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ABSTRACT 
 

 

In order to optimise the ladle treatment mass transfer modelling of aluminium 

addition and homogenisation time was carried out. It was stressed that incorporating 

slag-metal reactions into the mass transfer modelling strongly would enhance the 

reliability and amount of information to be analyzed from the CFD calculations. 

 

In the present work, a thermodynamic model taking all the involved slag metal 

reactions into consideration was incorporated into a 2-D fluid flow model of an 

argon stirred ladle. Both thermodynamic constraints and mass balance were 

considered. The activities of the oxide components in the slag phase were described 

using the thermodynamic model by Björkvall and the liquid metal using the dilute 

solution model. Desulphurization was simulated using the sulphide capacity model 

developed by KTH group. A 2-D fluid flow model considering the slag, steel and 

argon phases was adopted. 

 

The model predictions were compared with industrial data and the agreement was 

found quite satisfactory. The promising model calculation would encourage new 

CFD simulation of 3-D along this direction. 
 
 

Keywords:  reoxidation, desulphurisation, CFD, ladle treatment, model  
simulation, thermodynamics 
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1. INTRODUCTION 
 

During a number of years ladle metallurgy has been the focal point of a number of 

research-works due to the direct impact on the final steel properties. Process 

development of ladle treatment can be enhanced by using qualitative CFD 

simulations before carrying out the often expensive industrial trials. Previous 

research work has included the development of a CFD models which addressed 

both the aspects of induction as well as gas stirring in ladle metallurgy. It was found 

that the description of the interaction between steel and slag was most important to 

control the ladle treatment and reach desired properties of the final steel product. 

 

1.1 Previous work 

In the initial studies of the chemical reactions between steel and slag during ladle 

treatment a simplified model of the desulphurization were incorporated in the CFD 

model. Later this model was extended to include the reoxidation reactions. Using 

this approach successful simulations of the degassing facility at Ovako Steel in 

Hofors were completed. In these CFD calculations[1,2] empirical expressions 

suggested by Ohita and Suito[3] were used to calculate the equilibrium conditions in 

the slag phase. These expressions have some constrains with respect to the slag 

composition and are only valid at one temperature, 1600 oC. The sulphide capacity 

of the slag was assumed constant during ladle treatment in the CFD calculation. 

 

One of the simplifications used in the previous work was that the oxygen potential 

in the liquid steel could be assumed to be controlled by the aluminum or silica 

concentration in the steel. This is however not generally valid and could give 

problems maintaining the mass balance during the calculation especially when the 

initial FeO content in the slag are higher than 2-4%.[2] 

 

1.2 The objective of present work 

The objective of present work is to carry out mass transfer simulations using earlier 

developed flow models for different stirring conditions in ladles. In order to better 

simulate the mass transfer due to slag metal reactions without constrains of 

temperature and slag composition, a dynamic CFD model including the most 

important slag metal reactions has been adapted to the flow field calculations. See 

Figure 1. 
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Figure 1 Principal sketch of the scope for present work. 

 

In the present work a new approach of solving the chemical reactions between slag 

and steel has been developed addressing the limitations mentioned. Relevant 

equilibrium reactions between slag and steel are solved simultaneously and thereby 

maintaining the mass balance between metal and slag.[4]  

 

Further, an alternative slag model, Björkvall et al[5], have been used for calculating 

the activity coefficients in the slag phase. This model does not show the same 

limitations as the previously used model with respect to slag composition and 

temperature. The KTH model for sulphide capacity calculation[6] have been 

implemented in the overall model thereby utilizing dynamic calculations of the 

sulphur capacity during the calculations. The liquid metal was described using the 

dilute solution model.[7] 

 

In this way the overall CFD model has become more general without constrains of 

temperature and slag composition. Qualitative parameter studies can by this be done 

taking into account different temperatures and changes in slag and steel 

composition due to desulphurization and/or reoxidation. 
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2. CFD CALCULATION 
 

The CFD-model, earlier developed at MEFOS[8,9] describing generated flow field in 

an inductive-stirred ladle, was used to simulate addition of aluminium wire at 

different positions with upward and downward stirring. 

In order to simulate the slag-metal interaction and the change in concentration for 

steel and slag a thermodynamic calculation is implemented into a 2-D cylindrical 

model of a gas stirred ladle.[10] A third phase, the liquid slag, is incorporated into the 

model. The model enables a study of the flow conditions in the slag, in the steel and 

around the steel/slag interface during gas stirring under vacuum. A detailed 

description of the CFD model can be found in previous publications.[11,12,13] Only a 

brief description of the CFD models is presented here to help the readers. 

 

2.1 Induction stirring 3D model 

2.1.1 Model formulation 

 

Figure 2 Calculation grid (21x21x30 cells) with addition cells. 
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 The ladle geometry is modelled in three dimensions using body fitted 

coordinates, Figure 2. 

 The magnetic forces from the inductive stirrer were calculated and included as a 

source term in the conservation equations. 

 The system contains liquid phase for slag and steel. 

 The free surface of the slag/air interface is frictionless. 

 The calculations are performed in a transient-solution mode. 

 Temperature is assumed constant through the calculation. 

 Slag volume is kept constant, slag depth is uniform and slag composition is 

homogeneous during calculation. 

 

2.1.2 Conservation equations 

The following transport equations are taken into consideration. 

 Conservation of mass for steel and slag. 

 Conservation of momentum for steel and slag. 

 Conservation equation for the dissolved element in the steel phase. 

In the model, the so-called two-equation k  turbulence model is adopted. The 

turbulence model considers the following two conservations. 

 Turbulent kinetic energy. 

 Dissipation rate of turbulent energy. 

 

2.1.3 Slag and steel phase 

The slag phase was incorporated into the model by solving two extra transport 

equations C1 and C3. Variable C1 represents the mass fraction of the steel and 

variable C3 represents the mass fraction of the slag. The specific volume for steel, 

V1 and slag, V3 in each cell is calculated  
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Where ρ1 is the density of the steel and ρ3 is the density of the slag. 
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2.1.4 Element mass balance and source term for Al-injection 

A simple model was used to estimate the maximum melting time and thereby the 

melting depth at a given wire feeding speed (2.25 m/s). The time for melting the 

center of the wire was calculated by using a one-dimensional unsteady conduction 

equation along the radial direction of the wire. The wire surface was assumed to 

have the same temperature as the steel (1808 K) due to the strong inductive stirring. 

Simulation of aluminium addition (0.806 kg/s) was done by solving an extra 

transport equation (3) below. This predicts the convective transport of aluminium 

dissolved in liquid steel. 
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t
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 (3) 

 

where t is the time, ri is the volume fraction of phase i, ρi is the density of phase i, φi 

is dissolved element (Al), vi is the velocity vector of phase i, 
i

 is the exchange 

coefficient of the entity φ in the phase i. Diffusion coefficients data taken from[14]. 

i
S is the source rate of φi. 

Equation (3) consists of, from the left to right, the time dependency term, the 

convection term, the diffusion term and the source term. The time dependency term 

corresponds to the amount of added aluminium per time unit. This term was given 

for the additions cells (Figure 2) during the addition period. Aluminium was 

assumed to melt and dissolve into the steel immediately at addition. The aluminium 

concentration in the ladle at the end of addition was used as a starting value for 

simulating the aluminium concentration during the following homogenisation 

period. 

 

2.1.5 Boundary conditions 

Boundary conditions are given for the ladle bottom, ladle wall and top surface. 

Ladle bottom and ladle wall 

A no-slip boundary condition is imposed for the momentum, i.e. the velocities are 

zero. In the cells closest to the walls, logarithmic wall functions are used to calculate 

the shear stresses, turbulent kinetic energy, dissipation of turbulent kinetic energy 

and the velocities parallel to the walls. 

Top surface 

The surface of the bath is assumed to be flat and frictionless. 
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Boundary conditions are summarized in Table 1. 
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Ladle bottom 0 0 0 0 0 
Ladle wall 0 0 0 0 0 

 

Table 1 Boundary conditions 

 

2.1.6 Physical properties 

Density and dynamic molecular viscosity for steel phase was estimated from 

temperature dependent expressions taken from the handbook[14]. Slag density was 

calculated using the level rule method and the dynamic molecular viscosity for the 

slag phase was calculated using the KTH viscosity model[15], which describes the slag 

viscosity as a function of both slag composition and temperature.  

 

2.2 Gas stirring 2D model 

2.2.1 Model formulation 

The following model assumptions are made. 

 The ladle geometry is modelled in two dimensions using cylindrical coordinates. 

 The system contains two phases, one argon gas phase and one liquid phase for 

slag and steel. 

 The argon gas is introduced through a porous plug located at the centre of the 

ladle bottom. 

 An interfacial coefficient is used to describe the force between the gas and the 

steel. 

 The free surface of the slag/air interface is frictionless. Allowance is made for 

the escape of gas bubbles at the free surface. 

 The calculations are performed in a transient-solution mode. 

 Temperature is assumed constant through the calculation. 

 There are no gas-liquid reactions in the steel or slag. 

 Dissolved elements are uniformly distributed in each phase at the start of a 

calculation. 
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 Slag volume is kept constant, slag depth is uniform and slag composition is 

homogeneous during calculation. 

 

2.2.2 Conservation equations 

The following transport equations are taken into consideration. 

 Conservation of mass for gas and liquid. 

 Conservation of momentum in the axial direction for the liquid and the argon 

phases. 

 Conservation of momentum in the radial direction for the liquid and the argon 

phases. 

 Conservation equation for the dissolved elements in each phase. 

In the model, the so-call two-equation k  turbulence model is adopted. The 

turbulence model considers the following two conservations. 

 Turbulent kinetic energy. 

 Dissipation rate of turbulent energy. 

 

2.2.3 Slag and steel phase 

Slag and steel phase were described as for the induction stirring model, see previous 

chapter. 

 

2.2.4 Element mass balance and source terms 

To make it possible to solve the thermodynamic equations for sulphur refining and 

reoxidation at every instant and for each calculation cell, a separate differential 

equation is solved for each of the dissolved elements, Al, Mn, O, S and Si, see 

equation (3). 

The initial concentration given at time zero for the dissolved elements is assumed 

uniform in each phase. The time dependency term corresponds to the amount of 

generation of element φ per time unit from the equilibrium reactions described in 

following chapter, thermodynamic consideration. 

 

2.2.5 Slag-metal interface 

The mass exchange in a given cell at the slag-metal interface is treated in the 

following way. 
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 A good contact (and mixing) between slag and metal is assumed in each cell at 

the slag-metal interface. 

 The flow would bring new contents of the elements to the cell at the slag-metal 

interface at each time step. 

 Local thermodynamic equilibrium between slag and metal is reached in the cell 

with respect to all elements. 

 In fact, the size of the cell is used as a model parameter to tune the model 

calculation. Small cell would imply slower mass exchange between metal and 

slag. 

 

2.2.6 Boundary conditions 

Boundary conditions are given for the argon gas inlet, ladle bottom and ladle wall 

and top surface[1]. 

Argon gas inlet 

Argon gas is injected through the gas inlet. Only axial velocity exists in the 

calculation cell. The inlet density was 0.712 kg/m3, inlet velocity was set to 1.103 

m/s, volume fraction equalled 1 and the inlet radius was 0.025 m. 

Ladle bottom and ladle wall 

A no-slip boundary condition is imposed for the momentum, i.e. the velocities are 

zero, except for the calculation cell of the gas inlet. In the cells closest to the walls, 

logarithmic wall functions are used to calculate the shear stresses, turbulent kinetic 

energy, dissipation of turbulent kinetic energy and the velocities parallel to the walls. 

Top surface 

The surface of the steel bath is assumed to be flat and frictionless. Allowance is 

made for the escape of gas at the surface. 

 

2.2.7 Physical properties 

Slag and steel properties were calculated as described for the induction stirred model 

in previous chapter. Density for the argon phase was calculated from the ideal gas 

law. 
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2.3 Computing 

The governing equations, boundary conditions, source terms along with the 

thermodynamic equations are solved together using the Phoenics commercial code. 

Phoenics is a finite difference code that uses the algorithm IPSA to solve two-phase 

problems[16-19]. The calculations are done in the transient solution mode. During the 

calculation, the finite difference equations are solved by iteration until they are 

satisfied to within ~99%. 
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3. THERMODYNAMICAL CONSIDERATION 
 

3.1 Basic reactions and corresponding equations 

The main oxide components in ladle slag are Al2O3, CaO, FeO, MnO, MgO and 

SiO2. Correspondingly, the following reactions take place at the slag-metal interface. 

 

 2Al + 3O = (Al2O3) (4) 

 

 Fe + O = (FeO) (5) 

 

 Mn + O = (MnO)  (6) 

 

 Si + 2O = (SiO2) (7) 

 

 Ca + O = (CaO) (8) 

 

 Mg + O = (MgO) (9) 

 

In addition, the desulphurization reaction can be expressed as, 

 

      22 SOOS  (10) 

 

The underlines in the equations indicate the elements being dissolved in liquid iron, 

while the round brackets indicate the oxides are in the slag.  2O  and  2S  stand 

for oxygen ion and sulphur ion in the slag phase, respectively. 

 

Note that the dissolved Ca and Mg in the liquid metal are both below 1 ppm even at 

very low oxygen potential. Hence, reactions (8) and (9) would not affect the slag 

composition to any appreciated extent. For this reason, the mass balances of these 

two reactions could be neglected to make the computation faster.  

 

The corresponding equilibrium constants for reactions (4)-(7) are expressed by eq. 

(11)-(14), respectively. 
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In these equations, 
32OAlK , FeOK , MnOK and 

2SiOK are the equilibrium constants 

for reaction (4)-(7); 
32OAl , FeO , MnO  and

2SiO  are the oxide activity coefficients 

in the slag; fAl, fMn, fSi and fO are the activity coefficients of the dissolved elements in 

the steel; Fe  is the activity of liquid iron; 
32OAl

0 X , FeO
0 X , MnO

0 X  and 
2SiO

0 X are 

the initial molar fractions of the oxides in the slag; ]Al%mass[0 , ]Mn%mass[0  and 

]Si%mass[0  are the initial contents of the elements in the liquid steel given in 

mass%; ]X[ Fe
0  is the initial content of iron given in molar fraction. While 

32OAlX , 

FeOX , MnOX  and 
2SiOX are the changes in molar fractions of the different 

oxides due to slag/metal reactions, ]Al%mass[ , ]Mn%mass[ , ]Si%mass[ , 

]O%mass[  and ]X[ Fe  are the changes in mass% and molar fraction of the 

different elements due to the slag/metal reactions. 

 

The sulphur in the metal reacts with the slag leading to the partition, 
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  (15) 

 

where Cs is the sulphide capacity; fS is the activity coefficient of sulphur in the metal;  

)S%mass(0  and ]S%mass[0  are the initial contents of sulphur in slag and metal, 

respectively. )S%mass(  and ]S%mass[  in eq. (15) are the changes in mass% of 

sulphur in slag and steel due to slag/metal reactions. KO and KS are the equilibrium 

constants of reactions (16) and (17) below. 
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 ½O2 (gas) = O  (16) 

 

 ½S2 (gas) = S  (17) 

 

To maintain the mass balance of oxygen in the system, the following equation must 

be kept. 

 

 
SSiO

MnOFeOOAl

]O%mass[]O%mass[

]O%mass[]O%mass[]O%mass[]O%mass[

2

32




 (18) 

 

where 
32OAl]O%mass[ , FeO]O%mass[ , MnO]O%mass[ , 

2SiO]O%mass[  and 

S]O%mass[  stand for the consumptions of oxygen due to reactions (4)-(7) and 

(10). Note that ]O%mass[  is the total change of oxygen in the melt, which is the 

same as given in eq. (11)-(15). 

 

When calculating the equilibrium constants, the Gibbs energies for reactions (4)-(7) 

were taken from H. Ohta and H. Suito[3] and the Gibbs energies for reaction (16)-

(17) were from Engh[20]. The activity coefficients of the elements in the steel were 

calculated using Wagner´s equation using the interaction parameters from Engh.[20] 

The Cs values were calculated using the sulphide capacity model.[6]  

 

3.2 Mathematical solution 

It is reasonable to expect that local thermodynamic equilibrium is nearly kept at the 
vicinity of the slag-metal interface. To keep the local equilibrium and the same time 
mass balance at the slag-metal interface, eqs. (11)-(15) and (18) must be solved 

simultaneously. In these equations, 
32OAlX , FeOX , MnOX , 

2SiOX  and 

)S%mass(  can be related to ]Al%mass[ , ]Fe%mass[ , ]Mn%mass[ , and 

]Si%mass[  and ]S%mass[  by the constraints of reactions (4)-(7) and (10). 

Similarly, 
32OAl]O%mass[ , FeO]O%mass[ , MnO]O%mass[ , 

2SiO]O%mass[  and 

S]O%mass[  can also be related to ]Al%mass[ , ]Fe%mass[ , ]Mn%mass[ , 

]Si%mass[  and ]S%mass[ . For the sake of brevity, only the relationship 

between )S%mass(  and ]S%mass[  is given below as an example. 
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Assuming a constant value of the steel density, metal  and calculating the slag density 

from the initial slag composition gives slag = slag
0 . The volume fraction Vmetal/Vslag 

for each cell is given from the CFD calculation. 

 

The activity coefficients for the different oxides in the slag, 
YXOM  and the sulphide 

capacity, Cs depend on temperature and slag composition. The activity coefficients 
for the different elements in the steel, fX in their turn depend on the composition of 
the steel. The variation of these variables with slag and steel composition is rather 
complex, therefore to obtain a fast solution these properties were calculated based 
on the initial values of the slag and steel composition. After some algebraic 
rearranging and changing variables, eq. (11) to (15) and (18) become, 

 

 
3
new

2
new

new

]O%mass[]Al%mass[

]Al%mass[






cb
a  (20) 

 

 
newnew

new

]O%mass[]Fe%mass[

]Fe%mass[






fe
d  (21) 

 

 
newnew

new

]O%mass[]Mn%mass[

]Mn%mass[






ih
g  (22) 

 

 
2
newnew

new

]O%mass[]Si%mass[

]Si%mass[






lk
j  (23) 

 

  
newnew ]O%mass[]S%mass[

on
m   (24) 

 

newnew

newnewnewnew

]S%mass[]Si%mass[

]Mn%mass[]Fe%mass[]Al%mass[]O%mass[





ut

srqp
 (25) 

 

Hence, there are six equations and six unknowns. Inserting eqs. (20)-(24) into (25) 

leads to 
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new]mass%O[  in equation (26) could be solved by iteration, the solution is 

considered satisfactory when the relative change is less than 0.1% in comparison 

with the previous step. Once new]mass%O[  is calculated, new]mass%Al[ , 

]mass%Fe[ , new]mass%Mn[ , new]mass%Si[  and new]mass%S[  can be calculated 

from eq. (20)-(24). Since the change in steel composition is linked to the change of 

the different elements in the slag, the change of sulphur and different oxides in the 

slag could be calculated. The new steel and slag composition were normalized and 

the slag composition is converted from molar fraction into weight percent. 

Before the calculation for next step, the activity coefficients in the steel, fX, activity 

coefficients of the slag oxides, 
YXOM and the sulphide capacity, Cs are re-evaluated 

based on the slag and steel compositions from last step. 
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4. RESULTS 
 

In order to optimise the ladle treatment simulation of aluminium addition and 

homogenisation time was carried out. Earlier fluid flow models were used to 

simulate mass transfer of aluminium in the ladle for the case of induction stirring. 

However, this work did not consider the possible aluminium loss of aluminium due 

to reoxidation reactions between steel and slag. The second part of the work 

incorporated the most important chemical reactions between slag and metal which 

makes it possible to build a more complete model of the actual ladle treatment and 

take into account the effect from the slag metal reactions and by so mean model a 

more complete picture of the process. 

In the second part of the work mass transfer of Al, Si, S, O and Mn in the melt due 

to slag/metal reactions was simulated for the case of a 2-D gas stirred ladle with a 

centrally placed porous plug.  

 

4.1 Simulation of Al-wire injection in an induction 
stirred ladle 

4.1.1 Simulated case 

Ovako Steel AB in Hofors, Sweden wanted to optimise the addition of aluminium at 

their ladle furnace station in order to improve quality and at the same time obtain a 

better aluminium yield. The best position for aluminium wire injection in the 

100 tonne induction stirred ladle at Ovako Steel AB was investigated, present design 

allowed for two possible injection positions. 

The simulations were performed for upward and downward induction stirring 

(1000 A) and for two available positions, position 1 close to the stirrer and position 

2 opposite the stirrer. 

Stirring upwards meaning that the velocities closest to the stirrer are directed 

upwards and downwards meaning that the velocities closest to the stirrer are 

directed downwards.  

The aluminium content in every computation cell was simulated and documented 

for every time step during 240 seconds of aluminium addition (0.806 kg Al/s) and 

subsequent 240 s homogenisation period for each of the different addition cases. 

Aluminium wire was assumed to be completely molten at 40 cm depth below the 

surface. Calculation of slag properties was based on a representative slag 

composition containing 50% CaO, 30% Al2O3, 7.5% MgO and 12.5% SiO2 

(composition given in mass%). 
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4.1.2 Flow field 

The magnitude of the velocities close to the stirrer for upward and downward 

stirring are plotted in Figure 3, surface velocities for upward stirring are found to be 

considerable higher than for downward stirring. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 3 Velocity distribution in the ladle for a) upward and b) downward 

stirring. 

 

4.1.3 Element distribution 

A 2D view of the aluminium concentration in the ladle at the end of the addition 

period is given in Figure 4 and Figure 5 respectively. Both Figure 4 and 5 illustrates 

the aluminium concentration in the ladle for the four addition cases; i) position 1 

with upward stirring, ii) position 2 with upward stirring, iii) position 1 with 

downward stirring and iv) position 2 with downward stirring. 
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(a) (b) 

Figure 4 2D-view of the aluminium concentration in the ladle just after 

addition period with 1000 A upward stirring for a) position 1, close to 

the stirrer and b) position 2, opposite the stirrer. 

 

  

(a) (b) 

Figure 5 2D-view of the aluminium concentration in the ladle just after 

addition period with 1000 A downward stirring for a) position 1, close 

to the stirrer and b) position 2, opposite the stirrer. 

 

Aluminium addition in position 2 with downward stirring (Figure 5b), means 

addition in a point where the velocities both points upwards and are very small. This 

creates a region of steel with high aluminium concentration close to the slag which 

passes along the slag surface towards the stirrer, Figure 5b. Aluminium in the steel 

will most likely react with oxygen in the slag. 
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Addition in position 2 with upward stirring, Figure 4b corresponds to an addition 

where the velocities indeed have the advantage of pointing downwards but 

unfortunately still are very small. The velocities near the addition region are not high 

enough to quickly transport the aluminium down into the steel melt and steel with 

high aluminium content is accumulated close to the ladle wall. However, contact 

with the slag surface will be much less than for addition in position 2 with 

downward stirring. 

 

For addition in position 1 with downward stirring, Figure 5a, velocities are pointing 

downwards and again are rather small. Aluminium is transported down into the 

melt, but as for addition in position 2 with upward stirring there might be a region 

close to the ladle wall with high aluminium content. A higher feeding rate of the 

aluminium wire would result in a deeper melting depth, where the velocities are 

higher and thereby suppress accumulation of aluminium close to the slag. 

 

Finally, for upward stirring the highest velocities arise in the upper part of the ladle, 

in opposite to downward stirring, see Figure 3. This gives position 1 with upward 

stirring (a short distance from the open eye), the advantages of addition where 

velocities both point downwards and are higher, Figure 4a. High velocities will 

quickly transport aluminium down in to the steel bulk. However, some aluminium 

will also follow the rather high velocities along the slag surface, Figure 3. Here it is 

important to stress out the disadvantage of sensitivity in exact position. If position 

1, just slightly would be moved a bit closer to the inductive stirrer, the aluminium 

would quite contrary end up in a region with high velocities pointing upwards. 

Aluminium would then come in direct contact with atmosphere and even more 

aluminium would be dragged along the slag surface towards the farther ladle wall. 

 

4.1.4 Variations of metal composition with time 

Maximum aluminium content in ladle during addition and homogenisation for 

addition in position one and two with upward and downward stirring period was 

simulated and plotted according to Figure 6 below. 
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Figure 6 Maximum Al-concentration in the ladle during addition and 

homogenisation period, for position close to the stirrer (position 1) 

and position opposite the stirrer (position 2) with upward and 

downward stirring. 

 

As can be seen in Figure 6, mixing of aluminium is faster for addition in position 

one compared to addition in position two, for both upward and downward stirring. 

This can be explained by the higher velocities close to the stirrer which are able to 

transport added aluminium into the steel bulk faster, see Figure 3. It is concluded 

that addition close to the stirrer where the velocities points down into the steel melt 

strongly favours fast mixing. 

 

Further, addition with upward stirring in position 1, results in faster mixing than 

downward stirring during the addition period. On the other hand, downward 

stirring in position 1 gives a slightly faster mixing than upward stirring during the 

homogenisation period. When studying the magnitude of the velocities close to the 

stirrer for upward and downward stirring plotted in Figure 3, surface velocities for 

upward stirring are found to be considerable higher than for downward stirring. 

This explains the faster transportation of aluminium for upward stirring during the 

addition period. However, velocities in the lower part of the ladle are higher for 

downward stirring than upward stirring, so once the aluminium is transported to 
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this region, mixing take place faster. That way the quick mixing with downward 

stirring during homogenisation period can be explained.  

 

When discussing the optimum addition case from a metallurgical point of view, 

reoxidation must be taken into account. On the basis of the above given discussion 

it is stated that addition in position 1 with downward stirring is the most 

advantageous. This is where least possible direct contact with atmosphere and slag 

occur. Certainly, added aluminium is transported faster down into the steel melt for 

upward than for downward stirring, the downward velocities are higher near the 

addition region when stirring upwards. However, this demand for high precision 

when injecting the aluminium wire, since the velocities just a bit closer to the stirrer 

wall on the opposite is pointing upwards. Industrial practise, with ladle changes can 

make it difficult to ensure that injection will take place in the region where the 

velocities are pointing downwards. The somewhat slower mixing with downward 

stirring during addition period is yet compensated by the faster mixing during the 

subsequent homogenisation period. The optimal case for aluminium wire injection 

was accordingly determined to addition in position 1 with downward stirring. 

 

4.2 Simulation of slag/metal reactions of a gas 
stirred ladle 

4.2.1 Simulated industrial case 

Simulations were carried out based on an industrial case at Ovako Steel in Hofors, 

Sweden.[21] A heat for the production of a high-carbon chromium-bearing steel was 

followed. 90 tonnes melted steel covered by 1100 kg synthetic slag, was treated in an 

ASEA-SKF ladle under vacuum for totally 14 minutes. Argon injection through two 

bottom porous plugs with gas flows of 130 and 140 l/min respectively was used for 

stirring. Table 2 and Table 3 present the slag and steel compositions as well as 

temperature at different times of the process.  

 

Treatment time (s) %Al2O3 %CaO %FeO %MgO %MnO %S % SiO2 

0 28.4 48.9 2.0 9.0 0.2 0.5 11.0 

840 31.1 45.5 0.62 10.0 0.15 0.86 11.7 

 

Table 2 Industrial plant data for slag component concentration (by mass%) 

before and after 840 seconds treatment time. 
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Treatment time (s) Temp.(ºC) %Al %C %Cr %Mn %S % Si 

0 1591 0.052 1.02 1.4 0.28 0.023 0.22 

240 - 0.037 - - 0.28 0.015 0.24 

840 1517 0.024 - - 0.28 0.012 0.22 

 

Table 3 Industrial plant data for temperature and steel component 

concentration (by mass%) before and after 240 and 840 seconds 

treatment time. 

 

The CFD model geometry was set to fit actual ladle size with an inner radius of 1.4 

m. 90 tonnes steel and 1100 kg slag with initial compositions as given in Table 2 and 

3 were implemented into the model. Simulations was performed under atmospheric 

pressure and with stirring achieved by a centrally placed porous plug of 50 mm 

diameter with a gas flow of 200 l/min. Temperature was kept constant at 1823 K in 

the calculation. Initial dissolved oxygen in the steel was set to 10 ppm. 

 

4.2.2 Flow field 

 

 

Figure 7 Variation of slag and steel fractions presented on a velocity vector 

plot of the flow field in the ladle. 

 

The results of flow field calculation have been reported for different ladles in earlier 

publications.[22] The reliability of the calculation of the velocity distribution has also 
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been discussed in these publications. The calculated flow fields of the present work 

are similar as the ones reported. As an example, Figure 7 presents the velocity 

vectors along with the fractions of slag and steel in the symmetrical plan. It is 

worthwhile to mention that the velocity of the metal at the slag-metal interface is 

found to be at the level of 0.7 m/s. 

 

4.2.3 Element distribution 

The model can calculate the concentration distributions of different elements as 

functions of time. Figures 8a and 8b present the concentration profiles of 

aluminium in the steel after 50 seconds and 300 seconds refining time, respectively. 

Ovako Steel carries out deoxidation during tapping the crude steel from EAF to the 

ladle. This practice would justify the assumption of uniform distribution of Al and 

O at the start of the ladle treatment. Because of the low activity of Al2O3 in the slag, 

the steel in contact with slag has the lowest concentration of Al. It is seen in Figure 

8b that the concentration gradient becomes negligible after 300 s. 

 

  

(a) (b) 

Figure 8 Concentration profile of aluminium in the steel after a) 50 seconds 

and b) 300 seconds refining time. 
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The discussion for aluminium can also be applied to the distributions of dissolved 

oxygen and sulphur. As examples, Figures 9a and 9b present the sulphur and oxygen 

distributions after 50 s of treatment. The removal of sulphur to the slag results in 

the low sulphur concentration at the slag-metal interface and higher values away 

from the interface. 

 

  

(a) (b) 

Figure 9 Concentration profile for a) sulphur and b) oxygen in the steel after 50 

seconds refining time. 

 

4.2.4 Variations of metal and slag composition with time 

An average concentration of a dissolved element in the liquid metal can be evaluated 

from the values of all the cells. The average concentrations of Al, Si, Mn, O and S 

are presented in Figure 10 as functions of time. The analyzed contents of Al, Si, Mn 

and S in the steel sample taken at 840 seconds of the ladle treatment are also 

included in the same Figure for comparison. 

 

The contents of the oxides and sulphur in slag are plotted against treatment time in 

Figure 11. To compare the predictions with the industrial data, the contents of the 

oxides and sulphur of the slag taken at 840 seconds of the ladle treatment are also 

presented in this figure. 
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Figure 10 Predicted change of steel component concentrations (average) during 

refining process. Measured values given at 840 seconds. 

 

Figure 11 Predicted change of slag component concentrations (average) during 

refining process. Measured values given at 840 seconds. 
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5. DISCUSSION 
 

The simulation of mass transfer of aluminium due to the flow field generated from 

the inductive stirring illustrated the benefits of using CFD calculations as a support 

for process development. The different stirring conditions and addition positions 

gave different amount of contact between melt with high aluminium concentration 

with the slag. When discussing the optimum addition case from a metallurgical point 

of view, reoxidation must be taken into account. However in this work the slag –

metal reactions were neglected. Incorporating slag-metal reactions into the mass 

transfer modelling would strongly enhance the reliability and amount of information 

to be analyzed from the CFD calculations. 

 

The main focus of the present communication is to incorporate thermodynamic 

constraints and mass balance into CFD calculation in a general manner. It should be 

pointed out that the present model is 2-D, while the real industrial ladle is 3-D in 

nature. Hence, the comparison of the model prediction with the industrial could 

only be considered semi quantitative. Nevertheless, the agreement between the 

model predictions and the industrial data is quite satisfactory in general as shown in 

Figures 10 and 11. It indicates that the attempt of using the activity model and 

sulphide capacity model for the slag and dilute solution model for the liquid metal in 

the CFD simulation is successful. The promising model calculation would 

encourage new CFD simulation of 3-D along this direction. Such activity is 

currently conducted by the present researchers. 

 

Note that the analyzed aluminium content in the steel after 840 seconds is 

considerably low than the model prediction (see Figure 10). This discrepancy could 

be due to (1) the uncertainties in the activities of Al2O3 predicted by the slag model, 

and/or (2) the entrainment of oxygen from the surrounding into the reactor 

through the gap between the lid and the ladle. In fact, the effect of the entrainment 

of oxygen could be more responsible. Since the steel is over killed by aluminium, the 

entrainment of oxygen from the air would not increase the oxygen content in the 

steel, but would reduce the aluminium content. 

 

Figure 11 indicates that FeO content in the slag decreases very fast in the first 200 

seconds. The reduction of FeO is mostly done by the dissolved Al. Even MnO in 

the slag is reduced to great extent during this period. After about 200 seconds, the 

variation of the slag composition is not profound.  
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Figure 11 also shows that the content of Al2O3 increases before 900 seconds. This 

increase is companied by the decrease of Al dissolved in liquid steel. Since the initial 

concentrations of Ca and Mg in the liquid iron are all below 1 ppm, they will have 

little impact on the variation of slag composition. It could be concluded that the 

slight decreases of CaO and MgO contents in the slag are mostly due to the increase 

of Al2O3 by the oxidation of Al. 

 

As seen in Figures 10 and 11, all the predicated curves flatten out after 900 seconds. 

As a matter of fact, the decrease of sulphur in the liquid metal becomes insubstantial 

after 600-700 seconds, suggesting that slag and metal are very close to 

thermodynamic equilibrium after this period of treatment. The desulphurization 

curve in Figure 10 would be a very strong base for the optimization of the ladle 

treatment with respect to sulphur removal. For example, the time for ladle treatment 

could be shortened to 600 seconds, if the sulphur content is ready low enough as 

predicated by the model. 

 

Primary effort of present work was to incorporate CFD calculation together with 

thermodynamics in a scientific manner. Reoxidation and desulphurisation has been 

implemented into a 2-D CFD model with promising results. A natural continuing of 

this work would be to incorporate the thermodynamic model into a 3-D flow model 

of a ladle. This would give a more representative flow pattern of the steel and slag in 

the ladle and by so mean also more representative mass transfer simulations. This 

would also open up the possibility to simulate mass transfer and chemical reactions 

for ladles with different stirring conditions. 

 

An other interesting and at the same time most relevant continuing of this work is 

to validate the mass transfer simulations with a number of industrial cases 

comparing different steel grades and slag compositions together with different 

stirring conditions. 

 

The present approach describes the rate of mass exchange between steel and slag by 

the complete mixing of slag and metal in the cell at the interface. The cell size is 

used as a model parameter to tune the calculation. A more realistic model for the 

slag-metal mixing would greatly improve the model prediction and its generality. It 

should be mentioned that effort has been made to study the slag-metal interface in a 

real ladle.[23,24] Even a preliminary model has been proposed to describe the rate of 

the mass exchange at the interface. It would be of great help and value to 

incorporate the model into the present simulation.  
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6. SUMMARY 
 

In order to optimise the ladle treatment simulation of aluminium addition and 

homogenisation time was carried out. The different stirring conditions and addition 

positions gave different amount of contact between melt and slag. It was highlighted 

that reoxidation played an important role when discussing the most favourable 

addition point from a metallurgical point of view. Incorporating slag-metal reactions 

into the mass transfer modelling would strongly enhance the reliability and amount 

of information to be analyzed from the CFD calculations. 

 

The present work aimed at a new CFD calculation of the ladle treatment in which 

all the elements involved in the slag metal reactions were taken into account. The 

model was based on the mass balance of oxygen in the slag metal system.[4] The slag 

phase was described using the thermodynamic model by Johan et al[5] and the liquid 

metal using the dilute solution model.[7] To simulate desulphurization, the sulphide 

capacity model developed by KTH group[6] was adopted. 

 

The thermodynamic constraints were incorporated into a two dimensional CFD 

model for a gas stirred ladle. Model predictions were compared with industrial data. 

The agreement was found quite satisfactory. 

The promising model calculation would encourage new CFD simulation of 3-D 

along this direction. Such activity is currently conducted by the present researchers. 
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