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ABSTRACT 
 
The aim of this thesis work is to increase the knowledge of phenomena taking place 
during the initial stage in a top blown converter. The work has been done in a few steps 
resulting in four different supplements. Water model experiments have been carried out 
using particle image velocimetry (PIV) technology. The system investigated was a 
fundamental top blown converter where an air jet was set to impinge on a water surface. 
The flow field of the combined blown case, where an air jet was introduced through a 
bottom nozzle, was also captured by the PIV. The work clearly showed that the flow field 
caused by an impinging top blown jet alone could not match that of the bottom blown 
case. The main re-circulation loop (or vortex) was investigated with respect to position 
and it was found that an increased flow rate pushes the center of the re-circulation loop 
downwards into the bath. However, for the top-blown case there is a point when the flow 
rate is too large to cause a distinguishable re-circulation loop since the jet becomes more 
plunging (i.e. penetrates deep into the bath) than impinging, with large surface agitation 
and splashing as a result. 
 
A numerical model with the same dimensions as the experimental system was then 
created. Three different turbulence models from the same family were tested: standard-, 
realizable- and a modified- (slight modification of one of the coefficients in order to 
produce less spreading of the air jet) k-ε turbulence model. It could be shown that for the 
family of k-ε turbulence models the difference in penetration depth was small and that the 
values corresponded well to literature data. However, when it comes to the position of the 
re-circulation loop it was shown that the realizable k-ε model produced better results 
when comparing the results to the experimental data produced from the PIV 
measurements, mentioned earlier. 
 
It was then shown how the computational fluid dynamics (CFD) model could be coupled 
to thermodynamics databases in order to solve for both reactions and transport in the 
system. Instead of an air-water system, a gas-steel-slag system was created using the 
knowledge obtained in the previous simulation step described above. Reactions between 
gas-steel, gas-slag, steel-slag and gas-steel-slag were considered. Extrapolation of data 
from a few seconds of simulation was used for comparison to experimental data from the 
literature and showed reasonable agreement. The overall conclusion was that it is 
possible to make a coupling of the Thermo-Calc databases and a CFD software to make 
dynamic simulations of metallurgical processes such as a top-blown converter. 
 
A parametric study was then undertaken where two different steel grades were tested; one 
with high initial carbon content (3.85 mass-%) and one with lower carbon content (0.5 
mass-%). The initial silicon content was held constant at 0.84 mass-%. Different initial 
temperatures were tested and also some variation in initial dissolved oxygen content was 
tried. It was found that the rate of decarburization/desiliconization was influenced by the 
temperature and carbon concentration in the melt, where a high temperature as well as a 
high carbon concentration favors decarburization over desiliconization. It was also seen 
that the region affected by a lower concentration of alloys (or impurities) was quite small 
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close to the axis where the impinging jet hits the bath. Add the oscillating nature of the 
cavity and it was realized that sampling from this region during an experiment might be 
quite difficult. 
 
Keywords: numerical modeling, top-blown converter, BOF, CFD, Thermodynamics, 
slag, dynamic simulations 
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Chapter 1.  
 

INTRODUCTION 
 
 
 
In metallurgical processes involving injection of gas, either from the top or from the 
bottom of the vessel, a good understanding of the flow field of the bath is desirable. This 
is important in order to increase the control of the process. Possible usages would be not 
only the obvious control of reactions in the vessel, but also control over refractory wear 
and the formation and removal of inclusions. Experimental measurements of the process 
can be undertaken, but they are usually costly and the information obtained can be 
somewhat limited mainly due to the experimental difficulties associated with the high 
temperatures of the system. It is not uncommon to perform physical modeling where 
liquid steel is traded for water. This can be done since the kinematic viscosity of liquid 
steel at 1600 oC is roughly the same as the kinematic viscosity of water at 20 oC. Another 
approach is to complement the experiments with numerical simulations. This opens up 
the possibility to do parametric studies at lower cost and also to study phenomena 
impossible to investigate with experimental techniques. In the current work the top blown 
system has been used in all of the examples where the fluid dynamics and 
thermodynamics have been modeled. The physical experiments also included combined 
blowing where bottom and top blowing were employed. Here follows a short literature 
study associated with the physical and numerical investigation of the top and/or bottom 
blown system.  
 
There have been several experimental reports on the subject for instance.1-15) Also, some 
numerical or Computational Fluid Dynamics (CFD) reports have been presented.16-23) A 
large number of texts cover bottom blowing.1-7) Top blowing has also been covered in a 
number of studies.5,6,8-10) Combined top and bottom blowing has also been discussed.5,6) 
Iguchi et al. measured the mean velocity- and turbulence-distribution in a bottom-blown 
bath.1) In another study by Iguchi et al., the bubble rising velocity, due to central bottom 
injection, was investigated when the bath was covered with a silicone oil layer, acting as 
slag. In the same article the mixing time was evaluated.4) Iguchi et al. also investigated 
the establishment time of the bath during bottom blowing, as well as the bubble 
characteristics when the system was under low pressure.2,3) Bradshaw and Wakelin gave 
a relationship for the penetration depth on a bath surface caused by an impinging gas jet.8) 
Nordqvist et al. investigated the swirl motion in a bath induced by an impinging jet.9) 
Turkdogan studied the depression of the liquid surface during top blowing as well as the 
critical impact pressure at which the depression becomes unstable.10) Diaz-Cruz et al. 
investigated both the mixing time and the splashing characteristics in the top-, the 
bottom- and the combined-blowing cases.5) Koria studied the bath mixing intensity in 
combined blowing as well as top and bottom blowing.6) In a paper by Molloy the 
oscillatory nature of the impinging jet system was investigated. He named three different 
mechanisms associated with the impact of the jet onto the liquid surface: dimpling, 
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splashing and penetrating.11) Kumagai and Iguchi categorized different patterns generated 
in a fluid due to an impinging jet.12) Nordquist et al. investigated the effect different lance 
height, bath height and nozzle diameters had on the penetration depth in top blown water 
models13). Banks et al. investigated the pressure distribution, cavity profiles and 
associated velocity profiles for round and planar jets.14)  Chatterjee and Bradshaw related 
the critical depth of depression of a liquid surface deformed by an impinging jet to cause 
splashing, to the properties of the liquid.15) Szekely and Asai presented a computational 
model of a jet impinging onto a liquid surface, using a predetermined shape of the surface 
as a boundary condition.16) Nguyen and Evans investigated the effect the nozzle-to-pool 
diameter ratio had on the deformation of the liquid surface caused by an impinging jet, 
using a computational model.17) Zhang et al. modeled a combined blown case where a top 
jet as well as a submerged jet was employed.18) Odenthal et al. showed a multiphase CFD 
model of a top blown converter where splashing phenomena due to the impinging jet was 
investigated as well as the mixing time in the converter due to bottom and top blowing.19) 
Nakazono et al. described a numerical analysis of a supersonic O2-jet impinging on a 
liquid iron surface containing carbon.20) The calculations were performed under vacuum 
and addressed surface chemistry between the gas- and the steel-phase. The model used a 
steady state approach without treatment of splashing, ripples etc. There are also other non 
top-blowing CFD models presented in the literature that address chemical reactions in 
metallurgical systems, see for instance.21, 22) Jonsson et al., presented a coupled CFD and 
thermodynamics model of sulfur refining in a gas-stirred ladle.21) The thermodynamics 
was incorporated in the CFD program as a custom subroutine specifically written for the 
investigated system. A schematic of such an approach can be seen in Fig. 1. The current 
work can be seen as an extension of the work by Jonsson et al. where a more general 
approach to the thermodynamics – fluid mechanics coupling has been used for a 
fundamental top blown system. 
 

Thermodynamics
Sulphide  and hydroxyl capacities

Activity coefficients
Free energy changes

Heats of formation, molar entropies
Heats of fusion and transformation

Molar volume, heat capacities

Thermophysics
Diffusion constants
Property variations

•Viscosity
•Thermal conductivity

•Emissivity
•Surface and interfacial tensions

Reaction Models
[S] + (O 2- ) = [O] + (S 2- )
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FeO  = Fe + [O]
MnO  = [ Mn] + [O]
2[H]=H 2 (g)
….. (dilute solution model)

Dynamic equilibrium
Volume of mixing

Multi-phase Eulerian scheme
Two-phase  k-ε  model

Transport Descriptions

(Three phases: steel/slag/gas)

( ) ( )

k
CTkU

i
r Sii

rvrr
dt

d

ji

ii

....,,,,,1 εϕ

ϕ
ϕϕϕρΡ ϕ

=

+⎟
⎠

⎞
⎜
⎝

⎛ ∇Γ∇∇+ •• =
r

 
Figure 1 – Schematic of a numerical model approach with combined CFD and thermodynamics 
modeling. From reference 23. 

 1-2



 
1.1 Project Objectives 
 

 
Figure 2 – Schematic of the model setup. 

Small Scale 
Plant Trial

Water ModelThermo-Calc FLUENT 

Validation Numerical Description 

Model 

 
The aim of this project was to develop a general process model of metallurgical systems 
with high temperature chemistry. The method used to obtain this goal is described in Fig. 
2. The top blown system was modeled since recent experimental data (small scale plant 
trials) was available to be used as validation. The computational fluid dynamics (CFD) 
software Ansys Fluent24) was coupled to the Thermodynamics software Thermo-Calc25) 
in order to solve a dynamic system taking both mass transport and reactions into account. 
The numerical model was validated against cold- (water models) and hot- (small scale 
plant trials) experiments. The water model experiments were a part of the work and the 
small scale plant trials data was taken from an ongoing work at the Royal Institute of 
Technology (see [9]). The work progressed sequentially in the following order; 
 

• Water model experiments 
• CFD modeling of gas/water 
• CFD modeling of gas/steel 
• CFD modeling of gas/steel/slag 

 
Fig. 3 shows how the supplements are connected to each other. As for the order of work 
all supplements were produced in chronological order with some overlapping in the 
beginning/end of a supplement. The water modeling of supplement 1 showed the flow 
field in the top-, bottom- and combined-blown system. In supplement 2, the top blown 
system of supplement 1 was modeled using CFD. The main focus of supplement 3 was to 
describe how the CFD and Thermodynamics software were connected and the 
assumptions that were made therein. Supplement 4 was an extension of supplement 3 
where an investigation of what the effects of a different carbon to silicon ratio would 
have on the decarburization took place. Validation of supplements 3 and 4 was performed 
by comparison to literature data when it comes to the high temperature chemistry results. 
As for the CFD-specific results (i.e. transport of mass, momentum, heat etc.) they were 
not explicitly validated in supplements 3 and 4. Instead, it was assumed that if the model 
could produce a satisfactory result when compared to water model experiments then it 
could be extended to include gas/steel/slag instead of air/water. 
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S4 
Gas/Steel/Slag Simulation 

S2 
Gas/Water Simulation 

 

S1 
Water Model 

Based on 
results from 
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S3 
Gas/Steel Simulation 

Validated 
against 

Figure 3 – Flow chart describing how the supplements are connected. 
 
 
1.2 Fundamentals of the BOF Process 
 
As mentioned earlier, a top-blown system was selected as the metallurgical system of 
investigation, where experiments from laboratory scale experiments studying the BOF 
process has been utilized. The basic oxygen furnace (BOF), e.g. the LD converter, is a 
refinement step in the chain to produce steel from ore. Typically, in a previous step the 
ore has been reduced to pig iron in a blast furnace. A pig iron composition, charged into 
the BOF, can be seen in table 1 below26) 
  
Table 1 – Typical pig iron composition charged in the BOF24). 
wt% C wt% Mn wt% Si wt% P wt% S wt% O Temp. [oC] 
4.7 0.2-0.3 0.2-1.5 0.06-0.12 0.02 0.0 1350-1400 
 
The pig iron is then subjected to pure oxygen and a synthetic slag (usually containing 
lime, CaO and/or dolomite, CaMg(CO3)2) in order to remove unwanted impurities, where 
the main impurity element is carbon. This is a strongly exothermic process that causes the 
temperature of the bath to increase from about 1400 oC to 1700 oC. This increase is also 
necessary since the liquidus temperature of steel increases from about 1150 oC to 1500 oC 
with the decrease in carbon concentration. The carbon will oxidize forming carbon 
monoxide and also to some extent carbon dioxide. Other impurity elements such as 
silicon will form oxides and then hopefully join the top slag so that they can be removed. 
Oxides that are not removed will be removed at later stages in the process chain, but 
some will end up causing unwanted effects in the finished product. After about 20 
minutes of operation a typical steel composition is26) 
 
Table 2 – Typical steel composition after finished treatment in the BOF24). 
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wt% C wt% Mn wt% Si wt% P wt% S wt% O Temp. [oC] 
0.05 0.1 0.0 0.01-0.02 0.01-0.02 0.06 1620-1720 
 
The supplied oxygen comes from a top lance placed above the metal bath. It is not 
uncommon to supply the oxygen through a top lance and have some inert gas blowing 
through bottom tuyeres in order to increase the mixing of the steel bath (LBE). Below is a 
principal schematic of a top blown converter, where the main reaction zones can be seen. 
 

 
Figure 4 - Principal schematic of top blown converter with decarburization zones. 
 
Reaction zone A is where the oxygen hits the metal and reacts directly with the dissolved 
carbon. Reaction zone B is where metal droplets have been ejected. These droplets are 
then initially decarburized by the surrounding gas and then by the surrounding slag as the 
slag layer develops. Reaction zone C is reactions taking place in the bulk of the metal 
bath. 
 
The formation of the cavity in A is attributed to the high velocity gas jet emanating from 
the top lance. The principle is that the jet gives rise to a pressure force on the bath 
surface, which in turn deforms the surface. The counteracting force from the bath on the 
jet can be approximated using Archimedes principle, which bases the force on the weight 
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of the displaced liquid. This means that if a cavity is formed in a low density fluid then a 
high density fluid, such as liquid steel, will require a larger force to produce a similar 
cavity. The bath circulation, illustrated by the arrow in Fig. 4, is caused by the shear 
forces between the gas and the liquid meaning that the gas leaving the cavity pulls the 
steel from the cavity bottom towards the cavity lip. 
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Chapter 2.  
 

WATER MODEL INVESTIGATION OF A 
COMBINED-BLOWN SYSTEM 
 
 
 
In the following section the water model experiments connected to supplement 1 will be 
described. The purpose of the experiments was to increase the understanding of the flow 
field in a fundamental top blown converter for three different cases; top-, bottom- and 
combined-blowing. The experimental setup as well as a summary of the results will be 
shown below. 
 
2.1 Experimental setup 
 
The flow field in the water was determined using a Particle Image Velocimetry (PIV) 
system with model name Ultra CFR Nd: Yag laser. A schematic of the setup can be seen 
in Fig. 5. The PIV system gives information of the flow field of the liquid. It combines a 
double-pulsed laser with a video camera and tracer particles. First, the laser illuminates a 
sheet, of a plane, in the fluid and then the video camera records the positions of the added 
tracer particles. A fraction of a second later the laser illuminates the sheet again and the 
camera takes another recording. From the two sheet images, the software then calculates 
the flow field. In order to obtain more statistics this process is repeated a number of times 
(e.g. 50 or 100). The mean velocity can then be calculated. 
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Figure 5 – Schematic of experimental setup when using the PIV system.   
 
De-ionized water was used in order to minimize the occurrence of erroneous readings. 
Also, special care was taken to remove bubbles at the walls of the experimental 
equipment. A black background was set at the far side of the camera. At the start of an 
experiment, the cylinder (∅200 mm) was filled with water to an initial height of 275 mm. 
Thereafter, the tip of the lance nozzle (∅2 mm) was set to 50 mm above the undisturbed 
bath surface. Also, when used, the bottom nozzle (∅2 mm) was placed in line with the 
center axis of the cylinder. The tracer substance used was a polymer from MCI GEL® 
with model name CHP2OP. It has a density of 1.03 g/cm3 and a diameter distribution of 
75-150 μm. Before the tracer particles were added to the de-ionized water, they were 
subjected to Ethanol in order to remove trapped air inside the particles. This is important 
since trapped air causes unwanted buoyancy. Before each experiment there was a short 
time to let the flow field stabilize, this time was small, usually less than 5 minutes. Each 
case described above has a number of conditions set, which can be seen in Table 3. 
 
Table 3 – Gas flow rates during the PIV measurements.    
Trial Qg-top [cm3/s] Qg-bottom [cm3/s] 
1 283 0 
2 283 16,7 
3 283 27,1 
4 333 0 
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5 333 16,7 
6 333 27,1 
7 333 49,5 
8 417 0 
9 417 16,7 
10 417 27,1 
11 417 49,5 
12 700 0 
13 700 16,7 
14 700 27,1 
15 700 49,5 
16 0 16,7 
17 0 49,5 
18 0 92,0 

 
2.2 Results 
 
All results shown below will be from the right hand side of the system. The reason for 
this can be seen from Fig. 5. At high gas flow rates from the bottom nozzle there will be 
a large amount of bubbles in the center of the cylinder. These bubbles distract the laser 
that is placed on the right side of the system, yielding bad readings from the left side of 
the system. Hence only results from the right hand side of the system will be discussed. 
 
In Fig. 6 data is presented for a case when only bottom purging through a centrally 
placed nozzle was used and for the following gas flow rates, Qb: a) 16.7 cm3/s, b) 49.5 
cm3/s and c) 92.0 cm3/s. As can be seen, the water is lifted up towards the surface due to 
buoyancy forces resulting from the gas that is injected. Thereafter, the flow is directed 
towards the wall and further downwards towards the bottom of the vessel. This gives rise 
to a recirculation loop (vortex). With increasing flow rate the recirculation loop moves 
downwards into the bath. 
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a)                                b)                                  c) 

Figure 6 – Mean velocity distribution in a two-dimensional plane where the symmetry plane is on the 
left side. Data are presented for a case when only bottom purging was used and for the following gas 
flow rates, Qb: a) 16.7 cm3/s, b) 49.5 cm3/s and c) 92.0 cm3/s. 
 
Fig. 7 shows a plot of the axial velocity as a function of the radial distance from the 
symmetry plane (axis). Data are shown for a case where only bottom blowing has been 
used and for flow rates of 16.7 to 92.0 cm3/s. As expected the highest axial velocities are 
found at the center of the vessel close to the plume, where gas is injected. The mean axial 
velocities decrease with radial distance from the center of the vessel as the center of the 
circulation loop approaches. Moving towards the wall from the center of the circulation 
loop (in Fig. 7 present at about 0.075 m) it is seen that the velocity increases at first and 
then decreases. In general, the effect of an increased gas-purging rate on the mean 
velocity in the circulation loop is relatively small. 
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Figure 7 – Mean velocity distribution in center of vortex when using bottom purging only. Qb is the 
bottom flow rate in cm3/s. 
 
Fig. 8 and 9 is an assembly of experiments where the flow rate from the top lance has 
been 283, 333, 417 and 700 cm3/s. The bottom flow rates have been 0, 16.7, 27.1 and 
49.5 cm3/s. The figures should be read top to bottom and left to right. The first thing to 
notice in the figures is that when only top blowing is employed the main movement is in 
the top region of the bath. Still, when considering only top blowing, an increased flow 
rate from the top lance only gave a minor effect on the bath circulation. This was true up 
to a point where the jet penetration and the agitation of the surface became too large. 
After this point the flow field underwent a change and became more chaotic (see Fig. 
9a). Similar to Fig. 6 it was seen that an increased bottom flow rate pushed the main 
vortex downwards into the bath. When comparing Fig 6, 8 and 9 it was noted that the 
different blowing conditions have a relatively small impact on the magnitude of the flow 
field. Instead there was a change in the position of the main vortex. The variation in 
position can be seen in Fig 10. 
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a1)                          b1)                           c1)                                  

 
a2)                         b2)                          c2)                           d2) 

Figure 8 – Mean velocity distribution in a two-dimensional plane where the symmetry plane is on the 
left side. Data are presented for a case when both top blowing and bottom purging were used. The 
flow rate in the top lance was 283 (top-level images ‘1’) and 333 (bottom-level images ‘2’) cm3/s and 
the flow rates in the bottom nozzle were as follows: a) 0 cm3/s, b) 16.7 cm3/s, c) 27.1 cm3/s and d) 49.5 
cm3/s. 
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a1)                        b1)                            c1)                            d1) 

 

 
a2)                          b2)                         c2)                             d2) 

Figure 9 – Mean velocity distribution in a two-dimensional plane where the symmetry plane is on the 
left side. Data are presented for a case when both top blowing and bottom purging were used. The 
flow rate in the top lance was 417 (top-level images ‘1’) and 700 (bottom-level images ‘2’) cm3/s and 
the flow rates in the bottom nozzle were as follows: a) 0 cm3/s, b) 16.7 cm3/s, c) 27.1 cm3/s and d) 49.5 
cm3/s. 
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Figure 10 – Dimensionless position of the center of the vortex. Flow rates connected to each trial 
respectively (1-18) can be found in table 3. 
 
Fig. 10 shows the position of the center of the vortex in the bath (note that the 
experiments with a top flow rate of 700 cm3/s have been omitted since no clear position 
of the main vortex was found there). Different top lance flow rates are compared as well 
as different bottom purging rates. From the figure it is clear that increasing bottom 
purging lowers the center of the re-circulation loop if comparing trials 16-18. Top 
blowing only (trials 1, 4 and 8) follows the same pattern, with the center of the re-
circulation loop moving further down into the liquid with increasing flow rate. When 
combined blowing is used the general trend is that increasing top blowing will push the 
center of the re-circulation loop downwards, compared to bottom blowing only, as can be 
seen when comparing trials 2 and 5 with 16 or when comparing 7 with 17. Also, at a 
constant bottom purging rate of 16.7 cm3/s trials 3, 6 and 10, this trend is well shown.  
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Chapter 3.  
 

NUMERICAL SETUP AND THEORY 
 
 
 
The numerical modeling consisted of three different parts. First the penetration depth and 
bath flow field was investigated and compared to experimental water model results. Then 
the numerical model was extended to incorporate high temperature chemistry. The results 
that were produced with this CFD-Thermodynamics approach were compared to 
experimental steel-gas-slag experiments from the literature. Finally, a parametric study 
was undertaken to investigate what effects different initial conditions would have on the 
decarburization of steel. 
 
3.1 Numerical Setup - General 
 
The first step when building the numerical model was to discretise the domain, i.e. divide 
the numerical domain into a number of computational cells. In Fig. 11 the numerical 
domain can be seen. The building process of the numerical domain was divided into a 
few steps. First it was assumed that a symmetry condition could be used along the lance 
axis (A-C). This reduced the number of cells needed. Second it was assumed that the 
flow conditions in the gas above the lance tip (A-a) was known and that the flow 
conditions at the outlet (a-B) could be approximated. Table 4 gives information of the 
specific boundary conditions used in the domain (some of the concepts will be described 
in 3.3 below where high temperature chemistry is considered). 
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Figure 11 – Numerical domain. 
 
The Ansys Fluent software has been used, which is a commercial finite volume solver 
used for computational fluid dynamics. Conservation equations of mass, momentum and 
energy were solved. Depending on the turbulence model used some extra conservation 
equations could be added, for instance conservation of turbulence kinetic energy, k, and 
turbulence energy dissipation, ε, as prescribed in the standard k-ε model27). The following 
form can be used for transport of any propertyφ :  
 

( ) ( ) ( ) φφρφρφ Sgraddivdiv
t

+Γ=+
∂
∂ u       (1) 

 
where ρ  is the density, u is the mean velocity vector, when using a turbulence model 
based on Reynolds Averaging, is the diffusion coefficient and   is the source term, 
as can be seen in Table 5. Equation (1) and Table 5 describes the transport of; mass, 
momentum, turbulence kinetic energy, turbulence energy dissipation, energy, species and 
volume fraction. The Volume of Fluid (VOF) method28) was used to track the different 
phases used. The method of finding the number of cells to be used in the numerical 
domain (Fig. 11) consisted of the following two steps 

Γ φS

 
• First the model looked at a case with only a jet emerging out into an open domain 

(i.e. C-D and B-D were set to outlet boundaries). The jet solution was tested on a 
number of different mesh sizes and when the solution did not change much 
between two mesh refinements the solution was deemed mesh independent. 

• The mesh found was then used as a starting point when creating the mesh that 
would hold several phases. A few mesh refinement steps were performed on the 
new mesh, although it was much more difficult to control the refinement step 
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because of the added level of the surface region making it more arbitrary. 
Nevertheless, a mesh-independent solution was deemed found when the solution 
did not change too much between two subsequent refinement steps. 

 
From the mesh generation process a few things were noticed 
 

• The resolution of the inlet has a significant impact on the spreading rate of the jet. 
• The setup demands quite long cells in the axial direction close to the jet orifice 

because of the courant number (although it was possible to get a solution due to 
the implicit scheme used in the software, the time accuracy was not good). 

• The cells close to the surface needs to be small in both height and width 
(preferably also square) because of the capturing of the free surface deformation. 
This is a direct contradiction to the previous point that demanded elongated cells. 

 
Table 4 – Boundary conditions corresponding to Fig. 11. 
A-a: Inlet. 

- Constant species mass fraction. 
- Constant temperature. 

a-B: Pressure outlet. 
- Constant species mass fraction. 
- Constant temperature. 

B-D-C: Wall. 
- No slip. 
- Zero heat flux. 

A-C: Axis. 
- Axis of symmetry. 
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Table 5 - Conservation equations. 
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3.1.1 Numerical Setup – Air/Water Top Blown System 
 
In this section, a numerical model of a top-blown system will be presented. Two phases 
were used; air and water. Validation was done against literature and experimental data. 
The purpose of the model was to investigate the penetration depth as well as the bath 
circulation caused by the impinging jet. Both parameters are important to model correctly 
when considering full scale converters. Since reliable high temperature experiments 
(steel) are extremely difficult to obtain, cold models (water) are usually used. Since the 
dynamic viscosity of water (20 oC) and steel (1600 oC) is similar, one can expect that the 
flow conditions inside the bath will be similar when comparing hot and cold models. The 
penetration depth will, of course, be less for the high density steel compared to the lower 
density water, if all other conditions are held the same (see section 1.2). However, if the 
numerical model can predict the flow pattern of air/water, then it should be possible to 
make the transition to gas/steel with confidence. 
 
One important choice for the numerical model is the one of which turbulence model to 
use, since it will affect the spreading of the jet and the circulation in the bath. To model 
turbulence the standard k-ε model27) was compared to the realizable extension of the k-ε 
model29), as well to a slightly modified form of the standard k-ε model. The realizable 
model is supposed to predict the spreading rate of axis-symmetric (round) jets more 
accurately than the standard k-ε model. The modification to the standard k-ε model was 
done by changing one of the empirical constants as seen in Table 6. When considering 
the equations for turbulent kinetic energy, k, and turbulent dissipation, ε, it is seen in 
Table 5 that a decrease of the constant would result in a smaller destruction of ε and 
therefore reducing k, and eventually the effective viscosity. This would lead to less 
spreading of the jet and consequently to a deeper penetration depth. In summary, the 
following three turbulence models were tested 

2εC

 
i) A standard k-ε model (sKE) 
ii) A modified k-ε model (1.78KE) 
iii) A realizable k-ε model (rKE) 

 
Table 6 – Modeling constants. Use turbulence model parameters with Table 5. 
 

Air 
ρ = 1.225 

μ = 1.7894e-05 
ν = 1.4607e-05 

Water 
ρ = 998.2 

μ = 1.003e-03 
ν = 1.005e-06 

Wall 
σ = 0.073 

Wall contact angle in degrees, wθ  = 90 
 

 
Turbulence model parameters 

09.0=μC  

44.11 =εC  
))

2 78.1/90.1/92.1 +++=εC  

1=kσ  
)2.1/3.1 +=εσ  

 
+ k-ε realizable 

++ modified k-ε model 
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3.1.2 Numerical Setup – Coupled CFD and Thermodynamics 
 
In this section, the incorporation of high-temperature chemistry into the model will be 
described. The coupling is between the computational fluid dynamics software Fluent and 
the high-temperature chemistry software Thermo-Calc.  
 
In order to obtain an accurate description of the thermodynamics, the software Thermo-
Calc25) is used. This is a general software package for multi-component phase 
equilibrium calculations. It uses a technique that allows for a very flexible setting of 
conditions for the equilibrium state, which makes it suitable for use with process 
simulations. 
 
The method of solution is the following. First, the mass and heat content in each phase is 
calculated separately. Then, the total mass and heat content is summed up. The system is 
thereafter equilibrated. Finally, the program calculates the temperature, new compositions 
and amounts of the phases. 
 
To communicate with the thermodynamics software an application programming 
interface TQ25) is used. This interface is one of the interfaces available within the 
Thermo-Calc software package and makes it possible to generalize the implementation of 
different system (e.g. the components and elements that the system consists of) without 
changing the code. 
 
The aim with the coupling of the software - the CFD-package and the Thermo-Calc 
database is to create a general numerical model for metallurgical systems including 
chemical reactions. It is built in a modular fashion in order to ease the incorporation of 
new research into the model. This also means that very little reprogramming is necessary 
when changing from one system to another, as long as the thermodynamic data is present 
in the thermodynamic database and the capabilities of the CFD software is not exceeded. 
In the following text the coupling will be described. The major assumption is that local 
equilibrium can be reached in each computational cell during the course of each time 
step. The software interface between the CFD-package and the thermodynamic databases 
is coded in C and FORTRAN, respectively. 
 
All bulk phases have been modeled as incompressible; having uniform density. With a 
refinement of the model, it should be possible to use an ideal-gas-law assumption for the 
gas phase and some temperature and composition dependent density model for the steel 
and the slag phases. To briefly explain some specifics of the functionality, assume that 
one mole of oxygen reacts with carbon in the melt to form two moles of carbon 
monoxide. In the computational cell under consideration there will be an expansion of the 
gas phase to roughly twice the original volume. This in turn will most likely mean that 
the gas expands outside the computational cell. When coupled with CFD, the expansion 
will occur in the following time step, as the extra gas mass is added to the cell as source 
term. After a computational cell has reached equilibrium it will also have a specific 
temperature - the equilibrium temperature.  
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Assumptions: 
 

a) Thermodynamic equilibrium can be reached in each cell during any time step. 
b) The properties of gas/steel/slag are constant in time and space. 
c) Equilibrium needs only to be calculated in cells containing at least two phases. 

 
A schematic of the coupling and the solution procedure can be seen in Fig. 12. 
 

Init

Solve transport

Calculate
equilibrium

Update CFD
program

t=tN ? No

End

Y
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b)

c)

d)

e)

f)
 

Figure 12 – Solution procedure using CFD coupled to thermodynamics. 
 
Using the notation in Fig. 12, the outlined coupled solution procedure can be described 
as 

a) The model is initialized using suitable starting values for species, temperature, 
velocities etc. 

b) Transport equations are solved using Eqn. (1) with Table 5. 
c) If the amount of each phase is larger than VOF_min (a preset number 

corresponding to the least volume to cause a call to Thermo-Calc), Thermo-Calc 
is called to calculate a thermodynamic equilibrium. 

d) The new species distribution and temperature in the cell are set directly. The mass 
transfer between the phases is stored and used in the subsequent time step. 

e) A check is done to determine if a convergence criterion has been reached, such as 
a predetermined time or a steady state. 
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f) If convergence has been reached the program terminates. Otherwise, it resumes at 
b) using the current variables 

 
 
The model used in supplement 3 differs some from the model used in supplement 4, 
primarily in the initial conditions and how the gas phases are described. The initial 
conditions used in supplement 3 and 4 can be seen in Table 7 and 8 respectively. The 
major difference is that in supplement 3 the gas phase is assumed to consist of O2, CO, 
CO2 and N2 only, whereas in supplement 4 the gas phase can consist of more than 30 
different species. CO would still be the major gas species formed and the model could 
probably have the assumption that only CO would form. However, since the 
thermodynamic database used contained so much more information it was decided that 
all species would be allowed to form. It was used, for instance, to see if SiO(g) had an 
impact on the silicon removal from the melt.  
 
Since the transport of some 30 species (most with negligible amounts) would demand 
much more computational power than what was available, a new approach to the problem 
was needed. It was decided that elemental transport should be used in the gas phase, i.e. 
C, Fe, Si and O would be transported instead of O2, CO, etc, in order to reduce the 
number of transport equations and still be able to use the full functionality of the 
thermodynamics program. Since it was already assumed that the gas properties were 
constant (see above), this assumption should not increase the error in the transport 
equations too much. 
 
Table 7 – Initial concentrations, supplement 3. 

Gas O2 CO CO2 N2 
Mass-% 100 0 0 0 

     
Steel C Si O N 

Mass-% 3.07 0.5 5.10-3 0 
     

Slag FeO SiO2   
Mass-% 0 0   

 
The initial concentrations used for supplement 4 can be seen in Table 8. 1a, 1b etc. 
represents different cases that will be discussed below. A uniform temperature of 1773 K 
was set in the domain. The boundary conditions used can be seen from Table 4 and Fig. 
11. Pure oxygen (mass-% O = 100) was supplied through the top lance and at the outlet 
the concentrations were arbitrarily set to 30 mass-% C and 70 mass-% O, since no 
information of this was available through the physical experiments. 
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Table 8 – Initial concentrations (in steel), supplement 4. 
 Mass-% C Mass-% Si Mass-ppm O Temperature[K]
Case 1 3.85 0.84 100 1773 
Case 2 3.85 0.84 0 1773 
Case 3 3.85 0.84 0 1600 
Case 4 0.50 0.84 0 1773 
 
 
3.2 Theory – The Penetration Depth 
 
A number of analytical equations that describe the penetration depth of an impinging jet 
are present in the literature, most of these reviewed in the work by Nordquist et al. 13). 
The ease of use, relatively good results and number of experiments determined which 
equations, from Nordquist’s review, that were chosen as comparison with the present 
model predictions.  
 
From classical theories30) the centerline velocity of a round free jet can be expressed as: 
 

z
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U n

inlet

c
2=          (2) 

 
where  is the jet velocity at the nozzle orifice,  is the centerline velocity at 
distance z from the nozzle and  is the nozzle diameter. The parameter  is a constant 
that has been experimentally determined to have values ranging from 7.9 to 5.1314,31).  
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The penetration depth caused by an impinging round jet is described by14): 
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Alternatively for the case of a deep cavity14): 
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cH  is the depth of the cavity, is the distance between the nozzle and the undisturbed 
bath surface, 

LH

∗β  is a constant with equal to . The variable 2
22K γ  is the specific weight of 

the liquid expressed as gliqρ . Furthermore, g is the gravitational constant, gasρ  and liqρ  
is the density of the gas and the liquid, respectively. 
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Chapter 4.  
 

RESULTS – NUMERICAL SIMULATION OF A 
FUNDAMENTAL TOP-BLOWN CONVERTER 
 
 
 
Here the results of the numerical simulations will be presented. The chapter is divided 
into two parts where the results of the air/water modeling are shown first. The results of 
the coupled computation fluid dynamics (CFD) / thermodynamics simulations are then 
shown. 
 
4.1 Numerical Modeling of an Air/Water Top-Blown System 
 
4.1.1 The Penetration Depth 
 
The first comparison was focused on the centerline velocity of the jet. Fig. 13 shows the 
centerline velocity in the axial direction for the jet where the three different versions of 
the k-ε model described above are plotted. In the figure, data from the literature are 
plotted for two extremes of the K2 coefficient (i.e. minimum and maximum values 
presented in the literature). It is seen that all three versions of the k-ε model is within the 
range of the literature data. The modified k-ε model gives a higher centerline velocity and 
would probably yield a deeper penetration than the other two models, but since they are 
all within literature data then no clear “best model” could be determined. Thus, all are 
equally good. However, there are other factors to investigate as well that will be shown 
below. 
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Figure 13 – Centerline velocity of a round jet. Turbulence models are compared against equation (2) 
for K2 values of 7.9 (Banks and Chandrasekhara)14) and 5.13 (Folsom and Ferguson)27). 
 
After it was concluded that the centerline velocity of the jet could be modeled satisfactory 
the penetration depth caused by the impinging jet was investigated. Fig. 14 shows the 
penetration depth caused by the impinging air jet onto the water surface for four different 
flow rates; 52, 90, 106 and 133 m/s. First, it should be mentioned that Eqn. (3) was 
included for completeness although it was clear from water model experiments that the 
depth of penetration in the current investigation fell under the “deep cavity” prescribed 
by Eqn. (4). There was no range not explicitly stated to be used14) with either Eqn. (3) or 
(4) so the author used water model experiments to determine which equation the current 
setup could be used with. When comparing Eqn. (4) with predictions using the three 
versions of turbulence models,  it is seen that all three models produce similar penetration 
depths compared to the centerline velocity simulation in Fig. 13 when it comes to 
magnitude. The k-ε model and the realizable k-ε model compare best to a K2 value of 
5.13, meaning that they are close to the lower part of the spectra present in the literature. 
The modified k-ε model did produce a penetration depth somewhere in between the 5.13 
and 7.9 K2 values. However, it did cause increasingly longer simulation times compared 
to the other two models most likely to the larger deformation of the free surface. Once 
more it was difficult to choose one model over another since all produce results 
comparable to the literature data. The modified k-ε model gave a larger penetration depth 
but longer simulation times and the other two models performed almost identical. 
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Penetration Depth Caused by Impinging Jet - Analytical and 
Numerical Values
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Figure 14 – Verification of predictions using fundamental model with predictions using semi-
analytical model at different gas velocities. 
 
4.1.2 The Main Vortex 
 
Fig. 15-17 show a stream function plots at three different inlet velocities (90, 106 and 
133 m/s). The turbulence model used in Fig. 15, 16 and 17 is the standard-, the modified- 
and the realizable k-ε model, respectively. When examining Fig. 15 it is seen that the 
flow field does not correspond well to the experimental flow field, see Fig. 9. For the 
case of 90 m/s, the center of the main vortex is close to the cavity lip. However, it should 
be close to the wall according to the experiments. For the cases of 106 and 133 m/s a 
small recirculation region has formed in the cavity lip region. The stream function plots 
do not show the direction of the flow, but it should be noted that the clock-wise 
circulation close to the cavity lip induced a counter clock-wise circulation in the rest of 
the bath. This did not correspond well to the experimental results (see Fig. 9 for 
comparison). For the modified k-ε model, Fig. 16, only two simulations were made 
because of the long simulation time needed. Nevertheless, it is seen that the main vortex 
is much better positioned than in the previous case, for an inlet velocity of 90 and 106 
m/s. 
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Figure 15 – Contours of streamfunction, standard k- ε model (sKE). Fig. A, B and C represent an 
inlet velocity of 90, 106 and 133 m/s respectively. 
 

 
Figure 16 – Contours of streamfunction, modified k- ε model (1.78KE). Fig. A, and B represent an 
inlet velocity of 90 and 106 m/s respectively. 
 
Lastly, when examining the realizable k-ε model, Fig. 17, it is seen that the main vortex 
is well positioned for the cases of 90 and 106 m/s, but fails at 133 m/s. At 133 m/s the 
results are similar to the standard k-ε model. The vortex profile of the realizable k-ε 
model was then compared against the PIV data in Fig. 18. It is seen that the realizable k-ε 
model gives reasonably good results for the axial velocities far from the wall (<0.07 m 
from the axis), and good agreement for the radial position of the vortex. However, closer 
to the wall (>0.07 m from the axis), the numerical model gives a much higher axial 
velocity than the experimental PIV values. The reason for this relatively large 
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discrepancy is not entirely known. One possible reason, as mentioned before, can be 
related to that the experimental system is not really axis-symmetric and therefore it is 
possible that an azimuthal velocity component is hidden in the PIV velocity field. 
 

 
Figure 17 – Contours of streamfunction, realizable k- ε model (rKE). Fig. A, B and C represent an 
inlet velocity of 90, 106 and 133 m/s respectively. 
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Figure 18 – Axial velocity in horizontal cross-section of the vortex eye. PIV data for three different 
flow rates (283, 333, 417 cm3/s).  Realizable k- ε model (rKE) with inlet-velocities corresponding to 
flowrates of 283 and 333 cm3/s (90 and 106 m/s). 
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4.2 Coupled CFD and Thermodynamics Model 
 
In this section some of the results from the simulations will be presented where the 
coupled approach has been used. More specifically, both Fluent and Thermo-Calc have 
been used to describe the simultaneous evolution of the flow field and reactions taking 
place in the fundamental top blown converter. 
 
The predicted oxygen concentration in the melt after five seconds of oxygen blowing can 
be seen in Fig. 19 for cases 1 and 2. The initial oxygen concentration of 100 ppm in case 
1, Fig. 19A, is used as fuel for the creation of carbon monoxide. Therefore, it is seen that 
the oxygen concentration in the surface region is actually dropping although pure oxygen 
is supplied through the top lance. When no initial dissolved oxygen is present, as in case 
2, Fig. 19B, an increase in oxygen can be seen. The highest concentrations can be found 
in the surface area and the decreasing gradient is towards the bottom of the system. The 
lowest oxygen concentration in the melt after five seconds is 1 ppm (bottom) and the 
highest is about 25 ppm (surface region). 
 

 
Figure 19 – Mass fraction oxygen in the melt, A and B, corresponding to case 1 (initial O=100 ppm 
and T=1773 K) and case 2 (initial O=0 ppm and T=1773 K). 
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Fig. 20 shows the mass fraction of carbon in the melt at 1, 3 and 5 seconds of simulation. 
It shows that the decarburized steel from the penetration region moves towards the wall 
of the system due to convective motion. At five seconds, Fig. 20C, a small vortex can be 
seen at approximately 1/3 the distance to the wall. The decarburized steel is dragged 
down into the bath due to this vortex. Such vortices appeared and disappeared during the 
simulation and they should enhance the overall mixing of the system. Comparing Fig. 
20A-B, it is seen that the largest gradients are close to the surface. This is as expected 
since the decarburized steel from the penetration region is mainly transported in the 
surface area. Finally it should be noted that since there is no protective slag layer that 
counteracts oxidation, the entire free surface is exposed to the gas phase. The gas phase 
obviously has a lower oxygen content (and higher carbon content) when looking some 
distance from the oxygen jet. 
 

 
Figure 20 – Mass fraction carbon at 1, 3 and 5 seconds (A, B and C) for case 1 (initial O=100 ppm 
and T=1773 K). 
 
It is difficult to compare the results shown in Fig. 20 directly to experimental data since 
sampling is usually not as frequent nor as detailed as in the figure. For example; the steel 
samples of Nordquist et al. were taken at intervals of 60 seconds and using one sample to 
analyze the entire bath. It is also common to assume that the mixing of the system 
practically removes all gradients, and hence makes a sampling taken just about anywhere 
a good representation of the mean concentration. Fig. 20 shows that this is not entirely 
true, since there clearly is a carbon concentration gradient present in the steel. However, 
the magnitude of the gradient is not very large, particularly some distance down in the 
bath. Since it is unknown where exactly the sampling took place in the experimental 
system, another approach has been used in order to compare the data to the numerical 
one. The mean concentration have been calculated in the numerical system. It has then 
been compared to the measured concentration in the experimental system. Fig. 21 shows 
the change in mean carbon concentration over time. Compared to the experimental data 
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(Nordquist et al.)32) it is seen that the simulations predict a slightly higher rate of 
decarburization for all three cases. Case 1 shows the largest rate of decarburization, 
indicating that the initial oxygen concentration does affect the results. When lowering the 
initial oxygen concentration in the melt (case 2), it is seen that the rate of decarburization 
drops. However, it does not drop enough to perfectly match the experimental values. The 
discrepancy might be due to the fact that not enough silicon is oxidized during the 
simulation (the experiments show that desiliconization takes place). To test this 
assumption case 3 was run, which meant lowering the initial temperature of the melt and 
thereby increasing the desiliconization rate. Case 3 produced some silica and hence also 
lowered the rate of decarburization. It should be noted here that the experimental gradient 
for the decarburization is taken from zero to five minutes of the blow. No experimental 
data was present in the time frame for the simulations so the comparison is a bit rough. 
Nevertheless, it shows that it is important to know the initial oxygen concentration and 
the temperature of the bath, since it clearly affects the rate of 
decarburization/desiliconization. The initial temperature also plays a big role since it 
determines whether silica, carbon monoxide or a mix of silica and carbon monoxide will 
be produced. Finally, case 4 should be mentioned, Fig. 22, where the initial carbon 
concentration was lowered. It was noted that much more silica was produced in this case, 
meaning that the carbon concentration itself plays a big role in the 
decarburization/desiliconization process. 
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Figure 21 – Rate of decarburization for the three cases. Experimental decarburization rate taken 
from Nordquist et al. [32]. 
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The rate of desiliconization can be seen in Fig. 22. Case 3, with lower initial temperature, 
shows a very small rate of desiliconization compared to case 4, where a lower initial 
carbon concentration has been used. It should also be noted that the rate of 
desiliconization in case 3 is not very large. 
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Figure 22 – Rate of desiliconization for case 3 (initial C=3.85 mass-% and T=1600 K) and case 4 
(initial C=0.5 mass-%, T=1773 K). 
 
From real converter processes it is known that almost all silicon is removed before the 
decarburization rate increases. Although case 4 shows a larger rate of desiliconization, it 
is not likely that this mechanism will control the rate of desiliconization in a real 
converter. The reason for this is that in order to lower the carbon concentration to the 
levels where desiliconization will be favored over decarburization some carbon obviously 
needs to disappear first. Since it is known that this is not the case in real converters it 
seems that the temperature plays a very important role in the initial period of the blowing. 
As the silicon is removed the temperature in the bath rises. Fig. 23 shows the temperature 
profile in the bath after five seconds for case 4. The temperature difference between the 
hot surface region and the bulk of the melt is approximately 20 degrees. It is interesting 
to note that the “hot-spot” region is actually slightly cooler than the bulk. This indicates 
that the jet counterbalances the reaction heat in that region. Away from the penetration 
region it is seen that the silica formation causes the surface temperature to rise. 
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Figure 23 – Temperature [K] at 5 seconds, case 4 (initial C=0.5 wt-% and T=1773 K). 
 
When looking at the possibility of experimental measurements in the penetration region 
regarding composition Fig. 24 demonstrates the difficulties well. It shows the silicon 
concentration along the axis after five seconds for case 3. The region affected by lower 
silicon content is quite narrow, meaning that experimental sampling from the penetration 
region might be quite difficult. Added to this is the difficulty associated with the 
oscillation of the penetration cavity itself. The relatively narrow region where the silicon 
content is different from that of the bulk is attributed to the circulating motion of the 
melt, where new melt is constantly supplied to the penetration region. Comparing this to 
the region closer to the wall where the circulating motion serves to drag down 
decarburized/desiliconized steel down into the melt it is realized that sampling might be 
better some distance from the penetration region. With a larger rate of desiliconization it 
is possible that the region might extend further down into the bath as the mixing 
continues. 
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Figure 24 – Mass % silicon along the axis in the melt at 5 seconds of simulation - Case 3 (O=0 ppm 
and T=1600 K). 
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Chapter 5.  
 

CONCLUSIONS 
 
 
 
In this work the initial stage of a top-blown converter process has been investigated. The 
procedure has been a streamlined one as described in Fig. 3. Water model experiments 
were followed by numerical simulations addressing the flow field of the fundamental 
converter. Subsequently a description for the simultaneous solution of thermodynamics 
and fluid transport has been added to the model capabilities. The first step of this CFD-
Thermodynamics coupling was made with a steel-gas system and the second step was to 
add the possibility to model slag phases as well. 
 
From the water model experiments of a combined top and bottom blown converter it was 
found that: 
 

• Top blowing only causes moderate stirring in the top of the bath. The main 
stirring can be seen as a circulation loop (vortex) forming at some distance 
between the penetration zone, of the jet, and the wall. If looking at the right hand 
side of a cross section of the bath, then the circulation loop has a clockwise spin. 
At higher flow rates there is a movement of the center of the circulation loop 
towards the bottom of the bath. It should be noted that this movement is not very 
large. The circulation pattern breaks down and becomes difficult to distinguish at 
too high flow rates. 

• Bottom blowing causes a much larger circulation. In principle the entire bath is 
affected by the circulatory motion. It also appears that the center of the circulation 
loop moves towards the bottom of the bath at higher flow rates. This is attributed 
to the increasing size of the region affected by the bubble plume.  

• When combined top and bottom blowing is employed it seems that the center of 
the circulation loop is moved slightly downwards in the bath as compared to just 
the bottom blowing case (and of course to the top blowing case as well). As 
mentioned before, too large flow rate from the top lance causes a breakdown of 
the circulation loop. 

 
Comparing the two dimensional CFD results to the top blown experimental results above 
and to other literature data it was found that: 
 

• The penetration depth of the impinging jet could be described quite well 
regardless of which k-e model was used. The results were in the lower region of 
the penetration depths reported in the literature. 

• The position of the main vortex was influenced by the choice of the k-e model 
that was used. The realizable k-e model yielded better results than the standard 
model and was in quite good agreement with the experimental data. 
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• When looking at the velocity distribution in the circulation loop it was seen that 
the velocity was better described in the direction towards the bath surface than in 
the direction down towards the bottom (close to the wall). 

 
The coupling between CFD and thermodynamics showed that it was possible to model a 
fundamental top blown converter including high temperature chemistry. The 
methodology was presented and compared to previous approaches. 
 
When the model was extended to include not only a gas and a steel phase but also slag 
phases it was seen that for a Fe, C, Si, O system: 
 

• The rate of decarburization is influenced by the initial oxygen content of the melt, 
where a larger initial oxygen content increases the rate of decarburization. 

• Decarburization and desiliconization is largely influenced by the temperature at 
which reactions take place, where low temperature favors desiliconization. At 
3.85 mass-% C and 0.84 mass-% Si the temperature needs to be below 
approximately 1330 oC for desiliconization to take place. 

• Carbon content also plays a big role for the desiliconization where low carbon 
content is required for desiliconization to take place. At 1500 oC this 
concentration is below about 0.6 mass-% C when the silicon content is 0.84 mass-
%. 
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FUTURE WORK 
 

From the experience of the current work it was found that the lack of good boundary and 
initial data made direct comparison towards experiments somewhat difficult. Also, since 
the work was constantly evolving, it would have been nice to have shorter simulation 
times. It was not always possible to iron out the bugs until after sometimes a week (or 
more!) due to the initially extremely slow computation. Finally, it would be interesting to 
extend the model to compare it against a wider set of alloys. To do this the following 
points are suggested: 

 
• Further physical experiments should be made that are specifically tailored to find 

good boundary conditions for the model. Similarly, laboratory experiments could 
now be carried out based on the knowledge obtained in this work, focusing on the 
initial blowing period. One very interesting experiment would be to test a pre-
heated oxygen jet compared to a non pre-heated jet to see if the 
desiliconization/decarburization is affected.  

 
• New thermodynamic databases should be tested, since the model approach has 

been in such a way as to make this transition from one database to another easy. 
 

• Parallelizing the model to decrease the computational time is a high priority if a 
change to three dimensions will be made. 
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NOMENCLATURE  
 

b Width of jet. [ ]m  

∗β  Constant equal to   2
22K [ ]−  

γ  Specific weight of liquid equal to gliqρ  [ ]12 −− smkg  
Dn Diameter of nozzle [ ]m  
ε Turbulence dissipation [ ]32 −sm  
g Gravitational acceleration [ ]2−sm  

cH  Depth of cavity [ ]m  

LH  Distance between nozzle and undisturbed bath surface [ ]m  
Hliq Initial height of liquid [ ]m  

I Turbulence intensity [ ]−  
k Turbulence kinetic energy [ ]22 −sm  

K2 Numerical constant [ ]−  
l  Turbulence length scale [ ]m  
L Characteristic length of inlet [ ]m  
ρ  Density [ ]3−mkg  

gasρ  Density of gas [ ]3−mkg  

liqρ  Density of liquid [ ]3−mkg  

φS  Source term  

refU  Mean velocity at inlet, also  inletU [ ]1−sm  

cU  Centerline velocity [ ]1−sm  

ru  Radial velocity component [ ]1−sm  

zu  Axial velocity component [ ]1−sm  

θu  Azimuthal velocity component [ ]1−sm  
z Axial distance from nozzle [ ]m  
Γ  Diffusion coefficient  
σ  Surface tension (air-water) [ ]1−mN  
μ  Molecular viscosity [ ]11 −− smkg  
ν  Kinematic viscosity [ ]12 −sm  
φ  Transported property  
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