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Abstract
In primary me tallurgy, the conve rte r proce ss is an important stage in the production of ste e l from
iron ore. The aim of the process is to remove carbon and several minor elements from iron melt
by blowing oxygen on top of the melt. The scrap is used mainly to lower the furnace temperature.
In a typical converter the iron bath is mixed by inert gas injection through nozzles placed at the
bottom of the furnace.
Conve rte r process mode ls aim to pre dict the tempe rature and compositional change s in the me tal
and slag phases during the oxygen blow. Process models are usually very simple and compute the
results in real time. Real time capability is important for online process control use. The purpose
of this thesis is was to improve the numerical modelling of the phenomena that takes place inside
the steel converter, with an eye towards real-time applicability.
Th e t h e s i s d e ve l o p e d ne w al g o ri t h ms a nd n u m e ri c a l me t h o d s f o r c o m p u t i ng g a s /l i qu i d t w o - p h a s e
ﬂ ow, chemical reactions between multiple phases, as well as scrap melting. The models for these
three phenomena were divided into three sub-models, which were tested independently. A
theoretical basis for combining the sub-models was developed too. All of the models were
developed to work in real-time. The approximations used are readily applicable to many other high
temperature processes.
The scrap melting model was developed to work in 1-D. The main idea was to predict the crust
formation whe n liquid iron solidiﬁ e s on the cold scrap, and the n the me lting of the solid material.
The phase changes in the solid material are taken into account with a moving numerical grid. The
scrap melting model was validated against melting measurements done in a crucible for three
different melt temperatures. The numerical results compared well with the measurements.
The 2-D two-phase computational ﬂ uid dynamics model was developed to predict the ﬂ ow ﬁ eld
and mixing of the iron melt due to the bottom gas stirring. The algorithm was developed to
conserve liquid mass with computational economy, which was a feature missing in the literature.
The model was validated with three different water models, one of which was similar to an
industrial-scale steel converter.
The chemical reaction model was based on computing chemical thermodynamic equilibrium via
the Gibbs energy minimisation procedure for a reaction volume, which exists in the interfacial
region of the main phases. The evolution of the chemical reactions are then determined by the mass
transfer between the reaction volume and the bulk phases. Computing the equilibrium allows the
modelling of simultaneous reactions and predict possible saturation of the components. The model
was validated against measurements done in an industrial-scale steel converter. Accuracy was
improved over existing literature models.
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Tiivistelmä
Primäärimetallurgiassa teräksen konvertointi on tärkeä prosessivaihe. Teräksen konvertoinnissa
hiili ja muutamia muita alkuaineita poistetaan metallisulasta puhaltamalla happea sulan päälle.
Konvertterissa käytetään yleensä romua metallisulan jäähdyttämiseen. Monissa konverttereissa
metallisulaa sekoitetaan inertillä kaasulla, joka puhalletaan pohjasuuttimien kautta.
Konvertterin prosessimalleilla pyritään ennustamaan lämpötilan ja koostumuksen kehitystä
metalli- ja kuonafaaseissa prosessin aikana. Prosessimallit ovat yleensä hyvin yksinkertaisia ja
ne laskevat prosessin tilaa reaaliaikaisesti. Reaaliaikaisuus on tärkeää prosessin säätämisen
kannalta. Tämän työn tarkoitus oli parantaa teräskonvertterin tärkeimpien ilmiöiden numeerista
mallinnusta ja saavuttaa samalla reaaliaikainen laskenta.
T ä s s ä vä i t ö s t y ö s s ä k e h i t e t t i i n u u s i a a l g o r i t m e j a j a n u m e e r i s i a m e n e t e l m i ä n e s t e / k a a s u k a k s i f a a s i virtaukseen, useiden faasien välisiin kemiallisiin reaktioihin, sekä kiinteän romun sulamiseen.
Kehitetyt mallit on jaettu kolmeen alikategoriaan, jotka on validoitu erikseen. Lisäksi työssä on
muodostettu teoreettinen pohja alimallien yhdistämiseksi yhdeksi kokonaismalliksi. Kaikki
alimallit kykenevät reaaliaikaiseen laskentaan. Työssä kehitettyjä mallinnuskonsepteja voidaan
soveltaa myös muihin pyrometallurgisiin korkealämpötilaprosesseihin.
Romun sulamismalli kehitettiin tässä työssä 1-dimensioiseksi. Mallin tavoitteena oli ennustaa
metallisulan jähmettyminen kylmän romun pintaan sekä näin muodostuneen jähmeän kuoren ja
perusmateriaalin sulaminen. Kyseiset faasimuutokset otetaan huomioon liikkuvalla numeerisella
laskentahilalla. Romun sulamismalli validoitiin vertaamalla laskentatuloksia mittauksiin, jotka oli
tehty upokkaassa kolmelle eri metallisulan lämpötilalle. Tulokset olivat hyvin sopusoinnussa
mittausten kanssa.
2-dimensioinen numeerinen kaksifaasivirtausmalli kehitettiin laskemaan kaasun pohjapuhalluksen
vaikutuksia metallisulan virtauskenttään ja sen sekoittumiseen. Algoritmin tarkoituksena on
s äil y t t ää g e o me t rian ne s t e e n ko ko nai s mas s a ja s amal l a s aavu t t aa l as ke nt at u l o s t e h o kkaas t i . M al l i
validoitiin vertailemalla tuloksia kolmen vesimallin mittauksiin. Yksi näistä vesimalleista oli
verrattavissa teollisuusmittakaavan teräskonvertteriin.
Kemiallisten reaktioiden malli kehitettiin laskemaan termodynaaminen tasapaino bulkkifaasien
väliselle rajapinta-alueelle, jota kutsutaan reaktiotilavuudeksi. Prosessissa tapahtuvien kemiallisten
reaktioiden eteneminen lasketaan sitten bulkkifaasien ja reaktiotilavuuden välisen aineensiirron
kautta. Tasapainolaskenta mahdollistaa myös mahdollisten kiinteiden kuonakomponenttien
erkautumisen ennustamisen. Malli validoitiin vertaamalla tuloksia mittauksiin, jotka oli tehty
teollisuuskokoluokan teräskonvertterissa. Vertailut samanaikaisesti kirjallisuuden mallien tuloksiin
paljastivat, että väitöstyön malli ennusti tarkemmin metallisulan hiilipitoisuuden sekä kuonan
pääkomponenttien kehityksen puhallusajan funktiona.

A v a i n s a n a t teräskonvertteri, virtausdynamiikka, numeerinen mallinnus, monifaasivirtaus
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1. Introduction

Steel is one of the most ubiquitous materials in the world. It is used in constructions and
in many products where cost-effective strength is required. Steelmaking through primary
metallurgy is a process chain for producing steel from iron ore and scrap. As recycling increases, the use of scrap in steelmaking is becoming more important. In steelmaking, iron
ore is first processed in a blast furnace into hot metal containing large amounts of carbon.
The hot metal is further refined in a steel converter into low carbon steel. The steel composition and temperature is then adjusted in ladle treatments. Finally, the steel is cast into
blooms, billets or slabs. The main mechanical properties of steel are strength and ductility.
These are strongly influenced by elements added in the steel and heat treatment. Carbon
is one of the main elements that affect the mechanical properties of steel.
Steel producers are constantly searching for improvements in their process chains. There
are many different areas for improvement such as in energy efficiency, reduction of CO2
emissions, improving yields, production rate, etc. Improvements require an understanding of the physics and chemistry behind the processes, as well as a grasp of sound modelling concepts for the different areas of complex physics. The word modelling refers here to
a reasonable simplification made of the phenomena taking place in the process.
To this day there exist significant difficulties in modelling full cycles in steelmaking processes. Process models that aim to predict the evolution of the process usually oversimplify
significant parts of the relevant phenomena. On the other hand, there are also models that
describe some parts of the phenomena quite accurately, while completely omitting other
parts. An example of these are models that focus on accurately simulating the fluid dynamics inside the process, while leaving out chemical reactions, heat transfer, solidification
and melting. These models are also computationally very intensive. This means that expensive computers may spend weeks or even months calculating the results. Thus, there
is a need for cost-effective modelling concepts that encompass most of the relevant physics
of the process in question. Moreover these concepts should be applicable to many different
metallurgical processes.

1.1

Basic Oxygen Furnace (BOF)

The main goal of a basic oxygen furnace is to remove carbon from high-carbon iron melt
(4.0–4.5 wt% C) to produce low carbon steel (0.25–0.03 wt% C). Carbon is oxidised by
blowing oxygen into the melt via top-positioned lance. This type of furnace is called a LinzDonavitz steel converter. Other elements, such as Si, Mn, P and V, are also oxidised during
the process. The oxides are transported into a lighter slag phase, which is above the iron
1
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melt. The purpose of the slag phase is to attract impurities from the iron melt. Oxygen is
blown from the lance supersonically to penetrate the slag phase, produce mixing in the
slag and metal phases, and to create large amounts of surface area between the phases.
The momentum of the gas jet is not enough to mix the iron melt, thus inert argon gas is
blown through porous plugs in the bottom of the furnace. The argon gas rises through the
iron melt and produces plumes of rising metal due to buoyancy. Good mixing in the melt
is important for achieving a homogeneous melt and a low-carbon concentration at the end
of the blow.
The oxidising reactions are very exothermic and cause the temperature of the metal and
slag phases to rise during the oxygen blow. To prevent the temperature from rising too
high, solid scrap is charged into the converter in the beginning of the process. Afterwards
the iron melt is poured on top of the scrap. The scrap mass ranges from 10 wt% to 30 wt%
of the total mass of the converter charging materials. The heating up and melting of the
scrap cool the overall temperature inside the converter. The melting of low carbon scrap is
a complicated process involving both mass- and heat transfer. The carbon from the iron
melt is transported by convection to the surface of the solid scrap. The carbon at the surface
lowers the melting point of the scrap and thus increases the rate at which it melts. Thus
the carbon mass transfer makes it possible for the scrap to melt at relatively low temperatures in the beginning of the process. The scrap-to-hot-metal ratio charged into the converter is chosen such that the predicted end temperature of the steel melt is within the
target value range, typically 1650–1700 °C.

1.2

Objectives and Scope of the Thesis

The focus of the thesis is on modelling the LD steel converter process. The goal is to make
a process model for the steel converter that would contain a computational fluid dynamic
(CFD) approach and achieve real-time computation of the evolution of the batch process
using only a basic desktop computer. The phenomena the process model should describe
include: scrap melting; bottom gas stirring of the iron melt; and the chemical reactions
between the oxygen gas, slag phase and iron melt.
A CFD model for the top gas jet interacting with the slag and gas phase is ignored in the
process model. This is due to the fact that the computational requirements for modelling
high velocity gas jets are very high. Any model aimed at real-time calculation of this problem faces significant difficulties due to the high velocity of the gas jet. There are also considerable difficulties in validating this type of model with measurements from experimental devices. The chemical and physical behaviour of slag metallurgy is more complicated than the corresponding phenomena in the iron melt. Due to time constraints the
three submodules will be combined into a full model in future work. In this work, a theoretical base for it using the three submodules will be included instead.
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Introduction

1.3

Outline of the Dissertation

In order to achieve the goals set in the thesis, the process model was divided into three
parts. These are scrap melting, bottom gas stirring of the metal phase, and chemical reactions. The models were developed and validated independently. Three different computer
codes in C++, Python and in the Matlab environment, were developed by the author.
A scrap melting model was first developed to take into account the heat transfer and the
carbon mass transfer from the iron melt. First, a model was made using constant iron-melt
properties. The model was validated using experiments done in a crucible. Next, the model
was modified to take into account the changing melt properties according to the iron-carbon phase diagram.
The bottom gas stirring model was implemented as a 2-D multiphase flow model for the
argon gas–liquid metal mixture. The model focused on making economical approximations for the multiphase flow while conserving the liquid mass during the iterative computation of the result. The economy was achieved by modelling the multiphase flow as a mixture and by using a turbulence model with wall functions. The model was validated using
data from three different water models.
The chemical reaction model was based on calculating a thermodynamic equilibrium in
a volume at the interface region between the gas, slag and metal phase. The volume is defined as a reaction zone, where the mixture of phases reaches equilibrium at any instant.
Mass transfer from the bulk slag, bulk metal and the oxygen gas jet into the reaction zone
determines the amount of mass flux reaching the equilibrium at the reaction zone. The
difference between the flux flowing into and out of the reaction zone determines the evolution of the chemical components present in the model.
The compendium of the thesis contains a brief overview of the steel converter modelling
phenomena in the literature. Then the models created in the thesis are explained and the
results are presented. Finally, a theoretical basis for a full process model containing all of
the submodules and other necessary additions is described.

3

2. Steel Converter Phenomena

The phenomena that take place in steel converters are fairly well known. The most important physical phenomena in the process are top gas jet, bottom gas stirring, chemical
reactions and scrap melting. The phenomena are explained by means of physical models
reported in the literature.

Figure 1. Impinging gas jet. 1

2.1

Gas Jet Impinging on Liquid Surface

The supersonic oxygen gas jet starts from the lance nozzle, impinges on the metal surface
and is deflected back up and out of the converter. The schematic of the gas jet is presented
in Figure 1. The gas jet has been studied experimentally mostly as a free jet or as a jet
impinging on water.2,3,4,5,6,7,8,9 The jet in the immediate vicinity of the nozzle does not increase in thickness in the potential core region. After the core region, the jet increases in
thickness with a spreading angle ߙ. The spreading of the jet is caused by shear stress between the ambient gas and edge of the jet. The radial velocity profile of the jet after the
potential core is well approximated by a Gaussian distribution. As the jet increases in radius, the momentum of the jet diffuses radially as well. During the radial expansion, more
4
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of the ambient gas mixes with the jet. Finally, the jet impinges on the surface of the liquid
and produces a cavity. At the surface the gas flow changes direction parallel to the surface. 10
The impact of the gas jet on the surface leads to a complicated interaction between the
phases. The surface of the cavity is continuously oscillating. Depending on the momentum
and on the nozzle distance from the surface, the behaviour of the cavity can be divided into
categories such as dimpling, splashing and penetrating. 11 Due to Kelvin-Helmholtz instability, waves are formed at the surface. The shear stress at the cavity surface form droplets
that are ejected from the lip of the cavity.3 The shear stress also generates flow in the bulk
liquid, which contributes to the mixing of the phase below the surface. The nozzles used in
typical industrial scale converters are multihole Laval nozzles.

2.2

Bubbling Gas Jet

In large converters, the top oxygen gas jet is unable to produce sufficient mixing in the iron
melt. Therefore, inert argon or nitrogen gas is blown from the bottom of the converter to
increase the bulk flow in the melt. Gas is usually blown through several porous plugs located near the centre area of the bottom. The bubbling gas–liquid plume has been studied
extensively in water models with air injection. 12,13,14,15,16,17,18,19,20,21,22,23,24 The behaviour of
the plume is usually investigated with a single nozzle, which is located in the geometric
centre of the vessel bottom. As the gas enters the vessel it forms bubbles that rise upwards.
Due to buoyancy forces, the surrounding liquid is accelerated in the direction of the surface. The rising axisymmetric plume produced by bottom gas stirring through a single nozzle is illustrated in Figure 2.

Figure 2. Plume generated by bottom gas stirring.25
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The bubble plume can be divided into four regions. 25 The first one is the momentum region, which starts at the nozzle inlet. In the momentum region the plume characteristics
are dominated by the inertial forces of the gas bubbles. Due to friction the bubbles lose
their inertia quickly after the nozzle region and then the transition region starts. In the
transition region buoyancy begins to affect the plume. Next the buoyancy region starts
where the bubbles reach terminal velocity and the buoyancy forces dominate. In the terminal velocity the buoyancy and friction forces are in balance. Finally the plume reaches
the surface region, where the flow direction changes to radial. The main velocity profile in
the vessel is shaped like a torus.
The bubbles can behave differently when the volume flow rate through the nozzle is
changed. If the volume flow rate is small, small bubbles are formed right above the porous
plug. As the bubbles rise closer to the surface, due to reduced static pressure, the bubbles
increase in size. With larger volume flow rates the bubbles can coalesce into larger bubbles
near the nozzle. These big bubbles then break into smaller bubbles when they rise in the
plume.16 In general the bubbles can collide with each other and grow into bigger ones. The
bubbles can also break up into smaller ones due to shear stress. Bigger bubbles break up
more easily than smaller ones. Thus, the bubble size is determined locally by these two
processes along with the static pressure.
The shape of the bubble can be studied by computing dimensionless numbers such as
Eötvös, Morton and Reynolds numbers:

= ܧ
= ܯ

݃ ቀߩ݈ െ ߩ݃ ቁ ݀2݁
ߪ

,

݃ߤ4݈ ቀߩ݈ െ ߩ݃ ቁ ݀2݁

ܴ݁ =

ߩ2݈ ߪ3
ߩ݈ ݀݁ ܷ
,
ߤ݈

(1)

,

(2)

(3)

where ݃, ߩ, ߪ, ߤ and ܷ are gravitational acceleration, density, surface tension, viscosity and
the velocity difference between the bubble and liquid, respectively. Subscripts ݈ and ݃ denote liquid and gas, respectively. ݀ is the diameter for a sphere equivalent bubble. A
graphical correlation with different bubble shapes is presented in Figure 3. Moving from
bottom left to top right in the graph, the bubble shape changes from spherical to ellipsoidal
and to spherical-cap. Shear stress around the bubble surface cause friction when the bubble moves in a medium. Additionally, a pressure distribution develops around the bubble
surface. Pressure along the surface increases in the direction of the bubble movement. The
bubble drag forces are contributed to mainly by the skin friction and pressure distribution
on the surface. The flow past the bubble causes a developing hydrodynamic boundary layer
around the bubble. The boundary layer transforms into a wake downstream of the bubble.
The wake is laminar for spherical cap bubbles in the range of ܴ݁ = 10 to 90. The wake has
a transition regime in the range of ܴ݁ = 90 to 500, with instabilities caused by turbulent
eddies. A turbulent wake is reached, when ܴ݁ > 500. If the Reynolds number is very high,
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large vortices are shed downstream of the bubble. 26 Thus, as the bubbles move they generate turbulence in the surrounding liquid. This produces additional mixing in the melt in
addition to the bulk movement. In a bubble swarm, the wake of the leading bubble can
affect bubble collisions. First, the bubble that is below can orient itself by moving directly
under the leading bubble. The reorientation takes place because the bubble undergoes less
drag in the wake region. Then the lower bubble accelerates in the vertical direction due to
the decreasing friction of the wake while approaching the leading bubble. Finally, coalescence occurs when the thin liquid film between the bubbles ruptures and drains. The turbulent structures around the bubble cause distortions and wobbling. For large bubbles,
they can be a contributing factor in the break-up process. The spherical-cap bubble has a
much larger cross-sectional area perpendicular to the flow than a spherical bubble with a
comparable volume. Therefore, more turbulence is generated in the case of the cap bubble.

Figure 3. Shape regimes for bubbles. 27 Morton number is denoted by M.
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2.3

Chemical Reactions

The oxidization of the metal components due to the oxygen gas jet are the main chemical
reactions in the steel converter. Additionally, reactions also occur between the slag and
metal phases.
2.3.1

Reaction rate

Many metallurgical reactions take place at the interfacial areas between the phases. Here
we consider reactions between gas and condensed phases. A reaction with a gaseous component  )݃(ܣand a condensed component  )ܿ(ܤforming a gaseous component  )݃(ܥand a
condensed component  )ܿ(ܦis
 )݃(ܣ+  )݃(ܥ = )ܿ(ܤ+ )ܿ(ܦ.

(4)

This reaction can be divided into several sub-processes. We now assume this reaction to
be moving to the right-hand side. For the reaction to take place, components A and B have
to be transported from the phases into the interface. Similarly, the products C and D have
to be transported from the interface into the respective phases. The chemical reaction also
has to occur at the interface. Additionally, if the chemical reaction is endothermic, heat
transfer from the phases into the interface is required. If one of these processes is considerably slower than the rest, it is the rate-controlling process. In this case the rate can be
computed from the rate equations for the individual limiting process. Any combination of
the sub processes might limit the rate of the reaction. For gas/liquid and liquid/liquid reaction, it is possible to state the following two rules: 1) If one sub-process of the chemical
reaction is considerably slower than the other processes, that process is rate-controlling
and determines the reaction rate; 2) If one sub-process is significantly slower than the
other processes, the other processes are fast and close to equilibrium. 28
2.3.2

Thermodynamics

Thermodynamics is used to determine if a reaction can occur. However, thermodynamics
cannot give information about the rate of the reaction. It is a useful tool if chemical kinetics
is not the rate-controlling step of the reaction. Chemical reactions proceed in the direction
of thermodynamic equilibrium. Most of the reactions in a steel converter can be assumed
to be controlled by mass transfer. Since mass transfer is the rate-controlling process it is
assumed that thermodynamic equilibrium exists in the interfacial areas of phases. Components that are transported from the phases into the interface area reach thermodynamic
equilibrium. The transport processes include diffusion and convection. In a steel converter, convection dominates over diffusion. Convection is generated with bottom gas stirring and with a top gas jet. We now take a look at how thermodynamics can be used to
analyse the reactions taking place inside the converter. The reaction between the carbon
[]ܥி and oxygen [ܱ]ி dissolved in iron is
[]ܥி + [ܱ]ி = )݃(ܱܥ,
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where the reaction product is CO gas. The Gibbs energy of the reaction is
°
ȟோ ܩ = ܩை
െ ܩை° െ ܩ° + ܴܶ[݈݊(ܽை ) െ ݈݊(ܽ ) െ ݈݊(ܽை )],
ܽை
ȟோ  = ܩȟோ  ܩ° + ܴ݈ܶ݊ ൬
൰,
ܽ ܽை

(6)

where ܽ is the activity of the species, ܴ the universal gas constant,  ܩ° the Gibbs energy in
standard state and ܶ temperature. The reaction proceeds to the right-hand side if the Gibbs
energy of Eq. (6) is negative. When the reaction equation is advanced in time with incremental changes in the composition of the phases, the Gibbs reaction energy increases. The
reaction continues to move in the same direction until the Gibbs energy of the reaction
ȟோ  ܩequals zero. At this point the reaction has achieved thermodynamic equilibrium. The
activity of constituent ݅ is a product of the molar fraction ܺ and the activity coefficient ߛ :
ܽ = ܺ ߛ .

(7)

For ideal phases the activity coefficient is equal to one. In such cases the activity of a
component in solution is the same as the component’s molar fraction. Pure phases are
always ideal and then the activity of the species is one since the molar fraction is also equal
to one. In a non-ideal solution, the activity coefficient of a component ݅ is influenced by
other components in the solution. Activity models describe how components influence
each other non-ideally in a solution. In practice, activity models contain functions that are
empirically fitted to produce behaviour observed in activity measurements.
In a steel converter many different chemical reactions happen simultaneously between
several different phases. Some of the phases are pure phases and some are solution phases.
In addition to the oxidation of carbon the most important chemical reactions in the iron
melt are:
[ܵ݅]ி + 2[ܱ]ி = [ܱܵ݅ଶ ]௦
[]݊ܯி + [ܱ]ி = []ܱ݊ܯ௦
2[ܲ]ி + 5[ܱ]ி = [ܲଶ ܱହ ]௦
 )݈(݁ܨ+ [ܱ]ி = []ܱ݁ܨ௦

(8)

ܱଶ (݃) = 2[ܱ]ி
[ܵ]ி + []ܱܽܥ௦ = [ܱ]ி + []ܵܽܥ௦
Here it can be seen that as the reactions proceed to the right-hand side, the products end
up in the slag phase. The CO that was formed in the oxidation of carbon can further oxidise
to ܱܥଶ :

1
 )݃(ܱܥ+ ܱଶ (݃) = ܱܥଶ (݃)
2

(9)

All of the Gibbs energies of the oxidation reactions in Eqs. (5), (8) and (9) with initial
phase composition are negative. Therefore, they will proceed to the right-hand side of the

9

Steel Converter Phenomena

reaction. Some of the reactions have more negative Gibbs energy than others per reacted
mole of oxygen. These reactions tend to occur first at the interfacial region, since their
oxidation causes the fastest reduction of the Gibbs energy of the entire system. During the
first few minutes of the steel converting process the observed oxidation order of components is ܵ݅, ݊ܯ, ܲ and ܥ. In the middle stage of the process the  ݊ܯand ܲ concentrations
increase in the iron phase. 29,30,31,32,33
The oxidation reactions are very exothermic and cause the temperature to rise in all
phases during the process. The slag phase consists mainly of ܱܵ݅ଶ (݈),  )݈(ܱ݁ܨand )݈(ܱܽܥ.
 ܱܽܥis added into the slag phase during the process.  ܱܽܥdecreases the activity of ܱܵ݅ଶ in
the slag phase and thus facilitates the oxidation of ܵ݅.  ܱܽܥalso reacts with sulfur in the
metal phase and thus is important for desulfurization.

2.4

Scrap Melting

Steel converter plays an important role in the recycling of steel. As the steel products reach
the end of their cycle they are processed into scrap. The scrap is carefully selected so as not
to contain impurities harmful for the process or for the final product. However, scrap can
also contain useful elements that are needed for the final steel product. The scrap can be
characterised as light or heavy. Heavy scrap can contain large blocks of steel such as slabs.
Light scrap is steel in various shapes that have been crushed into smaller pieces. Light
scrap pieces contain a lot of empty space between them which the iron melt fills. The scrap
is usually low-carbon steel so there is a large carbon concentration difference between the
hot metal and the solid scrap. The initial temperature of the scrap can be room temperature or it can be preheated. Since the scrap is cold compared to the hot metal, its mass
proportion must be chosen carefully. In addition to recycling the purpose of the scrap is to
cool the process. The exothermic reactions increase the temperature inside the furnace
considerably. Excessively high temperatures can cause undue wearing of the lining inside
the converter. The typical proportion of the scrap mass is between 10–30% of the total
mass.
Recycled steel in the form of scrap is charged into the converter in the beginning of the
process. The hot metal, at a temperature of 1350° ܥfrom the blast furnace, is poured on top
of the cold scrap. Due to the high cooling effect, a solidified layer of the melt can form on
top of the scrap. The bottom gas stirring generates convection in the iron melt and improves heat transfer between the solid scrap and the melt. The temperature inside the
scrap rises until it reaches solidus temperature. The solidus temperature is dependent on
the carbon concentration, as can be observed from the iron-carbon phase diagram in Figure 4. Adding more carbon to the iron decreases the solidus temperature considerably.
Low-carbon steel can have a solidus temperature of 1500°ܥ. Thus, the hot metal at 1350°ܥ
is unable to melt the scrap through heat transfer alone during the initial stages of the process. But since the iron melt contains large amounts of carbon (4.0–4.5 wt%), the mass
transfer of carbon to the surface of the scrap can locally lower the melting point of the
material. This phenomenon has been confirmed in experiments done in a crucible. 34,35,36,37,38,39,40,41,42
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Figure 4. Fe-Fe3C phase diagram. 43
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3. Developed Models and Applied Methods of
the Thesis

The models developed in this work include a scrap melting model, a bottom gas stirring
multiphase flow model and a chemical reaction model. These models form the basis for a
process model that will be developed in future.

3.1

Scrap Melting Model

Scrap melting is an important part of the process. Aside from recycling, cooling of the process is an essential function of the scrap. Any model that fails to take into account the effect
of scrap in the calculation of the furnace’s heat balance is bound to make a significant error.
Scrap comes in various shapes and sizes. This poses a challenge for the characterisation of
the most important properties of the scrap pieces. When the scrap varies in shape and the
numbers are in large quantities, there are no benefits gained from studying 2-D or 3-D
temperature profiles inside the pieces. In such cases it is useful to consider the averaged
number density as a variable instead. In this work, it is assumed that the number of scrap
pieces is so large that the singular treatment of the pieces is impractical. It is also assumed
that the pieces have a single dimension that determines the behaviour of the melting. In
other words, the pieces are always reduced to basic shapes such as a plate, a sphere or a
cylinder. The melting problem is thus reduced to 1-dimension.
The scrap melting model is presented in Publications I and IV. The model is designed to
take into account the heat transfer and carbon mass transfer from the surrounding iron
melt. Besides the melting of the scrap the model predicts the solidification of the iron melt
on top of the scrap. The solution strategy of the model is a numerical solution of the enthalpy and carbon mass balance equations for the solid material. Since the thickness of the
scrap piece is changing, a moving grid is applied to the numerical equations. This provides
a constant grid resolution for the 1-D profiles during melting and solidification. This was
a missing property in the numerical models found in literature.36,38,44,45,46 Those models
used a fixed grid approach, which inevitably lost resolution as the active grid points used
in the calculations were reduced by the melting of the material. The models from the literature also used constant material parameters. In the present work, the local material parameters for thermal conductivity and heat capacity are composition- and temperaturedependent.
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3.1.1

Enthalpy and Carbon Mass Balance

The equation for the enthalpy content in the solid material is
߲
න ߩ݄ܸ݀ = න ߩ݄൫ࢁௗ ή ൯݀ܵ + න ߣ ܶή ݀ܵ,
߲ݐ

(10)

where ܸ, ܵ, ࢁௗ , ݄, ܶ and ߣ are volume, surface area, grid velocity, specific enthalpy, temperature and thermal conductivity, respectively. The first term on the right hand side is
the convective flux through the cell faces due to the grid movement. The grid velocity is
determined by the solidification or melting rate. The enthalpy and temperature distribution is solved using the enthalpy method. 47 In this method enthalpy is linearised with respect to temperature as follows:
݄ఔାଵ = ݄ఔ +

݄݀ ఔାଵ
(ܶ
െ ܶ ఔ ),
݀ܶ

(11)

where ߥ is an index for iteration. Eq. (11) is inserted into Eq. (10), which is discretized as a
convection diffusion equation for temperature by a control volume method. The resulting
equation is organised into a matrix equation for temperature:
ఔାଵ
ఔାଵ
ܣ௪ ܶିଵ
+ ܣ ܶఔାଵ + ܣ ܶାଵ
= ܾ .

(12)

Eq. (12) is an implicit system of equations for temperature. The coefficients ܣ௪ , ܣ and ܣ
as well as index ݅ refer to points in a 1-D grid. The system of equations is solved with a
tridiagonal matrix algorithm (TDMA). After the new ܶ ఔାଵ values have been solved, the new
enthalpy values ݄ఔାଵ are calculated from Eq. (11). In this work, piecewise linear polynomial
approximations are used for enthalpy-temperature (E-T) curves. After the update of the
enthalpy values there may be a new piecewise range for the E-T curve, entailing a correction of the temperature to match the new enthalpy values in the range. In Figure 5 the
updates of enthalpy and temperature values are illustrated. As ܶ ఔାଵ is now in a different
linear range than ܶ ఔ , temperature correction ܶ  כis calculated with a new ݄݀Τ݀ܶ in the current linear range.
The equation for carbon content in the solid material is

߲
න ߩܻ ܸ݀ = න ߩܻ ൫ࢁ݃ ݀݅ݎή ൯݀ܵ + න ߩܻܦ ή ݀ܵ,
߲ݐ

(13)

where ܻ is the carbon mass fraction and  ܦis the diffusion coefficient. In Publication I it
was assumed that the diffusion of carbon is effective only through the austenite phase.
Thus, austenite phase fraction ܺ௨ is added to Eq. (13):

߲
න ߩܺ௨ ܻ ܸ݀ = න ߩܺ௨ ܻ ൫ࢁ݃ ݀݅ݎή ൯݀ܵ + න ߩܺܦ௨ ܻ ή ݀ܵ
߲ݐ

(14)
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The discretization of Eq. (14) produces a similar type of tridiagonal system of equation as
Eq. (12). Details of the discretization of the enthalpy and carbon content equations can be
found in Publication I.

Figure 5. Piecewise linear enthalpy-temperature curve and the update of enthalpy and temperature values.

Figure 6. Grid movement during solidification and melting.
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During calculations a solidified layer forms on top of the scrap piece. This increases the
total thickness of the solid material. The effect of the thickness increase is taken into account by expanding the control volumes of the scrap melting model to accommodate new
material in them. The grid movement and indexing system is presented in Figure 6. Here
the initial thickness is denoted with a dashed line. Any cell that is even partly over the
dashed line will contain the solidified material, which is called pig iron. The particular cell
which is crossing the initial thickness line contains a mixture of scrap material and pig
iron. (The calculation of material properties for the mixture cell is described in Publication
I.) The cell will continue to expand for as long as the solidification continues. The end of
solidification is denoted as ݐ = ݐଶ in the figure. At this point, the melting begins. During
the melting, the control volumes contract. When no more cells are crossing the initial
thickness line, there is no solidified pig iron left and the scrap is now melting. This is occurring at ݐ = ݐସ .

Figure 7. Solidus/liquidus interface at the surface of scrap.

3.1.2

Solid/Liquid interface

The iron melt and scrap are connected via the moving solidus/liquidus interface. A schematic of the 1-D temperature and carbon concentration profiles in scrap, interface and
melt is presented in Figure 7. The solidus side boundary of the solid material is assumed
to always be at solidus temperature. When the scrap is melting, the solidus and liquidus
temperatures are the same. When the interface moves to the melt side (to the right in Figure 7), the melt is solidifying on top of the scrap. When the interface moves in the direction
of the solid material, melting is taking place. The situation is complicated by the fact that
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there can be two different materials in the solid part of the model. In the initial stages of
the process some melt typically solidifies on top of the scrap due to the cold initial temperature of the scrap. In the beginning, the temperature inside the scrap rises closer to the
solidus temperature. After a short period of time, the solidified layer remelts and then the
scrap melts.

Figure 8. Phase change paths in Fe-C phase diagram.

Hot Metal Solidification and Melting
The solidification of the melt and the remelting of the layer does not require mass transfer
of carbon. Therefore, for this particular case, only heat transfer affects the phase change.
The reasoning behind this assumption is that, if not much change has happened in the
carbon concentration of the iron melt during the existence of the layer, the solidification
and melting can be considered reversible. In Figure 8 the phase-change paths for the scrap
and the layer are presented. To determine the phase-change rate for the layer, an enthalpy
balance equation
න

߲ܶ
߲ߩ݄
ܸ݀ = െܵௌ ߣௌ
+ ܵ ߚ் (ܶ௧ െ ܶ )
߲ݔ
߲ݐ

(15)

is formulated for the interface. The first term on the right-hand side of the equation is due
to the heat conduction into the solid material from solidus side of the interface. The second
term on the right-hand side estimates the heat flux that is transported by convection from
the surrounding melt into the liquidus side of the interface. ߚ் is the convective heat transfer coefficient. The balance equation is further manipulated in Eq. (16) to make a connection with interface velocity. First, the time derivative is taken outside of the volume integral
using the Leibniz rule.
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߲ߩ݄
߲
߲ܶ
ܸ݀ = න ߩ݄ ܸ݀ െ න  ή ࢁூி ߩ݄ ݀ܵ = െܵௌ ߣௌ
+ ܵ ߚ் (ܶ௧ െ ܶ )
߲ݐ
߲ݐ
߲ݔ
߲ܶ
െ ܵ ߚ் (ܶ௧ െ ܶ )
( ή ࢁூி ߩ݄ܵ) = ܵௌ ߣௌ
߲ݔ
߲ܶ
ܷூி (ߩ ܵ ݄ െ ߩௌ ܵௌ ݄ௌ ) = ܵௌ ߣௌ
െ ܵ ߚ் (ܶ௧ െ ܶ )
߲ݔ
߲ܶ ߩௌ
ܷூி ߩௌ (݄ െ ݄ௌ ) = ߣௌ
െ ߚ (ܶ
െ ܶ )
߲ߩ ݔ ் ௧
ܶௌ െ ܶூ
ܷூி ߩௌ (݄ െ ݄ூ ) ൎ ߣௌ
െ ߚ் (ܶ௧ െ ܶ )
0.5οݔ

න

(16)

This gives a surface integral over the balance area, which contains the interface velocity as
well as a time derivative of the volume integral of the enthalpy. The interface velocity is
analogous to the grid velocity of a moving control volume. The remaining time derivative
is equal to zero as there is no enthalpy accumulation for the balance area. The first line of
the equation is multiplied by -1 and surface integral is changed into a sum over the control
volume surfaces, which are the solidus and liquidus sides of the interface. By making a
mass balance equation
߲݉
= െߩௌ ܵௌ ܷூி + ߩ ܵ ܷூி = 0,
߲ݐ

(17)

for the interface, which has no mass accumulation, it can be seen that ߩௌ ܵௌ = ߩ ܵ , which
is utilised in Eq. (16). The specific enthalpy ݄ௌ is changed to ݄ூ , which is the enthalpy of the
last control volume next to the interface (Figure 7). This modification is necessary in order
to conserve the overall enthalpy of the system. Finally, the heat conduction term at the
solidus surface is approximated using a finite difference. The density ratio next to the heat
transfer coefficient is omitted as it is close to unity and because ߚ் is an empirically fitted
parameter. The final form of Eq. (16) can be utilised to solve the interface velocity. When
the right hand side is positive the surrounding melt is solidifying and the interface is moving away from the solid. When the right-hand side is negative, the solid material is melting,
and the interface is moving in the direction of the solid material. The interface temperatures ܶௌ and ܶ are determined by the carbon concentration in the melt and in the layer
using the iron-carbon phase diagram in Figure 8. The liquidus and solidus curves are estimated using piecewise linear approximations.
Scrap melting
After the layer has melted, the scrap begins to melt. In Figure 8 the scrap melting path is
seen to be non-reversible and contributed to this is the carbon mass transfer. A carbon
mass balance equation
ܷூி ൫ܻ, െ ܻ,ூ ൯ = ܦௌ

߲ܻ
െ ߚ ൫ܻ,௧ െ ܻ, ൯,
߲ݔ

(18)

can be formed for the interface. ߚ is the convective mass transfer coefficient for carbon.
For scrap melting the enthalpy balance becomes
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ܷூி ߩௌ (݄ െ ݄ௌ ) = ߣௌ

ܶௌ, െ ܶூ
െ ߚ் ൫ܶ௧ െ ܶௌ, ൯,
0.5οݔ

(19)

where ܶௌ = ܶ and the interface temperature is denoted as ܶௌ, . Eqs. (18) and (19) are used
to solve ܷூி and ܶௌ, . Since the scrap melting is not reversible, these two equations are only
applicable when ܷூி < 0. Details about the solution of the interface velocity and temperature in connection with Eqs. (10) and (13) can be found in Publication I.

Figure 9. The scrap solidus and liquidus temperatures during a time period without phase changes.

Special Situation without Phase Change
A special situation can arise after the layer has disappeared. Namely, Eqs. (18) and (19)
can give a positive value for ܷூி . Since these equations were only defined for negative interface velocity, Eq. (16) should be used instead. But in this case Eq. (16) predicts negative
interface velocity, indicating melting. Logically this is impossible because there is no solidified layer left. This contradiction can arise due to the assumption that ܶௌ = ܶ when
using Eqs. (18) and (19). The problem can be solved by setting the interface velocity ܷூி =
0. Eqs. (18) and (19) now change to
߲ܻ
െ ߚ ൫ܻ,௧ െ ܻ, ൯ = 0
߲ݔ

(20)

ܶௌ െ ܶூ
െ ߚ் (ܶ௧ െ ܶ ) = 0,
0.5οݔ

(21)

ܦௌ
and to
ߣௌ

respectively. These two equations can be used to solve for the ܶௌ and ܶ , which are not
assumed to be equal. This means that there are no phase changes and the scrap is heating
up. This situation is visualised in Figure 9. Now the liquidus and solidus temperatures rise
until they become equal again. At this point Eqs. (18) and (19) are used again to solve ܷூி
18
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and ܶௌ, with the assumption that ܶௌ = ܶ . In Figure 10, a typical solidus and liquidus temperature evolution is presented. Here the result corresponds to a calculation case with a
scrap thickness of 4cm (from Publication IV). For the first 65 seconds there is a solidified
layer on top of the scrap. Between 65 and 73 seconds, a process equivalent to Figure 9 is
taking place. Afterwards the liquidus and solidus temperatures are equal and the scrap is
melting.

Figure 10. Solidus and liquidus temperature evolution during scrap melting.

3.2

Gas Stirring Multiphase Flow Model

The multiphase flow model for bottom gas stirring is designed to be computationally economical while taking into account the main dynamics of the flow. Special care is taken so
the total liquid mass is conserved. This is an important quality when chemical reactions
are coupled with the CFD model. The mass conservation has been lacking in many of the
models in the literature. Typically, the modern models in literature use Eulerian-Lagrangian (E-L) 48,49,50,51,52,53 and Eulerian-Eulerian (E-E) 54,55,56,57,58,59,60,61,62,63,64,65,66,67,68 methods to solve the multiphase flow problem. In the E-E method, the continuity and momentum equations are solved in an Eulerian reference frame for all phases. When multiple
phases are present this increases the computational load considerably. This is also due to
the tight coupling of the momentum equations between phases, which can impair the convergence rate of the solution. In the E-E method one of the phases is chosen as the continuous phase and the rest are dispersed. This is true for the E-L method as well. In the E-L
method the continuous phase is solved in an Eulerian reference frame and the dispersed
phases are solved in a Lagrangian reference frame. In both methods, the dispersed phases
affect the continuous phase via drag forces. This coupling affects the dispersed phases as
well. The drag forces are calculated using empirical correlations for the drag coefficient. In
the E-L method, the trajectories are computed for the individual particles of the dispersed
19
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phase. The trajectory for a particle is calculated by integrating a force-balance equation.
When large amounts of particles are present, the computational load is high.
The model for bottom gas stirring is presented in Publication II. In Publ. II, a mixture
multiphase approach was chosen for the gas/liquid two-phase flow. The mixture modelling
concept is typically not used in the simulation of steelmaking processes. Compared to the
E-L and E-E methods, the mixture model solves one continuity equation as well as one
momentum equation for phase mixture. For the dispersed phases, continuity equations
have to be solved as well. With the mixture model, there are less unknowns to be solved
per grid point. This is advantageous when computational speed is required. With E-L and
E-E methods the dispersed phases have inertia. This is absent from the mixture model as
the forces affecting the particles are always in balance. The particle inertia might be important when large solid particles move with high velocity in a gas phase. In the case of
steel converter, bubbles move through a liquid phase, compared to which they have very
small inertia. This means that once the bubbles are ejected from the nozzle, they lose their
inertia very quickly. Therefore, the mixture modelling approach is a reasonable approximation in the case of gas bubbles in a liquid medium. The literature 12,69
,70,71,72,73,74,75,76,77,78,79 includes several publications on gas stirring of liquid using a mixture
model, all of which assume a profile for the gas distribution in the vessel. The mixture
model presented in this work solves a continuity equation for the gas phase, and is therefore, applicable to more general problems where gas distribution needs to be solved.
3.2.1

The Principle of Averaging

In multiphase flow the material parameters, such as density, will change discontinuously
when moving from one phase region to another. The numerical solution of the partial differential equations requires continuous material properties that are changing smoothly.
The purpose of averaging is to obtain macroscopic-flow field equations and constitutive
equations in terms of mean values. The field equations can then be used to predict macroscopic flow phenomena. The averaging methods can be classified as Eulerian averaging,
Lagrangian averaging and Boltzmann statistical averaging. These can be further divided
into sub-groups. The method most relevant to mixture multiphase modelling is the Eulerian averaging, which can be divided into temporal, spacial, volume, area and line averaging. The most important of these are temporal averaging
ܨത =

1
න ݐ(ܨ, ࢞)݀ݐ
ο ݐο௧

(22)

1
න ݐ(ܨ, ࢞)ܸ݀ .
οܸ ο

(23)

and volume averaging
[= ]ܨ

Here  ܨis a function that is subjected to averaging. All the variables in subsequent sections
are averaged quantities.
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3.2.2

Mixture Model

A report 80 by Manninen et al. was used as a basis for the mixture model. The mixture model
is formulated by first summing the continuity equation for phase ݇
߲ߙ ߩ
+  ή (ߙ ߩ ࢁ ) = ȳ
߲ݐ

(24)

for all phases. ߙ is a volume fraction of phase ݇. The summing results in
߲ߩ
+  ή (ߩ ࢁ ) = 0,
߲ݐ

(25)

which is the continuity equation for the mixture. ȳ is a source term representing the mass
transfer between phases at the interface. When summed together, these terms will eliminate each other. We now assume that there exist two phases, a continuous and a dispersed
phase, denoted by subscripts ܿ and ݀, respectively. The mixture density in Eq. (25) is a sum
of continuous and dispersed phase densities weighted by their volume fractions:
ߩ = ߩ ߙ + ߩௗ ߙௗ

(26)

The mixture velocity is defined as follows:
ࢁ = ݑ  + ݒ  =

ߩ ࢁ ߙ + ߩௗ ࢁௗ ߙௗ
ߩ

(27)

The momentum equation for phase ݇ is
߲ߙ ߩ ࢁ
+  ή (ߙ ߩ ࢁ ࢁ ) = െߙ  +  ή [ߙ (߬ + ߬ ் )] + ߙ ߩ ࢍ + ࡹ
߲ݐ

(28)

where  ߬ , ߬ ் and ࡹ are pressure, laminar stresses, turbulent stresses, and the surface
drag and tension forces, respectively. The momentum equations for continuous and dispersed phases are summed together as follows:
,ௗ

߲ߩ ࢁ
+   ή (ߙ ߩ ࢁ ࢁ ) = െ +  ή (߬ + ߬ ் ) + ߩ ࢍ
߲ݐ

(29)



where it has been assumed that the sum of surface tension forces is negligible and thus
equal to zero. The sum of the drag forces between the phases equals to zero as well. Before
the derivation of the mixture momentum equation is complete, the convection term should
be formulated in terms of mixture velocity. This is done by defining a diffusion velocity
ࢁ = ࢁ െ ࢁ

(30)
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which is the difference between the phase ݇ and the mixture velocities. It can be shown
that
,ௗ

,ௗ

  ή (ߙ ߩ ࢁ ࢁ ) =   ή (ߙ ߩ ࢁ ࢁ ) െ  ή (ߩ ࢁ ࢁ )


(31)



Furthermore, using identities
ܿ,݀

ߩ ߙ
,
ܿ =
ߩ

 ܿ = 1

(32)

݇

it can be shown that
,ௗ

(ߙ ߩ ࢁ ࢁ ) = ߩ݉ ࢁܿ݀ ࢁܿ݀ ܿ݀ (1 െ ܿ݀ )

(33)



Using Eqs. (31) and (33) the mixture momentum equation becomes
߲ߩ ࢁ
+  ή (ߩ ࢁ ࢁ ) = െ +  ή (߬ + ߬ ் + ߬ ) + ߩ ࢍ,
߲ݐ

(34)

where the stress terms are as follows:
ௗ,

߬ =  ߙ ߬ ,


ௗ,

߬ ் = െ  ߙ തതതതതതതതതതത
ߩ ࢁᇱ ࢁᇱ , ߬ = െߩ ࢁௗ ࢁௗ ܿௗ (1 െ ܿௗ )

(35)



The term ࢁௗ is the velocity difference between the continuous and the dispersed phase. It
is called the drift velocity and is usually divided into two parts
ࢁௗ = ࢁௗஶ െ

ܦௗ
ߙௗ
ߙௗ

(36)

In the above equation, ࢁௗஶ is the terminal velocity, which can be computed from a particle force balance equation. The second term is a drift effect due to the concentration difference of particles in the continuous phase. Assuming only drag force and gravity are important the terminal velocity can be solved from
|ࢁௗஶ |ࢁௗஶ = െ

4݀ (ߩௗ െ ߩ )
ࢍ,
ߩ
3ܥ

(37)

where ܥ is a drag coefficient. The drag coefficient ܥ is calculated from empirical correlations, which can be found in Publication II.
The continuity equation for the dispersed phase is
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߲ߙௗ ߩௗ
+  ή (ߙௗ ߩௗ ࢁௗ ) = 0
߲ݐ

(38)

Using the diffusion velocity and drift velocity the continuity equation becomes
߲ߙௗ ߩௗ
+  ή [ߙௗ ߩௗ (ࢁ + (1 െ ܿௗ )ࢁௗஶ )] =  ή [ߩௗ (1 െ ܿௗ )ܦௗ ߙௗ ],
߲ݐ

(39)

where the diffusion coefficient ܦௗ is a function of eddy viscosity ߤ௧ as follows:
ܦௗ =
3.2.3

ߤ௧
ߩ

(40)

Turbulence Modelling

Turbulence is a complicated phenomenon involving small and large length scales. Turbulence is manifested by eddies that propagate in all directions. In fully developed turbulence, large eddies form typically near walls, where large mean velocity gradients persist.
While eddies move they break continually into smaller ones, which produces a cascade of
mechanical energy. Smaller eddies are born from larger ones until a Kolmogorov length
scale is reached. In the Kolmogorov scale, eddies convert directly into thermal energy due
to viscous forces. Even in single-phase flow cases of the simplest kind, the direct numerical
simulation of time-dependent turbulence phenomena is very computationally intensive,
involving all three spacial dimensions. When looking for fast computational approximations for turbulence, averaging is an important procedure. Turbulence is always a timedependent fluctuation of the velocity field. In turbulence modelling, the instantaneous veഥ and fluctuating velocity ࢁᇱ :
locity is decomposed into mean velocity ࢁ
ഥ + ࢁᇱ
ࢁ=ࢁ

(41)

If the mean flow parameters are locally constant, time averaging removes time dependency
completely from the equations. Averaging, in the case of an incompressible momentum
ᇱ ࢁᇱ . In three dimenതതതതതത
equation, produces an additional term called Reynolds stress: ߬௧ = ߩࢁ
sions, Reynolds stresses have six unknowns due to symmetry. All turbulence models aim
to approximate the Reynolds stresses one way or another. Since no new equations can be
formulated from first principles without creating even more unknowns, heuristic assumptions about the turbulence are made. Due to the assumptions, some generality is inevitably
lost when modelling the Reynolds stresses. Usually, Boussinesq approximation is used
when modelling the Reynolds stresses. In it the turbulent eddies are transported by diffusion. The Reynolds stresses are then approximated by
2
2
߬௧ = ߤ௧  ࢁ+ ( ்)ࢁെ  ή ࢁߜ ൨ െ ߩ݇ߜ .
3
3

(42)

To retain the Boussinesq approximation, turbulence energy must be modelled using at
least one or two transport equations. To incorporate non-local and flow history effects,
turbulence kinetic energy equation models have been developed in the literature. One23
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equation models relate the turbulence length scale to some typical flow dimension. Twoequation models provide an equation for the turbulence length scale. 81
K-epsilon model
This section applies two-equation turbulence model, k-espilon. Turbulence kinetic energy
is then defined by
݇=

3 ᇱଶ
1 തതതതതത
1 തതതത
ᇱଶ + ݒ
ᇱଶ + ݓ
ᇱଶ ൯ = തതതത
തതതത
തതതതത
ࢁᇱ ࢁᇱ = ൫ݑ
ݑ
2 ప ప 2
2

(43)

where, due to the assumption of isotropy, the normal stresses in all directions are equal:
തതതത
ݑᇱଶ = തതതത
 ݒᇱଶ = തതതതത
 ݓᇱଶ . The transport equation for turbulence kinetic energy is
ߤ௧
߲ߩ ݇
+  ή (ߩ ࢁ ݇) =  ή ൬ߤ +
൰ ݇൨ + ܲ െ ߩ ߝ + P
ߪ
߲ݐ

(44)

and the equation for the turbulence dissipation rate is
߲ߩ ߝ
ߤ௧
ߝ
+  ή (ߩ ࢁ ߝ) =  ή ൬ߤ +
൰ ߝ൨ + (ܥఌଵ ܲ + ܥఌଷ P െ ܥఌଶ ߩ ߝ)
ߪఌ
݇
߲ݐ

(45)

In Eqs. (44) and (45) the effects of a multiphase flow of a dispersed gas phase in a continuous liquid phase have been added. Here mixture properties such as ߩ , ࢁ , ߤ and ߤ௧
were used. This effectively means that turbulence kinetic energy and the turbulence dissipation rate are equal in both phases. While there might be little experimental evidence that
this assumption is true, in practice the simplification is not detrimental to the accuracy of
the velocity field in the case of bottom gas injection into liquid. Aside from the mixture
quantities, the two equations differ from the standard single-phase model by having an
extra source term, P , which is included for additional generation of turbulence due to
bubbles in the liquid phase. P can be derived by volume-averaging the drag force ࡲ multiplied by terminal velocity and the bubble number density, ܰ Τܸ:
P = ܥଵ

1
ܰ
ܸ
ܰ
ߙௗ
න ࡲ ή ࢁௗஶ
ܸ݀ = ܥଵ ࡲ ή ࢁௗஶ
= ܥଵ ߙ ࡲ ή ࢁௗஶ
ܸ
ܸ
ܸ
ܸ
ܸ


P = ܥଵ ܥ ߙௗ (1 െ

(46)

ߙௗ )ߩ ࢁଶௗஶ

The final form for turbulence production can be formulated using Eqs. (47), where ܸ , ܣ௦
and ݀ represent the volume, cross-sectional area and diameter of spherical bubbles.
1
ܸௗ ܸ ܰ
3 ܥ
|ࢁ
|
ࡲ = ܣ௦ ܥ ߩ |ࢁௗஶ |ࢁௗஶ , ߙௗ =
=
, ܥ =
ܸ
ܸ
2
4 ݀ ௗஶ

(47)

Values ܥଵ = 1.0 and ܥఌଷ = 1.825 were used for the coefficients in the source terms. The
mixture eddy viscosity ߤ௧ in Eq. (48) has an additional term, as well, to take into account
bubble-induced turbulent viscosity inside the liquid phase.
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ߤ௧ =

ܥఓ ߩ ݇ ଶ ݀
+ ܥఓ ߩ ߙ |ࢁௗஶ |
ߝ
2

(48)

Turbulence Model Wall Functions
In turbulent flow, velocity changes drastically near a wall. An important aspect of turbulence modelling is therefore how the equations treat nearby walls. Turbulence models can
be divided into two categories based on the near-wall treatment: Low Reynolds number
models and a wall function approach. The former tries to obtain higher accuracy near the
wall. This is achieved using damping functions that try to achieve the correct functional
behaviour for important turbulent quantities (such as ݇) near and far from the wall. The
averaged quantities near the wall are functions of the local normal distance from it. The
low Reynolds number models require high mesh density near the wall. The wall function
models are considered to be high Reynolds number models. In this case, the near wall region of the flow is modelled in a single control volume next to the wall. The velocity profile
in this cell is assumed to be logarithmic perpendicular to the wall. The wall function approach is thus much more computationally economical than the low Reynolds number
model. Since the averaged flow field of bottom gas stirring is dominated by the gas plume
behaviour and is only marginally affected by the near wall physics, the wall function approach was chosen in this work. A short overview of the method is now given.
The wall function approach in this work is based on the work of Craft et al. 82 In this
approach, the momentum equation for velocity component  ݑparallel to wall (ݔ-direction)
is described by
߲߲ ݑ
߲
߲ݑ
+
+ ߩ݃௫ ߚ൫ܶ െ ܶ ൯
(ߤ + ߤ௧ ) ൨ = ߩݑ
߲ݔ߲ ݔ
߲ݕ
߲ݕ

(49)

where ߚ is a volumetric thermal expansion coefficient. The equation is non-dimensionalised with  = כ ݕ൫ߩݕඥ݇ ൯ൗߤ resulting in
߲
߲ݑ
(ߤ + ߤ௧ )  כ൨ =  ܥ+ ܾ൫ܶ െ ܶ ൯
߲כ ݕ
߲ݕ
߲߲ ݑ
ߤଶ
+ ൰
 = ܥଶ ൬ߩݑ
ߩ ݇
߲ݔ߲ ݔ
ߤଶ
ܾ = ߩ݃௫ ߚ ଶ
ߩ ݇

(50)

In this work Eq. (50) is simplified by setting ܾ = 0, and  = ܥ0. Setting ܾ = 0 means that
buoyancy due to heat transfer at the wall is not important. Setting  = ܥ0 means that convection term as well as the pressure gradient parallel to wall are omitted. In Figure 11 the
cell next to the wall (point P) is presented. In cell P the laminar sublayer is assumed to
start from wall and continue to ݕ௩ distance. The turbulent layer starts from ݕ௩ and continues up to ݕ . The cell N is the north neighbor of cell P away from the wall. The cell faces w
and e are assumed to be normal to the wall. The turbulent viscosity is zero in the laminar
layer and a function of ߤ௧ = ߤߠ( כ ݕെ ݕ௩ܥߤ = ) כఓ ܥ ( כ ݕെ ݕ௩ ) כis assumed in the turbulent
layer. The constants ܥఓ = 0.09 and ܥ = 2.55 are conventionally used in one-equation eddy
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viscosity models. Eq. (50) is integrated twice through the laminar and turbulent layers to
obtain an equation for velocity.

Figure 11. Wall function in a cell adjacent to wall.

The two integrations result in
1
( כ ݕ ܣ+ ܣଶ ),
ߤ ଵ
1 ܤଵ
ݑ௧ = ൬ ݈݊(ܻ) + ܤଶ ൰ ,
ߤ ߠ
ݑ =

0   כ ݕ ݕ௩ כ,
ݕ௩ כ  כ ݕ ݕ כ,

(51)

ܻ = 1 + ߠ( כ ݕെ ݕ௩) כ,
where ݑ and ݑ௧ are the velocities in the laminar and turbulent layers, respectively. The
integration coefficients ܣଵ , ܣଶ , ܤଵ and ܤଶ can be computed using boundary conditions
ݑ ( = כ ݕ0) = 0 and ݑ௧ (ݕ = כ ݕݑ = ) כ as well as equalities
ݑ (ݕ = כ ݕ௩ݑ = ) כ௧ (ݕ = כ ݕ௩) כ
߲ݑ (ݕ = כ ݕ௩ݑ߲ ) כ௧ (ݕ = כ ݕ௩) כ
=
߲כ ݕ
߲כ ݕ
which will produce
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1
כݕ ܣ,
0   כ ݕ ݕ௩כ
ߤ ଵ
ܣଵ ݈݊(ܻ)
ݕ௩ כ  כ ݕ ݕכ
ݑ௧ =
+ ݕ௩ כቇ ,
ቆ
ߠ
ߤ
ߤߙݑ
ܣଵ =
,
݈݊(ܻ ) + ݕ௩ߠ כ

ݑ =

(53)

ܻ = 1 + ߠ( כ ݕെ ݕ௩) כ,
ܻ = 1 + ߠ(ݕ כെ ݕ௩) כ.
Wall shear stress can be calculated from the velocity derivative at the wall as follows:
כ
= െߤ
߬௪

߬௪

߲ݑ ( = כ ݕ0)
= െܣଵ
߲כ ݕ

(54)

ߩඥ݇
=െ
ܣଵ
ߤ

Now that analytic functions for velocity have been obtained for the P cell, the averaged
velocity and averaged velocity squared can be integrated for the cell faces (e and w faces in
Figure 11) as follows:
௬כ

௬ೡכ





௬כ

ݑ௩

1
1
=  כන  כ = כ ݕ݀) כ ݕ( ݑන ݑ ( כ ݕ݀) כ ݕ+ න ݑ௧ ( כ ݕ݀) כ ݕ
ݕ
ݕ
כ

ݑ௩

ܣଵ ݕ௩כଶ
1
1
= כቈ
+ ݕ௩ כെ ൫1 െ ݈݊(ܻ )൯൨ (ݕ כെ ݕ௩ ) כ+ ଶ ݈݊(ܻ )
ߤݕ 2
ߠ
ߠ

(55)

௬ೡ

The averaged velocity is used to calculate the integrated mass flux ݉ሶ = ߩݑ௩ ܵ, where ܵ is
the cell face area. The integrated mass flux is used in the discretized continuity equation
and in the general scalar convection-diffusion equations at the wall cells. In the mixture
model, mixture density ߩ and mixture velocity ࢁ are used in calculating the mass fluxes.
The squared velocity averages in Eq. (56) are used in the integrated momentum fluxes  ܫሶ =
ଶ
ߩݑ௩
ܵ at the cell faces.
כ
௬

ଶ
ݑ௩

௬ೡכ

כ
௬

1
1
=  כන ) כ ݕ(ݑଶ ݀ כ = כ ݕන ݑ () כ ݕଶ ݀ כ ݕ+ න ݑ௧ () כ ݕଶ ݀ כ ݕ
ݕ
ݕ
כ

ଶ
ݑ௩
=


ݕ௩כଷ
ଶ
ܣଵ
 3
ߤ ଶ ݕכ



௬ೡ

(56)

1

+ ଷ ൣܻ ൣ݈݊(ܻ )൫݈݊(ܻ ) െ 2(1 െ ߠݕ௩) כ൯ െ 2(1 െ ߠݕ௩) כ൧ + 2(1 െ ߠݕ௩) כ൧

ߠ



+ݕ௩כଶ (ݕ כെ ݕ௩) כ

The wall functions related to the turbulence kinetic energy equation are applied to the turbulence production term ܲ and the turbulence dissipation rate, which is a drain term for
݇. In the cell next to the wall, the production term is averaged before it is integrated over
volume. Since the ߲ݑΤ߲ ݕdominates over the other velocity derivates in the wall cell, the
production term can be simplified as follows:
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߲ ݑଶ
ߩඥ݇ ߩඥ݇
߲ߤ ݑ
( ݕെ ݕ௩ ) ቆ
ܲ = ߬ :  ࢁൎ ߤ௧ ൬ ൰ = ߤߠ
ቈ
ቇ
ߤ
ߤ
߲ݕ
߲ߩ ݕඥ݇
ߩඥ݇ כ
߲ ݑଶ
( ݕെ ݕ௩ ) כ൬  כ൰
ܲ = ߤߠ
ߤ
߲ݕ

ଶ

(57)

The production term is averaged over the turbulent layer in Eq. (58).
௬כ

ܲ௩

ߤߠ ߩඥ݇
߲ ݑଶ
=
න ( כ ݕെ ݕ௩ ) כ൬  כ൰ ݀כ ݕ
ݕ ߤ
߲ݕ
כ

ܲ௩ =

௬ೡ
ଶ
߬௪
1
݈݊(ܻ ) +
ݕߤߠ כ
ܻ

(58)

െ 1൨

In the turbulent layer the dissipation rate is assumed to depend inversely on distance as
follows:
ଷ/ଶ

݇
ܥ ݕ

ߝ=

(59)

In the viscous layer, dissipation has a limiting value
ߝ=

2ߥ݇
.
ݕௗଶ

(60)

These two expressions for dissipation are set to be equal at distance ݕௗ כ. This produces ݕௗ= כ
2ܥ = 5.1. The dissipation rate profile is schematically presented in Figure 12. In the range
0   ݕ ݕௗ כthe dissipation has a constant rate (Eq. (60)) and in the range ݕௗ כ  ݕ ݕ כthe
dissipation is calculated from Eq. (59). The averaged dissipation rate in Eq. (61) is used in
the transport equation for turbulence kinetic energy.
௬

ߝ௩

௬

ଷ/ଶ

ଷ/ଶ

ݕ
1
2ߥ݇
݇
݇
= ቌන
݀ ݕ+ න  ݀ݕቍ =  1 + 2݈݊ ൬ ൰൨
ܥ ݕ
ܥ ݕ
ݕௗ
ݕ
ݕௗଶ


(61)

௬

The transport equation for the turbulence dissipation rate is not solved for the near-wall
control volume. Instead the nodal value ߝ is computed from
ଷ/ଶ

ߝ =

݇
ܥ ݕ

(62)

explicitly. This value is used to calculate fluxes for the transport equation ߝ at face ݊ (Figure
11).
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Figure 12. Wall function for the turbulence dissipation rate.

There are some special cases that still must be considered. For example, it cannot be guaranteed that in every control volume next to the wall ݕݕ > כ௩ כ. In the cells where ݕݕ < כ௩ כthe
following equations apply:
ܣଵ =
ݑ௩
ଶ
ݑ௩

ߤݑ
ݕכ
ݑ
=
2
ݑଶ
=
3

(63)

ܲ௩ = 0
For the remaining quantities the previous equations are used. When ݕݕ < כௗ כthe average
dissipation is calculated from
ߝ௩ =
3.2.4

2ߥ݇
.
ݕௗଶ

(64)

Geometry and Boundary Conditions

The axisymmetric geometry and boundary conditions of the gas stirring problem are presented in Figure 13. The geometry is initially taken to be filled with liquid phase. In the
bottom centre of the vessel there is a gas source. Using a source term instead of a boundary
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condition for gas inlet less control volumes are needed in the domain. The source terms
for axial momentum, mixture continuity, gas phase continuity and turbulence kinetic energy, which take into account the nozzle gas flow, are as follows:
ܸߩ = ܬௗ ݑௗଶ ܣ௭௭
ܸ݉ሶ = ߩௗ ܳ = ߩௗ ݑௗ ܣ௭௭
1
ܸ = ܭ0.1 ߩ כௗ ݑௗଷ ܣ௭௭ ,
2

(65)

where ܸ, ܳ and ܣ௭௭ are the cell volume, nozzle volume flow rate and nozzle area, respectively.

Figure 13. Geometry and boundary conditions of the gas stirring problem.

The gas leaves the computational domain at the top surface. This is taken into account
using the drain terms in Eq. (66) for all equations.
ܸ࣒ = െmax(ߙௗ ߩௗ ࣐ݒௗ ܵ, 0)
࣐ = (ݑ , ݒ , 1, ݇, ߝ)

(66)

These terms are used for the control volumes next to the free surface. Turbulence model
wall functions are used in the cells next to the walls in the domain. The velocity is zero at
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the surface of the wall. At the free surface, the velocity component ݒ , which is perpendicular to the surface, is zero. Also, the velocity derivative ߲ݑ Τ߲݊ = 0 at the free surface.
These two conditions for velocity components are equal to the symmetry condition for a
vector. Generally, all scalar variables (ߙௗ , ݇, ߝ) have a symmetry condition at the free surface. For the pressure-correction equation, ߲Τ߲݊ = 0 is used at all boundaries. In this
case, pressure must be fixed in a point at the boundary or inside the domain. The pressure
is fixed at the top-right corner cell to a reference pressure value,  = 1.01325 × 10ହ ܲܽ.
3.2.5

Conservation of Global Liquid Mass

Before starting to solve the multiphase flow problem, the geometry is taken to be filled
entirely with the liquid phase. After the solution has converged, some of the liquid is replaced by the gas phase. If the volume of the geometry is kept fixed, some of the liquid
mass is lost in the converged solution. Thus, the global liquid mass is not conserved. If
chemical reactions in the converter such as the oxidation reactions are modelled, liquid
mass conservation is a requirement. Most of the publications in the literature related to
the bottom gas stirring problem do not conserve the liquid mass. In this work, an algorithm
was developed to conserve the total liquid mass during iterative computations. This is done
by changing the total volume of the computational domain to match the initial liquid volume summed with the current gas volume.
At the beginning of the procedure, the variable values are initialised for the domain.
Next, an iterative algorithm is started in order to solve the non-linear coupled equations
of the mixture model. Once the gas volume fraction has been solved, the total amount of
gas in the geometry has changed. Since the geometry is still unchanged, some of the liquid
has been replaced by the gas phase. Now the total gas volume is integrated over the computational domain control volumes:
ܸ௦ = න ߙௗ ܸ݀ =  ܸ ߙௗ,

(67)



To conserve the total liquid mass, the new volume for the geometry is
ܸ௧௧ = ܸ௦ + ܸ௨ௗ ,

(68)

where ܸ௨ௗ is constant because the liquid phase is incompressible. The bottom and right
side of the geometry in Figure 13 are considered rigid. Therefore, the geometry expands
and contracts by moving the free surface up and down. Since the geometry is rigid in some
aspects and equally spaced nodes are used, not all of the geometry data needs to be recomputed. In fact the control volume faces ܵ,ାଵ/ଶ , which are parallel to the radial coordinate,
stay constant during the mesh movement. Even the cell centre distances ȟݎ = ݎାଵ, െ ݎ,
in the radial direction are not changing. Instead the cell volumes ܸ, , the faces ܵାଵ/ଶ, parallel to the axial coordinate, and the cell centre distances ȟݖ = ݖାଵ, െ ݖ, in the axial direction are changing and thus have to be recomputed. Computing new locations for the
mesh nodes at this point is not necessary. The ratio of new and old geometry volumes
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߱=

ାଵ
ܸ௧௧

ܸ௧௧

(69)

can be used to compute the necessary data. The ratio in the previous equation is also equal
to
߱=

ାଵ
ȟ ݖାଵ ܵାଵ/ଶ,
=
,

ȟ ݖ
ܵାଵ/ଶ,

(70)

from which the new values can be calculated. The new geometry is not yet conserving the
global liquid and gas masses. This is due to the fact that during the geometry change, the
liquid and gas phase fractions were kept constant. After many iterations of solving the system of equations and recomputing the geometry, the total masses will be conserved when
convergence has been reached. After the convergence, a new equally spaced grid with node
coordinates is calculated. The new node data is used for post-processing purposes. The
modelling cases in Publication II are steady-state. This means that the geometry is not
moving when convergence has been reached. Therefore, grid velocity due to a moving grid
does not need to be considered at this point. The algorithm presented in this work reaches
convergence without time-accurate computations and is therefore, a much more economical way to solve the problem than the time-accurate algorithms in the literature57,58,59,61,68,
which potentially conserve the liquid mass during the computations.
3.2.6

Solution Algorithm

The mixture continuity and momentum equations are discretized into an axisymmetric
staggered grid using a finite volume method. The SIMPLE pressure-correction algorithm
is used to solve these equations. The staggered grid is presented in Figure 14. The indexing
system (݅, ݆) in the picture refers to the pressure grid. The control volume for the velocity
component in the x-direction (u-velocity) is centred on the triangle shape. The dashed lines
form the faces of the cell. The square indicates the cell centre for v-velocity in the y-direction. The velocity component cell centres lie on the cell faces of the pressure grid. Compared to the co-located grid, where all variables are solved on the same points, the staggered grid makes the discretization of the equations simpler. The interpolation of pressure
and velocity in the staggered system leads to a better link between the variables compared
to the co-located grid. In the co-located grid in the discretization of the pressure equation,
a Rhie-Chow damping term 83 must be added to the mass balance equations.
In the case of buoyancy driven flows, the Rhie-Chow damping can cause additional problems. As the ߩࢍ term is discretized, it causes a static pressure field in the direction of the
gravity vector. When the static pressure derivative is high compared to the dynamic pressure derivative, the convergence of the continuity equation may be impaired due to the
pressure derivatives in the Rhie-Chow damping. Using the staggered grid this difficulty
can be alleviated considerably. The details of the discretization of the equations can be
found in Publication II.
The field equations for mixture velocity, pressure, mixture volume fraction, turbulence
kinetic energy and turbulence dissipation rate are all non-linear coupled equations. The
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basic solution strategy applied for these is the segregated algorithm, in which the equations
are consecutively solved and updated. The solution stage consists of a linearisation of the
equation and a solution of the linear problem. A single iteration in the segregated algorithm contains the solution and the update of all the variables. This procedure is called an
outer iteration. The outer iterations are continued until the residuals of the linearised
equations are smaller than a specified tolerance. This procedure will eventually solve the
non-linear equations.

Figure 14. Staggered grid for pressure and velocity components.

In the linearisation stage the equations for ݑ , ݒ , , ߙௗ , ݇ and ߝ are discretized into the
general form of
ܣȟ߶ = ܣ௪ ȟ߶ିଵ, + ܣ ȟ߶ାଵ, + ܣ௦ ȟ߶,ିଵ + ܣ ȟ߶,ାଵ + ܣ ȟ߶, = r, ,

(71)

where the indices refer to the grid in Figure 14 and subscripts ݓ, e, s, ݊ and  denote west,
east, south, north and middle cell, respectively. The residual r, refers to the cell ݅, ݆. Once
the residual for all equations in all grid points have been reduced below the tolerance
threshold, the solution of the system of non-linear equations is considered converged. As
all the equations form similar sparse matrices, the same methods can be used to solve
them. Furthermore, because the solution of the non-linear system of equations requires
iteration, there is no particular need to find very accurate solution for the linear system in
Eq. (71). Thus, iterative solution methods are more advantageous than direct methods.
With iterative methods the solution of Eq. (71) can be stopped at a specified tolerance. This
saves time compared to the direct methods, which attempt to find the full solution directly.
The iterative algorithm used in this work is the line-Gauss-Seidel (LGS) method. The LGS
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method iterates the solution line by line in the ݅ and ݆-directions. First, the solution is swept
in the ݅-direction by solving the equation
ఔାଵ
ఔାଵ
ఔାଵ
ఔ
ఔ
ܣ௪ ȟ߶ିଵ,
+ ܣ ȟ߶ାଵ,
+ ܣ ȟ߶,
= r, െ ܣ௦ ȟ߶,ିଵ
െ ܣ ȟ߶,ାଵ

(72)

with TDMA. Here the superscripts ߥ + 1 and ߥ indicate new and last known values, respectively. The bottom line of the grid is solved first, and then successively the lines to the top
of the grid. Next the ݆-direction is swept by solving the equation
ఔାଵ
ఔ
ఔ
ఔାଵ
ఔାଵ
ܣ௦ ȟ߶,ିଵ
+ ܣ ȟ߶,ାଵ
+ ܣ ȟ߶,
= r, െ ܣ௪ ȟ߶ିଵ,
െ ܣ ȟ߶ାଵ,

(73)

The grid is again advanced line by line, starting from the left side and continuing to the
right side. Once both grid directions have been swept, the cycle is started again. The iterations are continued until a specified tolerance for error
߳, = r, െ ܣ௪ ȟ߶ିଵ, െ ܣ ȟ߶ାଵ, െ ܣ௦ ȟ߶,ିଵ െ ܣ ȟ߶,ାଵ െ ܣ ȟ߶,

(74)

is met.
The typical property of an iterative method like LGS is that the error in Eq. (74) is reduced quickly in the beginning of the iterations. Then the rate of error decrease starts to
decelerate iteration after iteration. Thus, the efficiency of the algorithm worsens as the
iterations are continued. This can be explained with a few concepts. The error in Eq. (74)
consists of different wave-lengths from small (ʹȟ )ݔto large (the size of the domain). The
LGS method reduces the different wave-lengths of the error at different rates. The smoothing of the error is fastest for the smallest-wave lengths and slowest for the largest wave
lengths. The efficiency of an iterative method can be improved by solving the problem at
different grid levels. The equations in the normal grid can be summed to form a coarser
grid containing less unknowns and longer error wave lengths. In a structured 2-D mesh,
four neighboring cells are combined through the domain to make a new level. A third grid
level is generated in exactly the same way using the second level. Coarser levels can be
created as long as the cell counts in the i- and j-directions are divisible by two. The second
grid level contains four times fewer cells and the third 16 times fewer than the first level.
Eq. (71) is constructed for all grid levels by restricting the coefficients and the error in Eq.
(74) from the denser levels into the coarser levels. The restricted error in the coarse grid is
represented in the right-hand side of the linear problem. At the beginning of the algorithm,
the error is smoothed by making a few iterations in LGS. Next, the error of the first level is
restricted in the second level. Then the error is smoothed in the second level using LGS. If
there is a third level, the error from the second level is restricted in it. Here we assume the
third level is the coarsest level. At the third level the error is smoothed again. The solution
in the third level is then prolongated into the second level. This is considered as a correction to the second level solution. The second level solution is then prolongated into the
first level. Thus concludes a single iteration step in the algorithm. The cycle is then continued until the error of the first level is below the tolerance. By solving the problem in the
coarser levels, longer wavelength errors are smoothed more efficiently than by using only
LGS in the first level. The LGS iterations in the coarser levels are more economical since
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there are much less unknowns in Eq. (71). The restriction and prolongation can be considered interpolation operations between the grid points of the coarse and dense meshes. This
way of solving the linear problem on coarser grids is called the algebraic multigrid (AMG)
method. More details about the AMG can be found from a report by the author. 84

3.3

Chemical Reaction Model

In the literature the phenomenological reaction models can be roughly divided into reaction interface models and reaction volume models. The reaction interface models make
use of the boundary layer approach and assume that the overall reaction rates are controlled by the mass transfer in the diffusion boundary layers. The interface composition is
determined by the thermodynamic equilibrium at the interface. The main difficulties in
the reaction interface model include: 1) the evaluation of the interfacial area between the
phases, 2) the evaluation of the convective mass transfer parameters between the bulk
phases and the interfaces, 3) the evaluation of the heat transfer parameters between the
bulk phases and the interfaces. The reaction interface approach has been a popular choice
in the literature.29,30,85,86,87 ,88,89,90,91,92,93
The reaction volume models are based on mass exchange between bulk volumes and active reaction volumes, which are assumed to reach thermodynamic equilibrium at every
instant. These models require mass transfer parameters between the bulk volumes and the
reaction volume. The parameters are used to calculate the mass fluxes between the volumes. When the enthalpy content of the volumes is known, it is possible to calculate the
heat transfer between the volumes without additional heat transfer parameters. Furthermore, the surface area between the phases is not explicitly needed. Thus, reaction volume
models require less parameters than reaction interface models. The more phases are present, the more advantageous the reaction volume approach.
The chemical reaction model is presented in Publication III. The chemical reaction
model was developed by making a simple steel converter process model. The novelty of the
model is in its use of Gibbs energy minimisation to compute the simultaneous reactions
and possible solidification of slag components in real time. These properties were not
available in the models presented in the literature. The proposed modelling concepts are
readily applicable to many high temperature processes. In this model, simple correlations
are used for mass and heat transfer, and a simplified version of the scrap melting model is
used. It is important that the mass transfer and scrap melting be part of the chemical reaction model as it is validated by measurements from an industrial scale converter. The
basic assumption of the model is that there exists separate bulk phases such as gas, steel
and slag phases. The mass convects from the bulk phases into the reaction volume. This
region is called the reaction zone, and it is schematically presented in Figure 15. In the
reaction zone, instantaneous thermodynamic equilibrium is reached. The equilibrium
phases then convect from the reaction zone back to their respective bulk phases. The equilibrium in the reaction zone as well as the mass transfer between the reaction zone and the
bulk phases determine the reaction rates for the species. Mass and energy conservation
equations are advanced in time for the slag and metal bulk phases. The reaction zone temperature and thermodynamic equilibrium are iteratively calculated. The thermodynamic
equilibrium is calculated using the partitioning of Gibbs energy (PGE) method. 94,95
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Figure 15. Schematic of the bulk phases and of the reaction zone in the steel converter.

3.3.1

Algorithm for Partitioning of Gibbs Energy

Thermodynamic chemical equilibrium is needed for the reaction zone and for the slag bulk
phase. In the reaction zone, several chemical reactions are taking place simultaneously.
Equilibrium can be obtained by minimising the Gibbs energy. Equivalently, if the condition


ߤƸ  =  ܽ Ȟ

(75)

ୀଵ

is met, the Gibbs energy minimum has been reached. In Eq. (75), ߤƸ  , ܽ and Ȟ are the
dimensionless chemical potential of species ݅, the stoichiometric matrix and the dimensionless chemical potential of system component ݆, respectively. The dimensionless chemical potential for species ݅ in phase ݈ is
௫
°
ߤƸ  = ݃()
+ ݈݊൫ܺ() ൯ + ݃()
,
(76)
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°
௫
, ܺ() and ݃()
are the dimensionless chemical potential in a standard state, and
where ݃()
௫
the molar fraction and dimensionless excess Gibbs energy. The term ݃()
describes the

non-ideal behaviour of a constituent in a solution. The sum of molar fractions in a solution
phase must equal unity at convergence:
ே

ܺ =  ܺ() .

(77)

ୀଵ

The thermodynamic equilibrium is constrained by the mass balances
ே





ܾ =  ݊  ܺ() ܽ +  ݊ ܽ ,
ୀଵ

ୀଵ

(78)

ୀଵ

where  ܮand  ܭare the number of the solution and pure phases, respectively. ݊ is the number of moles in phase ݈. Eqs. (75) and (76) are set as equal and they are solved for the molar
fractions

௫
°
ܺ() = exp ቌ ܽ Ȟ െ ݃()
െ ݃()
ቍ,

(79)

ୀଵ

which are substituted for the mass balances:
ே







௫
°
ܾ =  ݊  exp ቌ ܽ Ȟ െ ݃()
െ ݃()
ቍ ܽ +  ݊ ܽ
ୀଵ

ୀଵ

(80)

ୀଵ

ୀଵ

The system of non-linear equations to be solved consists of Eqs. (75), (77) and (80). These
equations are reorganised into


݂௩ =

ே





 ݊௦  exp ቌ ܽ Ȟ
ୀଵ
ୀଵ
ୀଵ
ே

ୀଵ



°
௫
െ ݃()
ቍ െ 1 = 0,
݄ =  ݁ ݔቌ ܽ Ȟ െ ݃()
ୀଵ




௫
°
െ ݃()
െ ݃()
ቍ ܽ௩ +  ݊ ܽ െ ܾ = 0,

(81)

ୀଵ


ݍ =  ܽ Ȟ െ ߤƸ  =  ܽ Ȟ െ ݃° = 0,
ୀଵ

ୀଵ

and are solved using the Newton-Raphson method. The ݄ equations cover the solution
phases and the ݍ equations the pure phases, hence ߤƸ  = ݃° . The number of unknowns in
the system is  ܥ+  ܮ+ ܭ. When Newton-Raphson is applied, the system of linear equations
becomes
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߲ܨ
dx = െܨ ,
߲ݔ 
ܨ = (݂ଵ ,  ڮ, ݂ , ݄ଵ ,  ڮ, ݄ , ݍଵ ,  ڮ, ݍ ),

ܬdx =

(82)





dx = ൫dȞଵ ,  ڮ, dȞ , d݊ଵ௦ ,  ڮ, d݊௦ , d݊ଵ ,  ڮ, d݊ ൯,
where  ܬis the Jacobian matrix, while superscripts  and  ݏdenote pure and solution states,
respectively. The Jacobian matrix
߲݂௩
߲ ۇȞ
݄߲ ۈ
ۈ=ܬ
߲Ȟ
ۈ
߲ݍ
߲ ۉȞ

߲݂௩
߲݊௦
߲݄
߲݊௦
߲ݍ
߲݊௦

߲݂௩

ே




߲݊ ۊ

߲݄ ۋ
 =ۈ
߲݊ ۈ ۋ
ۈ ۋ
߲ݍ


߲݊ ی

ே

ۇ ݊  ܽ ܽ௩ ܺ()
 ۈୀଵ

ୀଵ
ே

 ܽ ܺ()
ୀଵ

ۉ

ܽ

 ܽ௩ ܺ()
ୀଵ

ܽ ۊ

0

ۋ
ۋ,
ۋ
0 ۋ

0

0 ی

(83)

is symmetric. The system is solved for dݔ and the variables are updated with
xఔାଵ = xఔ + ߙdx ,

(84)

where ߙ is an under-relaxation factor. The problem is determined by the mass constraints
ܾ and temperature. In the current algorithm in this work, the problem is scaled as follows:
ܾ= כ

ܾ
,
σୀଵ ܾ

(85)

which means the sum of ܾ כalways equals one. The factor ߙ is chosen such that the maximal
change for the phase mole amount in a single iteration can be only 10% of the maximal
value that the phase can contain. Factors for all phases are calculated from
ߙ = min ቆ

0.1݊୫ୟ୶
݀݊

, 1ቇ,

(86)

and the smallest factor is chosen from ߙ for all variables in Eq. (84). ݊୫ୟ୶ is calculated by
assuming that all possible components of ܾ are in particular phase. This is an estimate of
the maximal molar amount for the particular phase. The PGE method requires good initial
values at the start of the iterations; these can be generated using the Leveling and PostLeveling methods. 96
After the solution has been obtained for Eqs. (81), the phases should be checked for stability. If at convergence a phase has a negative molar amount, it should be removed from
the list of stable phases. A pure phase is added to the list if its driving force


ܨ =

݃°

െ  ܽ Ȟ ,
ୀଵ
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is negative. A solution phase is added to the list if the sum of hypothetical molar amounts
ே

ே



ୣ୶
°
ܺ =  ܺ() =  exp ቌ ܽ Ȟ െ ݃()
െ ݃()
ቍ
ୀଵ

ୀଵ

(88)

ୀଵ

of the phase ݈ is equal or greater than one. In the current algorithm only one phase can be
removed or added at a time. Removing or adding more phases at a time can destabilize the
algorithm. The maximum number of stable phases is constrained by the Gibbs phase rule
 ܥ = ܨെ Ȱ,

(89)

where  ܨis the number of degrees of freedom,  ܥis the number of components and Ȱ =
(L + K) is the number of phases. An isothermal and isobaric system is assumed in Eq. (89),
the number of phases therefore cannot exceed the number of components.
The sum of the mole fractions of a solution phase can be far from unity, if the mathematical solution for the system of Eqs. (81) is not yet converged. In the case of non-ideal
phases, the excess Gibbs energies are not calculated at every iteration, but only if the sum
of mole fractions is less than 1.001. This is especially important in the case of a quasichemical activity model, which assumes that the sum of the molar fractions is equal to one. When
כ
new values ݃()
for excess Gibbs free energies are calculated, the values used in the PGE
algorithm are updated with
ఔାଵ
ఔ
ఔ
כ
݃()
= ݃()
+ ߙ൫݃()
െ ݃()
൯,

(90)

where the update is under-relaxed with parameter ߙ. Under-relaxation of the excess Gibbs
energy is important in order to achieve stability and convergence for PGE.
3.3.2

Activity Models

Activity models are needed for non-ideal phases. In this work, these are the slag and metal
phases. The activity model for the steel phase is the unified interaction parameter (UIP)
formalism. 97 The modified quasichemical model (MQM) is applied to calculate the activities of the slag components.
Metal Phase
In UIP formalism, the temperature dependent molar first-order parameters from Sigworth 98 are used for the most part. The excess Gibbs energy can be calculated for element
݅ from
݃ୣ୶ = ݈݊(ߛ ) = ݃௦ + ݈݊(ߛୱ୭୪୴ୣ୬୲ ) +  ߝ ܺ ,


(91)

where ߝ denote the molar first-order interaction parameters. Here, the solvent is iron and
the sum term loops over every element except iron. The solvent activity coefficient can be
calculated from
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1
݈݊(ߛୱ୭୪୴ୣ୬୲ ) = െ   ߝ ܺ ܺ .
2


(92)



For the oxygen interaction parameter ߝை,ை a fit was made to match the activity model of
Miettinen 99. The interaction parameter is a linear function of temperature as follows:
ߝ =  ܣ+ ܤ/ܶ

(93)

In the case of oxygen the coefficients  = ܣ100 and  = ܤെ115400 are used. Coefficients
 = ܣെ 46.8 and  = ܤ107000 are used for the C-Si interaction parameter below T =
1627°C (1900 K). The rest of the parameters can be found in Publication III.
Slag Phase
The modified quasichemical model for the ternary case is employed for the slag phase. In
the quasichemical approach, the atoms of molecules of a solution are distributed over the
sites of a quasi lattice. In the pair approximation, the pair exchange reactions are considered as follows:
( ܣെ  )ܣ+ ( ܤെ  = )ܤ2( ܣെ )ܤ,

(94)

where A and B represent the nearest neighbour pairs. The nonconfigurational Gibbs energy change for the formation of two moles of ( ܣെ  )ܤpairs is ȟܩ . The molar amounts of
components ݊ and pairs ݊ in a multicomponent case are connected according to
ܼ ݊ = 2݊ +  ݊ ,

(95)

ஷ

where ܼ is the coordination number of component ݊. Pair fractions ܺ , molar fractions
ܺ and coordination equivalent fractions ܻ are as follows:
ܺ =

݊
,
σ ݊

ܺ =

݊
,
σ ݊

ܻ =

ܼ ݊
σ ܼ ݊

(96)

The Gibbs energy of a solution in the ternary case (A, B, C) is
݊ = ܩ ܩ° + ݊ ܩ° + ݊ ܩ° െ ܶȟܵ ୡ୭୬୧ + ݊

ீಲಳ
ଶ

+ ݊

ீಲ
ଶ

+ ݊

ீಳ
,
ଶ

(97)

where the configurational entropy of mixing is approximately as follows:
െ

40

X
X 
ȟܵ ୡ୭୬୧
= ݊ ln(ܺ ) + ݊ ln(ܺ ) + ݊ ln(ܺ ) + ݊ ln ቆ ଶ ቇ + ݊ ln ቆ ଶ ቇ
ܴ
ܻ
ܻ
X
X
X 
X
൰ + ݊ ln ൬
൰ + ݊ ln ൬
൰
+݊ ln ቆ ଶ ቇ + ݊ ln ൬
2Y Y
2Y Y
2Y Y
ܻ

(98)
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For the binary system (A, B) the pair Gibbs energy is expanded as an empirical polynomial
in the component fractions




°
ȟܩ = ȟG
+  q Y Y ,
ାஹଵ

(99)



where the empirical coefficients q are in the general case functions of temperature






q = ɘ െ Ʉ ܶ.

(100)

The chemical potentials for components (A, B, C) can be differentiated from Eq. (97) as
follows:
ܼ ߲ܩ
X
ܼ ߲
(݊ ȟ ܩ+ ݊ ȟܩ + ݊ ȟܩ )
൬
൰ = ܩ° + ܴܶln(ܺ ) + ܼ ܴܶln ቆ ଶ ቇ +
2 ߲݊
2 ߲݊  
ܻ
ܼ ߲ܩ
X
ܼ ߲
(݊ ȟ ܩ+ ݊ ȟܩ + ݊ ȟܩ )
൬
൰ = ܩ° + ܴܶln(ܺ ) + ܼ ܴܶln ቆ ଶ ቇ +
ߤ =
2 ߲݊
2 ߲݊  
ܻ
ܼ ߲ܩ
X
ܼ ߲
(݊ ȟ ܩ+ ݊ ȟܩ + ݊ ȟܩ )
ߤ =
൬
൰ = ܩ° + ܴܶln(ܺ ) + ܼ ܴܶln ቆ ଶ ቇ +
2 ߲݊
2 ߲݊  
ܻ
ߤ =

(101)

The derivatives of the pair Gibbs energies depend on the exact polynomial approximations
used and the interpolation method used to approximate the binary energies in the ternary
system. The ternary system in this work is CaO–SiO2–FeO system. The pair Gibbs free
energies for the binaries are, according to Pelton and Blander 100, as follows:
ଷ

ȟܩେୟିୗ୧మ = (െ185912 + 25.104ܶ) െ 72814.2ܻୗ୧
+ (213710.4 െ 41.84ܶ)ܻୗ୧
,
మ
మ

ହ

ȟܩிୣିୗ୧మ = (13886.7) + (െ86889.1 + 29.29ܶ)ܻୗ୧మ + 951483.4ܻୗ୧
െ 1786346ܻୗ୧
మ
మ

ȟܩେୟିୣ


+(1086614 െ 62.76ܶ) ܻୗ୧
,
మ
= െ26447.1 െ 18756.9ܻୣ ,

(102)

where the accompanying coordination numbers are ܼୗ୧మ = 1.3774, ܼେୟ = ܼୣ =
0.6887. The binary Gibbs free energies are interpolated to the ternary system using an
asymmetric approximation called the Kohler–Toop method. In this approximation, one of
the three components is asymmetric. Since SiOଶ is acidic and the two other components
are basic, the SiOଶ component is chosen to be asymmetric in this work. After the asymmetric interpolation, the Gibbs energies are
ଷ

ȟܩେୟିୗ୧మ = (െ185912 + 25.104ܶ) െ 72814.2ܻୗ୧
+ (213710.4 െ 41.84ܶ)ܻୗ୧
,
మ
మ

ହ

ȟܩୣିୗ୧మ = (13886.7) + (െ86889.1 + 29.29ܶ)ܻୗ୧మ + 951483.4ܻୗ୧
െ 1786346ܻୗ୧
మ
మ

ȟܩେୟିୣ


+(1086614 െ 62.76ܶ) ܻୗ୧
,
మ
ܻୣ
= െ26447.1 െ 18756.9
.
ܻୣ + ܻେୟ

(103)

The derivatives in the chemical potentials of the components can now be computed, since
the Gibbs energies for binary pairs are known in the ternary system:
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߲ σஷ ݊ ȟܩ
߲ȟܩ
߲ȟܩ
ܻ
߲ȟܩ
= െ ܻ ൬X
+ X
൰ + X
൨,
(ܻ + ܻ )ଶ ߲ ܻ Τ(ܻ + ܻ )
߲݊
߲ܻ
߲ܻ
߲ σஷ ݊ ȟܩ
߲ȟܩ
߲ȟܩ
= (1 െ ܻ ) ൬X
+ X
൰,
߲݊
߲ܻ
߲ܻ
߲ σஷ ݊ ȟܩ
߲ȟܩ
߲ȟܩ
ܻ
߲ȟܩ
= െܻ ൬X
+ X
൰ + X
൨,
(ܻ + ܻ )ଶ ߲ ܻ Τ(ܻ + ܻ )
߲݊
߲ܻ
߲ܻ

(104)

where A = CaO ,  = ܤSiOଶ and  = ܥFeO.
3.3.3

The Reaction Zone

The mass in the reaction zone is assumed to be at thermodynamic equilibrium at any instant. The equilibrium phases flow from the reaction zone back into their respective bulk
phases. Empirical mass transfer parameters determine the amount of mass and energy
that is transported into the reaction zone. The mass fluxes from the bulk phases are
ሶ , ݉ሶୱ = ߩୱ ܸୱሶ , ݉ሶ = ߩ ܸሶ ,
݉ሶ୫ୣ = ߩ୫ୣ ܸ୫ୣ
మ
మ

(105)

where ܸሶ is the volume flux. Subscripts ݉݁,  ݏand ݃ denote metal, slag and gas, respectively.
The volume fluxes are calculated using empirical functions, which can be found in Chapter
3.3.6. The total mass and heat fluxes flowing to the reaction zone are
݉ሶୖ = ݉ሶ୫ୣ + ݉ሶୱ + ݉ሶ ,
ܪሶୖ = ܪሶ୫ୣ + ܪሶୱ + ܪሶ = ݉ሶ୫ୣ ݄ + ݉ሶୱ ݄ୱ + mሶ  ݄

(106)

and the corresponding equilibrium fluxes are
ୣ
ୣ
= ݉ሶ୫
+ ݉ሶୱୣ + ݉ሶୣ ,
݉ሶୖ
ୣ
ୣ
ܪሶୖ = ܪሶ୫ + ܪሶୱୣ + ܪሶୣ ,

(107)

which are flowing out of the reaction zone. The material that flows into the reaction zone
heats up due to the oxidation reactions. The equilibrium temperature is thus higher than
the temperature of the bulk phases. The equilibrium temperature must be solved as a part
of the problem. Therefore, the initial temperature has to be guessed. First an enthalpy balance equation is formulated as
୬ାଵ
ୣ
୬
߲
ୖܪ
ୖܪ
െ ୖܪ
െ ୖܪ
ୣ
න ݄ୖ ߩୖ dܸ =
=
= ܪሶୖ
െ ܪሶୖ = െ߮୰ୟୢ ,
߲ݐ
οݐ
οݐ

(108)

where ߮୰ୟୢ is radiation transport out of the reaction zone. The cooling due to radiation is
modeled with
ସ
ସ
െ ܶୣ୶୲
߮୰ୟୢ = ܣ୰ୟୢ ߪௌ ߦ൫ܶୖ
൯,

(109)

where ܣ୰ୟୢ is surface area, ߪௌ = 5.67 × 10ି଼ WΤmଶ K ସ is the Stefan-Boltzmann constant,
ߦ emissivity and ܶୣ୶୲ ambient temperature. The radiation term can be further modified to
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ସ
ସ
߮୰ୟୢ = ܣ୰ୟୢ ߪௌ ߦ൫ܶୖ
െ ܶୣ୶୲
൯
ଷ
ଶ
ଷ
ଶ
+ ܶୖ
ܶୣ୶୲ + ܶோ ܶୣ୶୲
+ ܶୣ୶୲
߮୰ୟୢ = ܣ୰ୟୢ ߪௌ ߦ(ܶோ െ ܶ௫௧ )൫ܶୖ
൯
,ଷ
,ଶ
,ଷ
ାଵ
 ,ଶ
߮୰ୟୢ = ܣ୰ୟୢ ߪௌ ߦ൫ܶୖ
െ ܶ௫௧ ൯൫ܶୖ
+ ܶୖ
ܶୣ୶୲ + ܶୖ
ܶୣ୶୲ + ܶୣ୶୲
൯
ାଵ
ߚ୰ୟୢ ൫ܶୖ

ାଵ
ߚ୰ୟୢ ൫ܶୖ

െ ܶ௫௧ ൯ =
߮୰ୟୢ =

߮୰ୟୢ = ߚ୰ୟୢ (οܶோ + ܶୖ
െ ܶ௫௧ )

െ


ܶୖ

+


ܶୖ

(110)

െ ܶ௫௧ ൯

Since the guess for equilibrium temperature will not initially satisfy Eq. (108), it will produce an imbalance
ୣ
οܪሶୖ = െ߮୰ୟୢ െ ܪሶୖ
+ ܪሶୖ .

(111)

This means that the specific heat capacity function for the phases inside the reaction zone
has to be integrated as a function of temperature in order to have a better approximation
of the equilibrium temperature. The enthalpy change is thus set equal to the integration of
specific heat:
ୣ
ܿ୮,୫ୣ οܶோ + ݉ሶ௦ୣ ܿ୮,ୱ οܶோ + ݉ሶୣ ܿ୮, οܶோ
οܪሶୖ = ݉ሶ୫ୣ
߲݄
߲݄୫ୣ
߲݄ୱ
ୣ
οܪሶୖ = οܶோ ቆ݉ሶ୫ୣ
+ ݉ሶ௦ୣ
+ ݉ሶୣ
ቇ
߲ܶ
߲ܶ
߲ܶ
߲ܪሶ୫ୣ ߲ܪሶ௦ ߲ܪሶ
߲ܪሶோ
+
+
οܪሶୖ = οܶோ ቆ
ቇ = οܶோ
߲ܶ
߲ܶ
߲ܶ
߲ܶ

(112)

Here the heat capacity function is approximated with a temperature derivative of specific
enthalpy. The mass fluxes are multiplied inside the derivatives and the derivatives are
summed together. Eqs. (111) and (112) are set to be equal and by using Eq. (110) the temperature change is solved:
οܶோ =

ୣ

െߚ୰ୟୢ (ܶୖ
െ ܶ௫௧ ) െ ܪሶୖ
+ ܪሶୖ
ሶ
߲ܪோ
+ ߚ୰ୟୢ
߲ܶ

(113)

The enthalpy derivative in Eq. (113) is estimated numerically as follows:
߲ܪሶோ ܪሶୖ (ܶଶᇱ ) െ ܪሶୖ (ܶଵᇱ )
=
,
ܶଶᇱ െ ܶଵᇱ
߲ܶ

(114)

ୣ
ୣ
where ܶଶᇱ = ܶୖ
+ 0.01 and ܶଵᇱ = ܶୖ
െ 0.01. The enthalpies in (114) are calculated using

=ܪ

߲  ܩΤܶ ܶ(ܩଶᇱ )Τܶଶᇱ െ ܶ(ܩଵᇱ )Τܶଵᇱ
=
,
߲ 1Τܶ
1Τܶଶᇱ െ 1Τܶଵᇱ

(115)

which is the Gibbs–Helmholz equation. When using the Gibbs–Helmholz equation, the
total enthalpy content of the reaction zone can be computed using the Gibbs energy of the
system. The total enthalpy contains the enthalpy of formation, increment enthalpy as well
as the mixing enthalpy modelled by the activity models. The new estimate for equilibrium
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temperature is calculated by adding the under-relaxed temperature change to the previous
value. As the new temperature changes the equilibrium composition at the reaction zone,
new equilibrium must be calculated using the PGE algorithm. The Gibbs energy minimisation and the temperature calculation are repeated successively until the temperature difference predicted by (113) is smaller than the tolerance value.
3.3.4

Conservation of Mass and Energy

Mass and energy must be conserved for the bulk phases during the process simulation.
The mass conservation equation for component ݇ in a phase is
(ߙ ߩ ܸ)ାଵ െ (ߙ ߩ ܸ) ݉ାଵ െ ݉
߲
ୣ
න ߙ ߩ ܸ݀ =
=
= ݉ሶ,ୖ
െ ݉ሶ,ୖ െ ߮ሶ  ,
οݐ
οݐ
߲ݐ

(116)

ୣ
, ݉ሶ,ோ and ߮ሶ  are the mass flux of component ݇ coming from the reaction
where ݉ሶ,ୖ

zone, the mass flux of the component leaving the phase and a phase-specific additional
source term, respectively. ߮ሶ  is used for slag when adding lime during the process. ߮ሶ  is
used for the liquid metal phase when the scrap is melting and the components are added
to the phase.
A conservation equation for the enthalpy of the component mixture in a phase is
(݄୫ ߩ୫ ܸ)ାଵ െ (݄୫ ߩ୫ ܸ)
߲
න ݄୫ ߩ୫ dܸ =
= ܪሶ  െ ܪሶ െ ߮୦ = Ȳ,
οݐ
߲ݐ

(117)

where ܪሶ ୣ is the enthalpy flux coming from the reaction zone and ܪሶ is the enthalpy flux
going into the zone. ߮ is a phase-specific additional source term. In the case of slag, ߮୦ is
the heat source from lime dissolution. In the case of metal, ߮ is the heat sink due to scrap
melting. The mixture quantities are defined as
݄m = 


݄ ߩ ߙ
, ߩm =  ߩ ߙ , ݉ =  ݉ ,
ߩm


(118)



where the sums are over all components in the bulk phase. The enthalpy method is used
to solve the temperature of the phase. The mixture quantities are inserted into the new
time level values and the equation is manipulated as follows:

(݄୫ ߩ୫ ܸ)ାଵ െ (݄୫ ߩ୫ ܸ) (σ ݄ ߩ ߙ ܸ)ାଵ െ (݄୫ ݉୫ ) (σ ݄ ݉ )ାଵ െ ܪ୫
=
=
οݐ
οݐ
οݐ

(119)

Next iteration index  ݒis introduced and the enthalpy is linearised as
߲݄ ݄௩ାଵ െ ݄௩
ൎ
,
߲ܶ ܶ ௩ାଵ െ ܶ ௩
݄ାଵ ൎ ݄௩ାଵ = ݄௩ +
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߲݄ ௩ାଵ
(ܶ
െ ܶ ௩ ),
߲ܶ

(120)
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which is substituted into Eq. (119):
߲݄௩

σ ݉௩ ݄௩ +  (ܶ ௩ାଵ െ ܶ ௩ )൨ െ ܪ୫

(σ ݄ ݉ )ାଵ െ ܪ୫
߲ܶ
=
οݐ
οݐ
=

σ ݉௩ 

߲݄௩ ௩ାଵ
௩

(ܶ
െ ܶ ௩ )൨ + ܪ୫
െ ܪ୫
߲ܶ
οݐ

(121)

After further manipulation the new temperature value can be solved:
௩
߲ܪ୫
௩

(ܶ ௩ାଵ െ ܶ ௩ ) + ܪ୫
െ ܪ୫
߲ܶ
= Ȳ,
οݐ
௩
߲ܪ୫ ௩ାଵ
௩

(ܶ
െ ܶ ௩ ) = οݐȲ െ ܪ୫
+ ܪ୫
,
߲ܶ
௩

οݐȲ െ ܪ୫ + ܪ୫
ܶ ௩ାଵ = ܶ ௩ +
௩
߲ܪ୫
߲ܶ

(122)

The enthalpy derivatives are multiplied with the masses and summed together
 ݉௩


ᇱ
௩
௩ (ܶ ᇱ )
௩
߲ܪ௩ ߲ܪ୫
ܪ୫
߲݄௩
ଶ െ ܪ୫ (ܶଵ )
=
=
=
,
ܶଶᇱ െ ܶଵᇱ
߲ܶ
߲ܶ
߲ܶ

(123)



where the Gibbs–Helmholtz equation is again used to estimate the solution enthalpies.
3.3.5

Scrap Melting

In the chemical reaction model, scrap melting must be taken into account as it has a major
effect on the temperature evolution of the phases. Here, a simplified version of the model
presented in Chapter 3.1 is used. This can be justified by the fact that the validation case
for the chemical reaction model does not contain accurate information for the scrap thickness. Therefore, no benefit can be gained by using the 1-D scrap melting model. Instead, a
single balance area is used for the enthalpy content in the scrap. Carbon mass transfer in
the solid material is assumed to be much slower than in the liquid. Thus, no conservation
equation for carbon in the solid material is needed. The enthalpy balance equation for the
scrap is given by
(݄݉)ାଵ െ (݄݉)
= ߚ ܶ(ܣ୫ୣ െ ܶ ) െ max൫0, െ݉ሶ୮୦ୟୱୣ ൯h + max൫0, ݉ሶ୮୦ୟୱୣ ൯݄ = Ȳ,
οݐ
οݐȲ െ  ܪ௩ +  ܪ
ܶ ௩ାଵ = ܶ ௩ +
,
߲݄௩
݉௩
߲ܶ

(124)

where the enthalpy method has been applied to solve the temperature. Eq. (124) is solved
with balance equations for enthalpy and carbon mass (Eq. (125)) for the solidus-liquidus
interface located at the scrap surface.
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μܶ
െ ߚ (ܶ୫ୣ െ ܶ )
μݔ
μܻ
୍ܷ ൫ܻ െ ܻୱୡ୰ୟ୮ ൯ = ܦଢ଼
െ ߚଢ଼ (ܻ୫ୣ െ ܻ ) ൎ െߚଢ଼ (ܻ୫ୣ െ ܻ )
μݔ
୍ܷ ߩ൫ܪ െ ܪୱୡ୰ୟ୮ ൯ = ɉ

(125)

The carbon mass transfer from the liquid phase is assumed to advance as a moving solidusliquidus interface. Therefore, the diffusion coefficient ܦଢ଼ is assumed to be zero. From interface equations (125), the interface velocity ୍ܷ and liquidus temperature ܶ are solved.
Using ୍ܷ , the mass that is melting or solidifying is calculated as:
݉ሶ୮୦ୟୱୣ = ୍ܷ ߩܣ,

(126)

and the total scrap mass is updated with
݉ାଵ = ݉ + ο݉ݐሶ୮୦ୟୱୣ
3.3.6

(127)

Mass Transfer Parameters

The purpose of this work was not to focus on mass transfer parameters. Therefore, simple
correlations were utilized to determine whether the new chemical reaction model would
match with the measurements done on industrial scale converter or not. The ratio of liquid
metal momentum at the surface level ܫ and the inlet gas momentum of the plume ܫ is
ܴ =

ܫ
ߩ୫ୣ ܣ୬୭୪ୣ
= 1.79ඥ݃ܪ
,
ܫ
ߩ ܸሶ

(128)

where ܣ୬୭୪ୣ is the nozzle area and ܪ is the bath height. Once the gas flow rate is known,
Eq. (128) can be used to estimate the liquid metal momentum in the plume at surface level.
Using equation of momentum
ଶ
= ݉ሶ୫ୣ ݒ୫ୣ ,
ܫ୫ୣ = ߩ ܣ ݒ୫ୣ

(129)

and Eq. (128) the mass flux of metal rising at the plume can be solved to be
݉ሶ୫ୣ = ටܫ୫ୣ ߩ ܣ .

(130)

In the model values ܪ = 2.5 and ܣ = 1.0 are used. Since not all of the liquid mass in the
rising plume flows to the reaction zone, coefficient 0.544 is used instead of 1.79 in Eq.
(128). With these modifications Eq. (130) is used to compute the mass flux of metal that is
transported into the reaction zone. It is assumed that the plume influences the mass transfer of the slag phase weakly and the slag mass transfer into the reaction zone is only affected by the top gas jet. In the current model mass transfer of slag phase into the reaction
zone depends linearly on lance height ݀ from the surface. The mass transfer of slag is computed from

46

Developed Models and Applied Methods of the Thesis

݉ሶୱ =

݉ୱ
݉ୱ,୧୬୧୲୧ୟ୪

݉ሶమ ( ܥ+ )݀ܦ,

(131)

where  = ܥ1.13 and  = ܦെ0.29 1ൗ݉ were fitted using the data of Cicutti et al31. ݉ୱ,୧୬୧୲୧ୟ୪ , ݉ୱ
and ݉ሶమ are the initial slag mass, the current slag mass and the mass flux of oxygen gas
through the top lance.
Table 1. Heat capacity functions for compounds.101
ܥ୮ (ܶ) =  ܣή 10ହ ܶ ିଶ +  ܤ+  ܥή 10ିଷ ܶ + ܦ10ି ܶ ଶ
ܣ

ܤ

ܥ

ܶଵ

ܶଶ

݄ /݄୲୰

ݏ /୲ݏ୰

K

K

kJ/mol

JΤ(mol ή K)

ܦ

SiOଶ (l)

-13.311

52.17

24.004

-4.068

298.15

2980

SiOଶ (s)

262.88

-1399.89

5715.82

-6244.89

298.15

373

-582.0055

2178.36

-6987.218

6457.28

373

453

-2550.05

7860.21

-23634.3

20191.1

453

543

-44.5425

77.5875
87.373

-6.0805

2.7787

543
3300

3300
4000

CaO(s)

-9.3661

51.8583

2.4386

0.0001

298.15

3172

-634.92

38.1

CaSiOଷ (s)

-13.6411

80.2293

83.7141

-38.55

298.15

800

-1634.6

81.479

-51.2087

117.28

18.0493

-5.2147

800

1398.1

-40.2891

113.25

12.0608

-1.9948

1398.15

3500

1.736

1.24164

-8.9137

100.48

133.78

-51.515

298.15

950

-2317.38

120.499

Caଶ SiOସ (s)

Caଷ SiOହ (s)

Caଷ Siଶ O (s)

3.3.7

-908.137

43.065

21.5445

71.2369

183.5875

-75.289

950

1120

-0.0003

161.53

-0.001

18.9499

1120

1710

14.162

12.6446

173.68

0.8873

1710

3500

14.386

8.41287

-2933.21

168.604

-3954.05

210.543

-23.9027

161.317

142.34

-59.15

298.15

850

-91.4586

224.09

35.357

-7.238

850

1550

1550

3500

226.5211

20.11

-31.0041

198.453

188.2052

-92.0488

298.15

800

-115.6638

283.221

35.132

-12.4937

800

1650

296.188

4.0814

1650

3500

Thermodynamic Data and Set of Possible Stable Phases

The chemical reaction model contains three main phases: liquid metal, slag and gas. The
metal phase interacts with the solid scrap phase by exchanging heat and mass with it. The
metal phase consists of Fe, C, Si and O constituents. The slag phase contains a liquid solution of CaO(l), SiOଶ (l), FeO(l) and possibly a number of solid phases (CaO(s), SiOଶ (s),
CaSiOଷ (s), Caଶ SiOସ (s), Caଷ SiOହ (s), Caଷ Siଶ O (s)). The gas phase contains the components
Oଶ (g), CO(g) and COଶ (g). The reaction zone can contain all of the phases except the solid
scrap. The enthalpy, entropy and Gibbs energy for pure compounds in standard state are
calculated from
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dܶ,

(132)

 )ܶ(݄ = )ܶ(ܩെ ܶ)ܶ(ݏ,
where ݄୰ୣ, ݏ୰ୣ , ݄୲୰,ଵ and ୲ݏ୰,ଵ are the enthalpy and the entropy at the reference state, and
the enthalpy and the entropy changes for first phase transition, respectively. The heat capacity functions for Eq. (132) are presented in Table 1. The data is from a publication of
Taylor and Dinsdale. 101 The first four columns of the table are the coefficients for the polynomial functions. The fifth and sixth columns are the temperature ranges for the polynomial at that particular row. The seventh and eight columns are, for the first row, the enthalpy and entropy of the reference state, respectively, and for the sequential rows the enthalpy and entropy of the phase transition. The polynomials that are not found in Table 1
were taken from HSC software. 102
3.3.8

The Main Algorithm

The chemical reaction model consists of conservation equations for the bulk phases and
the reaction zone. The conservation equations for the slag and the reaction zone are coupled with a computation of thermodynamic equilibrium. In this chapter, the basic algorithm in which the conservation equations are advanced in time is presented.
The algorithm with pseudocode for implicit Euler method is presented in Figure 16. The
algorithm is started by initialising the necessary variables. Next, the thermodynamic equilibrium, according to the initial slag component CaO, SiOଶ and FeO mass fractions and temperature, is calculated using the ‘MinimizeGibbsEnergy’ function. Then the Gibbs energy
is minimised for the reaction zone and the temperature is solved in a loop until convergence is reached. The temperature change is solved using Eq. (113) and the temperature is
updated using under-relaxation. The resulting temperature and composition is used as an
initial condition for the reaction zone.
Now the main time-integration loop begins. Inside the time-loop there is an iteration
loop, where the current time-step solution is solved. The iteration loop continues until the
absolute temperature changes of the phases are less than 0.01 K. At the beginning of the
iteration loop, the mass constraints ܾோ of the reaction zone are updated. The reaction
zone mass is calculated using the mass fluxes of Eq. (106). The masses are converted into
molar amounts and divided into specific components of the reaction zone. Next the thermodynamic equilibrium is computed for the reaction zone and for the slag phase and the
thermodynamic variables are updated. Temperature is updated for the reaction zone and
for the slag phase with Eqs. (113) and (122), respectively. The enthalpy derivative
߲ܪሶ ܪሶ (ܶଶᇱ ) െ ܪሶ (ܶଵᇱ )
=
߲ܶ
ܶଶᇱ െ ܶଵᇱ

(133)

in the temperature equations should be approximated with care. The ܶଶᇱ temperature
should be the current estimate for the phase. The ܶଵᇱ temperature should be ܶଵᇱ = ܶଶᇱ െ 0.1
48

Developed Models and Applied Methods of the Thesis

and the composition at ܶଵᇱ should be estimated using the Gibbs energy minimisation. Then
the ܪሶ (ܶଵᇱ ) can be computed using the just calculated-equilibrium composition at temperature ܶଵᇱ . The additional equilibrium computation is important because there might be saturation of the slag components. In the case of saturation, the enthalpy derivative will drastically change. If then ܪሶ (ܶଶᇱ ) and ܪሶ (ܶଵᇱ ) are estimated with same composition, the enthalpy
derivative will be too small.

Figure 16. Algorithms for time integration and for minimizing Gibbs energy.

The bulk slag phase conservation is computed with Eq. (116). Next the scrap temperature,
mass and melting rate are solved with the ‘ScrapMelting’ function. At the end of the iteration loop, the thermodynamic quantities of the metal phase are updated, the conservation
equations are solved and the new time level values are updated. The time integration loop
ends when maximum time value has been reached.
The ‘MinimizeGibbsEnergy’ algorithm in Figure 16 contains a loop where equilibrium is
computed using PGE and the stabilities of phases are checked in a subroutine. If the algorithm is started for the first time, the initial condition for PGE will be calculated using the
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Leveling and Post-Leveling methods. The current estimate of the composition after PostLeveling is improved in PGE by assuming that the solution phases are ideal. After the initialization, the PGE is used with non-ideal activity models using the NonIdealPGE function. When the ‘MinimizeGibbsEnergy’ subroutine is called during time integration, the
initial condition for PGE is the result of the previous iteration or time step. At the end of
the subroutine the list of stable phases is updated, if necessary using ‘CheckPhaseStability’
function.
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4. Results and Discussion

The results chapter consists of validation of the models against the experimental data. The
scrap melting and the gas stirring models were validated by comparing the results with
experimental measurements from the physical models. The chemical reaction model was
validated against measurements from an industrial scale steel converter.

4.1

Scrap Melting Model

The scrap melting model was written in C++ programming language. The model was compiled into an .exe file, controlled by a script in Python language. In the Python script the
necessary parameter values are set. The Python code then creates an input file in a text
form and starts the .exe file. The code in the .exe file reads the input file and begins to solve
the problem. During the time integration, the C++ code transmits the solution via a standard output stream to the Python program at predetermined intervals. The Python code
then presents pictures of the desired results.
The experimental case used to validate the model in Publication I is from the measurements of Isobe et al.40 In their physical model, steel cylinders were submerged and rotated
in a crucible. The crucible contained 300 kg of liquid iron and the steel cylinders were 4
cm in diameter. The cylinders were removed from the melt at different time intervals and
their diameters were measured to produce melting curves. In the experiments the melt
carbon concentration was kept constant at 4.5 wt%. The melt temperature was kept constant at values of 1523, 1623 and 1723 K in three different cases. This produced three different melting curves. The carbon concentration in the steel cylinder was 0.25 wt%. The
modelling results were fit to the experimental results using empirical heat and mass transfer coefficients. Kawakami’s equations41
ܰ = ݑ0.0082ܴ݁ .଼ ܲݎଵ/ଷ
݄ܵ = 0.04ܴ݁ .଼ ܵܿଵ/ଷ

(134)

were used to compute the Nusselt and Sherwood numbers. The necessary dimensionless
numbers are
ܰ= ݑ

ߚ் ݀
,
ߣ

݄ܵ =

ߚ ݀
,
ܦ

ܲ= ݎ

ߤܿ
,
ߣ

ܴ݁ =

݀ଶ ߱ߩ
ߤߩ
ܵܿ = ,
ܦ
2ߤ

(135)
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where ݀ is the initial diameter of the cylinder and ߱ the angular velocity. The parameters
in Eqs. (135) have been estimated in film temperature ܶ = 0.5(ܶௌ + ܶ௧ ) and in film carbon composition ܻ, = 0.5൫ܻ,ௌ + ܻ,௧ ൯. The coefficients multiplying Eqs. (134) have
been chosen so that the modelling results match well with the experimental measurements.
A comparison of the melting curves between the modelling results and the experimental
measurements is presented in Figure 17. At the beginning, some of the melt is solidified on
top of the cylinder and the effective radius increases. The layer quickly remelts and then
the cylinder also begins to melt. The melting rate slows drastically when the material
changes from the layer to the steel. The melting rate increases for some time for the cylinder and then stays constant until the end. The change of the melting rate when the material
changes is contributed by two things. Firstly, the melting of the pig iron layer requires only
heat transfer, whereas the melting of the steel cylinder is dependent upon mass transfer of
carbon as well. Secondly, the temperature difference between the melt and the solidus is
much larger for the layer than for the scrap, as can be seen in Figure 8. Overall, the results
match very well with the experiments.

Figure 17. Comparison of melting curves for three different melt temperatures.

In Figure 18 the temperature and carbon concentration profiles inside the cylinder are
presented for two melt temperatures, 1623 and 1723 K. At the initial stage the profiles are
constant and the boundary values are set to the solidus point of the pig iron. Immediately
after the calculations begin, the temperature starts to rise in the cylinder. The solidus temperature increases as well, which lowers the solidus carbon concentration. At the end of
the melting process the temperature profile inside the cylinder is uniform. However, the
carbon concentration profile does not change during the calculations. This means that the
solidus/liquidus interface moves faster than the mass transfer of carbon via diffusion into
the solid material. The calculations were repeated by setting the diffusion coefficient in Eq.
(18) to zero and omitting a solution of the 1-D carbon concentration equation. This gave
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results practically identical to those in Figure 17. Thus, for these cases, only the temperature profile inside the solid material was important to the evolution of the melting process.
The purpose of the scrap melting model was to be able to predict the melting time with a
low number of grid points as well as by using a long time step. This reduces the computational requirements and faster overall calculation speed can be acquired. To test the effect
of grid and time step size, the cases were calculated again with a smaller grid and a longer
time step. A comparison of the melting curves with grid size  = ܫ10 and ο = ݐ0.1 as well as
with grid size  = ܫ60 and ο = ݐ0.01 is presented in Figure 19. The melting curves are very
similar. There is some difference in the thickness of the solidified layers, but this does not
have much effect on the predicted melting time.

Figure 18. The evolution of temperature and carbon concentration profiles in scrap for two different melt temperatures.

Figure 19. Comparison of melting curves for coarse and dense mesh.
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In practice the estimations for convective heat and mass transfer parameters have some
error due to the complicated physics. To estimate the sensitivity of the melting curves on
the parameters, calculations were repeated for melt temperature case T=1623K. A comparison with the original result in T=1623K and with results obtained using six different
parameter values are presented in Figure 20. The convective parameters were changed in
20% increments individually and simultaneously as well. Since the scrap melting is heavily
dependent on mass transfer of carbon, the change in mass transfer coefficient causes larger
difference in total melting temperature compared to the change in heat transfer coefficient.
Reducing the values of both coefficients by 20 % increases the melting time circa 16 s (+23
%). Increasing the values of the coefficients by 20% decreases the melting time approx. 11
s (-16 %).

Figure 20. Sensitivity analysis for convective heat and mass transfer coefficients done for melt temperature T=
1623K case.
Table 2. Initial conditions for calculations.

carbon
temperature
mass

hot metal
4.5
1322
100

scrap
0.25
25
20

wt-%
°C
ton

In Publication IV the scrap melting model was updated to take into account changing melt
temperature and carbon concentration. Now the model could be applied to steel converter
conditions. To test the model, scrap melting was calculated for a 120-ton steel converter.
The initial conditions for the computed cases is presented in Table 2. The calculations were
done for four different scrap thicknesses  = ܮ1.0, 2.0, 3.0,4.0 ܿ݉. The scrap shape was a 1D plate. The surface area of the scrap changes with the thickness as the mass of the scrap
and the melt are the same for all cases. The values of the convective heat and mass transfer
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coefficients are ߚ் = 20000 ܹ Τ(݉ଶ  )ܭand ߚ = 0.0002 1Τ݉ଶ, respectively (see Publication IV). The coefficients were kept constant during the calculations. A simple model was
applied for chemical reactions. It was assumed that the carbon oxidizes at a constant rate.
The oxygen mass flow was set to value ݉ሶைమ = 6.0 ݇݃Τݏ. This means that all of the carbon
would be oxidized in approximately 16.7 minutes. The heat produced by reactions was estimated to be οܪሶ௧௦ = െ7.7 × 10 ܬΤݏ. The carbon is depleted at a constant rate of
ଷ
݉ሶ = ݉ሶைమ , according to the oxidation reaction.
ସ

Figure 21. Scrap melting results with changing melt properties in a steel converter.

The numerical results are presented in Figure 21. In Figure 21 (a) the melting curves are
evolving in time. For all thicknesses, a solidified layer forms first. The layer then melts and
there is a short period when no phase changes take place as the scrap is heating up. After
the solidus and liquidus temperatures are equal, as in Figure 9, the scrap begins to melt.
The thinner the scrap, the faster the melting rate. For the thickest scrap, the melting rate
increases slowly until the end. Figure 21 (b) presents the melt temperature evolutions. At
the start the melt temperature decreases due to the heat transfer into the cold scrap. The
thinnest scrap causes the lowest melt temperature, which is due to the greater area between the scrap and the melt. Heat is continuously produced in the melt because of the
chemical reactions. Once the temperature is high enough inside the scrap, the melt temperature begins to rise. The melt mass evolution is presented in Figure 21 (c). At the start
of the simulation, the melt mass decreases in all cases. Since thinner scrap has more surface area, more melt solidifies on top of it. Once the layer begins to melt, the melt mass
increases correspondingly. The mass increase continues until all of the scrap has melted.
Figure 21 (d) presents the carbon concentration evolution in the melt. Despite the constant
oxidation rate of the carbon there are small differences in the carbon concentration evolution. Namely, thin scrap melts faster and thus dilutes more of the carbon melt.
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4.2

Gas Stirring Model

Before beginning this thesis, the author created a code for a 2-D single-phase flow containing a possibility to solve turbulent flow or a laminar magneto-hydrodynamic flow. Turbulence was modelled using the Low-Reynolds k-epsilon turbulence model. A report84 was
written describing the implemented numerical methods, which were validated with several
flow cases. The numerical method for solving the Navier-Stokes (NS) equations was a colocated SIMPLE algorithm. Here co-located indicates that the velocity components and
the pressure are solved at the same centroids of the control volumes. In the author’s experience the co-located grid is poorly suited for cases where discretization of the gravity term
ߩࢍ in the momentum equation causes a large static pressure difference compared to the
dynamic pressure difference in the direction of the gravity vector. The problems can be
narrowed down to the Rhie-Chow damping (RCD) term of the co-located algorithm. When
there exists a large static pressure difference, the RCD causes difficulties in the convergence of the continuity equation. These problems can be alleviated with the use of a staggered grid in the discretization of the NS equations. The staggered grid improves coupling
of the velocity and pressure without needing the third order pressure derivative in the
RCD 103 used in context of the co-located grid.
For this thesis a C++ programming code was written for solving 2-D axisymmetric twophase flow. Since the phases considered in this work are gas and liquid, large local density
differences are expected. As these density differences cause large static pressure differences due to the gravity term, a staggered grid implementation of the SIMPLE algorithm
was programmed. The new code was an extension to the previous program with the colocated solver. The final C++ program was compiled into an .exe file. A Python code was
created for the graphical user interface (GUI). The GUI can be used to set up CFD cases
and to post-process the results. When the necessary input parameters are set, the calculations are started by pressing a start button. The start button creates an input file and runs
the .exe file containing the solver. The solver reads the input file and begins the algorithm.
During the calculations, or after the convergence, the results are transmitted to the GUI
via the standard output stream. Pictures of the desired results are presented afterwards in
the GUI. At the end of the solver program, the results are written into a data file. The GUI
of the multiphase flow solver is presented in Figure 22. Previously calculated cases can be
started by loading the input file and the calculation can be continued by loading the results
into the data-file.
The single-phase flow solver with a staggered grid was validated with several different
test cases. The test cases included a lid driven cavity flow, a thermal cavity flow, and developing and fully developed channel and pipe flows with laminar and turbulent ranges for
the Reynolds number. The wall function algorithm with the k-epsilon turbulence model
was validated by calculating well-known friction factors for fully developed turbulent
channel and pipe flows for a range of Reynolds number values. The gas/liquid two-phase
flow model was validated in Publication II by modelling three different water models for
the bottom gas stirring water models. The water models were taken from the works of
Iguchi et al. 17,21 as well as Johansen et al.15. Parameters for the three different water
models are presented in Table 3.
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Figure 22. Graphical user interface for the multiphase flow solver.

Table 3. Water model data.

Case

Author

diameter
(mm)

water
height
(mm)

aspect
ratio

1

Iguchi et al.

126

233

1.85

2
3

Iguchi et al.
Johansen et al.

200
1080

300
1237

1.5
1.15

Gas volume flow rate
(cm3/s)
10.3

20.6

270

82.6
470

nozzle
diameter
(mm)

41.4

2

610

2
50

Iguchi et al. used a regular nozzle for gas injection and Johansen used a porous plug. Iguchi
set up experiments using two different sized models with relatively high aspect ratios. Johansen et al. used a very large model, which was slightly conical with bottom and top diameters of 0.93 and 1.1 m, respectively. This geometry was modelled with a constant 1.08
diameter so that a rectangular 2-D mesh could be used. The water models are referred to
as Cases 1, 2 and 3. The bubble diameters with their particular gas volume flow rate are
considered constant as they rise in the plume. The bubble diameter is estimated empirically with
.ଶ଼ଽ

.ହ
݀ ൎ 0.54൫ܳ ݀௭௭
൯

(136)

for Cases 1 and 2.17 For Case 3 a different correlation
݀ ൎ 0.75(ܳଶ /݃).ଶ

(137)

is used as the nozzle is different.48 In Eqs. (136) and (137), ܳ is the volume flow rate of the
gas at the nozzle inlet.
As the water models try to estimate the flow phenomena of the steel/argon gas mixture
in a steel converter, the physical models should be compared against the industrial scale
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steel converter for similarity. The similarity is assessed by calculating a dimensionless
number ܴ .104 ܴ is the ratio between the liquid momentum at the surface level and the
gas momentum at the nozzle. ܴ can be calculated using Eq. (128). The ܴ values for a 100ton steel converter and for the water models with specific gas volume flow rates are presented in Table 4. Here the steel converter has an inner radius of 1.45 m and bath height
of 2.3 m. Since the pressure in the steel converter varies considerably between the nozzle
inlet and the bath surface, the average gas density should be estimated for the steel plume.
Typical gas volume rates for a 100-ton converter are between 20 and 100 ݈ൗ ݏNTP according to the Treatise on Process Metallurgy. 105 These volume flow rates are multiplied with
factor

భ ்మ
మ ்భ

=

ଵ.ଵ×ଵఱ  ଵ଼
ଵ.଼×ଵఱ  ଶଽଷ

ൎ 3.6, which is obtained using the ideal gas law. The nozzle

radius for the converter in Table 4 is fitted so that the converter and the Case 3 of the water
model can have an overlapping range for the dimensionless parameter.
Table 4. Dimensionless numbers for the water models and 100-ton converter.

Steel converter

Iguchi

100 tons
ܸሶ

20

100

Case 1
݈ൗ
ݏ
݇݃
݉ଷ
݇݃
݉ଷ

ߩ

7000

ߩ

0.48

ܪ

2.3

݉

݀௭௭

200

mm

ܴ

68000

11000

10.6

Johansen
Case 2

41.4

82.6

Case 3
270

610

1000
1.2
0.233

0.3

1.237

݉

50

݉݉

2
670

170

97

ܿ݉ଷൗ
ݏ
݇݃
݉ଷ
݇݃
݉ଷ

38000

17000

The initial values for the variables are set up as follows. The computational domain is
filled initially with water. The hydrostatic pressure field is then integrated from the surface
level to the bottom. The total pressure is initialized for each control volume by adding the
local static pressure to the reference pressure value. The initial velocity field is zero. The
turbulence kinetic energy and turbulence dissipation rate are set to the values ݇ =
10ିସ ݉ଶ Τ ݏଶ and ߝ = 10ିଵ ݉ଶ Τ ݏଷ , respectively.
The convergence of the equations is reached when the residuals for the system of equations as well as the errors of global gas and liquid mass balances are reduced by at least six
orders of magnitude. All calculation cases have been made with a coarse and a dense mesh
to determine if grid-independent convergence has been reached. In Figure 23 and Figure
24 the mesh sizes are indicated with the labels “(RADIAL CELL NUMBER) X (AXIAL
CELL NUMBER)”. In these figures the water model and numerical model results are
marked with black and coloured curves, respectively. Additional values have been computed for the velocity profiles near the wall using the wall functions. Comparisons between
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the water models and the numerical results are presented in Figure 23 for Cases 1 and 2.
Figure 23 (a) presents the axial velocity component profiles. The match between the results
is very good. There is some error in the Case 2 result at the plume centre and near the wall.
The coarse and the dense mesh results are almost identical. Thus, grid-independent convergence has been achieved. In Figure 23 (b) and (c), the integrated volume fluxes of the
plume in the axial direction are presented for Case 1 and Case 2, respectively. The volume
fluxes indicate how much liquid is rising in the developing plume and, therefore, they are
a good measure of the overall degree of mixing in the liquid phase. The comparison between the measurements and the results is quite good for all three gas volume fluxes for
Case 1. For the smallest gas volume flux the plume volume flux is slightly overpredicted.
For all three gas fluxes the plume develops initially slowly and then rapid increase in liquid
volume flux is observed. The growth of the plume is stopped near the surface and naturally
at the surface the axial volume flux reaches zero value. As the gas volume flux through the
nozzle is increased the length of the initial period decreases and the liquid volume flux
rising in the plume increases.

Figure 23. Water model data of Cases 1 and 2 compared with numerical results.

In Figure 24 comparison for the case 3 is presented. Velocity profiles at three different
heights for gas volume fluxes ܳ = 270, 470 and 610 ܿ݉ଷ Τ ݏare presented in subpictures
(a), (b) and (c), respectively. The results match well with the measurements for the most
part. The largest error is noticed at the plume center for heights 0.625m and 1.027m, where
the velocity is too high for all gas volume fluxes. The worst results are for subpicture (b),
where the error in velocity at the center is between 0.2–0.25 ݉Τݏ. Nevertheless, the error
in the velocity at the plume center causes very small errors in the total liquid volume flux
rising in the plume. Thus, this type of error is not detrimental to the accuracy of the model.
It is possible that the error is caused by the cylinder approximation of the actual conical
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shape of the water model. In the water model, liquid rises in the plume through crosssections that are increasing in size. This causes the axial velocities to decrease near the
centre compared to the cylindrical numerical model. Another factor affecting the error may
be the constant bubble size used in the numerical model. Johansen observed that the bubbles in the water model coagulated into bigger bubbles just above the nozzle and then disintegrated into smaller bubbles as they rose further in the plume. According to Johansen
the plume centre contains more bubbles, which may cause more error in the measurements. Therefore, the measured plume centre values may not be as accurate as the values
with higher radial coordinates.
The turbulence kinetic energy profiles for three different gas flow rates at height 1.027m
are presented in (d). The profiles evolve along the radial coordinate similar to the way they
do in the measurements. While some of the values are a bit too low, the maximum value at
the plume centre is quite well predicted. Overall, the turbulence kinetic energy increases
as the gas flow rate is increased.

Figure 24. Water model profiles from Case 3 compared with numerical results.

Since the model conserves the global gas and liquid masses, the volume of the geometry
increases from the initial condition to the converged result. In Table 5, the geometric
height changes are presented for all cases. The heights are less than two millimetres for all
cases because the free surface is assumed to be flat. In the water model the free surface
rises the most at the centre region. According to the results, the volume of the computational domain increases as the gas volume flow rate is increased for the same case. The
error for the overall liquid mass therefore increases at the same time if the liquid mass is
not conserved by the algorithm.
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Table 5. Height changes for the water model cases.

Iguchi et al.
Case 1
ܳ

10.6

ܪ
οܪ

20.6

Case 2
41.4

233
0.53

0.98

Johansen et al.

82.6

Case 3
270

300
1.79

1.57

470

610

݉݉

1237
0.55

0.84

ܿ݉ଷൗ
ݏ

1.03

݉݉

Figure 25. The contour plot for gas phase fraction in case 1 at Qୟ୧୰ = 41.4 cmଷ Τs.

The coefficient ܥఓ in the eddy viscosity of Eq. (48) was adjusted during the modelling
work. The term multiplied by ܥఓ is proportional to the gas phase fraction. Figure 25 presents the contour plot for the gas phase fraction for Case 1 with ܳ = 41.4 ܿ݉ଷ Τݏ. The
contour plots for all of the cases behave similarly. The gas phase fraction is the highest
near the nozzle. As the gas rises in the plume, it diffuses in a radial direction. Therefore,
the gas phase fraction decreases rapidly along the axial coordinate. This means that the
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term with ܥఓ is affected by it mostly near the nozzle region where the gas phase fraction
is high. Elsewhere, the first term in Eq. (48) dominates. In other words, increasing ܥఓ
accelerates the turbulent transportation of momentum in the proximity of the nozzle.
Thus, the plume radius increases as the value of ܥఓ grows. In this work, a value ܥఓ = 2.2
gave the best results for the cases that were considered. This value is higher than the one
given in the literature106 (ܥఓ = 1.2). The value was fitted for velocity profiles at the wall
boundary layer in the case of bubbly flow near a wall region. There is no reason to expect
that the same value is the best one for bubbling plumes. If both a plume and a high gas
fraction near a wall are present, ܥఓ can be a function of the wall distance, in which case a
higher value would be obtained outside the wall and a lower value near the wall.
An additional aim of this work was to formulate a more efficient computation of a steadystate flow field with global mass conservation than is given by the algorithms in the literature. The mass-conserving models in the literature57,58,59,61,68 were transient algorithms, indicating that the steady state was obtained using time integration. In the present work, the
steady state can be achieved directly without time-accurate computations. The efficiency
of the current steady-state algorithm compared to those in the literature was tested by
making a separate calculation with a transient algorithm. Case 1 with ܳ = 41.4 ܿ݉ଷ Τݏ
and with grid size 10 × 32 was chosen to be repeated using a transient algorithm. The same
criteria were used for convergence as previously. The algorithm presented in this work,
using a desktop computer, calculates this problem in approximately 1 s in 536 iterations.
For the same problem, the time-accurate algorithm requires 3000 time steps in 190 s. The
time-step size was 0.025 s, which correlated with a maximum local value of 1.7 for the
Courant number. Fifty iterations per time step were used to meet the convergence criteria.
It can be noted that there is a significant advantage when the current algorithm is used for
computation of the steady-state.
Additionally, the mass-conserving models of the literature are Euler-Euler (E-E) models.
The E-E models must always solve more unknowns per grid point than mixture models. In
the case of the steel converter there is a slag phase in addition to the steel and gas phases.
When the mixture model is used with a two-equation turbulence model to solve a threephase flow problem, the number of unknowns per grid point is seven for 2-D and eight for
3-D cases. Using the E-E method the number of unknowns is 11 for 2-D and 14 for 3-D.
Since the E-E method solves more variables it is slower than the mixture model for this
reason as well. A further temporal disadvantage for the E-E method comes from the fact
that the convergence rate of coupled momentum equations of different phases can be
slower than that of a single mixture momentum equation.

4.3

Chemical Reaction Model

The chemical reaction model was programmed in Matlab R2012b. All of the computation,
including the PGE algorithm is implemented with original code, except for the solution of
the system of the linear equations (see Eq. (82)) in the Newton–Raphson algorithm, which
was obtained using Matlab’s dedicated backslash operator. The input parameters for the
chemical reaction problem case were set in a script. All of the computation and most of the
post-processing were done in Matlab.
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The purpose of the model is to compute the progress of the chemical reactions in the steel
converter using the computation of the thermodynamic equilibria. This way the simultaneous reactions can be taken into account naturally and the possible solidification of the
slag components can be predicted. The utilization of the thermodynamic equilibria has not
been included in journal publications on chemical reaction models for steel converting.29,30,85,86,87,88,89,90,91,92,93
The validation of the chemical reaction model was performed in Publication III. The validation consisted of separate validation of the MQM activity model and coupled validation
of MQM and PGE as well as validation of the full chemical reaction model applied to an
industrial scale steel converter.
The MQM activity model was validated before Publication III, first by computing the
activities of the components and liquidus lines of the compounds as a function of the temperature in the three binaries, CaO–SiO2, CaO–FeO and SiO2–FeO. Iso-activity lines as
well as liquidus lines of two compounds at constant temperature were also calculated for
the CaO–SiO2–FeO ternary. The results compared well with the work of Pelton and
Blander100, whose assessed parameters were used in the MQM. Additionally, the ternary
system CaO–SiO2–Al2O3 and its binaries were studied to verify that the MQM was implemented correctly. The results matched that in the work of Eriksson and Pelton 107, who assessed the parameters of the MQM for this system. The PGE algorithm was first validated
by calculating a benchmark case of Balzisher 108. Their example problem was ‘Catalytic
Steam Cracking of Ethane to Form Hydrogen’. The problem contains an ideal gas phase
with nine compounds, ܪܥସ , ܥଶ ܪଶ , ܥଶ ܪସ , ܥଶ  ܪ, ܱܥ, ܱܥଶ , ܪଶ ܱ, ܱଶ , ܪଶ , and three elements,
ܱ, ܪ, ܥ.
In publication III the results of the MQM with ternary CaO-SiO2-FeO were compared
with the activity and liquidus measurements. In Figure 26, the iso-activity lines of FeO and
SiO2 are compared with measurements 109 at temperature T = 1823 K. For SiO2 the accuracy
is very good. The FeO activity has more error but the accuracy is still reasonable for a
chemical reaction application.

Figure 26. Comparison of computed (green lines) and measured (dashed black) iso-activity lines for FeO a)
and SiO2 b) at temperature ܶ = 1823ܭ.
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Figure 27. Comparison of the computed phase diagrams with diagrams from literature.

In Figure 27, the computed liquidus lines are compared with literature values. In (a) and
(b), the computed liquidus lines (blue circles) in two binaries are compared with the values
(black dashed lines) obtained from Pelton and Blander100. In (c), the computed liquidus
lines for SiO2 and CaSiO3 (coloured curves) in the ternary system CaO–SiO2–FeO are compared with the measured values 110 (black dashed lines) at three temperatures 1573 K, 1673
K and 1773 K. The computed liquidus lines for CaO and Ca2SiO4 at temperature 2173 K are
also compared with the assumed liquidus lines. The binary values match very well with the
literature values as they were computed with the same activity model. There is more error
in the ternary system, but the accuracy is still reasonable. The ternary liquidus lines were
computed using the PGE algorithm and MQM activity model. In PGE the list of possible
phases in the equilibrium computation included liquid slag components
CaO(l), SiOଶ (l), FeO(l) and the following solid phases: CaO(s), SiOଶ (s), CaSiOଷ (s),
Caଶ SiOସ (s), Caଷ SiOହ (s), Caଷ Siଶ O (s). Composition curves were set up inside the expected
liquidus lines. Then the PGE was started using the composition of the points on the curves
as mass constraints. Finally, the PGE algorithm computed the stable phases and the compositions of the liquid phases, which are the liquidus lines in Figure 27 (c).
The chemical reaction model was validated in Publication III using data from an industrial scale steel converter published by Cicutti et al.31 The furnace was a 200-ton Linz
Donavitz-Lance Bubbling Equilibrium (LD-LBE) converter. Slag and metal samples were
taken during the process. Several batches were repeated as only one sample was taken per
heat. Cicutti reports that the oxygen volume flow rate through the top lance was kept at a
constant value of 620 ݉ଷ Τ݉݅݊ NTP for 16.5 min. The top lance height changes, the bottom
gas stirring volume flow rates and the sampling points are presented in Figure 28. When
the bottom gas stirring is started, it takes some time for the circulation of the metal phase
to reach steady-state. The model takes this into account by modifying the mass transfer
parameter. For the first 20 s the parameter for the steady-state mass transfer is multiplied
by a value of 0.035. The value is then increased to 1 incrementally over a period of 60 s.
When the bottom stirring increases at the 15 min mark, the new steady-state value for the
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parameter is reached again incrementally in order to simulate the slowly increasing momentum in the metal plume.

Figure 28. Converter top lance and bottom gas stirring operating program with sampling
points. 31
Table 6. Converter input masses for hot metal scrap and slag components.

mass

Hot metal
170

Scrap
30

Lime
7.6

Dolomite Quartzite Iron ore
2.8
0.8
1.9
ton

Table 6 presents the input masses for the hot metal, scrap and slag components. At the
beginning of the process only 1 ton of lime was charged into the converter. During the first
half of the process the rest of the lime (6.6 ton) was added. The initial carbon concentration
for the hot metal was 4.0 wt%. Additional elements in the melt included Si, Mn and P. The
liquid slag contained CaO(l), SiOଶ (l), FeO(l), MnO(l), Pଶ Oହ (l) and MgO(l). In the model, only
C and Si were considered in the steel melt. Therefore, the liquid slag in the model also
contained only CaO(l), SiOଶ (l) and FeO(l), which were the main components. As MnO(l),
Pଶ Oହ (l) and MgO(l) were minor components their omission had no significant impact on
the results. As the melt was missing two elements, a higher carbon concentration (4.5 wt%)
was used as the initial value.
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Figure 29. Chemical reaction modeling results.

The modelling results of the 200-ton steel converter are presented in Figure 29. In (a) the
comparison of the computed and the measured C and Si concentrations in the steel melt
are presented. The Si concentration has a second y-axis in the figure. After a short initial
period, Si is oxidized at a fast rate. The oxidation rate slows down after about 150 seconds.
The Si concentration is a bit too high between 200 and 700 seconds compared to the measured values. This could be explained by the absence of the elements Mn and P from the
model. The absence of the slag components MnO and MgO also has a decreasing effect on
the activity of SiO2 111 and can cause a difference in the oxidation rate of Si. The carbon
concentration begins to decrease almost immediately, and the results fit with the measurements very well.
In (b) the concentrations of the liquid slag components are compared with the measurements. As Cicutti’s data contained MnO(l) , Pଶ Oହ (l) and MgO(l) as well in the slag, the
CaO(l), SiOଶ (l) and FeO(l) concentration values were normalised to 100 % to make the
comparison with the model more appropriate. At the beginning of the process the FeO concentration increases. This happens because the mass transfer from the bulk metal to the
reaction zone is very low. Once the mass transfer increases to the normal level the FeO
content starts to decrease. In other words, the FeO oxidizes elements from the metal phase
at this point. At 50 to 250 seconds into the process, the SiOଶ concentration increases, which
is concurrent with a decrease in Si concentration in the melt. A constant dissolution rate
of 8 kg/s for CaO(s) begins in the model at the 240 second mark. This causes the CaO(l)
content to rise. Once the carbon concentration is depleted in the melt, Fe begins to oxidize
at the 900 second mark. Overall the liquid slag concentrations compare with the measurements very well.
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In (c) the temperature evolution of the metal phase and the reaction zone are presented.
At the start of the process, the mass transfer from the melt into the reaction zone is at a
low level. This means that a large portion of the metal flowing into the reaction zone is
oxidized. This also leads to very high temperatures in the reaction zone. After 20 s the
momentum begins to increase in the melt, which causes the temperature in the reaction
zone to decrease fast. In the model this effect is taken into account by incrementally increasing the mass transfer coefficient. At the beginning, the melt temperature decreases
due to the heat transfer between the melt and the scrap. After about 100 s the temperatures
of the reaction zone and the melt increase and continue to increase until to the end, though
the reaction zone heating stalls a bit at 900 s, because of the increased bottom gas stirring.
The solid phase molar fraction is presented in (d). Some solid components in the slag are
in equilibrium with the liquid slag after 580 s. This is caused by a rising of CaO(l) simultaneous with a decreasing of FeO(l) in the liquid slag. The solid components melt after 850
s.
In Figure 30 the saturating solid components are presented. The solidifying components
are CaO(s) and Ca3SiO5. Most of the solid consists of CaO and up to 20 molar-% of the
solids consists of Ca3SiO5 compound.

Figure 30. The precipitating components in the slag phase.
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In this chapter a framework is presented for a full process model which combines the models presented in this work. As mentioned previously, the numerical modelling of the top
oxygen jet’s flow field is left out since it is computationally very intensive due to the high
velocity of the gas below the nozzle. More important now is to implement the chemical
reaction and scrap melting models into a CFD model of bottom gas stirring. This is quite
challenging from a theoretical and practical perspective. It is crucial that the scrap melting
be implemented with the CFD model without overly complicated approximations. The two
most important factors that lead to this conclusion are: the extreme difficulties in validating the local flow field with simultaneous scrap melting as well as real time application of
the process model. In this work, the scrap is assumed to consist of a large number of small
pieces, which have to be modelled statistically using a number density.
In the beginning of the process, scrap is charged into the converter. There are empty
spaces between the scrap pieces inside the furnace. The pieces have a packing density certainly much less than one. For example, according to a European commission report 112 the
scrap density for an electric arc furnace (EAF) varied between 0.73–1.1 ton/m3. This gives
a respective volume fraction of ߙ௦ = 0.095 െ 0.143 for the scrap. The volume filled with
scrap is considered as a porous region characterised by a porosity value of ߫௦ = 1 െ
ߙ௦ .
Next, hot metal is poured onto the scrap. A solidified layer can initially form on top of
the pieces which, as they are touching each other, can in places remain physically connected as long as the layer persists. While the pieces are connected, it is unlikely that they
are moving with the fluid flow. The layer will gradually melt and then the scrap as well.
While the scrap melts, the thickness decreases. If the fluid flow does not affect the movement of the scrap, the movement is then controlled by gravity. Thus, the pile of scrap will
collapse slowly. The porosity of the scrap region ߫௦ can certainly change as a function
of thickness. In the absence of data for porosity as a function of thickness, a constant porosity value might be a reasonable assumption. Thus, the melting scrap heap is considered
as a shrinking volume of scrap pieces with a constant porosity. What remains to be determined are the heat transfer between the scrap and the surrounding fluid as well as the
momentum sink in the fluid caused by the drag of the scrap pieces. To achieve this, equations must be formulated for the fluids (gas, steel and slag), which can flow between the
scrap pieces. The equations must be compatible with a situation where the solid structures
formed by the scrap pieces are slowly disappearing. Furthermore, the equations must be
derived with a changing geometry, as in Publication II.
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5.1

Volume Averaging with Solid Structures

Figure 31. Control volume with solid structures.

The derivation below is for the most part based on the formulation of Ishii 113 for fluid flow
in solid structures. It is now assumed that the control volume in Figure 31 is filled with
fluids and solids. The total volume of the cell
ݒ = ݒ௦ + ݒ

(138)

is the sum of the volumes occupied by the fluids and solids ݒ and ݒ௦ , respectively. Similarly, the total area at a cell face is
ܵ = ܵ௦ + ܵ ,

(139)

where ܵ௦ and ܵ are the areas filled by solids and fluids, respectively. Before conservation
equations can be derived, a volume porosity
߫௩ =

ݒ
,
ݒ

(140)

߫௦ =

ܵ
,
ܵ

(141)

and a surface porosity

are defined. Also, a few volume averages will now be defined. Volume averaging is an important method, producing interaction terms between solids and fluids. Two important
averages are: the local volume average of the scalar ߶ , which is
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[߶ ]௩ =

1
න ߶ ݀ ݒ,
ݒ

(142)

௩

and the intrinsic field average of scalar ߶ , which in fluid ݇ is
ۤ߶ ۥ௩ =

1
න ߶ ݀ݒ
ݒ

(143)

௩

These quantities are related by
[߶ ]௩ = ߫ ௩ ۤ߶ ۥ௩

(144)

Respective concepts for surfaces are in Eq. (145).
[߶ ]௦ =

1
1
න ߶ ݀ܵ , ۤ߶ ۥ௦ =
න ߶ ݀ܵ , [߶ ]௦ = ߫ ௦ ۤ߶ ۥ௦
ܵ
ܵ
ௌ

(145)

ௌ

Now the equations for a fluid mixture model are derived. These are continuity, momentum
and specific enthalpy for the mixture as well as continuity equations for the gas and slag
phases. Additionally, a mass conservation equation for a species in a phase is presented.

5.2

Conservation of Phase Mixture and Dispersed Phase Mass

We start by volume averaging the Favre averaged continuity equation for phase k in Eq.
(24). This gives the equation
1 ߲ߙ ߩ
1
1
න
݀ ݒ+ න  ή (ߙ ߩ ࢁ )݀ = ݒන ȳ ݀ ݒ,
ݒ
߲ݐ
ݒ
ݒ
௩

௩

(146)

௩

where the volume integrals will have to be put inside the derivatives such that volume averaged quantities are obtained. The Leibniz rule can be used to deal with the integrals. The
Leibniz rule as well as Eq. (142) applied to the time derivative produces
න
௩

߲
߲[߶]௩
߲߶
݀= ݒ
න ߶ ݀ ݒെ න ࢙ ή (߶ࢁ௦ூ )݀ܵ = ݒ
െ න ߘ ή (߶ࢁ௦ூ )݀ ݒ,
߲ݐ
߲ݐ
߲ݐ
௩

ௌೞ

(147)

௩

where ܃ୱ୍ and ࢙ are the velocity and the surface normal vector of the solid/liquid interface, respectively. The Leibniz rule applied to the gradient is
න   = ݒ݀ ߶න ߶ ݀ ݒ+ න ࢙ ߶݀ܵ = ]߶[ݒ௩ + න ࢙ ߶݀ܵ,
௩

௩

and for the divergence, it is
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න  ή (߶ࢁ)݀  = ݒή න ߶ࢁ݀ ݒ+ න ࢙ ή (߶ࢁ)݀ܵ = ]ࢁ߶[ݒ௩ + න ࢙ ή (߶ࢁ)݀ܵ.
௩

௩

ௌೞ

(149)

ௌೞ

The surface integrals in Eqs. (147), (148) and (149) represent interactions between the
solid material and the fluid. The integrals in Eq. (146) can be replaced with
߲ ௩
(߫ ۤߙ ߩ ۥ௩ ) +  ή (߫ ௩ ۤߙ ߩ ࢁ ۥ௩ )
߲ݐ
= ߫ ௩ ۤȳ ۥ௩ +

1
1
න ࢙ ή (ߙ ߩ ࢁ௦ூ )݀ܵ െ න ࢙ ή (ߙ ߩ ࢁ )݀ܵ,
ݒ
ݒ
ௌೞ

(150)

ௌೞ

where the last term on the right-hand side is zero in this work, as at the solid surface noslip condition ࢁ = ࢁ௦ = 0 is enforced. Next, we define a new quantity
ۤߙ ߩ ۥ௩
,
ۤߙ ۥ௩

(151)

ۤߙ ߩ ߶ۥ௩
ۤߙ ߩ ߶ۥ௩
=
,
ۤߙ ߩ ۥ௩
ߩۃۃ ۄۄ௩ ۤߙ ۥ௩

(152)

ߩۃۃ ۄۄ௩ =
and
ۄۄ߶ۃۃ௩ =

to replace an average of products with a product of averages. The second term on the righthand side of Eq. (150) represents changes in mass due to phase changes between liquid
and solid. In the case of liquid metal and solid scrap this term can be replaced with

݉ሶ,௦
1
න ࢙ ή (ߙ ߩ ࢁ௦ )݀ܵ =
,
ݒ
ݒ

(153)

ௌೞ

where ݉ሶ,௦ is the melting or solidification rate obtained from the 1-D scrap melting
model. The first term on the right-hand side of Eq. (150) can be reinstated as
߫ ௩ ۤȳ ۥ௩ =

൫݉ሶ െ ݉ሶ,ோ ൯
,
ݒ

(154)

which quantifies the mass transport to and from the reaction zone inside the control volume. ݉ሶ,ோ is the mass sink of phase k transporting mass into the reaction zone and contains empirical microscopic correlations for the mass transfer; the correlations require a
separate model for the microscopic mixing phenomena. ݉ሶ is the mass source of phase ݇
coming from reaction zone that is in thermodynamic equilibrium. The mass conservation
of phase ݇ can now be reformulated as
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߲ ௩
൫݉ሶ െ ݉ሶ,ோ ൯ ݉ሶ,௦
(߫ ۤߙ ۥ௩ ߩۃۃ ۄۄ௩ ) +  ή (߫ ௩ ۤߙ ۥ௩ ߩۃۃ ۄۄ௩ ࢁۃۃ ۄۄ௩ ) =
+
ݒ
ݒ
߲ݐ

(155)

by using Eqs. (150), (151), (152), (153) and (154). By summing the mass conservation equations for all fluid phases, the mixture continuity equation can be obtained:
σ൫݉ሶ െ ݉ሶ,ோ ൯ ݉ሶ,௦ ݉ሶ,௦
߲ ௩
(߫ ߩ ) +  ή (߫ ௩ ߩ ࢁ ) =
+
=
ݒ
ݒ
ݒ
߲ݐ

(156)

In Eq. (156) the mixture quantities ߩ , ࢁ were used:
ߩ = ߩۃۃ ۄۄ௩ ۤߙ ۥ௩
ࢁ =

σۤߙ ۥ௩ ߩۃۃ ۄۄ௩ ࢁۃۃ ۄۄ௩
ߩ

(157)

Due to mass conservation the first term on the right-hand side of Eq. (156) is zero. The
sum of mass fluxes of all phases into the reaction zone must equal the sum of mass fluxes
out of the reaction zone. Next, a conservation equation for the dispersed phase is derived
from Eq. (155). We assume that there are two dispersed phases, which are gas and slag.
Steel is the continuous phase. First, several quantities are defined:
ࢁ = ࢁۃۃ ۄۄ௩ െ ࢁ ,
ࢁௗ = ࢁۃۃ ۄۄ௩ െ ࢁۃۃௗ ۄۄ௩ ,
ࢁௗభ = ࢁۃۃௗభ ۄۄ௩ െ  ܿ ࢁ = ࢁௗభ ൫1 െ ܿௗభ ൯ െ ܿௗమ ࢁௗమ ,

(158)



ࢁௗభ = ࢁௗభ ஶ െ

ܦௗభ

௩

௩

൳ߙௗభ ൷

൳ߙௗభ ൷ ,

which are the velocity difference between phase ݇ and mixture, the velocity difference between continuous phase and dispersed phase, the velocity difference between dispersed
phase ݀ଵ and mixture, and the velocity difference between continuous phase and dispersed
phase ݀ଵ , respectively. Using these quantities, the conservation equation for dispersed
phase ݀ଵ becomes
߲ ௩
௩
௩
௩
כ
כ
ቀ߫ ൳ߙௗభ ൷ ߩۃۃௗభ ۄۄ௩ ቁ +  ή ቀ߫ ௩ ൳ߙௗభ ൷ ߩۃۃௗభ ۄۄ௩ ܷௗ
ቁ =  ή ቀ߫ ௩ ܦௗ
൳ߙௗభ ൷ ቁ + ȳௗభ
భ
భ
߲ݐ
כ
ܷௗ
= ࢁௗభ ஶ ൫1 െ ܿௗభ ൯ െ ܿௗమ ࢁௗమ + ࢁ
భ
כ
ܦௗ
= ߩۃۃௗభ ۄۄ௩ ܦௗభ ൫1 െ ܿௗభ ൯
భ

ȳௗభ =

5.3

(159)

൫݉ሶௗ భ െ ݉ሶௗభ ,ோ ൯
.
ݒ

Conservation of Momentum

Next the momentum equation (28) for phase ݇ is volume averaged. Application of the Leibniz rule produces
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1
߲߫ ௩ ۤߙ ߩ ࢁ ۥ௩ 1
െ න ࢙ ή (ߙ ߩ ࢁ ࢁ௦ூ )݀ܵ +  ή (߫ ௩ ۤߙ ߩ ࢁ ࢁ ۥ௩ ) + න ࢙ ή ߙ ߩ ࢁ ࢁ ݀ܵ
߲ݐ
ݒ
ݒ
ௌೞ

ௌೞ

1
= െۤߙ ۥ௩  ߫(௩ ۤ ۥ௩ ) െ න ࢙ ߙ  ݀ܵ +  ή [߫ ௩ ۤߙ ۥ௩ (ۤ߬ ۥ௩ + ۤ߬ ் ۥ௩ )]
ݒ

(160)

ௌೞ

+

1
න ࢙ ή ߙ (߬ + ߬ ் )݀ܵ + ۤߙ ߩ ࢍۥ௩ + ۤࡹ ۥ௩ ,
ݒ
ௌೞ

where the transfer integrals are put after the respective derivatives. The second term on
the left-hand side of the equation is the momentum transfer between liquid and solid
phases due to phase changes. The fourth term on the left-hand side of the equation is the
momentum transfer between the liquid and solid phases due to convection. The second
term on the right-hand side of the equation is the pressure source at the interface. The
fourth term on the right-hand side contains the viscous stresses at the interface. All of the
transfer integrals, except the laminar stresses at the solid/liquid interface, are omitted in
the subsequent formulations of Eq. (160).
There is a difficulty in expressing the average of products as products of averages in the
convection term. To solve the problem, Ishii proposed a quantity
ݒ

௩
ܥథ

൳ߙ݇ ߩ݇ ߶ࢁ݇ ൷
=
,
ۤߙ݇ ݒۄۄ ݇ࢁۃۃ ݒۄۄ߶ۃۃ ݒۄۄ ݇ߩۃۃ ݒۥ

(161)

which is a distribution parameter. Using Eq. (161) and neglecting the previously mentioned
transfer integrals, the momentum equation is approximated by Eq. (162).
௩

߲߫ ௩ ൳ߙௗభ ൷ ߩۃۃௗభ ۄۄ௩ ࢁۃۃ ۄۄ௩
௩ ۤߙ ۥ௩ ۄۄ ߩۃۃ௩ ۄۄ ࢁۃۃ௩ ۄۄ ࢁۃۃ௩ )
+  ή (߫ ௩ ܥ௨




߲ݐ
= െۤߙ ۥ௩  ߫(௩ ۤ ۥ௩ ) +  ή [߫ ௩ ۤߙ ۥ௩ (ۤ߬ ۥ௩ + ۤ߬ ் ۥ௩ )]
1
+ න ࢙ ή ߙ ߬ ݀ܵ + ۤߙ ۥ௩ ߩۃۃ ۄۄ௩ ࢍ + ۤࡹ ۥ௩
ݒ

(162)

ௌೞ

௩
can be used if analytic approximations are available for
The distribution parameter ܥ௨
௩
௩
௩
ۤߙ  ۥ, ߩۃۃ  ۄۄ, ࢁۃۃ  ۄۄbetween the surface of the solid structure and the liquid. For example, Ishii and Mishima 114 applied the distribution parameter in a two-fluid case to a 1-D
circular duct, where the distribution parameter could be integrated in the duct cross-sec௩
requires that the solid material be
tion using polynomial approximations. The use of ܥథ

structured in an orderly manner. This is unfortunately not the case with a structure consisting of melting scrap pieces. Furthermore, the equations should be formulated in a way
that allows the solid material to disappear from the model entirely. Therefore, the distribution parameter in this work is set equal to 1. To formulate the mixture momentum equation Eq. (163), the phase momentum equations (162) are summed.
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߲߫ ௩ ߩ ࢁ
+  ή (߫ ௩ ߩ ࢁ ࢁ )
߲ݐ
= െ ߫௩  +  ή [߫ ௩ (ۤ߬ ۥ௩ + ۤ߬ ் ۥ௩ + ۤ߬ ۥ௩ )] +

1
න ࢙ ή ߬ ݀ܵ + ߩ ࢍ
ݒ

(163)

ௌೞ

The terms in Eq. (163) are approximated with
2
2
ۤ߬ ۥ௩ + ۤ߬ ் ۥ௩ ൎ (ߤ + ߤ் ) ࢁ + (ࢁ )் െ  ή ࢁ ߜ ൨ െ ߩ ݇ߜ
3
3
ௗభ ,ௗమ

߬ = െߩ   ܿ (1 െ ܿ )ࢁ ࢁ െ ܿௗభ ܿௗమ ൫ࢁௗభ ࢁௗమ + ࢁௗమ ࢁௗభ ൯


(164)

150ߤ (1 െ ߫ ௩ )ଶ
1.75ߩ (1 െ ߫ ௩ )
ࢁ
+
ࢁ |ࢁ |
න ࢙ ή ߬ ݀ܵ ൎ ଶ

(߫ ௩ )ଶ
(߫ ௩ )ଷ
݀
݀

ௌೞ

 ߫௩  = ۤߙ ۥ௩  ߫(௩ ۤ ۥ௩ ) ,
where the laminar and turbulent stresses are modelled with Boussinesq approximation,
the stresses caused by diffusion velocity are computed using dispersed phase mass fractions ܿ = ߙ ߩ Τߩ , the stresses at the interface are modelled using an Ergun equation
type of pressure drop used typically for packed beds, and the mixture pressure derivative
is obtained as the sum of individual phase pressure derivatives, respectively.

5.4

Conservation of Phase Mixture Energy and Phase Component Mass

The phase mixture in the control volume is assumed to be of a uniform temperature. First,
the enthalpy equation for phase ݇ is volume averaged as follows
1 ߲ߙ ߩ ݄
1
න
݀ ݒ+ න  ή (ߙ ߩ ݄ ࢁ )݀ݒ
ݒ
߲ݐ
ݒ
௩

௩
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where viscous dissipation of mechanical energy into thermal energy and pressure transportation has been ignored. The averaging once again produces transfer integrals
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where the second, third and fourth terms on the right hand side of the equation are the
enthalpy the enthalpy transportation between the reaction zone and phase k, enthalpy
change at the interface due to phase changes, and the heat transfer between solid and liquid phase, respectively. When Eq. (166) is summed for all phases, a mixture enthalpy equation
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The third, fourth and fifth terms on the right-hand side of Eq. (167) are the enthalpy transportation between the phases and the reaction zone, the enthalpy source due to phase
changes (liquid metal solidification or scrap melting source term adapted from publication
IV) and the convective heat transfer between the liquid metal and solid scrap, respectively.
The energy equation (167) can be solved with the enthalpy method47. The details of the
discretization of the enthalpy method are beyond the scope of this work.
The volume-averaged equation for conservation of the component ݅ mass in continuous
phase (liquid metal) is
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where the last three terms on the right-hand side are analogous to the terms in Eq. (167).
Similar conservation equations can be formulated for the gas and slag phases. The phase
mass and enthalpy conservation for the reaction zone can be computed for the control volume in the same way as in Chapter 3.3.3.

5.5

Changing Geometry

Changes in the size of the computational domain are possible during the time integration.
This may be caused by scrap melting, mass exchange between the gas-slag phase and bottom gas stirring. When the domain changes, the computational grid has to be expanded
and contracted such that the volume changes are matched. The time derivative in all equations can be modified as follows. The time derivative is first integrated over volume and
then the order of volume integration and time derivation are changed using the Leibniz
rule. This produces
න

߲
߲߶
݀ = ݒන ߶ ݀ ݒെ න  ή ߶ࢁௗ ݀ݒ,
߲ݐ
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where ߶ is a general variable to be conserved and ࢁௗ is the grid velocity. The convection
term is caused by the grid movement and it can be discretized in the same way as the normal convection term. If the grid is non-orthogonal and moving, the grid velocities must be
computed carefully in a way that is conservative. This can be done with the space conservation law
߲
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(171)



from which the grid velocities at the cell faces can be solved once the new and old position
of the grid points are known. The space conservation law is integrated over the cell volume.
In the second row, the space conservation law is discretized using the implicit Euler
method.
When a transient algorithm for the gas stirring model related to Publication II was tested,
it was noticed that the discretization of the mixture continuity equation required special
attention. For the sake of simplicity, only two phases are now considered: liquid (continuous) and gas (dispersed). The mixture continuity equation is
߲ߩ
+  ή (ߩ ࢁ ) = Ȳௗ ,
߲ݐ

(172)

where Ȳௗ is a source term for gas phase. When discretized with a moving grid, it is formulated into:
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The continuous phase is an incompressible liquid. When the gas phase is compressible
or has source terms, using Eq. (173) will not give successful convergence in a time dependent problem. This difficulty can be solved by expanding the mixture density as follows:
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Since the continuous phase c is incompressible, the first line of Eq (174) can be set to equal
zero. The mixture momentum equation then is
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where the two first terms are due to the grid movement. In this work, it was confirmed that
solving Eq. (175) in a transient bottom gas stirring problem gives successful convergence
for the mixture continuity equation.

5.6

Momentum Exchange with Top Oxygen Gas Jet

The fluid dynamics of the top gas jet are not modelled in this framework. However, the
influence of the gas jet on the liquid metal, i.e. the momentum exchange between the
phases, should be taken into account. The influence of top air gas jet on a water bath was
studied in the PhD work of Qian5, who used a physical as well as numerical model. The gas
was injected through a single nozzle. The numerical model divided the gas and liquid
phases into separate domains, which were connected by a boundary. Through this boundary the domains exchanged momentum via shear stresses. The numerical model was validated by measurements from the physical model. In Figure 32 three shear stress profiles
at the gas/liquid interface from Qian’s model are plotted. The profile is very similar for all
three gas volume flow rates, 3.8, 5.1 and 6.4 standard cubic meter per hour (SCMH). When
the gas phase fluid dynamics are not solved, a shear stress boundary condition can be implemented at the top surface of the liquid bath to take into account the momentum exchange.
In Figure 33, experimental measurements of Wakelin3 are compared with a numerical
model in the case of top gas jet interaction with a liquid bath. In the numerical model, a
shear stress profile shaped like the curves in Figure 32 is set on the top surface of the geometry. In this way at least a qualitative agreement can be obtained with the physical
model without explicitly modelling the fluid dynamics of the top gas jet. This approximation is valid only for a single-hole lance nozzle. In many real steel converters, there are
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multiple hole nozzles used in the lances. In such cases a completely different shear stress
pattern would have to be applied at the top surface.

Figure 32. Shear stress profiles at the liquid/gas interface.5

Figure 33. Comparison of experimental measurements (a)3 and numerical results (b) in the case of top gas
jet interaction with liquid bath.
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5.7

Empirical Correlation for Mass Transfer between Reaction Zone and
Phases

In Publication III, macroscopic correlations were developed for mass transfer between the
bulk phases and the reaction zone. Applying the reaction volume concept inside the cells
of the CFD model requires that microscopic correlations for mass transfer are formulated.
Well-known methods in literature for mass transfer between liquid and gas phase are the
penetration theory by Higbie115 and Danckwerts 116, and the eddy cell model by Lamont and
Scott 117. The penetration theory is based on an assumption, where liquid is turbulently
stirred in a steady state manner. In the example case of Danckwerts liquid contains gas
bubbles, which are absorbed into the liquid. The bulk liquid is supplying fresh liquid via
turbulent eddies on the surface of the bubble. The gas from the bubble surface then diffuses
into the fresh liquid, which then ages. The rate of absorption at the surface is then influenced by the diffusion coefficient and turbulence as follows:

ܴ = 2(ܻ כെ ܻ )

ߚ
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ݐܦ௫
= 2(ܻ כെ ܻ )ඨ
,
ߨ

(176)

where ݐ௫ is the time of exposure to the gas of fresh liquid with concentration ܻ , ܻ כis the
saturated concentration of gas in liquid, ܻ is the initial bulk concentration of gas in liquid
and ߚ is the liquid side mass transfer parameter. The penetration theory can be modified
to take into account chemical reactions at the gas/liquid interface. The difficulty in the
method is the evaluation of ݐ௫ and the effect of turbulence on it.
In the eddy cell model it is assumed, that the smallest scales of turbulent eddies are controlling the mass transfer at the gas/liquid interface. The idea is then to calculate a flow
field of a viscous eddy at the surface. The flow field is assumed to be described by a sinusoidal shearing motion, which allows an analytical solution for the velocity components
when convection terms are omitted. The velocity field of the eddy is then used to compute
the mass transfer of a component in a liquid into the interface. The equation for mass
transfer coefficient according to the eddy cell model is
ఌ ଵ/ସ
,
ఔ

ߚ = 0.4ξ ܦቀ ቁ

(177)

where the influence of the turbulence model can be taken into account via turbulence dissipation rate ߝ. Since Eqs. (176) and (177) in the case of chemical reactions are for mass
transfer of a constituent between liquid and the interface, they cannot be directly applied
to a reaction volume model. Instead they are better suited for reaction interface approach
described in Chapter 3.3. The reaction volume approach requires that a mass transfer of a
phase is computed. Thus, two more options that may possibly be used to estimate the microscopic mass transfer of the continuous phase are discussed briefly.
The mass transfer correlation should be comparable to the volume fraction inside the
control volume. The correlation should also connect with the turbulence model. One measure of turbulent mixing is the eddy dissipation time. The eddy dissipation time ߬ is a ratio
of turbulence kinetic energy and turbulence dissipation rate
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߬ = ఌ ,

(178)

when a k-epsilon turbulence model is used. 118 By assuming that mass transfer is controlled
by eddy dissipation time, the mass transfer rate from phase ݅ into the reaction zone can be
estimated with
݉ሶ,ோ = න
௩

ߩ ߙ
݀ݒ.
߬

(179)

Eq. (179) might be a reasonable assumption for the mass transfer from the continuous
phase into the reaction zone. The mass transfer inside the dispersed phases might have to
be estimated with a different kind of method based on internal circulation and mixing.
It is worth considering whether the microscopic mass transfer model should be based
around the turbulence near the bubbles. The bubbles have a terminal velocity, which can
be used to estimate how much new liquid the bubble passes in a time unit. In other words,
the bubbles interact with cylinder shaped liquid columns during every time step. The radius of the liquid column could perhaps be estimated by setting the turbulence production
of a bubble P equal to the shear turbulence in the liquid caused by a velocity difference
as follows:
P = ܥଵ ܥ ߙௗ (1 െ ߙௗ )ߩ ࢁଶௗஶ ൎ ߤ்

߲ ଶ |ࢁௗஶ |
߲ ݎଶ

(180)

The main difficulty in using a heuristic equation such as Eq. (180) is the estimation of the
eddy viscosity. Without numerical experimentation validated against measurements, further speculation about the microscopic mass transfer is unwarranted.

5.8

Connection between 1-D Scrap Melting and CFD

The 1-D scrap melting and the CFD models should be connected. The scrap melting model
requires information about the iron melt temperature and enthalpy. The CFD model requires this information as well. Here, two ways are proposed for connecting the models.
In Figure 34 the CFD mesh and the volume occupied by the scrap are presented. In Figure
34 (a) there is a single domain for the scrap, which shrinks in time as suggested by the
evolution of the pictures on the right. The melt temperature and enthalpy can be evaluated
by averaging the CFD domain cells that are overlapping with the scrap volume. The scrap
properties are the same for every overlapping CFD cell as only one cell is used for the scrap
domain. In Figure 34 (b) the scrap volume contains cells that are layered and may melt
with different rates. The layers may now have different iron melt properties as different
CFD cells must be averaged to obtain the values. In this approximation, the layers are not
exchanging scrap material with each other.
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Figure 34. Scrap melting (a) with a single domain, (b) with layers of scrap.
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6. Summary and Conclusions

The literature part of this work reviewed and explained the basic phenomena behind
the process, including the impinging supersonic gas jet, bottom gas stirring, chemical reactions between multiple phases and scrap melting. The gas jet provides the oxygen for the
chemical reactions of the process and creates surface area between the gas, slag and metal
phases. The inert gas injected from the furnace bottom induces recirculation and mixing
in the metal phase. This is important for advancing the chemical reactions as well as for
achieving homogeneity in the crude steel product. The chemical reactions between the
phases are fundamental to the purpose of the process. Due to the high temperatures of the
process, chemical thermodynamics provides useful insights into the evolution of the elements and the constituents of the main phases. Finally, scrap melting keeps the temperature of the process within reasonable limits and facilitates the recycling of the steel. Scrap
melting is greatly enhanced, especially in the beginning of the process, by carbon mass
transfer from the melt onto the scrap surface.
Three basic submodels have been created for the steel converter process: scrap melting,
chemical reaction and bottom gas stirring CFD model. All of the phenomena of these models are very important to take into account. The submodels act as a foundation for a more
complete description of the process. The models have been created with a real-time application in mind. In all of the submodels the real-time capability was confirmed in the test
calculations. The models are readily applicable to other similar pyrometallurgical processes, such as ladle treatments, which is an important feature. The author has independently written the computer codes for the models in C++, Python and in Matlab.
The scrap melting model of Publication I was designed to be compatible with CFD. It
was also important that the solid scrap conservation equations could be solved reliably
with a low temporal and spatial resolution. This was achieved by discretizing the equations
into a 1-D moving grid. The grid movement takes into account the solidification and melting processes, while a constant grid density can be used for the whole melting process. The
model computed local material parameters for the solid material according to the local
temperature and carbon concentration, which is also important as the solidified layer has
different material properties than the scrap material. All of these features are missing in
the models from literature. The model of Publication I was validated against measurements done in a crucible with constant iron melt temperature and carbon concentration.
The experiments were performed with three different melt temperatures and the modelling results compared well with the measurements. The main assumption in the model is
that the geometry of a scrap piece is defined adequately by one dimension, namely, the
thickness in the particular dimension. Therefore, the model assumes that the scrap can be
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simplified into the shape of a plate, cylinder or a sphere. The model was later updated in
Publication IV to take into account changing melt properties, which is important when
modelling an industrial-scale steel converter. To make this possible, an assumption in the
solid/liquid interface modelling was updated to be compatible with a solidification of iron
melt, a melting of a solidified layer, a situation without such phase changes, and scrap
melting. The possibility of no melting or solidification while there is still scrap left was not
taken into account in the models found in the literature. A finding in the test calculations
was, that after the solidified layer had melted, a short period elapsed in which neither solidification of the iron melt nor scrap melting occurred. The new interface model was important for properly modelling this type of situation. The new model was not validated
against measurement data in the literature as that data was incomplete in many important
respects.
The liquid–gas two-phase mixture CFD model for bottom gas stirring from Publication II was specifically developed to take into account mass conservation of the liquid
phase while achieving computational economy. The global liquid–phase conservation was
implemented by changing the size of the computational domain. The grid was moved in a
horizontal direction while the solution was iterated to accommodate changes in total gas
volume inside the domain. The liquid mass conservation is a property missing from most
publications in the literature. Those literature models that can potentially conserve the
liquid mass achieve it via time-accurate iteration. In the model proposed in Publication II,
the solution can be directly computed using a steady-state algorithm. The efficiency of the
steady-state algorithm was evaluated by comparing it with a transient algorithm. The converged result was obtained for the steady-state algorithm in a period of time two orders of
magnitude faster than in the transient case. Additional computational economy of the algorithm was achieved by making proper approximations for the gas inlet and for flow near
the wall region. Namely, the gas inlet was taken into account with a gas source term, making it possible to use control volumes larger than or of similar in size to the gas inlet nozzle.
The near wall region was modelled with a wall function approach. The wall functions assume a logarithmic profile in the cells directly adjacent to the wall boundary. The wall
functions model the viscous effects of the wall more efficiently compared with more complicated method, such as Low-Reynolds number models (which are often used in the context of Reynolds averaged Navier-Stokes equations). The computational economy naturally comes with a less accurate capability of modelling the near-wall region. Further computational economy was accomplished with the use of mixture modelling approach for the
two-phase mixture. The mass conserving literature models were Euler-Euler two-phase
models, which require more equations to be solved per grid point than the mixture model.
The model of Publication II was validated against measurements from three different water model sizes. The modelling results had a reasonable accuracy when compared with the
water model measurements, largely unaffected by the simplifications made to improve the
computational speed.
Another objective of the CFD model was to predict the circulation and mixing of the liquid phase. The circulation of the liquid phase can be estimated by computing the total liquid mass rising in the plume generated by bottom gas stirring. The local mixing can be
estimated with the turbulence kinetic energy, which is a measure of turbulent fluctuations
83

Summary and Conclusions

of the velocity field. These two measured parameters compared well with the computational model. In addition, the local errors observed in the velocity field of the modelling
results had only a minor influence on the parameters.
The model in Publication III was developed to approximate the simultaneous chemical
reactions occurring between multiple phases during the steel converting process. An additional important feature was the ability to predict the saturation of slag components.
These two properties were modelled using a reaction volume approach. In this method the
region near the bulk phase interfaces reaches chemical thermodynamic equilibrium. The
mass transfer between the bulk phases and the reaction volume then determines the rate
of reactions taking place. The thermodynamic equilibrium was computed using an algorithm called Partitioning of Gibbs Energy, which effectively minimises the Gibbs energy of
the system. The thermodynamic equilibrium was determined for the reaction zone and for
the bulk slag phase. The slag phase equilibrium computation provides the capability to
predict stable solid components. The possibility to predict the saturation of slag components is useful information for determining the proper composition of the slag phase. The
utilisation of thermodynamic equilibrium for the steel converting process by minimising
the Gibbs energy has not been done in previous literature. The numerical results were
compared with measurements from an industrial-scale steel converter. Their validation
suggested that the accuracy of the model is very good for predicting the evolution of the
composition for the slag and metal phases. The results were also compared with two literature models that used the same particular measurements for validation. This comparison
revealed that the accuracy of the slag and metal phase compositions were improved using
the model created for this work. The improvements were significant for the evolution of
the composition for the slag phase.
The actual industrial case was simplified in the current model. The main simplifications
were the omission of Mn and P elements from the metal phase and the omission of MgO,
MnO, P2O5 components from the slag phase. Since these are only minor constituents of the
phases, their omission had little effect on the accuracy of the model.
Finally, a foundation was laid for the full process model containing the three models
described above. The approach was based on connecting the scrap melting and the chemical reaction models into the CFD model. The scrap phase interaction with the liquid
phases was chosen so as to be very simple, treating the scrap pieces by means of an averaged number density, as it is unfeasible to treat the many small pieces individually. The
scrap melting can then be computed with the melting of the average piece, which represents the whole mass. When the scrap melts, the stack of scrap pieces slowly collapses under the gravity and the scrap pieces do not move with the flow.
The CFD model was updated to have slag as the third phase. The conservation equations
for phase mass, component mass in a phase, phase mixture mass, phase mixture momentum, and phase mixture enthalpy were derived by volume averaging the respective equations over a domain, containing solid structures, i.e. scrap. The volume averaging produced several transfer integrals in the equations. The integrals describe the interactions
between the phases and the solid material. Suggestions were made for modelling these
terms, the most important of which were: the friction between the fluid and the scrap, the
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mass and enthalpy source terms due to solidification and melting, and the mass transfer
between the reaction zone and the phases. The CFD model was modified to take into account the movement of a non-orthogonal grid, which required the use of the space conservation law. Additionally, a modification of the mixture continuity equation was made so
that the convergence of the system of non-linear equations could be guaranteed for a transient algorithm for bottom gas stirring.
The CFD modelling of the top gas jet was neglected in this work. Nevertheless, there is a
momentum exchange between the gas jet and the iron melt. It was shown that this momentum exchange can be taken into account via a shear-stress boundary condition. The
shear stress profile used at the boundary was taken from the literature and it provided at
least qualitative results when compared with the water model case.
A method for connecting the scrap melting and the CFD models was presented. The
shrinking scrap pile can be a single domain or it can be divided into layers, which melt at
different rates.
In conclusion the models contribute to the understanding of the steel converter process.
The models developed in this work approximate different phenomena taking place in the
steel converter. The models are explicit improvements over the models in the literature
and they are capable of being computed in real-time. These models can be combined to
make a full or comprehensive steel converter model, which is the current state of the art.
The full model and the submodels can be utilised with minor modification in many different pyrometallurgical processes.
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7. Future Prospects

The theoretical model presented in Chapter 5 represents a major improvement over the
current process models for steel converting. It is very important that CFD is implemented
as a part of the process models that aim to predict the full process cycle. Mass transfer
inside the furnace is essential part of the process, which can only be predicted reliably by
using CFD. With proper simplifications, 2-D CFD models can achieve real-time simulation, at least for bottom gas stirring.
It is the author’s opinion that the computational complexity of the high velocity gas jet is
still too great for real-time applications. Nevertheless, developing a CFD model for the gas
jet and for the upper part of the furnace with computationally economical approximations
is an important task. This would require a multiphase CFD model, as during the oxidation
of carbon the slag phase produces a foam containing gas bubbles, which interact with the
gas flow above the iron melt. The behaviour of local properties as well as the chemistry of
the slag phase can be very complex. It is possible that solid components are precipitating
locally from the liquid slag phase during the process. This is quite challenging from a modelling perspective. Due to the high temperature and the high gas volume fraction, radiation
can be a very important heat transfer method in the upper furnace. Modelling radiation in
a gas phase in general requires the solution of a radiation transport equation. Radiation
can propagate with varying degrees in different spacial directions and can involve a wide
frequency band. It is safe to say high computational demands are involved when solving
the radiation transportation problem in a transparent medium. Validation of the CFD
model for the top part is quite difficult. There is a serious lack of experimental data on
quantitative measurements for the flow field and gas phase fraction.
The submodels developed in this work can definitely be improved, especially the chemical reaction model, which did not take into account all of the constituents that are important for the process. Adding the remaining constituents for the slag and metal phases
would improve the capabilities of the model. This would require that the activity models
for the phases be updated for the additional components. Updating the CFD model for
bottom gas stirring to 3-D would increase the usability of the model. The 3-D version could
take into account the effects of gas injection through multiple porous plugs in the furnace
bottom. The 3-D version could also be utilised to model ladle treatments, where the gas
injection is done through asymmetrically placed plugs in the furnace bottom. The basic
idea behind the chemical reaction model can be implemented for modelling the reactions
during ladle treatments.
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Modeling is nowadays an important tool in
industries for process control and
optimization as well as in process
development. Numerical modeling of full
cycles of metallurgical processes is still a
difﬁ cult task in present-day.
The aim of this work was to model the steel
converter process, which is an important
stage in steelmaking. The phenomena inside
the converter are divided into four categories:
scrap melting, bottom gas stirring of steel
melt, chemical reactions between multiple
phases, and impinging oxygen gas jet. The
ﬁ rst three phenomena are examined in this
work and separate programs were developed
f or e ach of t hem. The emp hasis is on re al t ime
computation of the physics.
The models were validated using
measurement data from physical models as
well as from industrial scale converter. The
developed modeling concepts are applicable
to other metallurgical processes as well.
Finally a framework for a comprehensive full
model containing all of the separate models is
presented.
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