi);

219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

%******************
%**** RESULTS *****
%******************
%Array size of solution
nn
= size(y,1);
%New epsilon
eps_new
= calc_epsilon(y(nn,1:nbins),bins,eps0,psi)
%New residence time
tau_new
= (eps_new*V)/phi
%New melt speed
v_new
= phi/(Vˆ(2/3)*eps_new)
%New carbon content hot metal
C_new
= y(nn,2*nbins+1)
%New particle size per bin
sizes_new
= y(nn,1:nbins)

235
236
237
238
239

%Check which particles with actual size are to be
%transferred to other bin
%Some bins get 'empty' because of total dissolution
%Some new sizes fall into another bin-range
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242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
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%----------------------------------------------------bins_new(1:nbins)=0;
for jj=1:nbins
for kk=1:nbins
if kk>=2
if y(nn,jj)<=(sizes(kk)-0.5*delta_dp) & ...
y(nn,jj)>=(sizes(kk-1)+0.5*delta_dp)
bins_new(kk)=bins_new(kk)+bins(jj);
bins(jj)=0;
end
elseif kk==1
if y(nn,jj)<=(sizes(kk)-0.5*delta_dp)
bins_new(kk)=0;
end
end
end
end;

257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

%Calculate new volumetric disitribution
%Based on original number of particles per bin,
%actual size
%---------------------------------------------------P_vol(1:nbins) = (bins(1:nbins)*pi/6).*...
sizes_new(1:nbins).ˆ3;
P_volfrac(1:nbins) = P_vol(1:nbins)./...
sum(P_vol(1:nbins));
%Based on original size per bin, actual number
% of particles
%---------------------------------------------------Padj_vol(1:nbins) = (bins_new(1:nbins)*pi/6).*...
sizes(1:nbins).ˆ3;
Padj_volfrac(1:nbins) = Padj_vol(1:nbins)./...
sum(Padj_vol(1:nbins));

273
274
275
276
277
278
279
280

% Fill old and new variables
%--------------------------N_new
= sum(bins_new);
bins_old
= bins;
N_old
= N;
P_old
= P;
P_new
= Padj_volfrac;
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Porosity or Packing Model

function eps = calc_epsilon(sizes,bins,eps0,psi)
%Calculate porosity based on size distribution and
% initial porosity
%Using formulae according to
%===========================
%Yu & Standish, "Estimation of the Porosity of
% Particle Mixtures by a Linear-Mixture Packing
% Model", Ind. Eng. Chem., Vol. 30,
% 1991, pp. 1372-1385.
%Also
%====
%Yu & Standish, "Modifying the Linear Packing
% Model for Predicting the Porosity of Nonspherical
% Particle Mixtures", Ind. Eng. Chem.,
% Vol. 35, 1996, pp. 3730-3741.

16
17
18
19
20
21

%sizes
%bins
%P
%D
%eps0

=
=
=
=
=

size per bin
number of particles per bin
density disitribution
cumulative distribution
initial porosity

22
23
24
25
26
27
28

n = length(sizes);
%sort sizes ascendingly before calculation
sortmat = [sizes.' bins.'];
sortmat = sortrows(sortmat,1);
sizes_sorted = sortmat(:,1).';
bins_sorted = sortmat(:,2).';

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

%We'll change to the variable naming according
% to Yu & Standish
%First calculate initial specific volume (mˆ3/kg)
%eps0 = [mˆ3 free space/mˆ3 system]
%1 - eps0 = [mˆ3 solids/mˆ3 system]
%Specific solids volume [mˆ3/mˆ3 system]
Vs = (1-eps0)*ones(1,n);
%Solids volume per size
X = (bins_sorted*pi/6).*sizes_sorted.ˆ3;
%Solids volume per size
X = X./sum(X);
%Packing diameter is same as screensize
% (spherical assumption)
%dp = sizes;
%Volume diameter is same as screensize
% (spherical assumption)
dv = sizes_sorted;
%psi =ones(1,n); %Shape factor is 1 (sphere)

48
49
50
51
52
53

%Calculate equivalent packing diameter
dp=zeros(1,n);
for jj=1:n
dp(jj)=shape(dv(jj),0,psi,'dp');
end

54
55

Vit = zeros(1,n);

56
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59
60
61
62
63
64
65
66
67
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for ii=1:n
Vit(ii)=Vs(ii)*X(ii);
SumSmall = 0;
SumLarge = 0;
for jj=1:(ii-1)
SumSmall = SumSmall + (Vs(jj)-(Vs(jj)-1)*...
gr_inter(dp(ii),dp(jj)))*X(jj);
end
for jj=(ii+1):n
SumLarge = SumLarge +(Vs(jj)*...
(1-fr_inter(dp(ii),dp(jj))))*X(jj);
end
Vit(ii)=Vit(ii)+SumSmall+SumLarge;
end

71
72
73

Vt=max(Vit);
eps=1-Vt;

74
75

dum=0;

B.1.4
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
6
7

1
2
3
4
5
6
7
8
9

Distributions

%Rosin-Rammler distribution
function [P,D,avg,stdev]=RosinRammler(a,b,x)
%cumulative
P=(b*a*x.ˆ(a-1)).*exp(-b*x.ˆa);
D=1-exp(-b*x.ˆa);
%average
avg = bˆ(-1/a)*gamma((a+1)/a);
%variance
stdev2 = bˆ(-2/a)*(gamma((a+2)/a)-(gamma((a+1)/a))ˆ2);
%std
stdev = sqrt(stdev2);
end;

function [P,D,avg,stdev]=LogNormal(a,b,x)
%LogNormal distribution
P=(exp(-(log(x)-a).ˆ2/(2*bˆ2)))./(b*x*sqrt(2*pi));
D=(1+erf((log(x)-a)./(b*sqrt(2))))/2;
avg = exp(a+0.5*bˆ2);
stdev2 = (exp(bˆ2+2*a))*(exp(bˆ2)-1); %variance
stdev = sqrt(stdev2); %stdev

function [P,D,avg,stdev]=Weibull(a,b,x)
%Weibull distribution
P=(a*bˆ(-a)*x.ˆ(a-1)).*exp(-(x/b).ˆa);
D=1-exp(-(x/b).ˆa);
avg = b*gamma(1+1/a);
%variance
stdev2 = bˆ2*(gamma(1+2/a)-(gamma(1+1/a))ˆ2);
%stdev
stdev = sqrt(stdev2);

183

B.1. Matlab

B.1.5
1
2
3
4

B. Coding

Pushing Values to CFX™

function result_flag = ...
call_manipulate (dp,Si,nnode,nphase,nscal,ncell,...
npt,iphase,iyc,iycsat,isource,scal,den,T,u,...
v,w,ipt,vpor,vol,su)

5
6
7
8

% This function extracts all the correct
% scalars from the array 'scal' which
% contains all the scalars off the grid...

9
10

%

Pre-allocate
poro = zeros(npt,1);
volu = zeros(npt,1);
uu
= zeros(npt,1);
vv
= zeros(npt,1);
ww
= zeros(npt,1);
dens = zeros(npt,1);
yc
= zeros(npt,1);
temp = zeros(npt,1);
ycout = zeros(npt,1);
ycsat = zeros(npt,1);

%

Extract values from scalar CFX grid arrays
for ii=1:npt
inode
= ipt(ii); % node position
uu(ii,1)
= u(inode,iphase);
vv(ii,1)
= v(inode,iphase);
ww(ii,1)
= w(inode,iphase);
dens(ii,1) = scal(inode,iphase,iyc);
yc(ii,1)
= scal(inode,iphase,iyc);
ycsat(ii,1)= scal(inode,iphase,iycsat);
temp(ii,1) = T(inode,iphase);
poro(ii,1) = vpor(inode);
volu(ii,1) = vol(inode);
end

%

Call the C-dissolution routine
[ycout,ycsat] = csor_array (dp,Si,poro,volu,uu,...
vv,ww,dens,yc,temp,npt);

%

Now fill in changed values
for ii=1:npt
inode = ipt(ii);
den(inode,iphase)
= dens(ii,1);
scal(inode,iphase,iycsat) = ycsat(ii,1);
scal(inode,iphase,isource) = ycout(ii,1);
su(inode,iphase)
= su(inode,iphase) + ...
scal(inode,iphase,isource) * vpor(inode);
end

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

1
2
3

result_flag = 1;

function [ycout,ycsat] = ...
csor_array (dp,Si,por,vol,u,v,w,dens,yc,temp,n)
% Carbonsource function
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% Intended API function for CFX, which will call in a later
% stage the appropriate functions to calculate all the
% neccesary changes

7

%pre-declare
epsilon = zeros(n,1);
a_carbon = zeros(n,1);
v_abs = zeros(n,1);
ycsat = zeros(n,1);
ycout = zeros(n,1);

8
9
10
11
12
13
14
15

%

16
17
18
19
20
21
22
23

si = 0.5;
% Si in hot metal
k1 = 5.5e-4;
% diss. rate constant
k2 = 0.7000;
% diss. rate constant
epsilon = por ./ vol; % fraction empty volume
% Check if epsilons are smaller than 1!!
% Default to 0.4 if not...
%if (all(epsilon >= 0.9999))
%
epsilon(1:n,1)=0.4;
%end;

24

% carbon surface area
a_carbon = 6 * (1 - epsilon) ./ dp;
% absolute fluid speed
v_abs = u .ˆ 2 + v .ˆ 2 + w .ˆ 2;
% saturated carbon content
ycsat = 0.01 * (1.34 + 2.54e-3 * temp - 0.3 * Si);
% carbon dissolution
ycout = (0.1 * dens * k1) .* (v_abs .ˆ k2) .* ...
a_carbon .* (ycsat - yc);

25
26
27
28
29
30
31
32
33
34

%Debug-section

35
36
37

%=========================================

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

disp('size vol:');
disp(size(vol));
disp('size por:');
disp(size(por));
disp('size u:');
disp(size(u));
disp('size v:');
disp(size(v));
disp('size w:');
disp(size(w));
disp('size dens:');
disp(size(dens));
disp('size yc:');
disp(size(yc));
disp('size temp:');
disp(size(temp));
disp('n in Matlab:');
disp(n);
disp('dp in Matlab:');
disp(dp);
disp('por 1-10 in Matlab:');
disp(por(1:10,1));
disp('vol 1-10 in Matlab:');
disp(vol(1:10,1));
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63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
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disp('u 1-10 in Matlab:');
disp(u(1:10,1));
disp('v 1-10 in Matlab:');
disp(v(1:10,1));
disp('w 1-10 in Matlab:');
disp(w(1:10,1));
disp('dens 1-10 in Matlab:');
disp(dens(1:10,1));
disp('yc 1-10 in Matlab:');
disp(yc(1:10,1));
disp('temp 1-10 in Matlab:');
disp(temp(1:10,1));
disp('si in Matlab:');
disp(si);
disp('k1 in Matlab:');
disp(k1);
disp('k2 in Matlab:');
disp(k2);
disp('epsilon 1-10 in Matlab:');
disp(epsilon(1:10,1));
disp('a_carbon 1-10 in Matlab:');
disp(a_carbon(1:10,1));
disp('v_abs 1-10 in Matlab:');
disp(v_abs(1:10,1));
disp('ycsat 1-10 in Matlab:');
disp(ycsat(1:10,1));
disp('ycout 1-10 in Matlab:');
disp(ycout(1:10,1));

Tools

Calculate dissolution
1
2
3

function dydt = dissolve3(t,y,C_sat,k0,n,V,phi,rho,...
nbins,sizes,bins,P,eps0,psi)
% Calculates Dissolution of carbon

4
5
6
7
8
9
10
11
12
13
14
15

%y(1)...y(nbins) = particle volume vp
%y(nbins+1)...y(2*nbins) = mass dissolved carbon
%
per size c
%y(2*nbins+1) = C in liquid
%
% dc1/dt = A1*k*(Csat-C)*eps*V =
%
= N1*pi*x1ˆ2*k*(Csat-C)*eps*V
%
= N1*pi*x1ˆ2*k0*vˆn*(Csat-C)*eps*V
%
= N1*pi*x1ˆ2*k0*(phi/(V*eps))ˆn*(Csat-C)*eps*V
% dVp/dt = -A.k.(Csat-C)*eps*V/rho
% dC/dt = Atot*k*(Csat-C) = sum(Ai)*k*(Csat-C)

16
17
18
19
20
21
22
23
24

dum=0;
%Compose the PDE matrix
%dydt=[dydt_Vp(t,y,C_sat,k0,n,V,phi,rho,nbins,sizes,...
%
bins,P,eps0,psi)];
dydt=[dydt_x(t,y,C_sat,k0,n,V,phi,rho,nbins,sizes,...
bins,P,eps0,psi);...
dydt_c(t,y,C_sat,k0,n,V,phi,rho,nbins,sizes,...
bins,P,eps0,psi);...
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25
26
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dcdt(t,y,C_sat,k0,n,V,phi,rho,nbins,sizes,...
bins,P,eps0,psi)];

Calculate distribution
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

function [sizes,bins,P,D,avg,stdev,size_max] = ...
calc_distribution(N,avg,stdev,nbins,distrib,...
coke_distrib,modus)
% Distributes the totalnumber of particles among
%
the different sizeranges (sizes), depending
%
on size distribution (distrib), avg, stdev
%
and number of bins (nbins).
% Resulting number of particles per sizerange
%
in bins.
%-------------------------------------------------%Particle size distribution convention rule
%All size distributions are VOLUMETRIC distributions
%This means, for example, that D(x)=cum. volumefraction
% of particles with size <= x
%This means, for example, that P(x)=volumefraction of
% particles within size x +/- dx

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

%Testdata
%-------%distrib ='LogNormal';
%distrib ='Weibull';
%distrib = 'Rosin-Rammler';
%N
= 100000;
%nbins
= 50;
%modus = 'fit to data';
%modus = 'use coeffs';
%avg = 0.3e-3;
%stdev = log10(2)*1e-3;
%Set maximum size
%size_max = avg+3*stdev;
%Scaling
%scale = size_max/nbins;
%-------

34
35
36
37
38
39

%Defaultvalues
%avg
= 0.035;
%stdev = 0.015;

40
41
42
43
44
45
46
47
48
49
50
51
52
53

switch lower(modus)
case 'fit to data'
%Calculate the avg and stdev if a measured
% (volumetric) distribution is known
%Try to fit the distribution distrib to
% the data
%Output are the coeffs and new avg and stdev
[coeffs,avg,stdev] = fitdistrib(distrib,coke_distrib);
case 'use coeffs'
%Calculate coeffs of the continuous distribution
% which conforms to given avg and stdev
coeffs = calccoeffs(avg,stdev,distrib);
end

187

B.1. Matlab

B. Coding

54
55
56

%Set maximum size
size_max = avg+3*stdev;

57
58
59
60
61
62
63
64
65

%Create the bins based on max size and nbins
%Divide the diameter-range into desired number
% intervals (nbins)
%
%Pre-allocate number of particles per size
bins = zeros(1,nbins);
%Pre-allocate sizeranges
sizes = zeros(1,nbins);

66
67
68
69
70

%Calculate bin-values
%size range
sizes=(1/nbins:1/nbins:1)*size_max;
stepsize = size_max/nbins

71
72
73
74
75
76

%Create density and cumulative distribution
%D(x)=cum. volumetric fraction of particles
% with size <= x
%P(x)=volumetric fraction of particles within
% size x +/- dx

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

switch lower(distrib)
case 'rosin-rammler'
[P,D,avg,stdev]=RosinRammler(coeffs(1),...
coeffs(2),sizes);
% Scale P to fraction of total
P=P*size_max/nbins;
case 'lognormal'
[P,D,avg,stdev]=LogNormal(coeffs(1),...
coeffs(2),sizes);
% Scale P to fraction of total
P=P*size_max/nbins;
case 'weibull'
[P,D,avg,stdev]=Weibull(coeffs(1),...
coeffs(2),sizes);
% Scale P to fraction of total
P=P*size_max/nbins;
case 'logweibull'
[P,D,avg,stdev]=LogWeibull(coeffs(1),...
coeffs(2),sizes);
% Scale P to fraction of total
P=P*size_max/nbins;
end

100
101
102

%Calculate how much per bin based on N, P and D
[bins,P_numfrac,D_numfrac] = numfracP(sizes,nbins,P,D,N);

103
104
105
106
107
108
109
110
111
112

% Remove commentsigns (%) to plot calculated function
%close all;
%figure;
%plot(sizes,P_numfrac);
%figure;
%plot(sizes,D);
%figure;
%plot(sizes,bins);
dum=0;
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Fit distribution with measured data
1
2
3
4
5
6

function [coeffs,avg,stdev] = ...
fitdistrib(distrib,coke_distrib)
%This function fits the distribution (distrib)
% on the data (coke_distrib)
%calculates the appropriate coefficients of the
%distribution (distrib): coeffs, avg and stdev

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

%Testdata
%-------%distrib = 'Rosin-Rammler';
%According to results of deadman samples
% Port Kembla (Nightingale)
%coke_distrib = [0.006 0.000;...
%
0.012 0.025;...
%
0.018 0.08;...
%
0.024 0.16;...
%
0.030 0.205;...
%
0.036 0.20;...
%
0.042 0.16;...
%
0.048 0.08;...
%
0.054 0.05;...
%
0.060 0.025;...
%
0.066 0.01;...
%
0.072 0.005];
%N = 10000; %number of particles
%--------

27
28

%coke_distrib is given in vol.frac

29
30
31

nbins = length(coke_distrib); %number of sizes
sizes(:,1)=coke_distrib(:,1); %the sizes

32
33

%Now try to fit given distrib to data

34
35
36
37
38
39
40
41
42
43
44
45

%Set options of search routine
options =optimset('fminsearch');
%options =optimset('fsolve');
%options =optimset(options,'LargeScale','off');
%options =optimset(options,'LevenbergMarquardt','off');
%options =optimset(options,'Display','iter');
options =optimset(options,'Display','on');
options =optimset(options,'MaxFunEvals',10000);
options =optimset(options,'MaxIter',10000);
options =optimset(options,'TolFun',1e-6);
options =optimset(options,'TolX',1e-6);

46
47
48
49
50
51
52
53
54
55
56

switch lower(distrib)
case 'rosin-rammler'
startval = [5 50000];
coeffs = fminsearch(@objectfun,startval,options,...
sizes,distrib,coke_distrib(:,2));
[P,D,avg,stdev]=RosinRammler(coeffs(1),coeffs(2),...
sizes);
%Scale P to vol.fraction
P=P*(sizes(2)-sizes(1));
case 'lognormal'

189

B.1. Matlab

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

B. Coding

startval = [-1 1];
coeffs = fminsearch(@objectfun,startval,options,...
sizes,distrib,coke_distrib(:,2));
[P,D,avg,stdev]=LogNormal(coeffs(1),coeffs(2),sizes);
%Scale P to vol.fraction
P=P*(sizes(2)-sizes(1));
case 'weibull'
startval = [3 0.01];
coeffs = fminsearch(@objectfun,startval,options,...
sizes,distrib,coke_distrib(:,2));
[P,D,avg,stdev]=Weibull(coeffs(1),coeffs(2),sizes);
%Scale P to vol.fraction
P=P*(sizes(2)-sizes(1));
case 'logweibull'
startval = [1 1];
coeffs = fminsearch(@objectfun,startval,options,...
sizes,distrib,coke_distrib(:,2));
[P,D,avg,stdev]=Weibull(coeffs(1),coeffs(2),sizes);
%Scale P to vol.fraction
P=P*(sizes(2)-sizes(1));
end

78
79
80
81
82
83
84

dum=0;
%---------------------------------% Object function to be minimised
%What to minimise to:
%1. Min. difference between measured and calculated
%2. Scaled area below P-graph = 1.00

85
86
87

function results=objectfun(coeffs,sizerange,...
distribution,coke_dist)

88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

switch lower(distribution)
case 'rosin-rammler'
[P,D,avg,stdev]=RosinRammler(coeffs(1),...
coeffs(2),sizerange);
% Scale P to vol.fraction
P=P*(sizerange(2)-sizerange(1));
%Object function is the sum of squares
% of the differences
results = sum((coke_dist-P).ˆ2)+(1-sum(P))ˆ2;
case 'lognormal'
[P,D,avg,stdev]=LogNormal(coeffs(1),...
coeffs(2),sizerange);
% Scale P to fraction of total
P=P*(sizerange(2)-sizerange(1));
%Object function is the sum of squares
% of the differences
results = sum((coke_dist-P).ˆ2)+...
(1-sum(P))ˆ2;
case 'weibull'
[P,D,avg,stdev]=Weibull(coeffs(1),...
coeffs(2),sizerange);
% Scale P to fraction of total
P=P*(sizerange(2)-sizerange(1));
%Object function is the sum of squares
% of the differences
results = sum((coke_dist-P).ˆ2)+(1-sum(P))ˆ2;
case 'logweibull'
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[P,D,avg,stdev]=LogWeibull(coeffs(1),...
coeffs(2),sizerange);
% Scale P to fraction of total
P=P*(sizerange(2)-sizerange(1));
%Object function is the sum of squares
% of the differences
results = sum((coke_dist-P).ˆ2)+...
(1-sum(P))ˆ2;

116
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end

Fit distribution if average and standard deviation are known
1
2
3
4
5
6

function coeffs = calccoeffs(avg,stdev,distrib)
%This function calculates the appropriate
% coefficients of the %distribution (distrib)
% for the given avg and stdev
%Calculation is done by solving simultaneously
%the average and stdev relationships

7
8
9
10
11
12
13
14

options =optimset('fsolve');
%options =optimset('fminsearch');
options =optimset(options,'MaxFunEvals',10000);
options =optimset(options,'MaxIter',10000);
%options =optimset(options,'Display','iter');
options =optimset(options,'Display','off');
options =optimset(options,'TolFun',1e-12);

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

switch lower(distrib)
case 'rosin-rammler'
startval = [100 100];
coeffs = fsolve(@optimised,startval,options,avg,...
stdev,distrib);
case 'lognormal'
startval = [1 1];
coeffs = fsolve(@optimised,startval,options,avg,...
stdev,distrib);
case 'weibull'
startval = [1 1];
coeffs = fsolve(@optimised,startval,options,avg,...
stdev,distrib);
case 'maxwell'
startval = [1 1];
coeffs = fsolve(@optimised,startval,options,avg,...
stdev,distrib);
case 'normal'
coeffs(1) = avg;
coeffs(2) = stdev;
end

37
38
39
40
41
42

%---------------------------------% Functions which are to be optimised
% Remember at least the same number of functions and
% variables

43
44

function results=optimised(xx,avg,stdev,distrib,xrange)

45
46

switch lower(distrib)
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47
48
49
50
51
52
53
54
55
56
57
58
59
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case 'rosin-rammler'
results(1) = avg_RR(xx(1),xx(2))-avg;
results(2) = stdev_RR(xx(1),xx(2))-stdev;
case 'lognormal'
results(1) = avg_LN(xx(1),xx(2))-avg;
results(2) = stdev_LN(xx(1),xx(2))-stdev;
case 'weibull'
results(1) = avg_WB(xx(1),xx(2))-avg;
results(2) = stdev_WB(xx(1),xx(2))-stdev;
case 'maxwell'
results(1) = avg_WB(xx(1),xx(2))-avg;
results(2) = stdev_WB(xx(1),xx(2))-stdev;
end;

Calculate equivalent diameter
1
2
3
4
5
6

function d = shape(dv,dp,psi,calc_what);
%Shape calculation
%Calculates, depending on input, the equivalent
% packing diameter (dp)or equivalent volume
% diameter (dv) or sphericity (psi) of
% nonspherical particle

7
8
9
10
11
12
13
14

%Testdata
%-------%dv=0.015;
%dp=0.015;
%psi = 0.68549;
%calc_what='psi';
%calc_what='dv';

15
16
17

%Base relationship
% dv/dp = psiˆ2.785*exp(2.946*(1-psi))

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

switch lower(calc_what)
case 'dp'
%To calculate this one we need dv AND psi
d = dv/(psiˆ2.785*exp(2.946*(1-psi)));
case 'dv'
%To calculate this one we need dp AND psi
d = (psiˆ2.785*exp(2.946*(1-psi)))*dp;
case 'psi'
%To calculate this one we need dp AND dv
psi0 = [0 1];
options = optimset('TolX',1e-12);
options = optimset('Display','off');
d = fzero(@psifun,psi0,options,dv,dp);
end;
%------------------------------function f = psifun(inpsi,dv,dp);
f = dv/dp - inpsiˆ2.785*exp(2.946*(1-inpsi));
end;

Calculate carbon saturation concentration in liquid iron
1

function Csat = Csat(Temp);
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2
3
4
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% Calculates carbon saturation concentration in
% PURE liquid iron (w%)
% Input temperature in Celsius

5
6
7

Tmin = 1536; %Melting
Tmax = 2860; %Boiling

8
9
10
11
12
13
14
15
16
17
18

T
= Temp;
if T < Tmin
T = Tmin;
%beep;
%disp('Temp. too low, temperature set to 1536 C');
elseif T > Tmax
T = Tmax;
%beep;
%disp('Temp. too high, temperature set to 2860 C');
end

19
20

Csat = 1.30 + 2.57/1000*T; % w%
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Calculate area distribution of a given PSD
1
2
3
4

function A = areas(sizes,bins)
%Calcs the area distribution of the PSD
%Input is the size per bin (sizes)
%number of particles per bin (bins)

5
6
7
8

%Testdata
%bins = [ 5 2];
%sizes = [2 3];

9
10
11
12
13
14

d
n
A
A

=
=
=
=

sizes;
length(sizes);
zeros(1,n);
(bins*pi).*sizes.ˆ2;

Calculate average of lognormal distribution
1
2
3

function avg = avg_LN(a,b)
% LogNormal mean
avg = exp(a+0.5*bˆ2);

Calculate average of Maxwell distribution
1
2
3

function avg = avg_MX(a,b)
% Maxwell mean
avg = 2*sqrt(2/pi/a);

Calculate average of Rosin-Rammler distribution
1
2
3

function avg = avg_RR(a,b)
% Rosin-Rammler mean
avg = bˆ(-1/a)*gamma((a+1)/a);

Calculate average of Weibull distribution
1
2
3

function avg = avg_WB(a,b)
% Weibull mean
avg = b*gamma(1+1/a);
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Calculate carbon dissolution rate
1
2
3
4

function dCdt = ...
dcdt(t,y,C_sat,k0,n,V,phi,rho,nbins,...
sizes,bins,P,eps0,psi)
%Calculates the carbon dissolution rate per bin

5
6
7
8
9
10
11
12
13
14
15

N = bins.';
%Vp = y(1:nbins);
x = y(1:nbins);
%x = (Vp./((pi/6)*N)).ˆ(1/3);
C = y(2*nbins+1);
eps = calc_epsilon(x.',bins,eps0,psi);
v = phi/(Vˆ(2/3)*eps);
k = k0*vˆn;
A = N.*(pi*x.ˆ2);
dum=0;

16
17
18

%dCdt = sum(y(nbins+1:2*nbins))/(V*eps);
dCdt = sum(A)*k*(C_sat-C);

Calculate change in particles volume rate
1
2
3

function dvpdt = dydt_Vp(t,y,C_sat,k0,n,V,phi,rho,...
nbins,sizes,bins,P,eps0,psi)
%Calculates particle volume change rate

4
5
6
7
8
9
10
11
12
13

Vp = y(1:nbins);
N = bins.';
x = (Vp./((pi/6)*N)).ˆ(1/3);
C = y(2*nbins+1);
eps = calc_epsilon(x.',bins,eps0,psi);
v = phi/(Vˆ(2/3)*eps);
k = k0*vˆn;
A = N.*(pi*x.ˆ2);
dum=0;

14
15

dvpdt = -A*k*(C_sat - C)*eps*V/rho;
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Calculate change in particles size rate
1
2
3

function dxdt = dydt_x(t,y,C_sat,k0,n,V,phi,...
rho,nbins,sizes,bins,P,eps0,psi)
%Calculates change in particle size rate

4
5
6

dxdt = zeros(nbins,1); %pre-allocate
dxdt_temp = zeros(nbins,1); %pre-allocate

7
8
9
10
11
12
13
14
15

N = bins.';
x = y(1:nbins);
C = y(2*nbins+1);
eps = calc_epsilon(x.',bins,eps0,psi);
v = phi/(Vˆ(2/3)*eps);
k = k0*vˆn;
A = N.*(pi*x.ˆ2);
dum=0;

16
17
18
19
20
21
22
23
24
25

%dxdt = -(A*k*(C_sat-C))./((rho*(pi/2)*x.ˆ2).*N).*...
%
setdydxzero(y,nbins);
for ii=1:nbins
if N(ii)>0
dxdt_temp(ii,1) = -(2*k/rho*(C_sat-C)./N(ii));
elseif N(ii)==0
dxdt_temp(ii,1) = 0;
end
end

26
27

dxdt = dxdt_temp.*setdydxzero(y,nbins);

Monitor particle size, when is it 0?
1
2
3
4
5
6

function [value,isterminal,direction] = ...
events(t,y,C_sat,k0,n,V,phi,rho,nbins,...
sizes,bins,P,eps0,psi)
%Events detection
%When is particle size = 0?
%Which value to monitor: particle diameter

7
8
9
10
11
12
13

value
= sum(y(1:nbins));
%What to do if so
isterminal = 1;
%In which direction?
direction = -1;

Function fr Yu & Standish packing model
1
2
3
4

function fr = fr_inter(di,dj)
%Interaction parameter for small
% particles (Yu & Standish)
%r is size ratio small/large

5
6
7

if di<dj
r=di/dj;
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8

else
r=dj/di;

9
10
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end;

11
12

fr=(1-r)ˆ3.3+2.8*r*(1-r)ˆ2.7;

Function gr Yu & Standish packing model
1
2
3
4

function gr = gr_inter(di,dj)
%Interaction parameter for large
% particles (Yu & Standish)
%r is size ratio small/large

5
6
7
8
9
10
11

if di<dj
r=di/dj;
else
r=dj/di;
end;

12
13

gr=(1-r)ˆ2.0+0.4*r*(1-r)ˆ3.7;

Calculation of liquid iron density
1
2
3

function rho_fe = IronDensity(Temp);
% Calculates iron liquid density (kg/m3)
% Input temperature (Celsius)

4
5
6
7
8

Tmax = 2860; %Boiling
Tmin = 1536; %Melting
rho_0 = 7015; % Density at Tmin

9
10
11
12
13
14
15
16
17
18
19
20
21

T = Temp;
if T < Tmin
T = Tmin;
%beep;
%disp('Input temperature lower than minimum...
% (= 1536 C), temperature defaulted to 1536 C');
elseif T > Tmax
T = Tmax;
%beep;
%disp('Input temperature higher than maximum
% (= 2860 C), temperature defaulted to 2860 C');
end

22
23
24

rho_fe = rho_0 + (-0.883/1000*(T - Tmin));

Calculation of surface tension of liquid iron
1
2
3

function sigma_fe = IronSurfTens(Temp)
% Calculates liquid iron surface tension (N/m)
% Input temperature in Celsius
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4
5
6
7

Tmin = 1536; %Melting
Tmax = 2860; %Boiling
T
= Temp;

8
9
10
11
12
13
14
15
16
17
18
19

if T < Tmin
T = Tmin;
%beep;
%disp('Input temperature lower than minimum...
% (= 1536 C), temperature defaulted to 1536 C');
elseif T > Tmax
T = Tmax;
%beep;
%disp('Input temperature higher than maximum
% (= 2860 C), temperature defaulted to 2860 C');
end

20
21

sigma_fe = 1875/1000 + (-0.49/1000*(T-Tmin));

Calculation of viscosity of liquid iron
1
2
3
4
5

function eta_fe = IronViscosity(Temp)
% Calculates the viscosity of liquid iron (Ns/m2)
% Input is temperature in Celsius
% min temperature 1536 C (melting point)
% max temperature 2860 C (boiling point)

6
7
8
9
10

R
T0
Tmin
Tmax

=
=
=
=

8.314;
273.15;
1536;
2860;

%Gasconstant J/mol K
%K at 0 C
%Melting temp
%Boiling temp

11
12
13
14
15
16
17
18
19
20
21
22
23
24

T
= Temp;
if T < Tmin
T = Tmin;
%beep;
%disp('Input temperature lower than minimum...
% (= 1536 C), temperature defaulted to 1536 C');
elseif T > Tmax
T = Tmax;
T = Tmax;
%beep;
%disp('Input temperature higher than maximum
% (= 2860 C), temperature defaulted to 2860 C');
end

25
26

eta_fe = 0.3699/1000*exp(41.4*1000/(R*(T+T0)));

B.1.7

Automatic Feature Extraction

This code is used to detect the edges of benzoic acid spheres on photos taken from the
surviving spheres after an experiment. The Hough transformation is used, after contrast
enhancement and erosion and dilatation (to separate the shapes by removing pixels).
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%This script will find the edges of benzoic acid spheres
%on the photo which is loaded into a matrix

3
4
5
6

%Clear memory, close all graphics windows
clear;
close all;

7
8
9
10
11
12

%Read photo, show in graphics window
img = imread('mvc-829L-cropped1200dpi.jpg');
disp 'read';
figure(1);
imshow(img);

13
14
15
16

%Contrast enhancement
ima=imadjust(img,stretchlim(img));
disp 'contrast adj.';

17
18
19
20

%Convert to grey
imgg=rgb2gray(ima);
disp 'grayed';

21
22
23
24

%Contrast enhancement
imgga=imadjust(imgg,stretchlim(imgg));
disp 'contrast adj.';

25
26
27
28

%Erosion/dilatation using an element ('disk')
imgo=imopen(imgga,strel('disk',24));
disp 'img open performed';

29
30
31
32
33

%Contrast adjustment
imgoa=imadjust(imgo,stretchlim(imgo));
disp 'contrast adj.';
image=imgoa;

34
35
36
37

%Show in graphics window
figure(2);
imshow(image);

38
39
40
41

%Search algorithm needs radius boundaries (pixels)
Rmin = 24;
Rmax = 54;

42
43
44
45
46
47

%Search
%Use Sensitivity to recognize edges at lower contrast areas
[center, radius] = imfindcircles(image,[Rmin Rmax],...
'Method','TwoStage',...
'Sensitivity',0.92);

48
49
50
51
52

% Display the circles
figure(2);
hold on;
viscircles(center,radius,'EdgeColor','r','LineWidth',1.1);

53
54
55
56

% Display the calculated center
plot(center(:,1),center(:,2),'yx','LineWidth',1);
hold off;

57
58
59

% Display the circles
% In original
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figure(1);
hold on;
viscircles(center,radius,'EdgeColor','r','LineWidth',1.1);

63
64
65
66

% Display the calculated center
plot(center(:,1),center(:,2),'yx','LineWidth',1);
hold off;

67
68
69
70
71
72
73
74
75

disp 'total number';
size(center)
disp 'max radius';
max(radius)
disp 'min radius';
min(radius)
figure(1);
figure(2);

200

B. Coding

B.2

B.2. C/C++

C/C++

The Matlab code, presented in the appendix, is sufficient to show how the different parts
of the model are coded. This section will therefore only present a few examples of how
Matlab code is translated into C++ source code.
The C/C++ source code is generated by Matlab, that has a utility to translate Matlab code
to C++. Below are a few examples and these will differ depending on the version of
Matlab used. In order for the interface to work, all the Matlab code had to be translated to
C++.

B.2.1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Distribution Calculation Example

//
// MATLAB Compiler: 3.0
// Arguments: "-B" "macro_default" "-O" "all" "-O"
// "fold_scalar_mxarrays:on" "-O"
// "fold_non_scalar_mxarrays:on" "-O"
// "optimize_integer_for_loops:on" "-O"
// "array_indexing:on" "-O" "optimize_conditionals:on"
// "-p" "-W" "main" "-L"
// "Cpp" "-t" "-T" "link:exe" "-h" "libmmfile.mlib"
// "-v" "-B" "sglcpp" "-p" "-W" "main" "-L" "Cpp"
// "-t" "-T" "link:exe" "-h" "libmmfile.mlib" "-W"
// "mainhg" "libmwsglm.mlib" "-T" "compile:exe" "cfxsolve"
//
#include "calc_distribution.hpp"
#include "calccoeffs.hpp"
#include "fitdistrib.hpp"
#include "libmatlbm.hpp"
#include "lognormal.hpp"
#include "numfracp.hpp"
#include "rosinrammler.hpp"
#include "weibull.hpp"

22
23
24
25
26

static mxChar _array1_[11] = { 'f', 'i', 't', ' ', 't',
'o',' ', 'd', 'a', 't', 'a' };
static mwArray _mxarray0_ =
mclInitializeString(11, _array1_);

27
28
29
30
31
32
33
34
35

static mxChar _array3_[10] = { 'u', 's', 'e', ' ', 'c',
'o', 'e', 'f', 'f', 's' };
static mwArray _mxarray2_ =
mclInitializeString(10, _array3_);
static mwArray _mxarray4_ =
mclInitializeDouble(3.0);
static mwArray _mxarray5_ =
mclInitializeDouble(1.0);

36
37
38
39
40
41

static mxChar _array7_[13] =
{ 'r', 'o', 's', 'i', 'n', '-', 'r',
'a', 'm', 'm', 'l', 'e', 'r' };
static mwArray _mxarray6_ =
mclInitializeString(13, _array7_);

42
43

static mxChar _array9_[9] =

201

B.2. C/C++

44
45
46
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{ 'l', 'o', 'g', 'n', 'o', 'r', 'm', 'a', 'l' };
static mwArray _mxarray8_ =
mclInitializeString(9, _array9_);

47
48
49
50
51
52
53

static mxChar _array11_[7] =
{ 'w', 'e', 'i', 'b', 'u', 'l', 'l' };
static mwArray _mxarray10_ =
mclInitializeString(7, _array11_);
static mwArray _mxarray12_ =
mclInitializeDouble(0.0);

54
55
56

void InitializeModule_calc_distribution() {
}

57
58
59

void TerminateModule_calc_distribution() {
}

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

static mwArray Mcalc_distribution(mwArray * bins,
mwArray * P,
mwArray * D,
mwArray * avg,
mwArray * stdev,
mwArray * size_max,
int nargout_,
mwArray N,
mwArray avg_in,
mwArray stdev_in,
mwArray nbins,
mwArray distrib,
mwArray coke_distrib,
mwArray modus);

75
76
77
78

_mexLocalFunctionTable
_local_function_table_calc_distribution
= { 0, (mexFunctionTableEntry *)NULL };

79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

//
// The function "calc_distribution" contains the normal
// interface for the // "calc_distribution" M-function
// from file "c:\documents and settings\post_jr\
// my documents\matlab\compiled\calc_distribution.m"
// (lines 1-85). This function processes any input
// arguments and passes them to the implementation
// version of the function, appearing above.
//
mwArray calc_distribution(mwArray * bins,
mwArray * P,
mwArray * D,
mwArray * avg,
mwArray * stdev,
mwArray * size_max,
mwArray N,
mwArray avg_in,
mwArray stdev_in,
mwArray nbins,
mwArray distrib,
mwArray coke_distrib,
mwArray modus) {
int nargout = 1;
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103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
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mwArray sizes = mwArray::UNDEFINED;
mwArray bins__ = mwArray::UNDEFINED;
mwArray P__ = mwArray::UNDEFINED;
mwArray D__ = mwArray::UNDEFINED;
mwArray avg__ = mwArray::UNDEFINED;
mwArray stdev__ = mwArray::UNDEFINED;
mwArray size_max__ = mwArray::UNDEFINED;
if (bins != NULL) {
++nargout;
}
if (P != NULL) {
++nargout;
}
if (D != NULL) {
++nargout;
}
if (avg != NULL) {
++nargout;
}
if (stdev != NULL) {
++nargout;
}
if (size_max != NULL) {
++nargout;
}
sizes
= Mcalc_distribution(
&bins__,
&P__,
&D__,
&avg__,
&stdev__,
&size_max__,
nargout,
N,
avg_in,
stdev_in,
nbins,
distrib,
coke_distrib,
modus);
if (bins != NULL) {
*bins = bins__;
}
if (P != NULL) {
*P = P__;
}
if (D != NULL) {
*D = D__;
}
if (avg != NULL) {
*avg = avg__;
}
if (stdev != NULL) {
*stdev = stdev__;
}
if (size_max != NULL) {
*size_max = size_max__;
}
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return sizes;
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}

164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

//
// The function "mlxCalc_distribution" contains the feval
// interface for the "calc_distribution" M-function from
// file "c:\documents and settings\post_jr\my documents\
// matlab\compiled\calc_distribution.m" (lines 1-85).
// The feval function calls the implementation version
// of calc_distribution through this function. This
// function processes any input arguments and passes
// them to the implementation version of the function,
// appearing above.
//
void mlxCalc_distribution(int nlhs,
mxArray * plhs[],
int nrhs,
mxArray * prhs[]) {
MW_BEGIN_MLX();
{
mwArray mprhs[7];
mwArray mplhs[7];
int i;
mclCppUndefineArrays(7, mplhs);
if (nlhs > 7) {
error(
mwVarargin(
mwArray(
"Run-time Error: File: calc_distribution "
"Line: 10 Column: 1 The function \"calc_"
"distribution\" was called with more than"
" the declared number of outputs (7).")));
}
if (nrhs > 7) {
error(
mwVarargin(
mwArray(
"Run-time Error: File: calc_distribution "
"Line: 10 Column: 1 The function \"calc_"
"distribution\" was called with more than"
" the declared number of inputs (7).")));
}
for (i = 0; i < 7 && i < nrhs; ++i) {
mprhs[i] = mwArray(prhs[i], 0);
}
for (; i < 7; ++i) {
mprhs[i].MakeDIN();
}
mplhs[0]
= Mcalc_distribution(
&mplhs[1],
&mplhs[2],
&mplhs[3],
&mplhs[4],
&mplhs[5],
&mplhs[6],
nlhs,
mprhs[0],
mprhs[1],
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mprhs[2],
mprhs[3],
mprhs[4],
mprhs[5],
mprhs[6]);
plhs[0] = mplhs[0].FreezeData();
for (i = 1; i < 7 && i < nlhs; ++i) {
plhs[i] = mplhs[i].FreezeData();
}

221
222
223
224
225
226
227
228
229

}
MW_END_MLX();

230
231
232
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}

233
234
235
236
237
238
239
240
241
242
243
244
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//
// The function "Mcalc_distribution" is the implementation
// version of the "calc_distribution" M-function from file
// "c:\documents and settings\post_jr\my documents\matlab\
// compiled\calc_distribution.m" (lines 1-85). It contains
// the actual compiled code for that M-function. It is a
// static function and must only be called from one of the
// interface functions, appearing below.
//
//
// %Distributes the totalnumber of particles among the
// %different sizeranges (sizes), depending on size
// %distribution (distrib), avg, stdev and number of
// %bins (nbins). Resulting number of particles per
// %sizerange in bins.
// %-----------------------------------------------// %Particle size distribution convention rule
// %All size distributions are VOLUMETRIC distributions
// %This means, for example, that D(x)=cum.
// %volumefraction of particles with size <= x
// %This means, for example, that P(x)=
// %volumefraction of particles within size x +/- dx
//
// function [sizes,bins,P,D,avg,stdev,size_max] = ...
//
calc_distribution(N,avg,stdev,nbins,distrib,...
//
coke_distrib,modus);
//
static mwArray Mcalc_distribution(mwArray * bins,
mwArray * P,
mwArray * D,
mwArray * avg,
mwArray * stdev,
mwArray * size_max,
int nargout_,
mwArray N,
mwArray avg_in,
mwArray stdev_in,
mwArray nbins,
mwArray distrib,
mwArray coke_distrib,
mwArray modus) {
mwLocalFunctionTable save_local_function_table_
= &_local_function_table_calc_distribution;
mwArray sizes = mwArray::UNDEFINED;
mwArray dum = mwArray::UNDEFINED;
mwArray D_numfrac = mwArray::UNDEFINED;
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mwArray P_numfrac = mwArray::UNDEFINED;
mwArray coeffs = mwArray::UNDEFINED;
(*avg).CopyInputArg(avg_in);
(*stdev).CopyInputArg(stdev_in);
//
//
// %Testdata
// %-------// %distrib ='LogNormal';
// %distrib ='Weibull';
// %distrib = 'Rosin-Rammler';
// %N
= 100000;
// %nbins
= 50;
// %modus = 'fit to data';
// %modus = 'use coeffs';
// %avg = 0.3e-3;
// %stdev = log10(2)*1e-3;
// %Set maximum size
// %size_max = avg+3*stdev;
// %Scaling
// %scale = size_max/nbins;
// %------//
//
//
// %Defaultvalues
// %avg
= 0.035;
// %stdev = 0.015;
//
// switch lower(modus)
//
{
mwArray v_ = lower(mwVa(modus, "modus"));
if (switchcompare(v_, _mxarray0_)) {
//
// case 'fit to data'
// %Calculate the avg and stdev if a
// %measured (volumetric) distribution
// %is known
// %Try to fit the distribution distrib
// % to the data
// %Output are the coeffs and new avg
// %and stdev
// [coeffs,avg,stdev] = ...
//
fitdistrib(distrib,coke_distrib);
//
coeffs
= fitdistrib(
avg,
stdev,
mwVa(distrib, "distrib"),
mwVa(coke_distrib, "coke_distrib"));
//
// case 'use coeffs'
//
} else if (switchcompare(v_, _mxarray2_)) {
//
// %Calculate coeffs of the continuous
// %distribution which conforms
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// %to given avg and stdev
// coeffs = calccoeffs(avg,stdev,distrib);
//
coeffs
= calccoeffs(
mwVa(*avg, "avg"),
mwVa(*stdev, "stdev"),
mwVa(distrib, "distrib"));
//
// end
//
}

}
//
//
// %Set maximum size
// size_max = avg+3*stdev;
//
*size_max = mwVa(*avg, "avg") + _mxarray4_ *
mwVa(*stdev, "stdev");
//
//
// %Create the bins based on max size and nbins
// %Divide the diameter-range into desired number
// % intervals (nbins)
// %pre-allocate number of particles per size
// bins = zeros(1,nbins);
//
*bins = zeros(mwVarargin(_mxarray5_,
mwVa(nbins, "nbins")));
//
//%pre-allocate sizeranges
// sizes = zeros(1,nbins);
//
sizes = zeros(mwVarargin(_mxarray5_,
mwVa(nbins, "nbins")));
//
//
// %Calculate bin-values
// %size range, stepsize = size_max/nbins
// sizes=(1/nbins:1/nbins:1)*size_max;
//
sizes
= colon(
_mxarray5_ / mwVa(nbins, "nbins"),
_mxarray5_ / mwVa(nbins, "nbins"),
_mxarray5_)
* mwVv(*size_max, "size_max");
//
//
// %Create density and cuavglative distribution
// %D(x)=cum. volumetric fraction of particles
// % with size <= x
// %P(x)=volumetric fraction of particles
// % within size x +/- dx
//
// switch lower(distrib)
//
{
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mwArray v_ = lower(mwVa(distrib, "distrib"));
if (switchcompare(v_, _mxarray6_)) {
//
// case 'rosin-rammler'
// [P,D,avg,stdev]=RosinRammler(coeffs(1),...
//
coeffs(2),sizes);
//
*P
= rosinrammler(
D,
avg,
stdev,
mclIntArrayRef(mwVv(coeffs,
"coeffs"), 1),
mclIntArrayRef(mwVv(coeffs,
"coeffs"), 2),
mwVv(sizes, "sizes"));
//
//% Scale P to fraction of total
// P=P*size_max/nbins;
//
*P
= mwVv(*P, "P") * mwVv(*size_max,
"size_max")/ mwVa(nbins, "nbins");
//
// case 'lognormal'
//
} else if (switchcompare(v_, _mxarray8_)) {
//
// [P,D,avg,stdev]=LogNormal(coeffs(1),...
//
coeffs(2),sizes);
//
*P
= lognormal(
D,
avg,
stdev,
mclIntArrayRef(mwVv(coeffs, "coeffs"), 1),
mclIntArrayRef(mwVv(coeffs, "coeffs"), 2),
mwVv(sizes, "sizes"));
//
//% Scale P to fraction of total
// P=P*size_max/nbins;
//
*P
= mwVv(*P, "P") * mwVv(*size_max, "size_max")
/ mwVa(nbins, "nbins");
//
// case 'weibull'
//
} else if (switchcompare(v_, _mxarray10_)) {
//
// [P,D,avg,stdev]=Weibull(coeffs(1),...
//
coeffs(2),sizes);
//
*P
= weibull(
D,
avg,
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stdev,
mclIntArrayRef(mwVv(coeffs, "coeffs"), 1),
mclIntArrayRef(mwVv(coeffs, "coeffs"), 2),
mwVv(sizes, "sizes"));

457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515

//
//% Scale P to fraction of total
// P=P*size_max/nbins;
//
*P
= mwVv(*P, "P") * mwVv(*size_max, "size_max")
/ mwVa(nbins, "nbins");
//
// end
//
}
}
//
//
// %Calculate how much per bin (per size)
// %based on N, P and D
// [bins,P_numfrac,D_numfrac] = numfracP(sizes,...
//
nbins,P,D,N);
//
*bins
= numfracp(
&P_numfrac,
&D_numfrac,
mwVv(sizes, "sizes"),
mwVa(nbins, "nbins"),
mwVv(*P, "P"),
mwVv(*D, "D"),
mwVa(N, "N"));
//
//
// % Remove commentsigns (%) to plot
// % the calculated function
// %close all;
// %figure;
// %plot(sizes,P_numfrac);
// %figure;
// %plot(sizes,D);
// %figure;
// %plot(sizes,bins);
// dum=0;
//
dum = _mxarray12_;
mwValidateOutput(sizes, 1, nargout_, "sizes",
"calc_distribution");
mwValidateOutput(*bins, 2, nargout_, "bins",
"calc_distribution");
mwValidateOutput(*P, 3, nargout_, "P",
"calc_distribution");
mwValidateOutput(*D, 4, nargout_, "D",
"calc_distribution");
mwValidateOutput(*avg, 5, nargout_, "avg",
"calc_distribution");
mwValidateOutput(*stdev, 6, nargout_, "stdev",
"calc_distribution");
mwValidateOutput(*size_max, 7, nargout_, "size_max",
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"calc_distribution");
return sizes;
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}

//
// MATLAB Compiler: 3.0
// Arguments: "-B" "macro_default" "-O" "all" "-O"
// "fold_scalar_mxarrays:on" "-O"
// "fold_non_scalar_mxarrays:on" "-O"
// "optimize_integer_for_loops:on" "-O"
// "array_indexing:on" "-O" "optimize_conditionals:on"
// "-p" "-W" "main" "-L"
// "Cpp" "-t" "-T" "link:exe" "-h" "libmmfile.mlib"
// "-v" "-B" "sglcpp" "-p" "-W" "main" "-L" "Cpp"
// "-t" "-T" "link:exe" "-h" "libmmfile.mlib" "-W"
// "mainhg" "libmwsglm.mlib" "-T" "compile:exe"
// "cfxsolve"
//
#ifndef __calc_distribution_hpp
#define __calc_distribution_hpp 1

17
18

#include "libmatlb.hpp"

19
20
21
22
23

extern void InitializeModule_calc_distribution();
extern void TerminateModule_calc_distribution();
extern _mexLocalFunctionTable
_local_function_table_calc_distribution;

24
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extern mwArray calc_distribution(mwArray * bins,
mwArray * P,
mwArray * D,
mwArray * avg,
mwArray * stdev,
mwArray *
size_max,
mwArray N =
mwArray::DIN,
mwArray avg_in =
mwArray::DIN,
mwArray stdev_in =
mwArray::DIN,
mwArray nbins =
mwArray::DIN,
mwArray distrib =
mwArray::DIN,
mwArray coke_distrib =
mwArray::DIN,
mwArray modus =
mwArray::DIN);
#ifdef __cplusplus
extern "C"
#endif
void mlxCalc_distribution(int nlhs,
mxArray * plhs[],
int nrhs,
mxArray * prhs[]);

53
54

#endif
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B.3

B. Coding

CFX™

For the calculation of hot metal flow through a porous system like the deadman, the CFD
software CFX™is used. It is possible to define variables and functions which are calculated
externally. During the call to these external functions location data and properties like
temperature, carbon concentration, etc. are copied to the external functions. Results are
returned and the appropriate variables are set with the calculated values.
CFX™uses FORTRAN to define the functions. In the next section (FORTRAN) an
example of the interface and communication source code is shown.
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FORTRAN

#include "cfx5ext.h"
dllexport(eps_wall)
SUBROUTINE EPS_WALL (
& NLOC, NRET, NARG, RET, ARGS, CRESLT, CZ,DZ,IZ,LZ,RZ )
CC
CD User routine: template for user CEL function
CC
CC -------------------CC
Input
CC -------------------CC
CC NLOC
- size of current locale
CC NRET
- number of components in result
CC NARG
- number of arguments in call
CC ARGS() - (NLOC,NARG) argument values
CC
CC -------------------CC
Modified
CC -------------------CC
CC Stacks possibly.
CC
CC -------------------CC
Output
CC -------------------CC
CC RET() - (NLOC,NRET) return values
CC CRESLT - 'GOOD' for success
CC
CC -------------------CC
Details
CC -------------------CC
CC This routine will output porosity, based on position.
CC In this case between RMAX (= wall) and 0.8*RMAX
CC
CC
CC============================================================
C
C -----------------------------C
Preprocessor includes
C ------------------------------
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C
C
C
C
C
C
C
C
C

CHARACTER CRESLT*(*)
C
REAL ARGS(NLOC,NARG), RET(NLOC,NRET)

56
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C
INTEGER IZ(*)
CHARACTER CZ(*)*(1)
DOUBLE PRECISION DZ(*)
LOGICAL LZ(*)
REAL RZ(*)

58
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-----------------------------Argument list
------------------------------

C

54
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-----------------------------Global Parameters
------------------------------

INTEGER NLOC,NARG,NRET
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C
C
C
C
C
C
C
C

-----------------------------External routines
----------------------------------------------------------Local Parameters
-----------------------------INTEGER
ILOC
REAL OUTVAL
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C
C
C -----------------------------C
Local Variables
C -----------------------------C
C -----------------------------C
Stack pointers
C -----------------------------C
C==========================================================
C
C --------------------------C
Executable Statements
C --------------------------C
C
C Send any diagnostic messages via master process.
C
CALL MESAGE( 'WRITE','Hello World!' )
C
C Initialise RET(1:NLOC*NRET) to zero.
CALL SET_A_0( RET, NLOC*NRET )
C
C Arguments are in array ARGS(1:NLOC,1:NARG)
C NLOC = total number of nodes/vertices in locale
C NARG = total number of arguments in call
C
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For each location
DO ILOC=1,NLOC
OUTVAL = 0.4
Check if we are at the inner part of the tube
IF (ARGs(ILOC,1) .LT. ARGS(ILOC,3)) OUTVAL = 0.35
RET(ILOC,1) = OUTVAL
END DO

C
C Set success flag.
CRESLT = 'GOOD'
C
C===========================================================
END
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Appendix C

Detailed figures from 3D CFD
Case Studies
C.1

Flow Distribution

Figure C.1 – Inner circle and outer ring at the inlet of the model. Width of outer ring is 1.0 m.
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C.2

No Carbon Dissolution

C.2.1

Uniform Inflow

Figure C.2 – Streamlines from the outlet into the interior of the hearth, arrows indicate flow direction.
Colouring indicates hot metal velocity. Symbols indicate 1 hour residence time away from outlet.

Figure C.3 – Hot metal temperatures for the uniform inflow case. Vectors indicate flow direction. Length
of vectors indicates hot metal velocity.

Figure C.4 – Hot metal velocities for the uniform inflow case. Vectors indicate flow direction. Colouring
indicates hot metal velocity.

216

C. Detailed figures from 3D CFD Case Studies

C.2. No Carbon Dissolution

Figure C.5 – Hot metal residence time for the uniform inflow case. Vectors indicate flow direction. Length
of vectors indicates hot metal velocity. Colouring indicates residence time.

C.2.2

Distributed Inflow

100% Inflow through Outer Ring
entering through the outer ring.

Shown are the figures with 100% of the mass flow

Figure C.6 – Distributed flow case: 100% of the inflow flow through the outer ring. Streamlines from the
outlet into the interior of the hearth, arrows indicate flow direction. Colouring indicates hot metal velocity.
Symbols indicate 1 hour residence time away from outlet.

Figure C.7 – Distributed flow case: 100% of the inflow flow through the outer ring. Hot metal temperatures
for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.
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Figure C.8 – Distributed flow case: 100% of the inflow flow through the outer ring. Hot metal velocities
for the uniform inflow case. Vectors indicate flow direction. Colouring indicates hot metal velocity.

Figure C.9 – Distributed flow case: 100% of the inflow flow through the outer ring. Hot metal residence
time for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates residence time.

80% Inflow through Outer Ring, 20% Inflow through the Centre Shown are the
figures with 80% of the mass flow entering through the outer ring and 20% of the mass
flow entering through the centre.

Figure C.10 – Distributed flow case: 80% of the inflow flow through the outer ring. Streamlines from the
outlet into the interior of the hearth, arrows indicate flow direction. Colouring indicates hot metal velocity.
Symbols indicate 1 hour residence time away from outlet.
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C.2. No Carbon Dissolution

Figure C.11 – Distributed flow case: 80% of the inflow flow through the outer ring. Hot metal temperatures
for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.

Figure C.12 – Distributed flow case: 80% of the inflow flow through the outer ring. Hot metal velocities
for the uniform inflow case. Vectors indicate flow direction. Colouring indicates hot metal velocity.

Figure C.13 – Distributed flow case: 80% of the inflow flow through the outer ring. Hot metal residence
time for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates residence time.
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50% Inflow through Outer Ring, 50% Inflow through the Centre Shown are the
figures with 50% of the mass flow entering through the outer ring and 50% of the mass
flow entering through the centre.

Figure C.14 – Distributed flow case: 50% of the inflow flow through the outer ring. Streamlines from the
outlet into the interior of the hearth, arrows indicate flow direction. Colouring indicates hot metal velocity.
Symbols indicate 1 hour residence time away from outlet.

Figure C.15 – Distributed flow case: 50% of the inflow flow through the outer ring. Hot metal temperatures
for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.

Figure C.16 – Distributed flow case: 50% of the inflow flow through the outer ring. Hot metal velocities
for the uniform inflow case. Vectors indicate flow direction. Colouring indicates hot metal velocity.
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C.2. No Carbon Dissolution

Figure C.17 – Distributed flow case: 50% of the inflow flow through the outer ring. Hot metal residence
time for the uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates residence time.

0% Inflow through Outer Ring, 100% through the Centre Shown are the figures
with 0% of the mass flow entering through the outer ring and 100% of the mass flow
entering through the centre.

Figure C.18 – Distributed flow case: 0% of the inflow flow through the outer ring, 100% inflow through the
centre. Streamlines from the outlet into the interior of the hearth, arrows indicate flow direction. Colouring
indicates hot metal velocity. Symbols indicate 1 hour residence time away from outlet.

Figure C.19 – Distributed flow case: 0% of the inflow flow through the outer ring, 100% inflow through
the centre. Hot metal temperatures for the uniform inflow case. Vectors indicate flow direction. Length of
vectors indicates hot metal velocity.
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Figure C.20 – Distributed flow case: 0% of the inflow flow through the outer ring, 100% inflow through
the centre. Hot metal velocities for the uniform inflow case. Vectors indicate flow direction, colouring
indicates hot metal velocity.

Figure C.21 – Distributed flow case: 0% of the inflow flow through the outer ring, 100% inflow through
the centre. Hot metal residence time for the uniform inflow case. Vectors indicate flow direction, length of
vectors indicates hot metal velocity. Colouring indicates residence time.
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C.3

Carbon Dissolution

C.3.1

Remaining Coke

C.3. Carbon Dissolution

Figure C.22 – Remaining coke volume at end of simulation. Colouring indicates residual coke volume
fraction.
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C.3.2
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Uniform Inflow

Figure C.23 – Carbon dissolution case with uniform inflow. Streamlines from the outlet into the interior
of the hearth, arrows indicate flow direction. Colouring indicates hot metal velocity. Symbols indicate 1
hour residence time away from outlet.

Figure C.24 – Carbon dissolution case with uniform inflow. Hot metal temperatures for the uniform inflow
case. Vectors indicate flow direction, length of vectors indicates hot metal velocity.

Figure C.25 – Carbon dissolution case with uniform inflow. Hot metal velocities for the uniform inflow
case. Vectors indicate flow direction, colouring indicates hot metal velocity.
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C.3. Carbon Dissolution

Figure C.26 – Carbon dissolution case with uniform inflow. Hot metal residence time for the uniform
inflow case. Vectors indicate flow direction. length of vectors indicates hot metal velocity. Colouring
indicates residence time.

Figure C.27 – Carbon dissolution case with uniform inflow. Carbon concentration in hot metal for the
uniform inflow case. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.
Colouring indicates carbon concentration in hot metal.

Figure C.28 – Carbon dissolution case with uniform inflow. Carbon dissolution rate for the uniform inflow
case. Vectors indicate flow direction. length of vectors indicates hot metal velocity. Colouring indicates
carbon dissolution rate.
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C.3.3

C. Detailed figures from 3D CFD Case Studies

Distributed Inflow

100% Inflow through Outer Ring
entering through the outer ring.

Shown are the figures with 100% of the mass flow

Figure C.29 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer
ring. Streamlines from the outlet into the interior of the hearth, arrows indicate flow direction. Colouring
indicates hot metal velocity. Symbols indicate 1 hour residence time away from outlet.

Figure C.30 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer ring.
Hot metal temperatures. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.

Figure C.31 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer
ring. Hot metal velocities. Vectors indicate flow direction. Colouring indicates hot metal velocity.
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C.3. Carbon Dissolution

Figure C.32 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer
ring. Hot metal residence time. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates residence time.

Figure C.33 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer
ring. Carbon concentration in hot metal. Vectors indicate flow direction. Length of vectors indicates hot
metal velocity. Colouring indicates carbon concentration in hot metal.

Figure C.34 – Carbon dissolution and distributed flow case: 100% of the inflow flow through the outer ring.
Carbon dissolution rate. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.
Colouring indicates carbon dissolution rate in hot metal.

227

C.3. Carbon Dissolution

C. Detailed figures from 3D CFD Case Studies

80% Inflow through Outer Ring, 20% Inflow through the Centre Shown are the
figures with 80% of the mass flow entering through the outer ring and 20% of the mass
flow entering through the centre.

Figure C.35 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer
ring. Streamlines from the outlet into the interior of the hearth, arrows indicate flow direction. Colouring
indicates hot metal velocity. Symbols indicate 1 hour residence time away from outlet.

Figure C.36 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer ring.
Hot metal temperatures. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.

Figure C.37 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer ring.
Hot metal velocities. Vectors indicate flow direction. Colouring indicates hot metal velocity.
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C.3. Carbon Dissolution

Figure C.38 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer ring.
Hot metal residence time. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.
Colouring indicates residence time.

Figure C.39 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer ring.
Carbon concentration in hot metal. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates carbon concentration in hot metal.

Figure C.40 – Carbon dissolution and distributed flow case: 80% of the inflow flow through the outer ring.
Carbon dissolution rate. Vectors indicate flow direction. Length of vectors indicates hot metal velocity,
colouring indicates carbon dissolution rate in hot metal.
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50% Inflow through Outer Ring, 50% Inflow through the Centre Shown are the
figures with 50% of the mass flow entering through the outer ring and 50% of the mass
flow entering through the centre.

Figure C.41 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer
ring. Streamlines from the outlet into the interior of the hearth, arrows indicate flow direction. Colouring
indicates hot metal velocity. Symbols indicate 1 hour residence time away from outlet.

Figure C.42 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer ring.
Hot metal temperatures. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.

Figure C.43 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer ring.
Hot metal velocities. Vectors indicate flow direction. Colouring indicates hot metal velocity.
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C.3. Carbon Dissolution

Figure C.44 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer ring.
Hot metal residence time. Vectors indicate flow direction. Length of vectors indicates hot metal velocity.
Colouring indicates residence time.

Figure C.45 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer ring.
Carbon concentration in hot metal. Vectors indicate flow direction. Length of vectors indicates hot metal
velocity. Colouring indicates carbon concentration in hot metal.

Figure C.46 – Carbon dissolution and distributed flow case: 50% of the inflow flow through the outer ring.
Carbon dissolution rate. Vectors indicate flow direction. Length of vectors indicates hot metal velocity,
colouring indicates carbon dissolution rate in hot metal.
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C. Detailed figures from 3D CFD Case Studies

0% Inflow through Outer Ring, 100% through the Centre Shown are the figures
with 0% of the mass flow entering through the outer ring and 100% of the mass flow
entering through the centre.

Figure C.47 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Streamlines from the outlet into the interior of the hearth, arrows indicate
flow direction. Colouring indicates hot metal velocity. Symbols indicate 1 hour residence time away from
outlet.

Figure C.48 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Hot metal temperatures. Vectors indicate flow direction, length of vectors
indicates hot metal velocity.

Figure C.49 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Hot metal velocities. Vectors indicate flow direction. Colouring indicates
hot metal velocity.
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C.3. Carbon Dissolution

Figure C.50 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Hot metal residence time. Vectors indicate flow direction. length of vectors
indicates hot metal velocity. Colouring indicates residence time.

Figure C.51 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Carbon concentration in hot metal. Vectors indicate flow direction, length
of vectors indicates hot metal velocity. Colouring indicates carbon concentration in hot metal.

Figure C.52 – Carbon dissolution and distributed flow case: 0% of the inflow flow through the outer ring
and 100 % through the centre. Carbon dissolution rate. Vectors indicate flow direction, length of vectors
indicates hot metal velocity. Colouring indicates carbon dissolution rate in hot metal.
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Appendix D

Experimental Equipment
D.1

Validyne

D.1.1

Variable Reluctance Pressure Transducers

A variable reluctance pressure transducer consists of a diaphragm of magnetically permeable stainless steel clamped between two blocks of stainless steel. Embedded in each
block is an inductance coil on an E-shaped core. This coil assembly, covered by an Inconel
disc, has a corrosion resistant surface. In the undeflected position, the diaphragm is centred
with equal gaps between it and the inductance coils to provide equal reluctances for the magnetic flux paths of each coil. Both gaps are connected to the pressure ports of the transducer.

Figure D.1 – Cross-section of pressure transducer

A pressure difference applied on the pressure ports will deflect the diaphragm toward
the cavity with the lower pressure, decreasing one gap and increasing the other. As the
magnetic inductance varies with the gap and determines the inductance value of each coil,
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the diaphragm deflection increases the inductance of one coil and decreases that of the
other.

D.1.2

CD 15, Sine Wave Carrier Demodulator

The CD 15 sine wave carrier demodulator is designed to be used with variable reluctance
transducers. In this case, the pressure transducers used in the experimental set-up.
The output of the CD 15 is a DC signal for dynamic as well as steady state measurements.
A 5 kHz sine wave excitation is applied to the two induction arms of the transducer and the
resulting output is demodulated and amplified. After filtering the DC output it will give a
uniform response from steady state to 1000 Hz. Because of the low impedance of the sine
wave excitation, the transducers may be located over 300 m from the CD 15.

D.2

Metrohm 691 pH Meter

The Metrohm 691 pH meter is used to measure the pH of aqueous solutions. An electrode
consisting of a semi-permeable membrane and an electrode in an electrolyte solution is
used to measure an electric potential. Depending on the pH a smaller or larger potential is
measured. Regular calibration of the electrode and regular renewal of the electrolyte is
necessary during lengthy measurements.

Figure D.2 – Metrohm 691 pH meter

D.3

DAS Data Acquisition

D.3.1

Description

The DAS 8000 data acquisition and supervision module works as a stand alone system or
part of a PC, PLC system. It accepts up to 8 analogue inputs, which can be configured as Pt
100, mV, V and 4-20 mA. It has 8 digital inputs that are able to capture logic data (contact,
pulse, proximity detectors, other relay equipment, etc.) for supervision or to include them
in logic functions.
It also has 8 logic outputs, that can be controlled based on alarm conditions triggered by
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Figure D.3 – Hawco’s DAS8000 data acquisition system

analog inputs, logic functions with digital inputs, or as remote control for communication
with PC or PLC. Communication between modules and PC or PLC is accomplished by a
configurable RS-485 link. When only point-to-point communication is used, an RS-232 c
link is used. There is also a second RS-232 C link, that allows the user to connect a printer
directly with a group of modules connected through a BUS, for real-time data recording.
DAS-8000 can be configured from a central unit, i.e a PC, through the RS-485 communications BUS, and also by a detachable front-mounted, multi-function terminal. This same
front panel is detachable up to 2 metre and it can be mounted on the door of a control
cabinet, leaving the main part of the DAS-8000 on the bottom of the cabinet as a terminal
block of the signal and/or control lines.
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Summary
The ironmaking blast furnace is the most efficient reactor for extracting iron from iron ore.
Iron ore consists of iron oxides and in the blast furnace the iron oxides are reduced to iron
and melted before it is transformed into steel in the steel plant. The lowest part or hearth
of an ironmaking blast furnace plays no doubt the most important role in the making of hot
metal, the primary product of a blast furnace: molten, unrefined iron.
The hearth is the location where the final reactions take place, which determine the hot
metal quality, but also where wear of the protective refractory lining is the main reason for
a major, lengthy and costly maintenance stoppage once every 10 to 20 years.
In the hearth, hot metal flows through the bed of packed coke particles, the deadman,
toward a tap hole in the wall of the hearth. The particles of the coke bed exhibit a particle
size distribution, which determines the permeability for liquid flow in the packed bed. The
permeability is not uniformly distributed and this determines the flow distribution in the
hearth. It is the flow of hot metal which dissolves the carbon of the coke particles, resulting
in a change in packing of the coke bed and degrades the refractory lining of the hearth.
The process conditions in the hearth make it near to impossible to monitor and predict these
processes. Using mathematical modelling as a tool, insight is gained in understanding the
process of dissolution of coke bed particles and the impact on the packing of the coke bed
as well as the hot metal flow inside the hearth.
In this thesis population balance modelling and particle-packing modelling are used to
model the effect of dissolving particles on the packing of a packed bed. The model is
linked with a CFD model of a simplified blast furnace hearth, and the resulting packed bed
porosity is used to calculate the effects on hot metal flow in the hearth. The ensuing effects
on coke dissolution rate and flow in the CFD model is demonstrated. This approach of
simultaneously calculating the distribution of the deadman porosity, caused by dissolution, and the ensuing hot metal flow is an unique and new aspect in blast furnace hearth
modelling.
Results of dissolution experiments, in water, with spherical benzoic acid particles in a
packed bed, validate the results of the dissolution and packing model. It is also shown that
the packing model is also suited for modelling packed coke beds.
This thesis shows that population balance modelling is well suited to model systems with a
large number of particles, especially in the case of calculating the evolution of the particle
size distribution of dissolving particles.
CFD results in this thesis demonstrate that large coke dissolution rates and high flow rates
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occur at places where usually large refractory degradation occurs in a blast furnace. It is
shown that a distribution of hot metal entering the hearth has a large impact on flow in
the hearth. Although not all aspects of the modelling worked well, it is shown that these
methods show a computational workable route for modelling large particle systems.
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Samenvatting
De hoogoven is op dit moment, de meest efficiente reactor om uit ijzererts ijzer te produceren. IJzererts bestaat uit ijzeroxydes die in de hoogoven niet alleen tot ijzer worden
gereduceerd maar ook gesmolten worden. Het gesmolten ijzer wordt daarna omgezet tot
staal in de staalfabriek. Het onderste gedeelte van een hoogoven, de haard, speelt zonder
twijfel de grootste rol in de productie van ruwijzer, het hoofdproduct van een hoogoven:
gesmolten, ongeraffineerd ijzer.
In de haard vinden de laatste chemische reacties plaats, die de kwaliteit van het ruwijzer
bepalen. De wand van de haard wordt beschermd door vuurvast materiaal, en het is de
slijtage van deze bescherming die maakt dat eens in de 10 - 20 jaar, een kostbare lange
onderhoudsstilstand moet plaatsvinden om de vuurvaste bescherming te vervangen.
In de haard stroomt vloeibaar ruwijzer door een gepakt bed bestaande uit cokes deeltjes.
Men noemt dit gepakte bed de dode man. Het ruwijzer stroomt naar een gat in de wand van
de haard, het tapgat. De cokesdeeltjes hebben niet allemaal dezelfde grootte en vertonen
een deeltjesgrootte verdeling. De deeltjesgrootte verdeling bepaalt de doorlaatbaarheid
voor vloeistofstroming van het cokesbed. De doorlaatbaarheid is niet uniform en bepaalt
uiteindelijk de verdeling van de rijwijzerstroming in de haard.
Door de procesomstandigheden in de haard is het vrijwel onmogelijk om de processen daar
te volgen en te voorspellen. Door het toepassen van wiskundige modellering als hulpmiddel,
kan er inzicht en begrip verkregen worden van het hele proces van het oplossen van cokes
deeltjes in een gepakt bed. Ook kan er inzicht verkregen worden hoe de ruwijzerstroming
daardoor beı̈nvloed wordt, zowel in de haard als in het gepakte bed zelf.
In dit proefschrift wordt ‘Population Balance Modelling’ en het modelleren van deeltjespakking
in een gepakt bed gebruikt om het effect op de pakking te berekenen wanneer deeltjes van
een gepakt bed oplossen. Het model is gekoppeld aan een CFD model van een versimpelde
hoogoven-haard, en de resulterende porositeit in het gepakte bed wordt gebruikt om de
effecten uit te rekenen op de ruwijzerstroming. Het CFD model laat de effecten zien op de
snelheid van oplossen van cokes deeltjes en de stroming van ruwijzer. Deze benadering
van het simuleren van de dode man in een hoogoven, is een nieuw en uniek aspect in het
modelleren van de haard van een hoogoven.
De resultaten van oplos-experimenten van benzoëzuur bolletjes in een gepakt bed, laten
soortgelijke resultaten zien als het gecombineerde oplos- en pakkingsmodel. Tevens wordt
er aangetoond dat het model geschikt is voor het modelleren van gepakte cokes bedden.
Dit proefschrift laat verder zien dat ‘Population Balance Modelling’ goed geschikt is om
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systemen te modelleren met een groot aantal deeltjes, vooral voor het geval waarbij de
voortgang van de deeltjesgrootte verdeling gevolgd van oplossende deeltjes.
CFD resultaten in dit proefschrift laten zien dat hoge oplossnelheden en hoge stromingsnelheden worden bereikt op plaatsen in de haard waar ook in een ‘echte’ hoogoven grote
slijtage plaatsvindt aan de vuurvaste bescherming. Verder wordt er aangetoond dat de
verdeling van het ruwijzer bij het binnenstromen van de haard een heel groot effect heeft
op de uiteindelijke stroming in de haard. Hoewel niet alle aspecten van het modelleren
goed hebben gewerkt, is verder aangetoond dat deze methoden en technieken een werkbare
route opleveren voor het uitrekenen van systemen met grote hoeveelheden deeltjes.
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