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Abstract 

The present thesis deals with the development of a new type of dynamic model for metallurgical 
reactors. It also covers some of the theoretical aspects of steelmaking that is necessary to include 
in such an application. The thesis consists of modeling work, high temperature experiments and 
cold model experiments. 

Two different aspects of slags in the oxygen steelmaking were investigated. In the first study, 
slag samples were equilibrated with copper at 1923K in order to study their capacities in 
capturing phosphorous. Some of the samples were liquid-solid mixtures. The solid phases in 
these samples were identified by SEM analysis. The identified phases were found to agree well 
with Thermocalc calculations while the amount of solid fractions didn’t. The phosphorous 
distribution between the different phases was examined. The phosphate capacities of the samples 
were evaluated. The MgO content didn’t show any appreciable impact on the phosphate 
capacity. Furthermore the activities of FeO in the liquid slag samples were calculated and were 
found to deviate positively from ideality. In the second study the foaming height of CaO-SiO2-
FeO slags by the reaction with hot metal was investigated. It was found that the foaming height 
increased with increasing FeO content up to 20-25%. The foaming height was seen to decrease 
with increased viscosity. The present results indicated that simply using foaming index for 
converter slag might lead to wrong conclusion.  

Simulation experiments using cold model at room temperature were conducted. Cold model 
experiments were carried out in order to study the penetration depth due to an impinging gas jet 
on the surface of a liquid metal. The liquid alloy Ga-In-Sn was used to simulate steel. And an 
HCl solution was used to simulate the slag. A comparison with predictions of existing models 
was made and a new model parameter was suggested. The observation of the movement of metal 
droplets generated by the gas jet was also made. The low velocity of droplets suggested that the 
turbulent viscosity played important role and the droplets could have long resident time in the 
slag. 

Furthermore a study of the effect of gas flow rate on homogenization and inclusion removal in a 
gas stirred ladle was carried out. Both industrial trials and cold model experiments were 
conducted. As an auxiliary tool CFD was used to predict the mixing times and was found to 
agree well with both the model experiments and industrial data. The increase of flow rate of inert 
gas would not improve the mixing substantially at higher flow rates. The water model study 
showed also that the gas flow rate had negligible effect on the rate of inclusion removal. Both the 
experiments and CFD calculation strongly suggested that low gas flow rate should be applied in 
the ladle treatment.  

Lastly a new approach to a dynamic process model of 300 ton BOF converter was made. The 
main feature was to utilize the velocity vectors obtained by CFD simulation. In the standalone 
model, the steel melt domain was sliced into 1000 cells. Based on the imported velocity vectors 



from the CFD calculation, the mass transfer of carbon and phosphorus was calculated taking into 
account the slag metal reactions. The mass exchange between slag and metal was considered to 
be dominated by the metal droplet formation due to oxygen jet. The convergence of the model 
calculation and the promising comparison between the model prediction and the industrial data 
strongly suggested that the proposed approach would be a powerful tool in dynamic process 
control. However, more precise descriptions of other process aspects need to be included before 
the model can be practically employed in a dynamic controlling system.  
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1.  Introduction 

Modern steelmaking is associated with numerous processes designed to perform specific tasks 
depending on their place in steelmaking route. The increased demands for higher efficiency of 
the processes in terms of energy or material savings have created a big interest to have good 
models that can describe these processes. A common method of modeling metallurgical process 
is by computational fluid dynamics (CFD)[1]. By the coupling of CFD, mass and heat transfer 
with thermodynamic information it is possible to create a model to gain insights into a specific 
process. The development of measurement techniques to obtain process information such as 
acoustic measurements, off gas measurements and infrared detection and the signals they can 
provide has generated a demand for accurate dynamic control models of the processes. Currently 
most of the existing dynamic control models are based on statistical analysis. However, there are 
desires to develop dynamic models on a more theoretical base to run alongside the statistical 
control models and provide additional information. For these models a fast calculation time 
would be a necessity. Unfortunately CFD models have unable been to fill this purpose due to the 
long calculation times associated with them.  

1.1. Dynamic control models 

Any dynamic control model would have to be able to incorporate several aspects of the process. 
In Figure 1 a simplified flow chart of necessary aspects of a dynamic control model can be seen. 
In order to have successful model of a process it needs to describe the process well on a 
theoretical basis.  

 

Figure 1: A schematic overview of a dynamic process model and the connection to the 
supplements. 
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It is crucial to have a comprehensive understanding of the reactions that takes place during the 
process. For this purpose it is important to have reliable thermodynamic information. For 
example in the Basic Oxygen Furnace (BOF) the removal of phosphorous from the steel is a 
crucial objective. Therefore it is important to have an extensive knowledge about the mechanism 
of phosphorous pickup by the slag. In addition to thermodynamic information it is necessary to 
have a good description of the various transport phenomena present in the process. For most 
processes this could describe the effects of the stirring practice on the chemical composition and 
temperature. For any model of the ladle treatment the mixing time for alloying would be 
essential due to importance of having homogenous concentration and temperature in steel. In the 
BOF, generation of droplets is of great significance. The reaction between droplets and slag 
contributes to the total decarburization and dephosphorisation. Therefore it is important to have 
knowledge about the generation and life time of metal droplets in the slag.  

Furthermore, the different physical phenomena occurring in the process could be considered. For 
example in the BOF process it is desirable to maintain a good control of the foaming height. Too 
high foam causes slag to come out of the vessel mouth in an event referred to as ‘slopping’. This 
results in loss of material, disturbance of the process and damage on equipment. A model that 
could provide useful information in this regard would be very valuable. 

1.2. Present work 

The present thesis aims to lay the foundation for a new type of process model and expand the 
knowledge about metallurgical phenomena that could be necessary for such model. 

The first supplement deals with the phosphorus capacity of converter slag. Equilibrium studies of 
CaO-SiO2-FeO-MnO-MgO slags were carried out. The types of solid phases present and the 
effect of their presence were investigated. Furthermore the effect of MgO content was studied 
and the FeO activity was looked at.  

In the second supplement the penetration depth due to an impinging gas jet on the surface of 
liquid metal was investigated. The experimental data were compared with models in the 
literature for both single layer and double layer penetration and new parameters were suggested. 
Furthermore the behavior of droplets was studied.  

In the third supplement, an initial study on slag foaming of converter slag due to the reaction 
between pig iron and FeO in the slag was made.  

In the fourth supplement the mixing time and inclusion removal was studied in order to find 
optimal stirring practice for ladle treatment. A CFD model of the mixing time is compared with 
industrial data. Furthermore a cold model study of inclusion removal was carried out. 

In the fifth supplement the foundation a new type of dynamic process models is laid. In the 
model the decarburisation and dephosphorisation in the converter were looked at.  
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2. Experimental 

2.1. Equilibrium study 

2.1.1. Materials preparation 

MgO, SiO2 and CaO were calcined at 1273 K, while MnO was dried in an oven at 393K for 24 
hours. Fe2O3 and Fe powder was mixed for the purpose of forming FeO. The total composition 
of the mixture had a composition of 51 mol-percent O. The mixture was put in a closed iron 
crucible and then kept at 1323 K for 24 hours in order to form FeO. All components used in the 
experiments had a purity of at least 99.5%. 

All the oxide components were weighed and mixed to the desired composition. About 7 g of 
each powder mixture was pressed into a pellet. For each experiment 10g of copper powder was 
used, while the amount of Fe3P varied among the samples. The Cu-Fe3P mixture was pressed 
into a pellet before use. 

In order to control the oxygen partial pressure of the atmosphere, a mixture gas of CO / 2.5% 
CO2 was used. The oxygen partial pressure was governed by the following equilibrium: 

)()(
2
1

)( 22 gCOgOgCO ⇒+                                                         (1) 

The equilibrium would result in a partial pressure of oxygen PO2=3*10-10atm at 1923K. 

2.1.2. Apparatus and Experimental Procedure 

The experimental setup is shown in Figure 2. A furnace supplied by Thermal Technology Inc. 
with graphite resistance heating elements was used. The reaction tube was made of alumina. 
Attached on the top of the reaction tube, there was a cooling chamber made of water cooled brass 
flanges. The molybdenum crucible holder was held by a molybdenum rod, which was connected 
to steel rod outside the hot zone. The steel rod was able to move through a sealed connection at 
the top of the cooling chamber. To enable vertical movement of the sample, the steel rod was 
attached to a motor. The lifting arrangement could move the sample from the even temperature 
zone to the cooling chamber within 2 seconds. The temperature was controlled and measured by 
B-type thermocouples. The temperature variation over the sample holder was determined to be 
about 2K. The gas supply was controlled by a mass flowmeter supplied by Bronkhorst. 
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Figure 2: The experimental setup used for the equilibrium study. 

Before heating, the reaction tube was evacuated by a vacuum pump and filled with argon gas. 
This procedure was repeated three times. After the last evacuation the chamber was filled with 
the reaction gas, viz. the CO-CO2 mixture. A constant gas flow rate 3L/hour was kept throughout 
the whole experiment. The sample was heated up to 1923 K and kept at this temperature for 24 
hours. After the equilibrating period, the samples were moved quickly to the cooling chamber. 
The slag and metal were separated before analysis. The analysis was carried out at ArcelorMittal 
R&D. The slag was analyzed at by X-Ray Fluorescence (XRF) and the metal was analyzed by 
Glow Discharge Mass Spectrometry (GDMS) technique. 

2.2. Penetration depth and droplet study 

2.2.1. Experimental setup 

Two different vessels were employed. The first vessel (A) had dimensions of 290 mm x 480 mm 
x 16 mm. The small thickness (16mm) of the vessel would facilitate the observation of the 
penetration when the liquid was not transparent. Vessel A is referred to as 2D container for later 
discussion. The second vessel (B) was cylindrical with a radius of 240 mm and a height of 500 
mm. Vessel B is referred to as 3D container. The experimental setup is schematically shown in 
Figure 3. A top lance was mounted above the liquid bath in the center of the vessel. The nozzle 
was 2mm in diameter and made with a straight bore in bottom of the lance. The vessels and the 
lance were made of Poly methyl methacrylate (PMMA). 
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Figure 3: Schematic experimental setup. 1) Gas supply 2) Rotameter 3) Pressure gauge 4) Top 
Lance 5) Vessel 6) Liquid 7) Camera 

In the experiments the liquid Ga-In-Sn alloy was used. The density and viscosity of the alloy are 
similar to that of molten steel, see Table 1. Experiments were conducted with and without a top 
liquid phase. The top liquid was HCl (10 volume%). Water model experiments to examine the 
difference in penetration depth between the 2D and 3D vessel were carried out. To avoid 
oxidation of the Ga-In-Sn alloy, argon gas was employed in the metal experiments, while 
compressed air was used for water model experiments. A rotameter supplied by Brooks 
Instruments with a range of 60Lmin-1 for air was used to regulate the flow. To record the 
pressure of the gas, a pressure gauge was connected. A video camera was used to record the gas 
penetration and the droplet behavior. 

Table 1 : Physical properties of liquids used in the experiments. 

 Density [kgm-3] Viscosity [mPas] 
GaInSn 6361 2.1 
Water 1000 1 
Hydrochloric acid 1060 1 

 

2.2.2. Penetration depth 

The experiments to study the penetration depth were mainly focused on the liquid metal. The 
height of liquid metal in the vessel was 150mm. In one experimental series, the penetration depth 
of liquid alloy was studied without top liquid phase. In the second series, hydrochloric acid was 
utilized as top phase. The lance was positioned at different heights above the surface of liquid 
metal ranging between 30mm and 200mm. In the case where a top phase was present, the 



6 

 

maximum lance height could only be 70mm. For each lance height, a number of different argon 
flow rates were applied. 

In order to estimate the effect of the 2D container on the penetration, a series of complementary 
studies using water were conducted in both vessel A and B. Compressed air was used instead of 
argon for water experiment. 

The videos obtained from the experiments were analyzed with a program built in Labview. 20 
frames were selected randomly from the video. The number of pixels between the surface of the 
liquid at rest and the lowest point of gas penetration visible in the metal were calculated. The 
difference could be translated into metric unit by using a reference scale that was placed on the 
vessel. 

2.2.3. Droplet movement 

The momentum of the gas jet would create metal droplets in the top liquid. The movements of 
droplets in the top liquid were investigated from the videos obtained in the penetration study. 
Droplets were identified and traced frame by frame. Trajectories and velocities of the droplets 
could be obtained by tracking the droplets frame by frame. Even the droplet size could be 
obtained from the frames. 

2.3. Foaming height 

2.3.1. Material preparation 

The slags were prepared by mixing two different premelted slags. One slag was prepared with a 
composition of 54% CaO and 46% SiO2. The second premelted slag consisted of FeO with a 
small addition of the remaining CaO and SiO2 depending on the desired final composition. The 
two premelted two slags were crushed into fine powder and mixed. Pig iron pieces were supplied 
by Tata Steel for the experiments. The pig iron contained 4.66% C and 0.018% S. An induction 
furnace was used to melt the pig iron pieces in a graphite crucible prior to the experiment. 
Afterwards the slag mixture was put on the top of the pig iron. The experimental crucible were 
made of graphite and had the dimensions: 5 cm in diameter and 10cm in height  

2.3.2. Apparatus and Experimental Procedure 

An induction furnace was used for the experiments. Figure 4 shows schematically the 
experimental setup. All the experiments were carried out in an open air atmosphere. A pyrometer 
aimed at the hot zone of the crucible during heating to register the temperature. The samples 
were quickly heated up to about 1873 K. The slag surface was observed visually to see when it 
was fully molten. After the slag was molten the temperature was kept for 2 minutes. The foaming 
height was measured from the marking of the slag on the alumina measurement stick. 
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Figure 4: Schematic picture of the experimental setup 

2.4.Study on homogenization and inclusion removal 

2.4.1. Industrial trials 

The industrial trials were carried out by Saarstahl AG, Germany. The goal of this investigation 
was the study of the mixing phenomena of alloy additions until reaching a steady state. The steel 
sample – a typical lollipop sample - was taken roughly 0.5 m beneath the steel surface at the 
same sampling position. The time interval from sample to sample was in the range of about 1.5 
min. The analyses were carried out in the chemical laboratory of Saarstahl AG using the 
combustion analysis for C and the optical emission spectrometry for Mn.  

2.4.2. Water model experiments 

The vessel used to simulate the ladle was a PMMA cylinder with the inner diameter of 480mm. 
It had a gas inlet of 6mm at the bottom of the vessel. To meet the geometric similarity, a water 
height of 500mm was applied. The position of the gas inlet corresponded to the position of the 
porous plug in the ladle of Saarstahl AG. For the stirring of the bath compressed air was used. A 
Brokhorst digital flow meter with measuring range of 10 L/min was used to control the gas flow 
rates.The physical similarity between the model and the ladle was met by using the following 
equation derived on the basis of Froude-dominated flow phenomena [2],   

















=
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2
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3
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                                                             (2) 

In eq. (2), Q [m3s-1] is the gas flow rate, g [ms-2] gravitational constant, L[m] and R[m] the 
height and radius of the bulk phase, respectively.  
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Mixing 

The mixing time was investigated by performing conductivity measurement after NaCl was 
added to the cold model. A NaCl solution was prepared before salt addition to the water bath. A 
volume of 0.4 dm3 of the solution was used for the addition. The content of NaCl in this volume 
would lead to a final salinity of 1 g/dm3 in the bath.  

Before the NaCl addition, the water bath was stirred by the gas at a constant flow rate for 5 
minutes. The addition of salt was made into the centre of the gas-liquid plume just above the 
surface of the bath. A conductivity meter was used to follow the salinity as a function of time. 
The probe of the conductivity meter was placed at a depth of 5cm in the bath. The conductivity 
meter was connected to a computer to log values every 0.5s. 

Inclusion removal 

To simulate the removal of inclusions to the top slag, a layer of silicon oil (47v100 Rhodorsil) 
having viscosity of 96 mPaS was put on the top of the water. The layer of the silicon oil was 
20mm thick. Charcoal particles were used to simulate the non metallic inclusions in the steel. It 
was reported that the interfacial tension between water and charcoal was much higher than that 
between oil and charcoal [3]. The difference in interfacial tension would favour the removal of 
charcoal particles from water. To prepare charcoal particles, pieces of charcoal were grinded into 
powder. Different sieves were used in order to obtain the particles in the size range 63-75 µm. 
The density of the charcoal was about 600 kg.m-3. The density ratio of charcoal particle and 
water is 0.6 which compares well with the density ratio between non-metallic inclusions and 
steel, namely 0.4-0.6 depending on the composition of the particle. For each experiment, 3g of 
charcoal particles was used. The powder was mixed with a small amount of water in a beaker. To 
prevent the charcoal particles from agglomeration, the two-phase mixture was stirred intensively 
to ensure that the particles distributed uniformly before adding it to the model.  

In a general run, the water bath after addition of the charcoal particles was first stirred by the gas 
for a few minutes at a predetermined gas flow rate. The same gas flow rate was used throughout 
the entire experiment. After the flow was stabilized and the charcoal particles were uniformly 
distributed, a few very thin plastic sheets were placed on the top of the water bath. Silicon oil 
was carefully poured on the top of these sheets. This procedure would make sure that no silicon 
oil would enter water due to inertial force. The starting time was recorded immediately after the 
plastic sheets were removed. Samples were taken at different stirring times. For this purpose, a 
pipette was used to collect 10ml of the liquid with charcoal particles.  

Each sample was filtered. The charcoal particles left on the filter paper were photographed. The 
images of the filtered particles were modified into a black and white image in which all particles 
were clearly identified as black regions. A simple computer program was developed in Labview 
to count the number of particles stuck on the filter paper with a high degree of accuracy. 
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2.5. CFD simulations 

Two different types CFD calculations were made. The first one investigated the mixing time in 
water model and for a ladle. The other was used to calculate the velocity vectors in the metal 
bath of a 300ton BOF. For all CFD calculation the same software and theoretical base was used. 
Furthermore, all models share similar assumptions that are explained in detail in this section. 

2.5.1.  Description of the CFD calculations 

The CFD models were developed in COMSOL Multiphysics 3.5 utilizing the bubbly flow 
module. The bubbly flow model treats the gas as a separate phase from the liquid phase without 
taking specific bubbles in consideration. 

The governing equations 

The bubbly flow model is a two-phase model, with each phase having a separate velocity field. 
The momentum equation is expressed as: 

( ) ( ) 
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The continuity equation is expressed as: 

( ) ( ) 0=+⋅∇++
∂
∂

ggglllggllt
uu φρφρφρφρ

                                              (4) 

where � is the fraction of either the phase, � is the density [kgm-3], p is pressure [Pa],g is the 
gravity force, u is the velocity vector [ms-1]. The subscripts l and g stand for liquid phase and gas 
phase, respectively. ��  ��� �	 in eq. (3) denote the dynamic viscosity and turbulent viscosity, 

respectively. The K-ε model is employed to calculate turbulent flow. 

The main features of the model and the assumptions are summarized below. 

(1) The flow is 3 dimensional. 

(2) Two phases, namely liquid and gas are present. 

(3) The model doesn’t consider energy conservation. This assumption could be justified by the 
fact that in view of the extremely strong forced convention, the effect of nature convention 
induced by density gradients is not substantial. 

(4) The effect of the top slag on the flow is not considered. 

(5) The volume of bath and the influx of gas are kept constant during the whole calculation.  

(6) The liquid surface is assumed to be flat. 
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(7) The density and the viscosity of the liquid are considered to be constant, according to the type 
of model. The physical properties employed are listed in Table 2.  

(9) The flow is turbulence in nature. The K-ε model is used to model the turbulence.  

Table 2 : Physical properties used in the model calculation. 

Fluid Density ρ[kgm-3] Viscosity µ [Pas] 

Steel 7000 7e-3 

Water 1000 1e-3 

 

Correspondingly, the following boundary conditions are used. 

(1) The logarithmic wall function is used at the vessel walls for the liquid phase. 

(2) The wall is set as insulation for the gas phase.  

(3) The inlet of gas is defined by an influx [kgm-2s-1], which can be evaluated from the gas flow 
rate and the area of the porous plug.  

(4) The surface of metal bath is set as outlet for the gas phase.  

2.5.2. Mixing model considerations 

As complement to the industrial trials and water model experiments, CFD calculations are 
carried out. The calculations are expected to provide an overall view of the effect of the gas flow 
rate on mixing. In addition to the assumption outlined the following assumptions were made for 
the modeling of mixing. 

(1) The effect of the addition of alloying element on the flow is neglected. 

(2) The flow is stabilized, while the system is in non-steady state with respect to mass transfer. It 
means that the flow profile is calculated using equation of continuity and momentum 
conservation. The flow profile is used to calculate the mass transfer in a transient mode.  

(3) The temperature is considered constant and uniform. 

The calculation of the mixing was made in two steps. First the velocity profile in the liquid was 
calculated. In the next step the mixing was calculated by activating mass transfer equations in the 
model and introducing the alloying elements in a sub domain. This sub domain was located at 
the surface inside the plume, similar to position of the alloying in the industrial trials.  
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2.6. Development of a Dynamic Process model 

2.6.1. Overall model consideration 

Mass transfer in the liquid metal 

While the CFD calculations can well describe the fluid flow in the reactors, it is still almost 
impossible to incorporate the CFD calculation directly into any process model. The present 
approach intends to utilize the powerful CFD tool to predict the flow velocities in the converter. 
The calculated velocity vectors can be used to calculate the mass transfer (and even heat transfer) 
in the liquid steel, since the diffusion in the liquid phase is negligible in a gas stirred bath. To 
calculate the mass transfer in a standalone model or later in a process model, the domain in the 
liquid metal is sliced into small cells. The net mass flux into a particular cell (mass-in minus 
mass-out) can be calculated at a given moment using the calculated velocity vectors.  

Slag-metal reactions 

Chemical reactions in the converter process are very complicated. In fact, it takes 3-5 minutes 
before a liquid slag is built up. In this period, silicon is oxidized first due to its high affinity to 
oxygen. Oxidation of iron and manganese by oxygen gas would also take place to meet the 
constraints of mass balance. Even some carbon would be oxidized in this period, though the 
reaction does not dominate. Lime is dissolved in the initial slag throughout this period. 
Thereafter, a liquid slag containing mostly CaO, FeO, SiO2, MnO and MgO is formed. The 
impinging of the oxygen jets on the liquid surface results in an emulsion consisting of slag, 
liquid metal droplets and gas bubbles. It is reasonable to expect that the reaction rate of 
decarburisation and dephosphorisation is dominated by the reaction between the metal droplets 
and the foaming slag, since a few tons of droplets per seconds are thrown into the slag.[5-7] The 
droplets stay a few seconds in the slag before returning to the metal bath.  

As the first step towards, dynamic process control, the present model would start at the moment 
when the initial slag and the slag-metal-gas emulsion have formed (about 3 minutes after the 
start of blowing). The following considerations are made; and the assumptions are made 
correspondingly.  

(1) The model only simulates the process after the formation of slag-metal-gas emulsion. The 
period of initial slag formation will be studied later. 

(2) The composition of the slag still varies even after the formation of the slag emulsion. 
Because of the insufficient transport of carbon to the slag-metal interface, more iron is oxidized 
in the earlier stage, leading to a high FeO content in the slag. The FeO content decreases after 
this period. This aspect is well brought in Figure 6, which is reproduced from the publication by 
Jalkanen and Hollapa.[8] The figure also shows that the slag composition does not vary 
considerably after this period (about 40% blowing). Some publications report variation of FeO 



 

content [9]. On the other hand, the variation range of FeO is not very 
reported by Cicuttii [9]). Note that the variati
account in a real dynamic process model. However, to simplify the present model, which is the 
first step of the dynamic modelling approach, the slag composition is taken as constant after the 
initial periods. In view that the slag composition is mostly used to evaluate the activities of P
in the slag and the oxygen activity in the steel droplets, this assumption would not affect the 
model calculation substantially in the preliminary model.

Figure 6: Slag evolution in a converter reproduced from 

(3) There are a couple of mechanisms for the decarbonisation reaction. Since the interface area 
between the droplets and slag in the emulsion is much bigger than the
the bath, the rate of decarbonisation is considered to be mostly due to slag
reaction can be expressed as  

where the activity of [O] is governed by reaction 

Previous study [10] has shown that the concentration gradient in the steel droplets is negligible. 
The droplets having diameters bigg
moment in the emulsion.[11]. These two facts strongly suggest that the metal droplets are in 
equilibrium with the slag and the gas phase in the emulsified slag. It is also expected that the 
steel at the slag-metal interface is in equilibrium with the slag. Hence, the calculated instant [C] 
for slag-metal equilibrium by 
to 0.8 based on the industrial data of off
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(4) The dephosphorisation reaction is also dominated by the reaction in the slag-metal-gas 
emulsion. This reaction can be described as 

2[P]+5[O]= (P2O5 )                                                                (7) 

(5) The amount of the metal droplets per second thrown into the slag emulsion is a function of 
the oxygen flow rate and the height of the lance. [5] In this work, constant oxygen flow rate and 
lance height is assumed to simplify the situation.  

(6) Since the metal droplets are found to be in thermodynamic equilibrium with the foaming slag, 
it can be assumed that the metal droplets have the same composition as the liquid steel at the 
slag-metal interface before they are thrown into the slag; and they are in equilibrium with the 
slag when they fall back to the steel bath at a given moment. 

(7) The concentrations of carbon and phosphorus vary with blowing time and position in the 
converter. The concentrations at the slag-metal interface vary as well. In addition to the variation 
due to mass transfer from the lower part of the metal bath, the droplets falling back from the 
foaming slag also contribute to the concentration variations at the slag-metal interface. 

(8) To simplify the calculation, the contents of the oxide components, except P2O5 are assumed 
constant throughout the process.  The flux of phosphorus from the metal droplets to the slag is 
calculated by the following thermodynamic constraint. 

[ ] [ ]( )[ ] [ ]523
%%

)(
525252

O
o

P

OP
o

OPOP

aPmassPmassf

XX
K

∆−

∆+
=

γ
                                            (8) 

where o
OPX

52
is the mole fraction of P2O5 at previous step; 

52OPX∆ is the change of mole fraction of 
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In eq. (9), dropletsW is the weight of the metal droplets, Wslag is the weight of slag, MP and Mslag are 

the molar weight of P and slag, respectively. 

The use of reaction (8) requires the activity coefficient of P2O5. Turkdogan [12] has critically 
reviewed the existing experimental data and presented following empirical equation for the 
activity coefficient of P2O5 in the converter slag 
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The standard Gibbs energy for reaction 

Go∆ 3

Model structure 

The above-mentioned facts are summarized in 
the model structure.  

(1) The velocity distribution in the metal is calculated by CFD modelling. The velocity is 
constant in each calculating cell.

(2) The oxygen potential increases in the initial stage of the slag formation and becomes nearly 
constant afterwards. The oxygen activity can be evaluated by reaction 

(3) A certain amount of metal droplets (kg/s) is thrown up into the foaming slag by the oxygen 
jet.  

(4) The metal droplets have reached equilibrium with slag with respect to P, before they fall
to the liquid metal. Note that a certain amount of Fe droplets would get oxidised into FeO and 
dissolved into the slag. However, since the increase of FeO content in the slag (see 
not substantial, it is reasonable to assume in this preliminary model that the amount of the metal 
droplets falling back to the liquid metal bath is dynamically the same as the amount thrown up 
by the oxygen jet. 

(5) The liquid metal in a given cell at the slag
each time step due to the mass exchange with the neighbour cells and the exchange of the metal 
droplets with slag. The calculation is made step after step repeatedly. 

Figure 7: A schematic 
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2.6.2. Dynamic model 

To construct the model, the domain of the liquid metal is sliced into 1000 cells (10x10x10). The 
velocity vectors obtained at the centres of the cells by CFD calculation are imported to the 
10x10x10 domain. At the start of the calculation, the concentrations of either C or P in all the 
cells are assumed to have the same initial value. 
particular cell CellM is considered.

Figure 8: An illustration of the fluxes from the neighbouring cells.

The concentration 1
MC (of either C or P) in Cell

following equation using the concentrations of the

([
([
([ C

C

C

CC

o
MX

o
M

1
M









+

+

−=

Where the subscripts are used corresponding to the cells marked in 
and 1 stand for the previous step and p
the x, y and z directions, respectively. It must be noted that only the fluxes towards Cell
considered in eq.(12). The u, v and w values are taken as positive when the fluxes are towards 
CellM. They are set to zero when the fluxes are in the outward direction from Cell
words, the fluxes going away from Cell
neighbor cells are considered. 

As mentioned earlier, in the initial per
oxidized. Carbon starts decreasing when most of the silicon has been oxidized. Because of the 

16 

To construct the model, the domain of the liquid metal is sliced into 1000 cells (10x10x10). The 
velocity vectors obtained at the centres of the cells by CFD calculation are imported to the 

At the start of the calculation, the concentrations of either C or P in all the 
cells are assumed to have the same initial value. Figure 8 illustrates how the net flux into a 

is considered. 

 

: An illustration of the fluxes from the neighbouring cells.

 

(of either C or P) in CellM after a time step can be calculated by the 

following equation using the concentrations of the neighbour cells at the previous step.

) ( )
) ( )
) ( )

zyx

wCCtyxwCC

vCCtzxvCC

yuCCtzyuC

1MZ
o
M

o
1MZ1MZ

o
M

o
1MZ

1MY
o
M

o
1MY1MY

o
M

o
1MY

1MX
o
M

o
1MX1MX

o
M1MX

∆∆∆

∆−+∆∆∆−

∆−+∆∆∆−

∆∆−+∆∆∆−

++−−

++−−

++−−

Where the subscripts are used corresponding to the cells marked in Figure 
and 1 stand for the previous step and present step. In eq. (12), u, v and w denote the velocities in 
the x, y and z directions, respectively. It must be noted that only the fluxes towards Cell

The u, v and w values are taken as positive when the fluxes are towards 
. They are set to zero when the fluxes are in the outward direction from Cell

words, the fluxes going away from CellM are taken into account only when the corresponding 
neighbor cells are considered.  

As mentioned earlier, in the initial period of blowing, only a limited amount of carbon is 
oxidized. Carbon starts decreasing when most of the silicon has been oxidized. Because of the 

To construct the model, the domain of the liquid metal is sliced into 1000 cells (10x10x10). The 
velocity vectors obtained at the centres of the cells by CFD calculation are imported to the 

At the start of the calculation, the concentrations of either C or P in all the 
illustrates how the net flux into a 

: An illustration of the fluxes from the neighbouring cells. 

after a time step can be calculated by the 

neighbour cells at the previous step. 

]
]
]tyx

tzx

tz









∆∆∆

∆∆∆

∆∆

              (12) 

Figure 8; the superscript o 
u, v and w denote the velocities in 

the x, y and z directions, respectively. It must be noted that only the fluxes towards CellM are 
The u, v and w values are taken as positive when the fluxes are towards 

. They are set to zero when the fluxes are in the outward direction from CellM.  In other 
are taken into account only when the corresponding 

iod of blowing, only a limited amount of carbon is 
oxidized. Carbon starts decreasing when most of the silicon has been oxidized. Because of the 



17 

 

low oxygen activity in the hot metal, the dephosphorisation is expected also to be very limited 
during this period. Hence, all the simulations are carried out 180 seconds after the start of 
blowing.  

The FeO content varies in the first 8-10 minutes. Thereafter, the FeO content is somewhat 
constant. In the present work, the slag composition in the second half of the process is assumed 
to be CaO: 51mass%; SiO2: 15mass%; MgO: 5 mass%. FeO: 24mass%, MnO: 5mass%.[9] A 
calculation using the thermodynamic model [14] reveals that the oxygen activity in the metal 
droplets is about 0.0885. It is also assumed that the oxygen content increases linearly with time 
before it reaches this value, 

[O mass%]=0.0005+t*0.000176 (180<t<500s)                                      (13) 

The initial composition of the liquid metal is given in Table 3. The weights of liquid metal and 
slag are also listed in the table. The amount of droplets thrown up to the slag depends on the 
oxygen flow rate and the lance position. [5] Subayago and his co-workers have derived a 
dimensionless number, blow number.[6] The amount of droplets formed estimated using this 
dimensionless number varies between 800-2000kg/s depending on (the size of the reactor), the 
gas flow rate and the height of lance. Hence, the total weight of metal droplets thrown up by the 
oxygen jet is assumed to be 2000 kg/s. Calculations for droplets formation of 800kg/s, 4000kg/s 
and 6000kg/s are also made for discussion.  

Table 3: Data used for model calculation. 

Steel and slag mass  Steel: 300000Kg 
Slag:30000Kg 

Initial chemical composition of steel  4.7%C, 0.5%Si, 0.4%Mn, 0.1%P, 0.05%S; and 
60 tonnes of scrap: 0.5%C, 0.05%Si, 0.5% Mn, 
0.02%P, 0.05%S. 

Initial chemical composition of slag CaO: 51mass%; SiO2: 15mass%; MgO: 5 
mass%. FeO: 24mass%, MnO: 5mass% 

 

A simple windows software is developed to conduct the calculation. The stepping speed is 0.7 
steps/s. 
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3. Results 

3.1. Equilibrium study 

The results of chemical analysis of the slag and metal samples are listed in Table 4. It should be 
pointed out that the FeO contents are considerably lower than the weighed in contents. As seen 
in the table; the dissolve Fe in the copper phase has become considerably high. This clearly 
reveals that FeO has been partially reduced by the gas atmosphere. This reduction has resulted in 
the dissolution of Fe into the liquid copper. 

Table 4: The composition of the slag and metal after the experiments. 

Slag composition [mass fraction] 
Metal 

Composition[mass%] 

No CaO SiO2 MgO MnO P2O5 FeO P Fe 
1 0.6041 0.1516 0.1315 0.0195 0.0409 0.0525 4.40E-04 3.80E+00 

2 0.616 0.1639 0.0757 0.0324 0.0222 0.0898 1.00E-03 7.60E+00 
3 0.5872 0.1526 0.1212 0.0289 0.0237 0.0864 7.80E-04 8.10E+00 

4 0.643 0.1691 0.0465 0.0271 0.0406 0.0737 1.40E-03 7.60E+00 

5 0.6494 0.1672 0.0445 0.0272 0.0392 0.0725 1.10E-03 6.20E+00 
6 0.6445 0.1468 0.0595 0.0369 0.0225 0.0897 4.60E-04 5.90E+00 

7 0.692 0.1783 0.0057 0.0257 0.0412 0.057 1.10E-03 6.80E+00 

8 0.6895 0.181 0.0064 0.0258 0.0402 0.057 9.80E-04 7.00E+00 

9 0.6918 0.1432 0.0067 0.0432 0.0266 0.0885 3.20E-04 6.10E+00 
10 0.5493 0.2733 0.043 0.0321 0.0373 0.065 1.60E-03 7.20E+00 

11 0.5544 0.2766 0.0433 0.0318 0.0198 0.0741 9.00E-04 7.20E+00 

12 0.4861 0.2415 0.1316 0.0305 0.0355 0.0749 2.90E-03 7.00E+00 
13 0.4914 0.2495 0.1325 0.0305 0.0194 0.0766 9.00E-04 7.10E+00 

14 0.4935 0.2407 0.1332 0.0313 0.0198 0.0815 8.00E-04 6.10E+00 

15 0.5218 0.2504 0.061 0.0466 0.0224 0.0978 9.10E-04 7.00E+00 

16 0.5111 0.3811 0 0 0.0186 0.0892 1.90E-02 6.60E+00 

17 0.5204 0.3726 0 0 0.0185 0.0886 2.00E-02 7.60E+00 
18 0.4724 0.4032 0 0 0.0204 0.104 5.00E-02 5.80E+00 

19 0.4956 0.3622 0.0636 0 0.0167 0.062 2.90E-02 8.20E+00 
20 0.4689 0.377 0.0622 0 0.0175 0.0744 2.00E-02 8.10E+00 

21 0.4952 0.3437 0.0649 0 0.019 0.0772 1.20E-02 7.40E+00 

22 0.4778 0.3769 0.0655 0 0.0177 0.0621 2.30E-02 7.20E+00 

23 0.4652 0.384 0.0674 0 0.0165 0.0669 4.00E-02 7.10E+00 
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The original intention of this study was to study the capacities of some CaO-SiO2-FeO-MnO-
MgO slags and slag-solid mixtures in capturing phosphorous. The reduction of FeO has 
somewhat changed the compositions originally targeted. However, the results are still useful for 
the steel industry as FeO content can vary within a range of 0 to 30% along converter refining 
process. In order to understand the effect of the presence of solid particles, pure liquid slag needs 
to be studied at the first place. For this purpose, Thermocalc calculations are conducted to predict 
the phase(s) present in each sample at 1923 K. Table 5 presents the calculated total fractions of 
solid phase and their natures. A comparison of the phases predicated by Thermocalc calculations 
with the phase diagram information shows a reasonable agreement.  

Note that only samples 15 to 23 are fully liquid at 1923K. To confirm this aspect, the liquid 
samples are subjected to scanning electron microscope analysis (SEM). The absence of any 
precipitation of solid phase indicates that slag is fully liquid and sufficiently quenched.  

SEM analysis is also carried out for slag samples of solid-liquid mixtures. The focus of these 
analyses is to identify the solid phases and their contribution in capturing phosphorus.  

Table 5: The estimated presence of solid phases by Thermocalc. 

Sample 
Fraction 

Solid CaO 3CaO.SiO2 2CaO.SiO2 MgO 
1 0.58 x x  x 
2 0.51 x x  x 
3 0.52 x x  x 
4 0.49 x x  x 
5 0.50 x x  x 
6 0.49 x x  x 
7 0.61 x x   
8 0.61 x x   
9 0.55 x x   
10 0.14   x  
11 0.19   x  
12 0.05    x 
13 0.05    x 
14 0.07  x  x 
15 0     
16 0     
17 0     
18 0     
19 0     
20 0     
21 0     
22 0     
23 0     
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As shown in Table 5, the samples with solid particles can be classified into 5 groups; (1) Liquid-
CaO-3CaO.SiO2-MgO equilibrium, (2) Liquid-CaO-3CaO.SiO2 equilibrium, (3) Liquid-
3CaO.SiO2-MgO equilibrium (4) Liquid-2CaO.SiO2 equilibrium, (5) Liquid-MgO equilibrium. 
The examples of the different groups are presented in Figure 9a-Figure 13a, respectively. In 
order to gain an insight into phosphorus distribution in the different phases, Figure 9b-Figure 13b 
present the element mapping of phosphorus in the same samples.  

 

Figure 9: (A) Microphotograph of the area of phosphorous mapping in sample 4, 1) 3CaO.SiO2, 
2) Liquid, 3) MgO-FeO-MnO solid, 4) Copper. (B) Phosphorous mapping. 

 

Figure 10: (A) Microphotograph of the area of phosphorous mapping in sample 9, 1) 
3CaO.SiO2, 2) Liquid, 3) CaO (B) Phosphorous mapping. 
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Figure 11: (A) Microphotograph of the area of phosphorous mapping in sample 14, 1) 
3CaO.SiO2, 2) Liquid, 3) 2CaO.SiO2 solid, 4) MgO-FeO-MnO solid (B) Phosphorous mapping 

 

Figure 12: (A) Microphotograph of the area of phosphorous mapping in sample 11, 1) 
2CaO.SiO2, 2) Liquid, 3) MgO-FeO-MnO. (B) Phosphorous mapping. 

 

Figure 13: (A) Microphotograph of the area of phosphorous mapping in sample 12, 1) 
2CaO.SiO2, 2) Liquid, 3) MgO-FeO-MnO solid. (B) Phosphorous mapping 
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It should be mentioned that pure MgO phase is not detected in the samples. The EDS analysis 
shows that instead of MgO, a solid solution of MgO, FeO and MnO (possibly spinel phase) is 
found in the samples, where the presence of MgO is predicated by Thermocalc calculation. It 
should also be pointed out that in some of the slag samples, metallic copper is found. The tinny 
Cu droplets are very difficult to be separated from the oxide phase. 

As shown in Figure 9a and Figure 9b, phosphorous has higher concentration in the 3CaO.SiO2 
phase and CaO phase in the case of Liquid-CaO-3CaO.SiO2-MgO(MgO-FeO-MnO solution) 
equilibrium. In the case of Liquid-CaO-3CaO.SiO2 equilibrium (Figure 10), the situation is 
similar. 3CaO.SiO2 and CaO phases again accommodate most of the phosphorous in the sample. 
In the samples having Liquid-3CaO.SiO2-MgO (MgO-FeO-MnO solution), 3CaO.SiO2 phase has 
the highest phosphorous concentration as shown in Figure 11. In the samples containing 
2CaO.SiO2, (Figure 12), the 2CaO.SiO2 picks up more phosphorous. The solid phase, MgO-
MnO-FeO solution has very small contribution in capturing phosphorous. This aspect is brought 
out in Figure 13. It is seen that MgO-MnO-FeO solution has very low phosphorous in 
comparison with the liquid. The low capacity in capturing phosphorous of this phase is also 
confirmed in Figure 9, where the Liquid-CaO-3CaO.SiO2-MgO(MgO-FeO-MnO solution) 
equilibrium is presented. 

3.2.Penetration depth and droplet study 

3.2.1. Penetration depth 

Figure 14 presents the penetration depths of argon in liquid metal without a top phase present. 
The penetration depth is plotted against the flow rate for a number of different lance heights. It is 
seen that the penetration depth increases with increasing gas flow rate. The figure also shows that 
an increasing lance height decreases the penetration depth at a given gas flow rate. 

The penetration depths of argon in liquid metal with a top phase (HCl solution) are presented in 
Figure 15. Similar as in the case without a top phase, the penetration depth increases with a 
decreasing lance height and increasing gas flow rates.  
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Figure 14: The influence of flow rate and lance height on the penetration depth in liquid metal 
without a top phase. 

 

 

Figure 15: The influence of flow rate and lance height on the penetration depth in liquid metal 
with a top phase. 
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Figure 16 presents the ratio R (defined in Eq.(14)) as functions of flow rate at different lance 
heights.  

D

D

H

H
R

3

2=                                                                        (14) 

where H2D and H3D are the penetrated depths in 2D container and 3D container, respectively.  It 
can be seen that the 2D container results in larger penetration depths than 3D in general. This is 
especially true in the case of higher lance positions and lower flow rates. The difference between 
H2D and H3D becomes less profound when the lance height is below 10 cm and the flow rate is 
above 15 l/min. 

 

Figure 16: The effect of the shape of vessel on the penetration depth. 

3.2.2. Movement of droplets 

Although one original goal was to study the numbers of droplets generated at different flow 
rates, it was found in the experiments that the present facility could not make any reliable 
quantitative estimation. Still, it was observed qualitatively that high flow rate would result in 
bigger number of droplets. Figure 17 presents the droplets accumulated at the interface between 
metal and top liquid after blowing time of about 1 minute. 



 

Figure 17a-c: The droplets accumulated at the interface between metal and top liquid after 
blowing time of about 1 minute, 
height of 3 cm at flow rate of 25 

As seen in the figure there were a large number of smaller droplets, usually less than 1m
diameter. These tiny droplets could be recognized by naked eyes, but could not be followed by 
video. The droplets visible to the video camera are in the range of 2 and 5 mm in diameter. Some 
typical examples of the droplets are presented in 
are also listed in the table.  

Table 6: Velocities and sizes of identified droplets.

Droplet No 
Terminal Velocity [m/s] 
Average Velocity [m/s] 

Diameter [cm] 
 

3.3. Foaming height study 

The foaming height was measured from the slag markings on the measurement stick. 
presents heights of the foam for the six different samples. 

Table 7: The foaming height of the different slags.

Slag
h [cm]

 

For comparison, the slag h
assumption that slag density is 3000kg/m
FeO contents in the slag. It is seen that the foaming height i
up to 20 mass%. The increase in foaming height is seen to level off at 20

25 

: The droplets accumulated at the interface between metal and top liquid after 
bout 1 minute, a) lance height of 3 cm at flow rate of 32 

height of 3 cm at flow rate of 25 Lmin-1; c) lance height of 5 cm at flow rate of 32 L

here were a large number of smaller droplets, usually less than 1m
diameter. These tiny droplets could be recognized by naked eyes, but could not be followed by 
video. The droplets visible to the video camera are in the range of 2 and 5 mm in diameter. Some 
typical examples of the droplets are presented in Table 6. The average velocities of these droplets 

: Velocities and sizes of identified droplets. 

1 2 3 4 5 6
 [26] [32] [24] [10] [6] [17]
 0.27 0.25 0.43 1.1 0.38 0.35

0.43 0.47 0.41 0.27 0.2 0.34

The foaming height was measured from the slag markings on the measurement stick. 
presents heights of the foam for the six different samples.  

: The foaming height of the different slags. 

Slag 1 2 3 4 5 6 
h [cm] 3.7 3.8 5.2 5.1 4.7 4.7 

eight in non foaming state was calculated to 1.5cm with the 
assumption that slag density is 3000kg/m3. Figure 18 shows the foam height as a function of 
FeO contents in the slag. It is seen that the foaming height increases with increasing FeO content 
up to 20 mass%. The increase in foaming height is seen to level off at 20-25mass %FeO.

 

: The droplets accumulated at the interface between metal and top liquid after 
lance height of 3 cm at flow rate of 32 Lmin-1; b) lance 

cm at flow rate of 32 Lmin-1 

here were a large number of smaller droplets, usually less than 1mm in 
diameter. These tiny droplets could be recognized by naked eyes, but could not be followed by 
video. The droplets visible to the video camera are in the range of 2 and 5 mm in diameter. Some 

The average velocities of these droplets 

6 7 8 
[17] [20] [20] 
0.35 0.32 0.21 
0.34 0.37 0.37 

The foaming height was measured from the slag markings on the measurement stick. Table 7 

eight in non foaming state was calculated to 1.5cm with the 
shows the foam height as a function of 

ncreases with increasing FeO content 
25mass %FeO. 
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Figure 18: The height of the slags as function of FeO content. 

3.4. Study on homogenization and inclusion removal 

3.4.1. Industrial trials 

Figure 19 presents the variations of carbon and manganese with time in different heats. In the 
figure, the normalized concentration, viz. the instant concentration (C) divided by the aimed 

value (C∞) is used.  In both Heat A and Heat B, 500 kg carbon was added and the carbon 
concentration was followed. The argon flow rates were aimed at 25 STP m3h-1 and 40 STP m3h-1, 
respectively. In Heat C, the argon flow rate was also aimed at 40 STP m3h-1. In this heat, 500 kg 
of manganese was added. The Mn content in the liquid steel was followed as a function of time. 
Note that it was difficult to know the exact argon flow rates in the trials, because they depended 
very much on the blockage of the porous plug and the possible leakage of the gas line. 
Nevertheless, it is expected that the higher aimed flow rate would associated with higher argon 
flow rate in the trial, as the two flow rates applied differed very much.  

It is seen in Figure 19 that the concentrations of carbon vary very fast in the first 180 seconds. 
The concentrations are very close to the aimed values at this moment. In the case of Mn, the 
mixing is even faster. One explanation would be that Mn liquefies and dissolves into the steel 
very quickly. As the sampling position is close to the Mn addition, the steel at that position has 
higher Mn concentration. However, Figure 19 still shows that Mn concentration varies in the first 
180 s (decreases slowly). After 180 seconds, both carbon concentration and manganese 
concentration reach their plateaus. It is evidently seen that the argon flow rate has only a little 
effect on the homogenization of the steel bath, although the two flow rates applied were so 



 

different. The different behaviour between C and Mn may depend on the large difference of 
density between the light C and the heavy Mn alloy.

Figure 19: Concentrations of Mn and C as function
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different. The different behaviour between C and Mn may depend on the large difference of 
density between the light C and the heavy Mn alloy. 

: Concentrations of Mn and C as functions of stirring time and gas flow rate in the 
ladle. 

 

different. The different behaviour between C and Mn may depend on the large difference of 

 

s of stirring time and gas flow rate in the 
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3.4.2. Model experiments 

Mixing time 

The mixing was studied for six different gas flow rates, namely 0.15, 0.21, 0.3, 0.36, 0.42 and 

0.45 m3h-1 were used. In Figure 20 the normalized concentration, 




∞
 from two independent runs 

under the same conditions is shown.  

 

Figure 20: Normalized concentration as a function of time at 0.15 m3h-1 

In determining the mixing time, it is common to use 95% and 99% to describe the mixing time. 
For example, 99% mixing implies that 

%1=
∞

∆
C

C
                                                              (15) 

where ∆C is the difference between the instant concentration and the target concentration. The 

times required to reach 95% (95τ ) and 99% ( 99τ ) mixings are plotted in Figure 21 as functions of 

the gas flow rate. At very low flow rates, e.g. lower than 0.21 m3h-1, the time required for 
homogenization decrease considerably with the gas flow rate. On the other hand, the decrease of 
mixing time is not substantial when the gas flow rate is above this value. 
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Figure 21: Water model (Scale 1:5) experiments, mixing time 95τ  and 99τ as function of gas flow 

rate Q. 

Inclusion removal 

The normalized inclusion concentration defined as 
initial
inclusion

inclusion

C

C
 (the instant inclusion concentration 

divided by the initial inclusion concentration) is plotted as function of time in Figure 22 for 
different gas flow rates. The data indicate no significant change in inclusion removal rate with a 
change in flow rate.  
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Figure 22: Normalized inclusion concentration as function of time at different flow rates. 

3.4.3. Application of the ladle model 

Calculations were carried out to simulate the ladle at Saarstahl AG for different gas flow rates. In 
the ladle treatment, the alloying elements are added in the centre of the open-eye. To simulate 
this addition in CFD calculation, the mass of the element is introduced just beneath the surface of 
steel in the centre of the open-eye. As examples, Figure 23a and Figure 23b present the flow 
profiles in the ladle in the plane through the porous plug for the gas flow rates, 20 STP m3h-1 and 
40 STP m3h-1, respectively. The velocities in general are somewhat lower in the case of lower 
gas flow rate. However, the difference is not very profound. 

  

Figure 23: Flow profiles in the plane through the gas inlet at (a) 20 STP m3h-1, (b) 40 STP m3h-1 
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In Figure 24, the predicated mixing times (95% and 99%) are plotted as functions of gas flow 
rate.  

 
Figure 24: The calculated mixing times for Saarstahl AG ladle at different gas flow rates. 

Similar calculations are also made for the water model. Table 8 presents the simulated gas flow 
rates and the corresponding flow rates in the ladle at Saarstahl AG (according to the Froude 

criteria). Figure 25 presents 




∞
 at the three sampling positions as a function of stirring time for 

the gas flow rate of 0.15 m3h-1. 

 

Figure 25: Mixing times for the water model(CFD) at 3 different sampling positions for 0.15 
m3h-1 
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Table 8: Gas flow rates used in the water model and the corresponding values in a full-scale 
ladle calculated using Froude number. 

Real flow Q [m3h-1] 0.15 0.21 0.3 0.36 0.42 0.45 

Froude no. Fr[m3h-1] 2.4 3.4 4.8 5.8 6.8 7.3 

 

The calculated times for reaching 95% mixing and 99% mixing in the water model are plotted as 
functions of gas flow rate in Figure 26. Even the experimental data are included in the figure for 
comparison. It is seen that the predicted mixing times are in fairly good agreement with the 
experimental data. 

 

Figure 26: Comparison of the experimental and calculated mixing times for the water model. 

3.5. Flow calculations in BOF converter 

Three total gas flow rates are studied, namely 400Nm3h-1, 600Nm3h-1 and 800Nm3h-1. As 
examples, Figure 27 presents the flow patterns at the vertical section through the middle gas 
inlet for the three flow rates. This section is marked in Figure 5. Note that the velocity arrows 
only consist of the two components in the vertical section. The flow patterns are very similar for 
the three gas flow rates. It is seen that the liquid metal is brought up by the gas plumes. The 
liquid travels downwards along the wall far from the gas inlet. It is also seen that the increase of 
the total gas flow rate from 400Nm3h-1 to 800Nm3h-1 would in general increase the velocity. An 
increase of about 20% is observed in the metal-gas plume when the gas flow rate is doubled. On 
the other hand, the increase is not very profound in the remaining parts of the bath.  



 

Figure 27: The flow profile through the centre inlet at (A) 400Nm
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: The flow profile through the centre inlet at (A) 400Nm3h-1, (B) 600Nm
800Nm3h-1. 

 

 

B) 600Nm3h-1 and (C) 
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4. Discussion 

4.1.Equilibrium study 

4.1.1. Phosphate capacity 

The phosphorous removal is often presented in the literature as the phosphorous partition ratio or 
the phosphate capacity [15]. The difficulties in finding a suitable material of crucible to hold both 
slag and liquid steel has ruled out the possibility of equilibrating the present slags with liquid 
steel. For this reason, the phosphate capacities of the slags are determined using Cu-slag 
equilibrium. 

 

The phosphate capacity is defined as[15]: 
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where 
2PP and 

2OP are the pressures of phosphorous and oxygen, respectively; K is the 

equilibrium constant of reaction (17); −2O
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To evaluate the phosphate capacity, one needs to determine the mass percent of −3
4PO in the slag, 

the phosphorus pressure 
2PP and the oxygen pressure 

2OP  in the gas. The partial pressure of 

oxygen is calculated to be 3*10-10 according to reaction (1). The partial pressure of phosphorous 
can be calculated using the thermodynamic data for reaction (18): 

[ ] CumassPgP %,12 )(
2

1 =                                                                               (18) 

Iwase has reported the following equation for the standard Gibbs energy of reaction (18):[16] 

)/(54.01250000 molJTG ⋅+−=∆
                                                        (19) 

The activity of phosphorous with reference to 1 mass % P in pure liquid copper was calculated 
using the content of phosphorous in copper listed in Table 4 and the activity coefficient 
suggested by Kaida & Iwase [17]  
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T
f p

)770710,8(
)40.046.4(0 ±−±=                                                          (20) 

The calculated phosphate capacities of sample 15-23 are listed in Table 9. While phosphate 
capacity is only applied to pure liquid slag, it is still interesting to evaluate the capacities of the 
liquid-solid mixtures in the rest of the samples. Considering that these capacities would depend 
on the type of the solid phase and its fraction in the sample, these apparent “phosphate 
capacities” are given in brackets. 

Table 9: The calculated phosphate capacities. 

Sample PO4[mass%] CPO4 log(CPO4) Liquid 
1 0.0540 2.87E+19 [19.46]  
2 0.0294 6.87E+18 [18.84]  
3 0.0314 9.40E+18 [18.97]  
4 0.0536 8.94E+18 [18.95]  
5 0.0518 1.10E+19 [19.04]  
6 0.0299 1.52E+19 [19.18]  
7 0.0543 1.15E+19 [19.06]  
8 0.0531 1.27E+19 [19.10]  
9 0.0353 2.58E+19 [19.41]  
10 0.0493 7.19E+18 [18.86]  
11 0.0263 6.82E+18 [18.83]  
12 0.0469 3.78E+18 [18.58]  
13 0.0258 6.68E+18 [18.83]  
14 0.0263 7.67E+18 [18.88]  
15 0.0298 7.64E+18 18.88 x 
16 0.0248 3.04E+17 17.48 x 
17 0.0246 2.87E+17 17.46 x 
18 0.0271 1.26E+17 17.10 x 
19 0.0222 1.79E+17 17.25 x 
20 0.0233 2.72E+17 17.43 x 
21 0.0252 4.91E+17 17.69 x 
22 0.0235 2.39E+17 17.38 x 
23 0.0220 1.28E+17 17.11 x 

  

Table 9 shows that the presence of solid particles would increase the phosphate capacity greatly, 
even two orders of magnitudes higher compared to the liquid sample (15-23). It is also seen that 
the slag with highest solid fraction (predicted by Thermocalc) has the highest phosphate apparent 
capacities.  
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4.1.2. Phosphorous pickup in solid phases 

A comparison of the results of SEM analysis with Thermocalc calculation reveals that the solid 
phases predicted by the thermodynamic calculation in general agree reasonably well with the 
experimental results. However, the predicted fractions of the solid phases do not agree well with 
the SEM observation. This disagreement could be due to either or both of the following two 
reasons. (1) In the case of samples of pure liquid at 1923K the super cooling nature of the silicate 
liquid makes the quenching sufficient to maintain the liquid phase. However, the existence of 
solid particles makes the need for nucleation unnecessary. Hence, phase transformation would 
proceed fast, which leads to bigger fractions of solid phases after cooling. (2) The 
thermodynamic data in the database would possibly associate with uncertainties. These 
uncertainties would result in uncertainties in the fractions of the solid phases. Confirmation of 
the phase relationships would require much efficient quenching and more thorough SEM study. 
This is out of the scope of the present work. Nevertheless, the experimental information would 
still provide quite valuable information regarding the distribution of phosphorus in the solid 
phases in a semi quantitative manner. 

As seen in Figure 9-Figure 13, phosphorous has higher concentration in CaO, 3CaO.SiO2 and 
2CaO.SiO2, but very low concentration in the MgO-FeO-MnO solid solution. Even the liquid 
phase has considerably higher phosphorous concentration than this solid solution. 

Though EDS analysis cannot provide accurate composition, it is still interesting to compare the 
phosphorous concentrations in the solid phases in a semi quantitative manner. The P2O5 
concentration ranges in the CaO, 3CaO.SiO2 and 2CaO.SiO2 phases are very similar, around 3 
mole percent.  

Note that the fractions of solid phase in Sample 12-14 shown in Table 5 are all around 0.05. On 
the other hand, the phosphate capacities of these samples (see Table 9) are more than one order 
of magnitude higher than that of pure liquid samples. Though, the Thermocalc calculations in 
this case could only be used semi quantitatively, one could still conclude that it might be 
advantage to choose slag composition with small fraction of solid particles.  

Presence of solid particles improves the dephosphorisation power greatly thanks to higher 
phosphorous capacity of slag. On the other hand, increased amount of solid particles results in 
higher slag viscosity and foaming propensity of the slag [23-24]. This will affect dephosphorisation 
kinetics and the ability to control the converter blowing process without slopping (excessive 
foaming). For industrial application, we can assume that there is an optimal solid fraction in slag 
which maximizes overall dephosphorisation efficiency. 
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4.1.3. The effect of MgO 

The effect of MgO can be seen in Figure 28. The figure contains both the phosphate capacities 
for the liquid slags as well as the apparent phosphate capacities of the solid containing slag. The 
addition of MgO does not show any strong impact on the phosphate capacity. The apparent 
phosphate capacities for the solid fraction slags show a slight decrease with increasing MgO. 

 

Figure 28: The effect of MgO on phosphorous capacity. 

4.1.4. Activities of FeO 

While the main focus of the present experiments is to determine the dephosphorisation power of 
different slag compositions, the data for the dissolved Fe in copper would be useful to evaluate 
the FeO activities in the liquid slag.  

The activities of FeO can be calculated based on the following reaction [25]: 

)(
2

1
)()( 2 gOlFelFeO +⇒                                                        (21) 

The standard states are pure liquid FeO, pure liquid Fe and oxygen gas at one atmosphere. The 
standard Gibbs energy of the above reaction is reported to be,[25] 

)/(681.532560610 molJTG −=∆                                        (22) 

The activity of liquid iron in copper at 1923K is calculated by Thermocalc using the SSOL4 
database. These activities are presented in Table 10. The calculated activities of FeO in the liquid 
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slags are also shown in Table 10. Due to the high concentration of Fe in the liquid copper, any 
slag contamination in the copper would be negligible. As seen, the activity of FeO shows 
positive deviation from ideal behavior.  

Table 10: Activities of Fe in copper obtained from Thermocalc and the calculated activities of 
FeO(l). 

No aFe(l) aFeO(l) 
16 4.46E-01 1.07E-01 
17 4.85E-01 1.16E-01 
18 4.11E-01 9.82E-02 
19 5.06E-01 1.21E-01 
20 5.03E-01 1.20E-01 
21 4.77E-01 1.14E-01 
22 4.70E-01 1.12E-01 

23 4.66E-01 1.11E-01 
 

4.2. Penetration depth and droplet study 

4.2.1. The effect of vessel dimensions. 

As seen in Figure 16, the use of 2D vessel in general results in bigger penetration depth than 
using 3D vessel. The difference becomes substantial when the lance position is high. The 
decrease of gas flow rate also results in bigger difference in the penetration depth. This could be 
well explained by the flux of momentum of the gas jet. In the case of 3D vessel, the gas jet can 
develop freely. On the other hand, the development of the gas jet would be constrained by the 
small dimension of 2D vessel and therefore resulting in bigger flux of momentum in the area of 
penetration. This effect would become more profound when higher lance position is employed. 

It is obvious that the penetration depth observed in 2D vessel needs to be adjusted to compensate 
for this effect. Based on the experimental data for water model, an empirical expression to 
describe the penetration depth (H3D) in 3D vessel by the penetration depth (H2D) in 2D vessel is 
derived, 

34.0
2

3 59.3 h

H
H D

D =                                                                      (23) 

where h is the height of the lance (the distance of the orifice of the lance to the liquid bath).  
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4.2.2. Comparison of the existing models 

A number of models have been developed to predict the penetration depth in the case of liquid 
without top liquid. Most of these studies have been carried out based on water model 
experiments [26-34]. Many models[27-30] share a common structure suggested by Banks and 
Chandrasekhara[27] as shown in the follow equation,  
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                                              (24) 

where Hj the penetration depth [m], h is the lance height [m] �� is the density of the liquid[kgm-3] 
and g is the gravitational constant [ms-2]. The jet momentum P [kgms-2] is defined as: 

22
tgg DvP πρ=                                                                         (25) 

In eq. (25), ��[kgm-3] is the density of the impinging gas, Vg [ms-1] is the velocity of the gas and 

Dt [m] is the nozzle diameter 

In the literature, different values are reported for the constant K in Eq.(24). These K values are 
listed in Table 11 along with the references. Chatterjee [31] proposed a modified Eq.(24). In the 
model, K was not reported explicitly but can be calculated to to 7.1. Some studies have been 
carried out on oxygen-steel models [35-37]. Li and Harris reported [38] that the experimental data by 
Flinn et al[35] and Sharma et al[37] would result in a K value of 10 and 7.8 respectively. 

Table 11: K values reported for Eq (24). 

K- value Model Note 
6.4 D.H. Wakelin [28]  
7.6 W.G. Davenport [29]  
7.5 F.Qian , R. Mutharasan and B. Farouk 

[30] 
 

7.9 R.B. Banks, D.V. Chandrasekhara [27] Calculated 
 

In order to examine the applicability of the different models in the case of liquid metal, the 
predicted penetration depths are plotted as functions of flow rate in Figure 29 and Figure 30 for 
lance heights of 3cm and 15cm, respectively. Note that the present experimental data plotted in 
these figures are recalculated using Eq.(23). As shown in Figure 29, the models developed by 
Chatterjee[31] and Qian[30] predict the penetration depth reasonably well for a lance height of 3 
cm. Kumagai’s[32] model and Koria’s[36] model, especially the latter, predict much bigger 
penetration depth than the experimental data. On the other hand, Olivares’ model[33] predicts 
only half of the penetration depths obtained in the experiments. 
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For higher lance heights, Kumagai’s model and Koria’s model still predict much bigger 
penetration depths and Olivares’ model still smaller. Even the predictions by the models of 
Chatterjee and Qian become progressively worse, especially at higher gas flow rates. This aspect 
is exemplified in Figure 30 for a lance height of 15 cm. Both Chatterjee and Qian models deviate 
negatively from the experimental data. The use of water model could be a reasonable explanation 
for this deviation.  

 

Figure 29: Comparison of vessel adjusted experimental data with previous models at a lance 
height of 3 cm. 

 

 

Figure 30: Comparison of experiment with previous models at a lance height of 15 cm 
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4.2.3. New model parameter 

In view of the reasonably good predictions of Chatterjee[31] and Qian[30] at lower gas flow rate, 
the model parameter of commonly used model, which is originally due to Banks and 
Chandrasekhara[27] is re-optimized using the experimental results. The K value obtained from 
optimization is 9.8. Note that this value agrees very well with the K value obtained by Li and 
Harris [38] using the experimental data by Flinn[35]. It is interesting to mention that Flinn’s data 
are obtained using iron. 

In Figure 31, the present model prediction is plotted against the experimental data. The 
predictions over a wide range of gas flow rate and lance heights could be considered satisfactory. 

 

Figure 31: A comparison of Equation (24) (K=9.8) with experimental data 

4.2.4. The effect of a top phase 

In the above discussion, only the metal bath without top liquid was considered. In the real 
converter process, a slag phase always presents. The ratios between the penetration depths with 
and without top liquid phase are compared in Figure 32 for the three lance heights. As seen in 
the figure, the presence of top liquid has big impact on the penetration depth, since the gas jet has 
to push away the top phase before it reaches the liquid metal. The consumption of kinetic energy 
leads to a smaller penetration depth. Figure 32 also shows that the effect of the top phase is 
reduced with increasing gas flow rates until it reaches a plateau. This plateau is seen at lower 
ratios for higher lance heights, as more fraction of total momentum of the gas jet is consumed by 
the top phase. 
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Figure 32: The effect of the presence of top phase 

Qian[30] has previously suggested the following equation for a two layer system: 

F
aD

P

tLmix

=
2γ

                                                                     (26) 

where a [m] is the total penetration depth of both layers. F is dependent on lance height, total 
penetration depth, nozzle diameter and the constant K.  
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Lmixγ in eq.(26) is defined as: 
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The index 1 and 2 stand for slag and steel, respectively. Figure 33 shows the predicted 
penetration depths in the metal as functions of flow rate at different lance heights. In the 
calculation, the present model parameter K=9.8 is employed. The lines predicted using this value 
are solid. For comparison, the lines calculated using K=7.5 proposed by Qian and K=9.8 are also 
included in the same figure. The comparison shows that Qian’s model predicts considerably 
small penetration depths, while the present model parameter provides reasonably good model 
prediction. It should be mentioned that in the present experiments the lance was below the 
surface of the top phase whereas the lance was above the top liquid in Qian’s study. This would 
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be a possible explanation for this difference. The present arrangement was due to the 
consideration that in the converter the lance is always immerged in the slag. 

 

Figure 33: A comparison of equation (26) for different K values and experimental data. 

4.2.5. Residence time of droplets 

As mentioned in the result part, it was very difficult to follow the movements of small metal 
droplets. Only the movements of droplets bigger than 2 mm could be followed by the video 
camera. However, the velocities of these bigger droplets are still interesting. In order to get better 
grip of the falling of the droplets, the terminal velocities of the droplets based on the dynamic 
viscosity of HCl are estimated and presented in Table 6. It is seen that the falling velocities of the 
droplets are far too small compared to the terminal velocity calculated based on the dynamic 
viscosity of HCl solution, being 2 orders of magnitude lower. Note that in a gas stirred bath, the 
flow is very turbulent. Using dynamic viscosity to estimate the terminal velocity would be very 
misleading. For this reason, the values are given in square brackets [ ] in Table 6. It is common 
knowledge that the effective viscosity (the sum of turbulent viscosity and dynamic viscosity) in a 
gas stirred bath would be 2 orders of magnitude higher than the dynamic viscosity. The observed 
velocities of the droplets are in fact in accordance with this reasoning. In the present cold model, 
the height of the top phase is only 15 cm. The residence time of a droplet is observed to be at the 
level 0.5-1 seconds in general. On the other hand, slag in an industrial converter has a dynamic 
viscosity of about 0.2 Pa.s, which is about 100 times of the HCl solution. Moreover, the violent 
stir of the oxygen jet along with the foaming nature of the slag would lead to very high effective 
viscosity. A droplet of 4 mm in diameter would have a terminal velocity of about 0.2 m/s, in the 
case of laminar flow in single liquid phase. In reality, the droplet velocity would be much smaller 
than the terminal velocity calculated using the dynamic viscosity, as revealed by the present 
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observation. Hence, the residence time of a metal droplet in the foaming slag could range from a 
few seconds to even minute due to the large effective viscosity of the “slag”. He and Standish [39] 
investigated the residence time in mercury-glycerin model. They found that the residence time 
increased with increased top blowing rate. This increase can well be explained by the increasing 
turbulent viscosity. The authors [39] further reported that a residence time about 1 minute in the 
slag to be reasonable. This value is in line with the present reasoning. 

4.3.Foaming height study  

The slag foaming, as seen in Figure 18, increases with increasing FeO content in the slag up to 
20-25mass%. One of the reasons for this would be the increased generation of CO following the 
reduction of FeO in the slag by the carbon in the pig iron, eq (29).  

����� � � � ���� �  �����     (29) 

It is clear that the FeO would be reduced by the graphite crucible itself as well. However this 
reaction would only be limited to the walls of the crucible while the measurement stick was 
placed in the center. Note that the rate of gas generation could not be measured in the present 
experiments. Table 12 presents the viscosities and compositions of the slags used in the 
experiments. The viscosities were calculated using a viscosity model. [40] 

 

Table 12: The composition and calculated viscosities of the slags at three different temperatures. 

Composition [mass%] Viscosities[Pas] 
Slag CaO SiO2 FeO T=1823K T=1873K T=1923K 

1 50 40 10 0.0942 0.0768 0.0633 
2 47.5 37.5 15 0.0716 0.0592 0.0495 
3 45 35 20 0.0568 0.0475 0.0401 
4 42.5 32.5 25 0.047 0.0397 0.0338 
5 40 30 30 0.0404 0.0344 0.0295 
6 44 36 20 0.0559 0.0468 0.0395 

 

In Figure 34 the foaming height is plotted against the slag viscosity at 1873K. It is seen that the 
height of foaming slag increases with the decrease of viscosity, in general.  
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Figure 34: The foaming height as function of calculated viscosities 

This is in agreement with the finding of Kitamura[41] who found an inverse proportional 
relationship between foaming height and viscosity. However it doesn’t explain the plateau seen 
at lower viscosities in Figure 34. An empirical equation to describe the foaming index for CaO-
SiO2-FeO slags is described in Eq. (30).[42] 
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Where V is the volume of foam [m3], Q is the gas flow rate[m3s-1] µ is the viscosity [Pas], γ is the 
surface tension [Nm-1] and ρ is the density [kgm-3]. The equation implies that the foaming index 
increases with increased viscosity. Since the rate of gas generation was not recorded in the 
present study it is not possible to calculate the foaming heights for the experiments. However 
from the equation it can be concluded that under constant gas generation an increase in viscosity 
would lead to an increased height of the foam, in contrast to the decrease seen in present study. 
Wu [43] studied the foaming height of different silicon oil with different viscosities. He found that 
the foaming height increased with increasing viscosity up about 140mPas, depending on the 
superficial velocity, after which the foaming height would decrease. However, this critical 
viscosity would be different between silicon oil and slag, as they have different density and 
surface tension levels. In the present experiments the viscosities for all slags were below 
140mPas. It is possible that such peak is seen in Figure 34 at lower viscosities.  

It should be mentioned that the present report is a preliminary effort to study the foam of real 
slag systems. A big amount of experiments are definitely needed to gain an insight of the effect 
of gas generation rate and slag viscosity. 
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4.4. Study on homogenization and inclusion removal 

4.4.1. Mixing 

It should be pointed out that the present CFD calculation is only an auxiliary tool helping to 
provide a better overview. The fairly good agreement between model calculation and 
experimental data shown in Figure 26 suggests that the model prediction can well be used for 
this purpose. In fact, even the results of the CFD calculation for the real ladle agree reasonably 
well with the trial results. As shown in Figure 19, both manganese and carbon reach their 
plateaus after 160 seconds of gas stirring. Although the real argon flow rates are somewhat 
uncertain, the industrial data still suggest evidently that the mixing times are very short when the 
argon flow rates are near and above 25 STP m3h-1. The value of 160 seconds compares really 
well with the calculated curves in Figure 24. It is seen in the figure that the time for 99% mixing 
is shorter than 160 seconds when an argon flow rate above 20 STP m3h-1 is applied. Figure 19 
suggests also that further increase of argon flow above 25 STP m3h-1 has much less profound 
effect on the mixing. This aspect is well predicted by the CFD calculation shown in Figure 24.  

In a previous publication [44], the mixing time in a 100 ton ladle was studied. Based on the 
industrial trials in a ladle, the authors reported a mixing time of 150 second. The mixing time is 
in accordance with the present results.  

Bannenberg and co-authors [45] investigated the mixing time in the case of ferromangan addition 
in the ladle process using different flow rates and porous plugs positions. They also found that 
the effect of gas flow rate was not substantial and &95 was generally 3 minutes. Their results also 
compares well with the present findings. 

There were certain restrictions when doing industrial trials. Hence, it was not possible to run the 
mixing trial at lower gas flow rate. However, the CFD calculation clearly show (see Figure 24) 
that the mixing time (99% mixing) is only 250 seconds at a gas flow rate as low as 5 STP m3.s-1. 
This stirring time is very short considering the time span in most ladle treatment practices.  

In the case of both industrial trials and water model, the differences between times reaching 95% 
mixing and 99% mixing are rather large with respect to the mixing time. Hence, there might be 
different strategies when optimizing the stirring with respect to different targets of 
homogenization.  

Note that the agreement between the CFD calculations and the water model experiments in 
Figure 26 would encourage using CFD to understand the mixing behaviour. On the other hand, 
both experimental data and CFD results suggest considerably lower mixing times, when the 
results are used for the real ladle. As seen in Table 8, the flow rate of 0.45 m3h-1 in the water 
model would correspond to roughly 7.3 STP m3h-1 in the ladle. Both experimental results and 
CFD calculation indicate a mixing time below 30 seconds in the ladle, which is much lower than 
the value of 230 seconds shown in Figure 24. It implies that transferring the water model results 
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to the real industrial practice need to be done with great precaution, though physical similarity 
(Froude number) is kept.  

4.4.2. Inclusion removal 

A necessary condition for the separation of the inclusions from the steel bath to the slag is the 
direct contact between the inclusions and the slag. In a gas stirred ladle, there are two main 
regions for slag-metal contact. When the argon-metal plume rises, it creates a so called open-eye. 
Around the open-eye, the descending metal has good contact with the slag. A part of the metal 
would travel along the slag-metal interface a distance away from the open-eye. In this region, the 
moving metal has also direct contact with the slag. In the case of a vessel with a small diameter, 
the slag-metal contact around the open-eye is dominating. In the case of big vessel, even the 
slag-metal contact away from the open-eye is important.  

A previous study carried out in the present laboratory indicates that the major part of the metal 
coming in contact with the slag is brought up by the metal-gas plume. [46] Higher plume velocity 
would bring larger amount of inclusion to the open-eye region per unit time and also larger 
amount of inclusion travelling along the horizontal slag-metal interface.  

However, many inclusions are found to follow the metal flow coming out from the open-eye 
region without being separated to the slag. [47] Chevrier and Cramb[48] report that even the 
inclusions having the size larger than 1 mm would stay at the slag-metal interface for about 11sec 
before entering the slag. A long resting time of the inclusions at the slag-metal interface would 
increase the possibility for the inclusions to reenter the metal bulk.  

The maximum number of inclusions that have the possibility to meet the slag per second outside 
the open-eye region depends on the size of the inclusions and the horizontal velocity of the liquid 
metal. [48] The horizontal flow will drag the inclusions to move horizontally, while the buoyancy 
force will push the inclusions move upwards. The bigger the inclusion is, the faster it rises 
towards the metal surface due to the buoyancy. These two factors would lead to a liquid layer 
with a certain thickness, in which the inclusions larger than a certain size would have the 
opportunity of meeting the slag. The smaller the inclusion is, the smaller is the liquid layer is. 
The velocities of the plumes and horizontal velocities of the surface flow of the water model 
experiments are given in Table 13. It shows no great difference in velocities between the flow 
rates. This would explain why the effect of gas flow rate on inclusion removal is not very 
profound (see Figure 22), since the inclusion would be brought to the surface at roughly the same 
amount and travel close to the surface for roughly the same time. 
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Table 13: The calculated average values of surface and plume velocities in the water model. 

Flow rate Q [m3h-1] 0.15 0.3 0.42 

Surface velocity [ms-1] 0.14 0.18 0.19 

Plume velocity  [ms-1] 0.18 0.23 0.25 

 

As seen in Figure 23a and b there is no great difference in velocities in plume and at surface 
between 40 and 20 STP m3h-1. The trends are very similar for the water model. It is expected that 
the increase of argon flow rate would not enhance the inclusion removal, at least to an 
appreciated level. 

4.4.3. Suggestion to optimum argon flow rate 

As seen in the above discussion, the mixing is very fast in an argon stirred ladle. Irrespective of 
the argon flow rate, the steel phase would reach 99% mixing within 250 seconds, when the argon 
flow rate is above 5 STP m3h-1. Increasing the stirring intensity will shorten the mixing time. 
However, it is unnecessary in view of the usual time of ladle treatment. The mixing time is much 
shorter in comparison with the case when slag-metal reaction is involved (e.g. desulphurization). 
In fact, even the time for 99% mixing is definitely shorter than the time required for inclusion 
removal.  

The results of inclusion removal indicate that a much longer time is required for the removal of 
the inclusions. Hence, the ladle treatment time in the industries like Saarstahl AG should be 
governed by the inclusion removal. The present results also indicate that the increase of argon 
flow rate would not improve the inclusion removal, since more inclusions will be brought up by 
the plume and the same time less fraction of inclusions will meet the slag. The bigger vertical 
velocities close to the ladle wall are associated with higher argon flow rate. The momentum of 
the liquid steel would enhance the flushing off of tiny pieces in the refractory matrix of the ladle 
wall. This would be an important source of non-metallic inclusions. [49] 

It has been reported that a too high argon flow rate would possibly result in slag-metal 
emulsification, which would also form inclusions. 

Taking into account of the mixing, inclusion removal and generation of inclusions, it can be 
concluded that a low argon flow rate should be employed in the ladle treatment. Note that this 
suggestion does not take slag-metal reactions into consideration. 

  



 

4.5. Evaluating the dynamic converter 
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Figure 35: Carbon distributions on the central slice at (a) 600, (b) 900s.
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dynamic converter model 

The concentrations of C and P in the metal bath are calculated after each stepping time. As an 
presents the concentration distributions of carbon in the vertical section 
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The corresponding phosphorous concentrations at the same blowing times are presented in 
Figure 36a-b, respectively.  

Figure 36: Phosphorous distribution on the central slice at (a) 600, (

It is seen that the concentration gradients for both C and P decrease with blowing time. The 
concentration profiles are in good accordance with the velocity distributions shown in 
The metal-gas plumes brought up the liquid metal to the slag
the slag, the metal flows downwards along the wall far away from the gas
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It is seen that the concentration gradients for both C and P decrease with blowing time. The 
concentration profiles are in good accordance with the velocity distributions shown in Figure 27. 

metal interface. After reaction with 
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Figure 38: The variation of [P] with blowing time at different argon flow rates

Cicutti et al. [9] have reported the 
blowing times for a converter of 200 T. The sampling position is very close to the slag
interface. Though their results are obtained from a different converter, it is still interesting to 
make a relative comparison with the present model prediction. 
Figure 39a for carbon and 
only a figure is given in the paper, the position is
two figures are calculated at this corresponding position. It is seen in 
predicted curve using 2000kg/s droplet formation agree with the experimental data
reasonably well. On the other hand, the experimental data for 
faster dephosphorisation rate than the model prediction. Note that the P reaches almost the 
equilibrium value in the melt aft
would require very high oxygen potential in the melt and the oxygen potential is still very 
low at this moment, the experimental data might subjected to certain uncertainties. This 
aspect would need further study. The generation rate of metal droplets of 2000kg/s seems to 
predict the decarbonisation quite well. Using 2000kg/s for the droplet generation rate is on 
the higher side of the droplet formation. Even this aspect needs careful study, in orde
develop a dynamic model with high precision.
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Figure 39: A comparison of the model prediction with industrial data from Cicutti 
different droplet generation rates. (a) C, (b

It must be pointed out that the present work does not focus on precise modelling of a particular 
BOF reactor. Instead, the aim is to develop a structure of future dynamic process model, which 
can utilize CFD results. The convergence of the model calculation along with the semi 
quantitative comparison between the model prediction and experimental 
evidently suggests that the present modelling ap
controlling model in the real process. 

Note also that the present modelling exercise can only be considered as a preliminary but pioneer 
attempt of using the results of CFD calculations in a real process model
goal of a real dynamic controlling model, many aspects need to be improved and considered. The 
following aspects are the foremost factors to be considered in the next step along the present line.
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proach could be a promising route for dynamic 

Note also that the present modelling exercise can only be considered as a preliminary but pioneer 
attempt of using the results of CFD calculations in a real process model. In order to reach the 
goal of a real dynamic controlling model, many aspects need to be improved and considered. The 
following aspects are the foremost factors to be considered in the next step along the present line. 



54 

 

(1) The slag composition needs to be modelled as a function of the blowing time.  
(2) The amount of droplets thrown up to the slag needs to be modelled as function of the 

oxygen flow rate and the position of the lance.  
(3) Droplets could even be oxidized into FeO dissolving in the slag. This will not only affect 

the mass balance calculation, but also vary the slag composition. Hence, this point should 
be modelled simultaneously with point (1).  

(4) The oxidation of C by the oxygen gas at the gas-metal interface needs to be included. 
(5) The thermodynamic model to estimate the activity coefficient of P2O5 need careful study 

for the real converter slag. 
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5. Summary 

In the present work slag-copper equilibrium was utilized to study the dephosphorisation power of 
different slag compositions at 1923 K. The samples after equilibrating were studied in SEM to 
identify the phases including solid phases present. The phases present agreed well with 
Thermocalc, while the amounts of the solid phase were much higher in the samples. This was 
probably due to inefficient quenching. The phases were analyzed for phosphorous content. It was 
found that 2CaO.SiO2, 3CaO.SiO2 and CaO were the main carriers of phosphorous. The 
activities of FeO in pure liquid samples were calculated and were found to have a positive 
deviation from ideal behavior. It was seen that the MgO content did not have any strong impact 
on the phosphate capacity. One can assume that the observed detrimental effect of MgO on 
dephosphorization in industrial converters is resulted from kinetics factors and slag viscosity 
increasing because of the precipitation of MgO-rich solid phases.  

Cold model experiments using liquid Ga-In-Sn alloy were carried out. The experimental data for 
single layer penetration was compared to existing models and was found to be in disagreement, 
especially at higher lance height. An optimized equation was proposed. Furthermore, 
experiments using a top phase were made. The experimental results were well predicted using 
the present model parameter in a model for two layer penetration proposed by Qian et al. 
Droplets generated by gas jet were identified. The sizes and velocities of the droplets were 
evaluated. It was found that the droplet velocity was hundred times lower than the terminal 
velocity evaluated using dynamic viscosity. This was in accordance with the literature data using 
mercury-glycerin model. The huge difference could be well explained by the very large turbulent 
viscosity. 

The foaming of CaO-SiO2-FeO slag induced by the reaction with pig iron was studied. It was 
found that foaming height increased with increasing FeO content up to 20-25mass%. 
Furthermore it was found that lower viscosities had higher foaming heights. The present results 
indicated that simply using foaming index for converter slag might to wrong conclusion. Future 
work is required to model the foaming height of converter slag. 

In order to find an optimum flow rate range for the ladle refining process, a study of mixing time 
and inclusion removal was carried out. Both industrial trials and water model experiments were 
conducted. The experiments were further complemented by CFD calculations for the simulation 
of the mass transfer in the ladle with different gas flow rates. Note that the present CFD 
calculation was used as an auxiliary tool to gain a semi quantitative understanding of the effect 
of argon flow rate on the ladle treatment. In the case of industrial trials and water model study, 
homogenization of the alloying elements was found to be very fast, usually within 2-3 minutes. 
This fast mixing was further confirmed by the CFD calculation. The increased intensity of the 
stirring by inert gas did decrease the mixing time. However, the decrease was not substantial and 
was not economically beneficial. The effect of gas flow rate on inclusion removal was also 
studied in a water model. For this purpose, charcoal particles in the size range of 63-75 µm were 
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used to simulate the inclusion, while silicon oil was applied to simulate the slag. The effect of 
gas flow rate on the rate of inclusion removal was not profound. Taking into account of the 
mixing, inclusion removal and generation of inclusions, it could be concluded that a low argon 
flow rate should be employed in the ladle treatment, when slag-metal reaction was not the main 
objective of the ladle treatment. 

A new model structure towards the development of dynamic models for process control in the 
BOF was proposed. It utilized the velocity vectors calculated by CFD simulation to calculate the 
mass transfer in the metal bath. The standalone model provides the concentrations of carbon and 
phosphorus at the slag-metal interface as a function of blowing time. A model for slag-metal 
reaction was also developed to take into account the concentration variation due to slag-metal 
reaction. The foremost focus of the present work is to see whether the use of CFD results in a 
standalone model can potentially become a process model which dynamically controls the 
operation by using the feedback information. It must be pointed out that the present work did not 
focus on precise modelling of a particular BOF reactor. Instead, the emphasis was to develop a 
structure for a future dynamic process model. The convergence of the model calculation along 
with the semi quantitative comparison between the model prediction and experimental data 
evidently suggested that the present modelling approach could be a promising route for a 
dynamic controlling model in the real process. A significant amount of modelling work taking 
details of the process is still required before the model can be employed in dynamic process 
control. 
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