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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 in-
creases, 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 com-
position 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 understand-
ing of the physics and chemistry behind the processes, as well as a grasp of sound model-
ling 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 pro-
cesses. 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 dynam-
ics inside the process, while leaving out chemical reactions, heat transfer, solidification 
and melting. These models are also computationally very intensive. This means that ex-
pensive 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 Linz-
Donavitz 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 
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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 tempera-
tures in the beginning of the process. The scrap-to-hot-metal ratio charged into the con-
verter 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 prob-
lem faces significant difficulties due to the high velocity of the gas jet. There are also con-
siderable difficulties in validating this type of model with measurements from experi-
mental devices. The chemical and physical behaviour of slag metallurgy is more compli-
cated 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 theo-
retical base for it using the three submodules will be included instead.  
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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 reac-
tions. 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-car-
bon 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 approxima-
tions for the multiphase flow while conserving the liquid mass during the iterative compu-
tation of the result. The economy was achieved by modelling the multiphase flow as a mix-
ture 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 de-
fined 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 evo-
lution 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. 
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2. Steel Converter Phenomena 

The phenomena that take place in steel converters are fairly well known. The most im-
portant 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 in-
crease in thickness in the potential core region. After the core region, the jet increases in 
thickness with a spreading angle . The spreading of the jet is caused by shear stress be-
tween 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 ra-
dius, the momentum of the jet diffuses radially as well. During the radial expansion, more 
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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 sur-
face.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 insta-
bility, 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 lo-
cated 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 sur-
face. The rising axisymmetric plume produced by bottom gas stirring through a single noz-
zle 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 re-
gion, 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 ter-
minal 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: 

 = 2, (1) 

= 4 22 3 , (2) 

= , (3) 

 
where , , ,  and  are gravitational acceleration, density, surface tension, viscosity and 
the velocity difference between the bubble and liquid, respectively. Subscripts  and  de-
note 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 bub-
ble 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 gen-
erate 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, coales-
cence occurs when the thin liquid film between the bubbles ruptures and drains. The tur-
bulent 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 com-
ponent ( ) and a condensed component ( ) forming a gaseous component ( ) and a 
condensed component ( ) is 

 ( ) + ( ) = ( ) + ( ). (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 consid-
erably 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 re-
action, 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. Com-
ponents that are transported from the phases into the interface area reach thermodynamic 
equilibrium. The transport processes include diffusion and convection. In a steel con-
verter, convection dominates over diffusion. Convection is generated with bottom gas stir-
ring 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 [ ]  and oxygen [ ]  dissolved in iron is 

 [ ] + [ ] = ( ), (5) 
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where the reaction product is CO gas. The Gibbs energy of the reaction is 
 = ° ° ° + [ ( ) ( ) ( )],= ° + ,  (6) 

 
where  is the activity of the species,  the universal gas constant, ° 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 incre-
mental 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  

 equals 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 : 

 = . (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[ ] = [ ][ ] + [ ] = [ ]2[ ] + 5[ ] = [ ]( ) + [ ] =  [ ]( ) = 2[ ][ ] + [ ] = [ ] + [ ]
 (8) 

 
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 : 

 ( ) + 12 ( ) = ( ) (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 
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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 compo-
nents is , ,  and . In the middle stage of the process the  and  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 ( ), ( ) and ( ). 

 is added into the slag phase during the process.  decreases the activity of  in 
the slag phase and thus facilitates the oxidation of .  also 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 tempera-
ture 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°  from 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 im-
proves 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 Fig-
ure 4. Adding more carbon to the iron decreases the solidus temperature considerably. 
Low-carbon steel can have a solidus temperature of 1500° . Thus, the hot metal at 1350°  
is unable to melt the scrap through heat transfer alone during the initial stages of the pro-
cess. 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 cruci-
ble.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 pro-
cess 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 en-
thalpy 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 liter-
ature also used constant material parameters. In the present work, the local material pa-
rameters for thermal conductivity and heat capacity are composition- and temperature-
dependent. 



Developed Models and Applied Methods of the Thesis 

13 

3.1.1 Enthalpy and Carbon Mass Balance 

The equation for the enthalpy content in the solid material is 
 = + , (10) 

 
where , , , ,  and  are volume, surface area, grid velocity, specific enthalpy, tem-
perature 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 distribu-
tion is solved using the enthalpy method.47  In this method enthalpy is linearised with re-
spect to temperature as follows: 

 = + ( ), (11) 

 
where  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: 

 + + = . (12) 
 
Eq. (12) is an implicit system of equations for temperature. The coefficients ,  and  
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  values have been solved, the new 
enthalpy values  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 correc-
tion 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  is now in a different 
linear range than , temperature correction  is calculated with a new  in the cur-
rent linear range. 

The equation for carbon content in the solid material is 
 = + , (13) 

 
where  is the carbon mass fraction and  is 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  is added to Eq. (13): 

 = +  (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 ac-
count 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 =  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 oc-
curring at = . 

 

 
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 sche-
matic 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 Fig-
ure 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 temper-
ature 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  
 = + ( ) (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.  is the convective heat trans-
fer coefficient. The balance equation is further manipulated in Eq. (16) to make a connec-
tion with interface velocity. First, the time derivative is taken outside of the volume integral 
using the Leibniz rule.  
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= = + ( )( ) = ( )( ) = ( )( ) = ( )( ) 0.5 ( )
 (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 
 = + = 0, (17) 

 
for the interface, which has no mass accumulation, it can be seen that = , 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  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 mov-
ing 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 tempera-
tures  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 esti-
mated 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  

 

, , = , , , (18) 

 
can be formed for the interface.  is the convective mass transfer coefficient for carbon. 
For scrap melting the enthalpy balance becomes 
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( ) = ,0.5 , , (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 tempera-
ture 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 in-
terface 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 so-
lidified 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 

 , , = 0 (20) 

 
and to  
 0.5 ( ) = 0, (21) 

 
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  
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and , with the assumption that = . In Figure 10, a typical solidus and liquidus tem-
perature 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 eco-
nomical 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-Lagran-
gian (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 meth-
ods to solve the multiphase flow problem. In the E-E method, the continuity and momen-
tum 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 con-
vergence rate of the solution. In the E-E method one of the phases is chosen as the contin-
uous 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 
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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 im-
portant 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 approxi-
mation 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 there-
fore, 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 dif-
ferential 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 macro-
scopic 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 Eu-
lerian averaging, which can be divided into temporal, spacial, volume, area and line aver-
aging. The most important of these are temporal averaging 

 = 1 ( , )  (22) 

 
and volume averaging 
 [ ] = 1 ( , ) . (23) 

 
Here  is 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 report80 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  

 + ( ) =  (24) 

 
for all phases.  is a volume fraction of phase . The summing results in 
 + ( ) = 0, (25) 

 
which is the continuity equation for the mixture.  is a source term representing the mass 
transfer between phases at the interface. When summed together, these terms will elimi-
nate 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: 

 = +  (26) 
 
The mixture velocity is defined as follows: 

 = + = +
 (27) 

 
The momentum equation for phase  is 

 + ( ) = + [ ( + )] + +  (28) 

 
where  ,  and  are pressure, laminar stresses, turbulent stresses, and the surface 
drag and tension forces, respectively. The momentum equations for continuous and dis-
persed phases are summed together as follows: 
 + ( ), = + ( + ) +  (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 
 =  (30) 
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which is the difference between the phase  and the mixture velocities. It can be shown 
that ( ), = ( ), ( ) (31) 

 
Furthermore, using identities  
 = , , = 1 (32) 

 
it can be shown that 
 ( ), = (1 ) (33) 

 
Using Eqs. (31) and (33) the mixture momentum equation becomes 
 + ( ) = + ( + + ) + , (34) 

 
where the stress terms are as follows: 
 = , , = , , = (1 ) (35) 

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

 =  (36) 

 
In the above equation,   is the terminal velocity, which can be computed from a par-
ticle force balance equation. The second term is a drift effect due to the concentration dif-
ference of particles in the continuous phase. Assuming only drag force and gravity are im-
portant the terminal velocity can be solved from 

 | | = 43 ( )  , (37) 

 
where  is a drag coefficient. The drag coefficient  is calculated from empirical correla-
tions, which can be found in Publication II. 

The continuity equation for the dispersed phase is  
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+ ( ) = 0 (38) 

 
Using the diffusion velocity and drift velocity the continuity equation becomes 

 + [ ( + (1 ) )] = [ (1 ) ], (39) 

 
where the diffusion coefficient  is a function of eddy viscosity  as follows: 

 =  (40) 

3.2.3 Turbulence Modelling 

Turbulence is a complicated phenomenon involving small and large length scales. Turbu-
lence is manifested by eddies that propagate in all directions. In fully developed turbu-
lence, 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 approxima-
tions for turbulence, averaging is an important procedure. Turbulence is always a time-
dependent fluctuation of the velocity field. In turbulence modelling, the instantaneous ve-
locity is decomposed into mean velocity  and fluctuating velocity : 

 = +  (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 
equation, produces an additional term called Reynolds stress: = . In three dimen-
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 assump-
tions 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 diffu-
sion. The Reynolds stresses are then approximated by 

 = + ( ) 23 23 . (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. One-
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equation models relate the turbulence length scale to some typical flow dimension. Two-
equation 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  

 = 12 = 12 + + = 32  (43) 

 
where, due to the assumption of isotropy, the normal stresses in all directions are equal: = = . The transport equation for turbulence kinetic energy is 
 + ( ) = + + + P  (44) 

 
and the equation for the turbulence dissipation rate is  

 + ( ) = + + ( + P ) (45) 

 
In Eqs. (44) and (45) the effects of a multiphase flow of a dispersed gas phase in a contin-
uous liquid phase have been added. Here mixture properties such as ,  ,   and  
were used. This effectively means that turbulence kinetic energy and the turbulence dissi-
pation 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  mul-
tiplied by terminal velocity and the bubble number density, : P = 1 = =P = (1 )  (46) 

 
The final form for turbulence production can be formulated using Eqs. (47), where ,  
and  represent the volume, cross-sectional area and diameter of spherical bubbles. 

 = 12 | | , = = , = 34 | | (47) 

 
Values = 1.0 and = 1.825 were used for the coefficients in the source terms. The 
mixture eddy viscosity  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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= + 2 | | (48) 

Turbulence Model Wall Functions 
In turbulent flow, velocity changes drastically near a wall. An important aspect of turbu-
lence 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 re-
gion 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 ap-
proach 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 ap-
proach 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  parallel to wall ( -direction) 
is described by 

 ( + ) = + +  (49) 

 
where  is a volumetric thermal expansion coefficient. The equation is non-dimensional-
ised with =  resulting in 
 ( + ) = += +=  (50) 

 
In this work Eq. (50) is simplified by setting = 0, and = 0. Setting = 0 means that 
buoyancy due to heat transfer at the wall is not important. Setting = 0 means that con-
vection 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  distance. The turbulent layer starts from  and contin-
ues up to . 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 = ( ) = ( ) is assumed in the turbulent 
layer. The constants = 0.09 and = 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 ( + ),                 0 ,= 1 ( ) + , ,= 1 + ( ),

 (51) 

 
where  and  are the velocities in the laminar and turbulent layers, respectively. The 
integration coefficients , ,  and  can be computed using boundary conditions ( = 0) = 0 and ( = ) =  as well as equalities 

 ( = ) = ( = ) ( = ) = ( = ) (52) 

 
which will produce 
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= 1 ,                  0= ( ) + ,= ( ) + ,= 1 + ( ),= 1 + ( ).
 (53) 

 
Wall shear stress can be calculated from the velocity derivative at the wall as follows: 

 = ( = 0) =  
=  (54) 

 
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: 

 = 1 ( ) = 1 ( ) + ( )  
= 2 + 1 1 ( ) ( ) + 1 ( )  (55) 

 
The averaged velocity is used to calculate the integrated mass flux = , 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  and mixture velocity  are used in calculating the mass fluxes. 
The squared velocity averages in Eq. (56) are used in the integrated momentum fluxes =

 at the cell faces. 
 = 1 ( ) = 1 ( ) + ( )  

= 3 + 1 ( ) ( ) 2(1 ) 2(1 ) + 2(1 )+ ( )
 (56) 

 
The wall functions related to the turbulence kinetic energy equation are applied to the tur-
bulence 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  dominates over the other velocity derivates in the wall cell, the 
production term can be simplified as follows: 
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= : = ( )
= ( )  (57) 

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

= ( ) + 1 1  (58) 

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

 (59) 

 
In the viscous layer, dissipation has a limiting value 
 = 2 . (60) 

 
These two expressions for dissipation are set to be equal at distance . This produces =2 = 5.1. The dissipation rate profile is schematically presented in Figure 12. In the range 0  the dissipation has a constant rate (Eq. (60)) and in the range  the 
dissipation is calculated from Eq. (59). The averaged dissipation rate in Eq. (61) is used in 
the transport equation for turbulence kinetic energy. 
 = 1 2 + / = / 1 + 2  (61) 

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

 (62) 

 
explicitly. This value is used to calculate fluxes for the transport equation  at face  (Figure 
11). 



Developed Models and Applied Methods of the Thesis 

29 

 
Figure 12. Wall function for the turbulence dissipation rate. 

There are some special cases that still must be considered. For example, it cannot be guar-
anteed that in every control volume next to the wall > . In the cells where <  the 
following equations apply: 
 == 2= 3= 0

 (63) 

 
For the remaining quantities the previous equations are used. When <  the average 
dissipation is calculated from 
 = 2 . (64) 

3.2.4 Geometry and Boundary Conditions 

The axisymmetric geometry and boundary conditions of the gas stirring problem are pre-
sented 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 en-
ergy, which take into account the nozzle gas flow, are as follows: 

 == == 0.1 12 ,  (65) 

 
where ,  and  are the cell volume, nozzle volume flow rate and nozzle area, re-
spectively. 

 

 
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 ( , 0)= ( , , 1, , )  (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 , which is perpendic-
ular to the surface, is zero.  Also, the velocity derivative = 0 at the free surface. 
These two conditions for velocity components are equal to the symmetry condition for a 
vector. Generally, all scalar variables ( , , ) have a symmetry condition at the free sur-
face. For the pressure-correction equation,  = 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 × 10 .  

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 re-
placed 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 vol-
ume 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 com-
putational domain control volumes: 

 = = ,  (67) 

 
To conserve the total liquid mass, the new volume for the geometry is  
 = + , (68) 

 
where  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 recom-
puted. In fact the control volume faces , / , which are parallel to the radial coordinate, 
stay constant during the mesh movement. Even the cell centre distances = , ,   
in the radial direction are not changing. Instead the cell volumes , , the faces / ,  par-
allel to the axial coordinate, and the cell centre distances = , ,  in the axial di-
rection 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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=  (69) 

 
can be used to compute the necessary data. The ratio in the previous equation is also equal 
to 
 = = / ,/ , , (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 sys-
tem 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 econom-
ical 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-direc-
tion. The velocity component cell centres lie on the cell faces of the pressure grid. Com-
pared to the co-located grid, where all variables are solved on the same points, the stag-
gered 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 term83 must be added to the mass balance equations.  

In the case of buoyancy driven flows, the Rhie-Chow damping can cause additional prob-
lems. As the  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 pres-
sure 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 algo-
rithm 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 , , , ,  and  are discretized into the 
general form of 

 = , + , + , + , + , = r , , (71) 

where the indices refer to the grid in Figure 14 and subscripts , 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 

 , + , + , = r , , ,  (72) 
 
with TDMA. Here the superscripts + 1 and  indicate new and last known values, respec-
tively. 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 

 , + , + , = r , , ,  (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 itera-
tions are continued until a specified tolerance for error 

 , = r , , , , , ,  (74) 
 
is met.  

The typical property of an iterative method like LGS is that the error in Eq. (74) is re-
duced 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 ( ) to large (the size of the domain). The 
LGS method reduces the different wave-lengths of the error at different rates. The smooth-
ing 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 correc-
tion 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 contin-
ued 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 consid-
ered 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 reac-
tion 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 con-
trolled 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 ac-
tive 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 vol-
umes. 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. Further-
more, 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 pre-
sent, 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 re-
action 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 equi-
librium 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 tem-
perature 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 condi-
tion 

 =  (75) 

 
is met, the Gibbs energy minimum has been reached. In Eq. (75), ,  and  are the 
dimensionless chemical potential of species , the stoichiometric matrix and the dimen-
sionless chemical potential of system component , respectively. The dimensionless chem-
ical potential for species  in phase  is  = ( )° + ( ) + ( ), (76) 
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where ( )° , ( ) and ( ) are the dimensionless chemical potential in a standard state, and 
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) 

 
The thermodynamic equilibrium is constrained by the mass balances 

 = ( ) + , (78) 

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

( ) = exp ( )° ( ) , (79) 

 
which are substituted for the mass balances: 
 = exp ( )° ( ) +  (80) 

 
The system of non-linear equations to be solved consists of Eqs. (75), (77) and (80). These 
equations are reorganised into 
 = exp ( )° ( ) + = 0,

= ( )° ( ) 1 = 0,
= = ° = 0,

 (81) 

 
and are solved using the Newton-Raphson method. The  equations cover the solution 
phases and the  equations the pure phases, hence = ° . The number of unknowns in 
the system is + + . When Newton-Raphson is applied, the system of linear equations 
becomes 
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dx = dx = ,= ( , , , , , , , , ),dx = d , , d , d , , d , d , , d , (82) 

 
where  is the Jacobian matrix, while superscripts  and  denote pure and solution states, 
respectively. The Jacobian matrix  

 

= = ( ) ( )
( ) 0 00 0

, (83) 

 
is symmetric. The system is solved for d  and the variables are updated with 
 x = x + dx , (84) 
 
where  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: 
 = , (85) 

 
which means the sum of  always equals one. The factor  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  
 = min 0.1 , 1 , (86) 

 
and the smallest factor is chosen from  for all variables in Eq. (84).  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 Post-
Leveling methods.96 

After the solution has been obtained for Eqs. (81), the phases should be checked for sta-
bility. 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  
 = ° , (87) 

 



Developed Models and Applied Methods of the Thesis 

39 

is negative. A solution phase is added to the list if the sum of hypothetical molar amounts 
 = ( ) = exp ( )° ( )  (88) 

 
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 

 = , (89) 
 
where  is the number of degrees of freedom,  is the number of components and =(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 mathemat-
ical 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 quasichemi-
cal activity model, which assumes that the sum of the molar fractions is equal to one. When 
new values ( ) for excess Gibbs free energies are calculated, the values used in the PGE 

algorithm are updated with 
 ( ) = ( ) + ( ) ( ) , (90) 

 
where the update is under-relaxed with parameter . 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 activi-
ties of the slag components. 

Metal Phase 
In UIP formalism, the temperature dependent molar first-order parameters from Sig-
worth98 are used for the most part. The excess Gibbs energy can be calculated for element 
 from 
 = ( ) = + ( ) + , (91) 

 
where  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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( ) = 12 . (92) 

 
For the oxygen interaction parameter ,  a fit was made to match the activity model of 

Miettinen99. The interaction parameter is a linear function of temperature as follows: 
 = + /  (93) 

 
In the case of oxygen the coefficients = 100 and  =  115400 are used. Coefficients  =   46.8 and  =  107000 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 consid-
ered as follows: 

 ( ) + ( ) = 2( ), (94) 
 
where A and B represent the nearest neighbour pairs. The nonconfigurational Gibbs en-
ergy change for the formation of two moles of ( ) pairs is . The molar amounts of 
components  and pairs  in a multicomponent case are connected according to 

 = 2 + , (95) 

 
where  is the coordination number of component . Pair fractions , molar fractions 

 and coordination equivalent fractions  are as follows: 
 = , = , =  (96) 

 
The Gibbs energy of a solution in the ternary case (A, B, C) is  
 = ° + ° + ° + + + , (97) 

 
where the configurational entropy of mixing is approximately as follows: 

 = ln( ) + ln( ) + ln( ) + ln X + ln X
                     + ln X  + ln X2Y Y + ln X2Y Y + ln X2Y 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 

 = G° + q Y Y , (99) 

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

 q = . (100) 
 
The chemical potentials for components (A, B, C) can be differentiated from Eq. (97) as 

follows: 
 = 2 = ° + ln( ) + ln X + 2 ( + + )

= 2 = ° + ln( ) + ln X + 2 ( + + )
= 2 = ° + ln( ) + ln X + 2 ( + + )

 (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 Blander100, as follows: 

 = ( 185912 + 25.104 ) 72814.2 + (213710.4 41.84 ) ,= (13886.7) + ( 86889.1 + 29.29 ) + 951483.4 1786346                      +(1086614 62.76 ) ,= 26447.1 18756.9 ,  (102) 

 
where the accompanying coordination numbers are = 1.3774, = =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 SiO  is acidic and the two other components 
are basic, the SiO  component is chosen to be asymmetric in this work. After the asymmet-
ric interpolation, the Gibbs energies are 

 = ( 185912 + 25.104 ) 72814.2 + (213710.4 41.84 ) ,= (13886.7) + ( 86889.1 + 29.29 ) + 951483.4 1786346                          +(1086614 62.76 ) ,= 26447.1 18756.9 + .  (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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= X + X + X ( + ) ( + ) ,= (1 ) X + X ,= X + X + X ( + ) ( + ) ,  (104) 

 
where A = CaO ,  = SiO  and = FeO.  

3.3.3 The Reaction Zone 

The mass in the reaction zone is assumed to be at thermodynamic equilibrium at any in-
stant. 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 

 = , = , = , (105) 
 
where  is the volume flux. Subscripts ,  and  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  

 = + + ,= + + = + + m  (106) 

 
and the corresponding equilibrium fluxes are 
 = + + ,= + + ,  (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 bal-
ance equation is formulated as 

  d = = = =  , (108) 

 
where  is radiation transport out of the reaction zone. The cooling due to radiation is 
modeled with 
 = , (109) 
 
where  is surface area, = 5.67 × 10 W m K  is the Stefan-Boltzmann constant, 

 emissivity and  ambient temperature. The radiation term can be further modified to 
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== ( ) + + += , + , + , + ,= = += ( + )
 (110) 

 
Since the guess for equilibrium temperature will not initially satisfy Eq. (108), it will pro-

duce an imbalance 
 = + . (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: 
 = , + , + ,= + +

= + + =  (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 tem-
perature change is solved: 
 = ( ) ++  (113) 

 
The enthalpy derivative in Eq. (113) is estimated numerically as follows: 

 = ( ) ( ), (114) 

 
where = + 0.01 and = 0.01. The enthalpies in (114) are calculated using  
 = 1 = ( ) ( )1 1 , (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 



Developed Models and Applied Methods of the Thesis 

44 

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 minimi-
sation and the temperature calculation are repeated successively until the temperature dif-
ference 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 

 = ( ) ( ) = = , , , (116) 

 
where , , ,  and    are the mass flux of component  coming from the reaction 
zone, the mass flux of the component leaving the phase and a phase-specific additional 
source term, respectively.  is used for slag when adding lime during the process.  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 
  d = ( ) ( ) = = , (117) 

 
where  is the enthalpy flux coming from the reaction zone and  is the enthalpy flux 
going into the zone.  is a phase-specific additional source term. In the case of slag,  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 = m , m = , = , (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: 

 ( ) ( ) = ( ) ( ) = ( )
 (119) 

 
Next iteration index  is introduced and the enthalpy is linearised as 
 ,= + ( ), (120) 
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which is substituted into Eq. (119): 
 ( ) = + ( )

= ( ) +
 

(121) 

 
After further manipulation the new temperature value can be solved: 

 ( ) + = ,( ) = + ,= + +  (122) 

 
The enthalpy derivatives are multiplied with the masses and summed together 

 = = = ( ) ( ), (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 thick-
ness. 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 

 ( ) ( ) = ( ) max 0, h + max 0,  = ,= + + ,  (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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= ( )= ( ) ( ) (125) 

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

 = , (126) 
 
and the total scrap mass is updated with 

 = +  (127) 

3.3.6 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  and the inlet gas momentum of the plume  is  

 = = 1.79 , (128) 

 
where  is the nozzle area and  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 

 = = , (129) 
 
and Eq. (128) the mass flux of metal rising at the plume can be solved to be 
 = . (130) 

 
In the model values = 2.5 and = 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 trans-
fer of the slag phase weakly and the slag mass transfer into the reaction zone is only af-
fected 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 com-
puted from 
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= , ( + ), (131) 

 
where = 1.13 and = 0.29 1  were fitted using the data of Cicutti et al31. , ,  
and  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 

 ( ) = 10 + + 10 + 10         /  /  

                     K K kJ/mol J (mol K) SiO (l) -13.311 52.17 24.004 -4.068 298.15 2980   SiO (s) 262.88 -1399.89 5715.82 -6244.89 298.15 373 -908.137 43.065 

 -582.0055 2178.36 -6987.218 6457.28 373 453   

 -2550.05 7860.21 -23634.3 20191.1 453 543   

 -44.5425 77.5875 -6.0805 2.7787 543 3300   
  87.373   3300 4000   CaO(s) -9.3661 51.8583 2.4386 0.0001 298.15 3172 -634.92 38.1 CaSiO (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 Ca SiO (s) -8.9137 100.48 133.78 -51.515 298.15 950 -2317.38 120.499 

 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 Ca SiO (s) -23.9027 161.317 142.34 -59.15 298.15 850 -2933.21 168.604 

 -91.4586 224.09 35.357 -7.238 850 1550   

  226.5211 20.11  1550 3500   Ca Si O (s) -31.0041 198.453 188.2052 -92.0488 298.15 800 -3954.05 210.543 

 -115.6638 283.221 35.132 -12.4937 800 1650   

  296.188 4.0814  1650 3500   

3.3.7 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 solu-
tion of CaO(l), SiO (l), FeO(l) and possibly a number of solid phases (CaO(s), SiO (s), CaSiO (s), Ca SiO (s), Ca SiO (s), Ca Si O (s)). The gas phase contains the components O (g), CO(g) and  CO (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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( ) = + d + , + + , + d ,
( ) = + d + , + + , + d ,( ) = ( ) ( ),

 (132) 

 
where , , ,  and ,  are the enthalpy and the entropy at the reference state, and 
the enthalpy and the entropy changes for first phase transition, respectively. The heat ca-
pacity 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 pol-
ynomial functions. The fifth and sixth columns are the temperature ranges for the polyno-
mial at that particular row. The seventh and eight columns are, for the first row, the en-
thalpy and entropy of the reference state, respectively, and for the sequential rows the en-
thalpy 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 cou-
pled with a computation of thermodynamic equilibrium. In this chapter, the basic algo-
rithm 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 equi-
librium, according to the initial slag component CaO, SiO  and FeO mass fractions and tem-
perature, 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 conver-
gence 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 ther-
modynamic 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  

 = ( ) ( )
 (133) 

 
in the temperature equations should be approximated with care. The  temperature 
should be the current estimate for the phase. The  temperature should be = 0.1 
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and the composition at  should be estimated using the Gibbs energy minimisation. Then 
the ( ) can be computed using the just calculated-equilibrium composition at tempera-
ture . The additional equilibrium computation is important because there might be sat-
uration of the slag components. In the case of saturation, the enthalpy derivative will dras-
tically change. If then ( ) and ( ) 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 itera-
tion 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 algo-
rithm 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 Post-
Leveling is improved in PGE by assuming that the solution phases are ideal. After the ini-
tialization, the PGE is used with non-ideal activity models using the NonIdealPGE func-
tion. 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 com-
piled 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 stand-
ard 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 measure-
ments 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 con-
stant at values of 1523, 1623 and 1723 K in three different cases. This produced three dif-
ferent 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 trans-
fer coefficients. Kawakami’s equations41 

 = 0.0082 . /= 0.04 . /  (134) 

 
were used to compute the Nusselt and Sherwood numbers. The necessary dimensionless 
numbers are 
 = , = , = , = 2 = , (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( + ) and in film car-
bon composition , = 0.5 , + , . The coefficients multiplying Eqs. (134) have 
been chosen so that the modelling results match well with the experimental measure-
ments. 

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 cylin-
der 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 tem-
perature 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 tempera-
ture 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 computa-
tional 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 = 10 and  = 0.1 as well as 
with grid size = 60 and  = 0.01 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 tem-
peratures. 

 
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 com-
parison 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. 

 hot metal scrap   
carbon  4.5 0.25 wt-% 
temperature 1322 25 °C 
mass 100 20 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 =  1.0, 2.0, 3.0,4.0 . The scrap shape was a 1-
D 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 = 20000 ( ) and = 0.0002 1 , respectively (see Publica-
tion 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 = 6.0 . This means that all of the carbon 
would be oxidized in approximately 16.7 minutes. The heat produced by reactions was es-
timated to be = 7.7 × 10 . The carbon is depleted at a constant rate of = , according to the oxidation reaction. 

 

 
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 be-
tween 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 tem-
perature 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 sur-
face 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 evolu-
tion. 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 contain-
ing a possibility to solve turbulent flow or a laminar magneto-hydrodynamic flow. Turbu-
lence 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 co-
located 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 expe-
rience the co-located grid is poorly suited for cases where discretization of the gravity term 

 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 conver-
gence of the continuity equation. These problems can be alleviated with the use of a stag-
gered 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 
RCD103 used in context of the co-located grid. 

For this thesis a C++ programming code was written for solving 2-D axisymmetric two-
phase 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 differ-
ences 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 co-
located 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 calcula-
tions 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 de-
veloping 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 

Gas volume flow rate  
(cm3/s) 

nozzle 
diameter 

(mm) 

1 Iguchi et al. 126 233 1.85 10.3 20.6 41.4 2 
2 Iguchi et al. 200 300 1.5 82.6 2 
3 Johansen et al. 1080 1237 1.15 270 470 610 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. Jo-
hansen et al. used a very large model, which was slightly conical with bottom and top di-
ameters 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 empiri-
cally with 
 0.54 . .

 (136) 

for Cases 1 and 2.17 For Case 3 a different correlation  
 0.75( / ) .  (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 100-
ton steel converter and for the water models with specific gas volume flow rates are pre-
sented 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  NTP accord-
ing to the Treatise on Process Metallurgy.105 These volume flow rates are multiplied with 

factor = . ×. × 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 Johansen  

 100 tons  Case 1 Case 2 Case 3  

 20 100  10.6 41.4 82.6 270 610  

 7000  1000  

 0.48  1.2  

 2.3  0.233 0.3 1.237  

 200 mm 2 50  

 68000 11000  670 170 97 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 =10   and = 10 , respectively. 

The convergence of the equations is reached when the residuals for the system of equa-
tions 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 com-
puted 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 con-
vergence 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 be-
tween 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  are 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 . 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 cross-
sections 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 bub-
bles in the water model coagulated into bigger bubbles just above the nozzle and then dis-
integrated 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 measure-
ments. 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 computa-
tional 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. Johansen et al.  

Case 1 Case 2 Case 3  

 10.6 20.6 41.4 82.6 270 470 610  

 233 300 1237  

 0.53 0.98 1.79 1.57 0.55 0.84 1.03  

 

 
Figure 25. The contour plot for gas phase fraction in case 1 at Q = 41.4 cm s. 

The coefficient in the eddy viscosity of Eq. (48) was adjusted during the modelling 
work. The term multiplied by  is proportional to the gas phase fraction. Figure 25 pre-
sents the contour plot for the gas phase fraction for Case 1 with = 41.4 . 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 



Results and Discussion 

62 

term with  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  
accelerates the turbulent transportation of momentum in the proximity of the nozzle. 
Thus, the plume radius increases as the value of  grows. In this work, a value = 2.2 
gave the best results for the cases that were considered. This value is higher than the one 
given in the literature106 ( = 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,  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 steady-
state flow field with global mass conservation than is given by the algorithms in the litera-
ture. The mass-conserving models in the literature57,58,59,61,68 were transient algorithms, in-
dicating 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  
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 three-
phase 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 simulta-
neous 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 convert-
ing.29,30,85,86,87,88,89,90,91,92,93

The validation of the chemical reaction model was performed in Publication III. The val-
idation 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 tem-
perature 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 imple-
mented correctly. The results matched that in the work of Eriksson and Pelton107, who as-
sessed the parameters of the MQM for this system. The PGE algorithm was first validated 
by calculating a benchmark case of Balzisher108. Their example problem was ‘Catalytic 
Steam Cracking of Ethane to Form Hydrogen’. The problem contains an ideal gas phase 
with nine compounds, , , , , , , , , , and three elements, , , .  

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 measurements109 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  =  1823 . 
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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 com-
pared with the measured values110 (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), SiO (l), FeO(l) and the following solid phases: CaO(s), SiO (s), CaSiO (s), Ca SiO (s), Ca SiO (s), Ca Si 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 com-
positions 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 indus-
trial 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  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 mo-
mentum 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. 

 Hot metal Scrap Lime Dolomite Quartzite Iron ore  
mass 170 30 7.6 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), SiO (l), FeO(l), MnO(l), P O (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), SiO (l) and FeO(l), which were the main components. As MnO(l), P O (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 meas-
ured 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 SiO2111 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 meas-
urements very well.  

In (b) the concentrations of the liquid slag components are compared with the measure-
ments. As Cicutti’s data contained MnO(l) , P O (l) and MgO(l) as well in the slag, the CaO(l), SiO (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 con-
centration 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 SiO 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 measure-
ments 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 in-
creasing 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) simulta-
neous 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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5. Outline for the Full Process Model 

In this chapter a framework is presented for a full process model which combines the mod-
els 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 validat-
ing 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 cer-
tainly much less than one. For example, according to a European commission report112 the 
scrap density for an electric arc furnace (EAF) varied between 0.73–1.1 ton/m3. This gives 
a respective volume fraction of = 0.095 0.143 for the scrap. The volume filled with 
scrap is considered as a porous region characterised by a porosity value of = 1

.  
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 con-
nected 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 move-
ment of the scrap, the movement is then controlled by gravity. Thus, the pile of scrap will 
collapse slowly. The porosity of the scrap region  can certainly change as a function 
of thickness. In the absence of data for porosity as a function of thickness, a constant po-
rosity 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 deter-
mined 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, equa-
tions 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 Ishii113 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 

 = +  (138) 

is the sum of the volumes occupied by the fluids and solids  and , respectively. Simi-
larly, the total area at a cell face is 

 = + , (139) 

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

 = , (140) 

 
and a surface porosity 

 = , (141) 

 
are defined. Also, a few volume averages will now be defined. Volume averaging is an im-
portant 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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[ ] = 1 , (142) 

 
and the intrinsic field average of scalar , which in fluid  is = 1

 (143) 

 
These quantities are related by 
 [ ] =  (144) 
 
Respective concepts for surfaces are in Eq. (145). [ ] = 1 , = 1 , [ ] =  (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 + 1 ( ) = 1 , (146) 

 
where the volume integrals will have to be put inside the derivatives such that volume av-
eraged 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  = ( ) = [ ] ( ) , (147) 

 
where  and  are the velocity and the surface normal vector of the solid/liquid inter-
face, respectively. The Leibniz rule applied to the gradient is = + = [ ] + , (148) 

 
and for the divergence, it is  
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( ) = + ( ) = [ ] + ( ) . (149) 

 
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 
 ( ) + ( )

= + 1 ( ) 1 ( ) , (150) 

 
where the last term on the right-hand side is zero in this work, as at the solid surface no-
slip condition = = 0 is enforced. Next, we define a new quantity 

 = , (151) 

 
and  
 = = , (152) 

 
to replace an average of products with a product of averages. The second term on the right-
hand 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 1 ( ) = , , (153) 

 
where ,  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 
 = , , (154) 

 
which quantifies the mass transport to and from the reaction zone inside the control vol-
ume. ,  is the mass sink of phase k transporting mass into the reaction zone and con-
tains empirical microscopic correlations for the mass transfer; the correlations require a 
separate model for the microscopic mixing phenomena.  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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( ) + ( ) = , + ,  (155) 

 
by using Eqs. (150), (151), (152), (153) and (154). By summing the mass conservation equa-
tions for all fluid phases, the mixture continuity equation can be obtained: 

 ( ) + ( ) = , + , = ,  (156) 

 
In Eq. (156) the mixture quantities ,  were used: 

 ==  (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: 

 = ,= ,= = 1 ,
= ,  (158) 

 
which are the velocity difference between phase  and mixture, the velocity difference be-
tween continuous phase and dispersed phase, the velocity difference between dispersed 
phase  and mixture, and the velocity difference between continuous phase and dispersed 
phase , respectively. Using these quantities, the conservation equation for dispersed 
phase  becomes 

 + = += 1 += 1= , .
 (159) 

 

5.3 Conservation of Momentum 

Next the momentum equation (28) for phase  is volume averaged. Application of the Leib-
niz rule produces 
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1 ( ) + ( ) + 1
= ( ) 1 + [ ( + )]
+ 1 ( + ) + + , 

(160) 

 
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 
 =  , (161) 

 
which is a distribution parameter. Using Eq. (161) and neglecting the previously mentioned 
transfer integrals, the momentum equation is approximated by Eq. (162). 
 + ( )= ( ) + [ ( + )]+ 1 + +  

(162) 

 
The distribution parameter  can be used if analytic approximations are available for , ,  between the surface of the solid structure and the liquid. For exam-

ple, Ishii and Mishima114 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-sec-
tion using polynomial approximations. The use of   requires that the solid material be 

structured in an orderly manner. This is unfortunately not the case with a structure con-
sisting 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 distri-
bution parameter in this work is set equal to 1. To formulate the mixture momentum equa-
tion Eq. (163), the phase momentum equations (162) are summed. 
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+ ( )
= + [ ( + + )] + 1 +  

(163) 

 
The terms in Eq. (163) are approximated with 
 + ( + ) + ( ) 23 23= (1 ), +

150 (1 )( ) + 1.75 (1 )( ) | |
= ( ) ,

 (164) 

 
where the laminar and turbulent stresses are modelled with Boussinesq approximation, 
the stresses caused by diffusion velocity are computed using dispersed phase mass frac-
tions = , 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 + 1 ( )

= 1 + , + 1 , (165) 

 
where viscous dissipation of mechanical energy into thermal energy and pressure trans-
portation has been ignored. The averaging once again produces transfer integrals 
 + ( )= + , + ,

1 ( ) + 1 + , , (166) 

 



Outline for the Full Process Model 

75 

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 liq-
uid phase, respectively. When Eq. (166) is summed for all phases, a mixture enthalpy equa-
tion 
 ++ + =++ + , + ,0, , + , , ,

 (167) 

 
can be derived using 

 = ( )= == = 1= = + 1= , =  ,       = 11 + , = ,

 (168) 

 
The third, fourth and fifth terms on the right-hand side of Eq. (167) are the enthalpy trans-
portation 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 
 , + ,= , + , + , , ,

0, , , , + , ,
, , , , 

(169) 
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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 vol-
ume 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 bot-
tom 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 equa-
tions 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 

 = , (170) 

 
where  is a general variable to be conserved and  is the grid velocity. The convection 
term is caused by the grid movement and it can be discretized in the same way as the nor-
mal 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 conser-
vation law 

 = 0, = 0, (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 (continu-
ous) and gas (dispersed). The mixture continuity equation is  

 + ( ) = , (172) 

 
where  is a source term for gas phase. When discretized with a moving grid, it is formu-
lated into: 
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( ) ( ) + =  (173) 

 
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 depend-
ent problem. This difficulty can be solved by expanding the mixture density as follows: 

 ( ) ( ) +( ) ( ) + ( ) =  (174) 

 
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 

 ( ) ( ) + ( ) = , (175) 

 
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 bound-
ary the domains exchanged momentum via shear stresses. The numerical model was vali-
dated 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 im-
plemented at the top surface of the liquid bath to take into account the momentum ex-
change. 

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 ge-
ometry. 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 approxima-
tion 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 Danckwerts116, and the eddy cell model by Lamont and 
Scott117.  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 influ-
enced by the diffusion coefficient and turbulence as follows: 

 = 2( ) = 2( ) , (176) 

 
 where  is the time of exposure to the gas of fresh liquid with concentration ,  is the 
saturated concentration of gas in liquid,  is the initial bulk concentration of gas in liquid 
and  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  and the effect of turbulence on it.  

In the eddy cell model it is assumed, that the smallest scales of turbulent eddies are con-
trolling 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 sinus-
oidal 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 

 = 0.4 /
, (177) 

 
where the influence of the turbulence model can be taken into account via turbulence dis-
sipation rate . 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 mi-
croscopic 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 meas-
ure 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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 = , (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  

, = . (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 ra-
dius 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 = (1 ) | | (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, fur-
ther 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 re-
quires 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 re-
actions 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 ele-
ments and the constituents of the main phases. Finally, scrap melting keeps the tempera-
ture 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 mod-
els 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 appli-
cation 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 pro-
cesses, such as ladle treatments, which is an important feature. The author has inde-
pendently 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 melt-
ing 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 measure-
ments done in a crucible with constant iron melt temperature and carbon concentration. 
The experiments were performed with three different melt temperatures and the model-
ling 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 so-
lidification of the iron melt nor scrap melting occurred. The new interface model was im-
portant 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 Publica-

tion 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 con-
verged 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 al-
gorithm 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, mak-
ing 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 as-
sume 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 com-
plicated method, such as Low-Reynolds number models (which are often used in the con-
text of Reynolds averaged Navier-Stokes equations). The computational economy natu-
rally comes with a less accurate capability of modelling the near-wall region. Further com-
putational 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 wa-
ter 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 liq-
uid phase. The circulation of the liquid phase can be estimated by computing the total liq-
uid 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 
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of the velocity field. These two measured parameters compared well with the computa-
tional 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 ad-
ditional 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 algo-
rithm 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 compo-
nents 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 liter-
ature 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 chem-
ical 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 aver-
aged 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 repre-
sents the whole mass. When the scrap melts, the stack of scrap pieces slowly collapses un-
der 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 momen-
tum, and phase mixture enthalpy were derived by volume averaging the respective equa-
tions over a domain, containing solid structures, i.e. scrap. The volume averaging pro-
duced 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 ac-
count the movement of a non-orthogonal grid, which required the use of the space conser-
vation 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 tran-
sient 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 mo-
mentum 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 differ-
ent 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 simula-
tion, 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 mod-
elling 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 chemi-
cal reaction model, which did not take into account all of the constituents that are im-
portant 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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