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The present work is focused on some important reactions in secondary steelmaking,
where oxygen and/or sulphur are participating.  One problem in steelmaking is tundish
nozzle blockage during the casting operation, where oxygen and sulphur have an
important influence.  It is well known that the ladle treatment practice has a strong
influence on nozzle blockage phenomenon, caused by deposition of solid oxides and
sulphides.  Thus reoxidation (aluminium loss) and desulphurisation are of great
importance.

The material in the present work has been organised in the following way:
• A method for equilibrium calculations of sulphur refining at Ovako Steel AB is

discussed. The best agreement between calculated and experimental sulphur
distributions was obtained according to the following procedure: first, alumina
activities in the slag were calculated using an expression developed by Ohta and
Suito.  Second, these data were then used to calculate the oxygen activities in the
molten steel.  Finally, the KTH model was applied to calculate the sulphide capacities
and sulphur distributions.  An increased Al2O3/CaO ratio decreases the equilibrium
sulphur distribution between slag and metal.  Plant trials, where the Al2O3/CaO ratio
was changed, confirmed these results.

• In order to examine simultaneous reoxidation and desulphurisation phenomena, a
two-dimensional fluid-flow model covering three phases (steel, slag and gas) was
augmented to include thermodynamic equations.  The model was used to predict
desulphurisation, the loss of aluminium in the steel and the reduction of FeO and
MnO in the slag.  It was found that an increase of the initial FeO content in the top
slag influenced the desulphurisation and aluminium loss.

• The results from a study of nozzle blockage showed that the dissolved (and added)
aluminium content had a strong influence on the nozzle blockage.  The effect was
most clear at low aluminium contents.  An increased amount of alumina decreased the
teeming rate through the nozzle and increased the blockage.  It was suggested that the
initiation of the oxide build-up could be accumulation of alumina clusters, which are
transported to the nozzle wall at a point where the viscous sublayer is decreased by a
certain critical layer thickness.  It was also suggested that deposition of alumina
inclusions at the nozzle walls initiated solidification (freezing) of the steel, leading to
the interruption of the steel flow.

• Thermodynamic calculations of calcium treated Al-killed steel were made.  The
results showed that it is important to control the total oxygen content and the
temperature to achieve a successful inclusion modification from solid Al2O3 to liquid
CaO-Al2O3.  Furthermore, in order to avoid CaS formation, the sulphur activity
should not exceed a certain maximum value, which is dependent on steel grade that is
produced and the operating parameters in the process.  It is therefore important to
control the sulphur content (desulphurisation) in the liquid steel prior to the calcium
injection.

.H\�ZRUGV� ladle treatment, ladle slag, reoxidation, desulphurisation, sulphide capacity,
sulphur distribution, CFD modelling, nozzle clogging, inclusion modification
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Oxygen and sulphur are two elements of great importance for the extractive metallurgy.
Many metal compounds, or ores, contain oxygen and/or sulphur in their natural state,
such as oxides, sulphides, and hydroxides.  Consequently, one of the central aims of
extractive metallurgy is to separate as much of the oxygen and sulphur from the valuable
metals.  Furthermore, the remaining contents of oxygen and sulphur in the produced
metal must also be controlled, in order to avoid production problems and to achieve the
aimed-for material properties of the product.  The latter issue is of particular interest in
the ferrous extractive metallurgy, since iron is an element with high affinity to both
oxygen and sulphur.  Also, many of the elements in steel have high affinity to oxygen
and/or sulphur. Typical examples are aluminium, calcium, silicon and manganese.

In solidified steel, oxygen and sulphur mainly exist as oxide/sulphide inclusions. The
refining step determines the final oxygen and sulphur contents in the steel, prior to
casting.  Aluminium and calcium are two elements widely used for this purpose.
Calcium oxide in the top slag is favourable for the control of sulphur refining.  The
relation between sulphur and oxygen is then obvious, since there is an exchange of
sulphur and oxygen between slag and metal. Aluminium plays an important role for
control of the oxygen level and oxygen activity, which has a great influence on the
equilibrium between slag and metal with respect to sulphur.  Calcium can also be added
directly to Al-killed steel as, for example, CaSi in order to control the appearance of
sulphur in the cast material (inclusion modification).  It can also change the composition
and morphology of the oxide inclusions.

The present work has been focused on some important reactions in secondary
steelmaking, where oxygen and/or sulphur are participating. In order to illustrate how
oxygen and sulphur can be controlled during ladle treatment, some alternative ways of
modelling the vacuum degassing operation at Ovako Steel AB for optimisation purposes
are chosen as examples.  Results from nozzle clogging experiments and thermodynamic
calculations of calcium treatment will also point out the importance of a proper ladle
treatment with respect to sulphur and oxygen. )LJXUH���� is a summary of the different
supplements that are included in the thesis.  The first two supplements are equilibrium
calculations of slag-metal reactions, with respect to sulphur and oxygen, and comparison
of the theoretical values with vacuum degassing plant trials.  In the third and fourth
supplement, the dynamic influence of reoxidation by the top slag on the desulphurisation
during vacuum degassing has been evaluated by using results from Computational Fluid
Dynamics calculations.  Finally, in the fifth and sixth supplement the effects of sulphur
and oxygen on the casting/teeming operation have been studied by laboratory
experiments (nozzle clogging) and thermodynamic calculations (calcium treatment).
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Supplement 1 & 2Supplement 1 & 2

9$&880�'(*$66,1*

(TXLOLEULXP�FDOFXODWLRQV

3ODQW�7ULDOV

( ) ( )
VODJPHWDOVODJPHWDO 6226 −− +=+ 22

2$O2$O 3232 +=

Supplement 3 & 4Supplement 3 & 4

9$&880�'(*$66,1*

&)'�FDOFXODWLRQV

( ) ( )
VODJPHWDOVODJPHWDO 6226 −− +=+ 22

2O)H2)HW += )(

20Q0Q2 +=

26L6L2 22 +=

Supplement 5 & 6Supplement 5 & 6

7((0,1*�&$67,1*

/DERUDWRU\�([SHULPHQWV

7KHUPRG\QDPLF�&DOFXODWLRQV

&D22&D =+

3232 2$O2$O =+

&D66&D =+

2$O2$O 3232 +=

)LJXUH�����  Schematic overview of the different parts of the thesis
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When discussing sulphur refining during steelmaking the following important exchange
reaction between slag and metal should be considered [1]

( ) ( )VODJPHWDOVODJPHWDO 6226 −− +=+ 22 (2.1)

However, when doing thermodynamic measurements of oxygen-sulphur reactions, the
gas-slag equilibrium is often very resourceful:

( ) ( )VODJVODJ 6J22J6 −− +=+ 2
22

12
22

1 )()( (2.2)

The equilibrium constant for reaction (2.2) could then be expressed as
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where −2
6

D  and −2
2

D  are the activities of sulphur and oxygen in the slag phase, 
26

S and

22
S are the partial pressures of  6�� �J� and 2�� �J�, −2I  is the activity coefficient of

sulphur in the slag phase and ( )
VODJ6%  is the sulphur content in the slag in wt%.

The sulphide capacity &6 was defined by Richardson and Fincham [2] using equation
(2.3)
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where .� is the equilibrium constant for equation (2.2). The sulphide capacity is a
property of the slag, which is dependent only on the temperature and the slag
composition. It describes the potential ability of an arbitrary homogeneous molten slag to
remove sulphur and it could be used to compare the desulphurisation characteristics of
different slags.

��������2SWLFDO�%DVLFLW\
Several models have been developed in order to estimate how the sulphide capacity of a
slag varies with composition and temperature. An empirical expression was developed by
Sosinsky and Sommerville [3], where the composition dependence was defined by the
concept of optical basicity.  Later, Young et al.[4] modified this expression.  The optical
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basicity was originally introduced by Duffy and Ingram [5] and is a measure of the
electron donor power of the oxides. Suggested values of the optical basicity for different
oxides together with necessary equations for calculation of the optical basicity of a
multicomponent slag are given in the literature [3, 4].

Sosinsky and Sommerville [3] derived a correlation between the optical basicity, the
temperature and the sulphide capacity of an oxide slag at temperatures between 1400 °C
and 1700 °C

2.256.43
5464022690

log −Λ⋅+




 Λ⋅−=

7
&

6
(2.5)

where 7 is the temperature and Λ is the optical basicity for the multicomponent slag.
Later, Young et al.[4] found that this expression exhibited an increasing deviation
between the measured and the calculated data at higher values of the sulphide capacity.
They modified the expression and suggested the following relationship (used in the
present work)

( )
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where the contents of SiO2 and Al2O3 are given in weight percent.

��������$�6XOSKLGH�&DSDFLW\�0RGHO�IRU�0XOWLFRPSRQHQW�6ODJV���.7+�PRGHO�
A model for calculation of the sulphide capacity for multicomponent slags has also been
developed at the Department of Metallurgy, KTH [6].  The ionic structure of the slag is
described using a Temkin-Lumsden approach. The expression of sulphide capacity from
equation (2.4) is represented with the following relationships
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where, in equation (2.7), 0*∆  is the Gibbs free energy of reaction (2.2) and 5 is the gas
constant. In equation (2.8), L stands for component i and ;L is the molar fraction of
component i in the multicomponent system. The term ξL is expressed as a linear function
of the temperature for each component in the slag, while ξPL[ represents the mutual
interaction (binary and ternary) between different species in the slag. ξPL[ is dependent on
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slag composition and temperature.  The equations and the assessed parameters necessary
for the calculation have been presented elsewhere [6].

In the model, pure liquid FeO is chosen as the standard, for which the ratio −− 22
62
ID  is

taken as unity. ∆*� is calculated from sulphide capacity measurements of pure liquid FeO
as

7* ⋅−=∆ 815.581185350    (J/mol) (2.9)

��������6XOSKXU�'LVWULEXWLRQ
In order to relate the sulphide capacity to the equilibrium sulphur distribution between the
slag and metal phases, reactions (2.1) and (2.2) are combined to

)()( 22
1

22
1 J62J26

PHWDOPHWDO
+=+ (2.10)

The equilibrium constant .�� is expressed as [7]

375.1
935

log 10 +−=
7

. (2.11)

The equilibrium constant .���can also be written as, using equation (2.4)
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where 
2

D  and 
6

D are the activities of oxygen and sulphur in the metal phase, 
6
I  is the

activity coefficient for sulphur in the metal phase and [ ]
PHWDO

6%  is the sulphur content in
the metal phase.

By combining equations (2.4), (2.11) and (2.12), the following expression for the
equilibrium sulphur distribution /6 between the slag and metal phases is obtained [7]

( )
[ ] 266

PHWDO

VODJ

6 DI&
76

6
/ logloglog375.1

935

%

%
loglog −+++−== (2.13)

In order to calculate the equilibrium sulphur distribution (/6) between slag and steel in
the present paper, equation (2.13) was used.�The sulphide capacity was first calculated�by
using the model developed by the Department of Metallurgy, KTH [6].  For the purpose
of comparison, the sulphide capacity was also calculated using both Sosinsky and
Sommerville’s [3] and Young’s [4] relationships based on the optical basicity concept.

The activity coefficient in the steel bath is calculated by using Wagner’s equation:
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[ ]( )∑ ⋅= LHI L

MM
%log (2.14)

where
M
I  is the activity coefficient for element M in the molten steel, L  represents the

dissolved elements in the molten steel and L

M
H  is the interaction parameter for element M�

The interaction parameters were in the present case taken from a compilation by Engh.
[8]

The oxygen activity in the steel bath, D2, was calculated by assuming that the dissolved
aluminium and oxygen in the steel bath and alumina in the top slag was in equilibrium
according to the following reaction

)(32 32 V2$O2$O =+ (2.15)

7* R ⋅+−=∆ 714.3861205115    (J/mol) (2.16)

The data for the change of Gibbs free energy, equation (2.16), were taken from a
thermodynamic compilation byHayes [9].  Solid alumina was chosen as the standard
state. Therefore, the equilibrium constant, .��, for equation (2.15) could be written as

( )
[ ] [ ]32
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32exp
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⋅
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⋅
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= (2.17)

where 
322$O

D is the activity of alumina in the slag phase and $OD  is the activity of

aluminium in the metal phase.

In order to calculate the oxygen activity (D2) from the above equation, the activities of
aluminium in the molten steel and alumina in the top slag need to be estimated.

The activity of aluminium in the molten steel could be expressed as

[ ]$OID
$O$O

%⋅= (2.18)

where 
$O
I  is the activity coefficient of aluminium in the metal phase and [ ]$O%  is the

aluminium content by weight in the steel.  The activity coefficient�
$O
I �was calculated

using equation (2.14).

The activity of alumina in the top slag was more difficult to estimate due to the lack of
reliable experimental data in the Al2O3-CaO-MgO-SiO2 system. There are different
models that can be used to estimate the activity of oxide components in molten slags,
such as the IRSID slag model [10, 11], that has been mentioned earlier.  Also, in a recent
publication, Ohta and Suito [12] presented empirical expressions for the activities of SiO2
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and Al2O3 at 1600 °C.

( ) ( ){ }
( ) ( ) 560.1%033.0
%

%167.0%275.0
log 32

2
32

−++−= 2$O
6L2

0J2&D2
D

2$O
(2.19)

where the slag composition is given in weight percent.  In the present work both the
empirical expression by Ohta and Suito [12] and the IRSID slag model [10, 11] were
used for estimation of the alumina activity.

The IRSID slag model [10, 11] was also used for a comparative estimation of the alumina
activity in the slag phase. In the present work, the thermodynamic computer program
ThermoCalc(version M), developed at KTH [13], has been used, since it includes the
IRSID slag model.  Equilibrium was assumed between three phases in the calculation:
liquid iron, liquid slag and solid MgO. The last condition was due to the fact that the slag
in the ladle was always in contact with a MgO refractory lining.  Therefore, it was
assumed that the slag was MgO saturated.

������&)'�&DOFXODWLRQV�RI�'HVXOSKXULVDWLRQ�DQG�5HR[LGDWLRQ

Increased fundamental knowledge regarding the dynamic reoxidation between slag and
steel during ladle refining is necessary in order to optimise secondary refining operations
and thus be able to produce highly clean steels.  In order to produce clean steels, the
dissolved oxygen content is lowered by a reaction with a strong deoxidiser such as
aluminium.  In this reaction, alumina inclusions are formed.  The supply of additional
dissolved oxygen through reoxidation from a top slag at this stage of the process will
cause a decrease in the dissolved aluminium in the molten steel.  This is due to the
reaction between oxygen and aluminium during the formation of alumina.  If the
aluminium loss is substantial it will cause an increase in the oxygen activity in the molten
steel, which in turn affects the equilibrium between sulphur and oxygen.  As a
consequence, the equilibrium sulphur content will increase.

The reoxidation phenomenon is quite complex, especially since reoxidation can take
place at different parts of the slag/metal interface at the same time and at different rates.
It is also very dependent on the heat and fluid-flow conditions in both the slag and the
steel.  It is therefore necessary to have access to mathematical models that can describe
these heat and fluid-flow conditions for secondary refining, including vacuum treatment.

A three-phase mathematical model of a vacuum-degassed ladle taking into account the
slag, steel and gas phases has been used in the present study.  The model is based on
fundamental transport equations. An extensive description of the assumptions, transport
equations and boundary conditions for heat, fluid and mass flow for sulphur refining
during vacuum degassing is not emphasised in the present thesis and can be found in a
previous publication [14].
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In order to formulate the chemical process several assumptions have been made.  The
most important assumption concerns the dynamic equilibrium in the slag-metal mixing
zone.  For any appropriate length of time step, it is assumed that adequate mixing of slag
and steel at their interface in the slag-metal mixing zone allows thermodynamic
equilibrium to be reached in any calculation node during the interval.  Since the volume
mixing between slag and metal and the thermodynamic equilibrium in the slag-metal
mixing zone are considered, the calculations of interfacial area and the mass transfer
coefficients for different elements could be avoided [15].

It has furthermore been assumed that the slag behaves like a liquid phase during the
process and consequently solid-phase precipitation in the slag is neglected.  This
assumption allows for both the application of the sulphide-capacity concept in the model
and formulation of the different oxide activities.

The oxygen activity in the bulk of the steel melt is calculated using the equilibrium
reaction (2.15).  In the bulk of the steel melt it is assumed that the activity of alumina is
unity [15].  The steel bulk is here defined as liquid metal containing less than 1% top slag
(by weight).  In the slag/metal mixing zone however, it is assumed that the activity of
oxygen is determined by the equilibrium reactions between the liquid slag and steel, as
described below.

The KTH model [6] was applied to obtain values of the sulphide capacity of the slag
phase.  In the model presented in this paper, besides the temperature, only Al2O3, CaO,
MgO and SiO2 in the slag phase are assumed to influence the value of the sulphide
capacity. It is further assumed that the effect of changes in slag composition on the
sulphide capacity is negligible.

The sulphur in the steel will be exchanged with oxygen in the slag according to the
reaction (2.1).  In order to describe the thermodynamics of the oxygen/sulphur exchange
reaction the concept of sulphide capacity &6 was used in the present work.  The sulphur
partition ratio, /6, between slag and metal can be related to the sulphide capacity, &6, by
equation (2.13).  The sulphide capacity for a slag (30 % Al2O3, 55 % CaO, 7.5 % MgO
and 7.5 % SiO2 by weight) was calculated in a previous publication [14] using the KTH
model [6].  The results from that calculation were also been employed in this study.

If the oxygen activity, the activity coefficient of sulphur and the sulphide capacity at a
given instant and a given position are known, the sulphur partition ratio can be evaluated
at that position.  The activities and activity coefficients of the different elements in the
metal phase are all functions of the dissolved elements, which can be expressed by
applying the dilute-solution model, since the concentrations in the steel phase are low.  In
the dilute-solution model, the activity coefficient of an arbitrary dissolved element in the
metal phase is expressed by using Wagner’s equation.  The interaction parameters used in
the present work were the same used by Jonsson et al.[15] and also taken from Engh’s
compilation [8].
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To investigate the influence of reoxidation on desulphurisation, the simultaneous
consideration of the following slag/metal reactions, besides the sulphur-oxygen and
aluminium-oxygen exchange reactions, is necessary:

2O)HO2)H
W

+= )()( (2.20)

20QV0Q2 +=)( (2.21)

26LV6L2 2)(2 += (2.22)

These reactions, together with equation (2.13) and reaction (2.15), influence the oxygen
activity and the sulphur and aluminium contents in the steel melt.  In order to calculate
the activities of the oxides in the slag phase (Al2O3, SiO2, MnO and FeO), the empirical
expressions suggested by Ohta and Suito [12] were adopted.  Ohta and Suito [12]
expressed the activity coefficients of FetO and MnO and the activities of Al2O3 and SiO2

at 1600 °C as functions of slag compositions using multiple-regression analysis.  These
functions provided the authors of this paper with the relationships needed in the
development of the model. The composition range has been limited by restrictions given
by Ohta and Suito, when the activities of oxide components were calculated.

To be able to solve the thermodynamic equations for the transfer of sulphur, oxygen,
aluminium, silicon and manganese at every instant and for each calculation node, a
separate transport equation is solved for each of the dissolved elements in the steel phase.
In the same way, separate transport equations for the slag phase are solved for the
different slag components (Al2O3, CaO, MgO, SiO2, MnO, FeO and S).  This means that
the concentration profiles for the dissolved elements in the steel phase as well as for
oxides and sulphur in the slag phase can be determined at each instant.  A more detailed
description of the differential equations can be found in the literature [14].

It was found that a simultaneous solution of the five equilibrium reactions (including the
sulphur-distribution calculation) together with the different transport equations for the
slag and steel constituents required extensive computer resources.  Because of that, the
model was simplified to a two-dimensional case.

������1R]]OH�&ORJJLQJ

��������3UREOHP�'HILQLWLRQ
Clogging of tundish and submerged entry nozzles (SEN) during continuous casting is a
well-known problem for steel makers.  Nozzle clogging can often be encountered during
casting of billets or other casting operations, where small nozzle diameters are used (i.e.
atomisation). Especially steel grades, containing elements with a high affinity to oxygen,
sulphur or nitrogen have an increased tendency to clog during the casting operation.
Examples of such elements are aluminium, rare earth metals, calcium or titanium, which
are able to form solid non-metallic inclusions, such as Al2O3, Ce2O2S, CaS or TiN, in the
liquid steel.  These inclusion types can often be identified as constituents of the build-up,
when the inside of the clogged nozzle is examined [16-21].
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The caster productivity could be seriously affected by nozzle clogging, because the
casting sequence might be prematurely terminated or the casting speed slowed down.
The product quality could also become impaired.  The steel flow from the tundish into the
nozzle can be controlled by a stopper rod, which is pushed down through the tundish to
partially plug the exit.  Another method is to use a slide gate, which blocks off a portion
of the submerged entry nozzle pipe [22].  When clogging is detected during casting,
argon can usually be flushed through the stopper rod into the tundish nozzle and remove
some of the non-metallic build-up.  However, the non-metallics could then enter the
mould, disturb the meniscus and increase the number of macro inclusions in the cast
product.  Build-up of non-metallics could also occur on the walls inside the submerged
entry nozzle.  The clogged material may also be detached from time to time and increase
the level of macro inclusions in the mould and in the solidified material [23].

Nozzle clogging of aluminium-killed steel has frequently been the subject of many
investigations found in the literature [16-21, 23-32].  The clogged material (the build-up)
is usually made up of solid alumina inclusions and the structure consists of sintered and
entangled particles in a three-dimensional network.  The individual particle sizes are
normally a few µm or smaller.  The build-up has a strong tendency to be initiated and
grow at pronounced or abrupt changes of the nozzle geometry. )LJXUH� ��� shows a
classification by Dawson [24] of different observed clogging patterns.

)LJXUH�������Observed nozzle clogging patterns according to Dawson [24]

��������0HFKDQLVPV�RI�1R]]OH�&ORJJLQJ
There are several opinions concerning the mechanisms of nozzle blockage.  One of the
most accepted suggestions is that the non-metallic deposition is caused by transport of
inclusions, present in the steel melt to the nozzle surface, followed by adhesion and
sintering.  The presence of turbulence is generally considered to be of great importance
for the clogging and regions of high turbulence intensity in the nozzle could be more
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exposed to inclusion deposition [16, 24, 25, 32].  Another common suggestion is
chemical interaction between the steel and a less chemically stable refractory material,
where the reaction products are precipitated on the nozzle wall (reoxidation LQVLWX) [27-
30].

The deposition of inclusions in the nozzle during casting is suggested to consist of three
steps [16] and any of these could be rate limiting:
1) Transportation of inclusions to the nozzle wall  (fluid flow characteristics).
2) Adhesion of the inclusions to the nozzle or to other already deposited inclusions

(interfacial phenomena).
3) Sintering and growth of inclusions to a strong three-dimensional network

,QFOXVLRQ�7UDQVSRUWDWLRQ
A simple mathematical relationship for deposition of inclusions in a nozzle can be
derived.  It was assumed that the nozzle consisted of a cylindrical pipe with a constant
diameter G and that the fluid velocity, X, was constant throughout the nozzle and did not
change with time.  It was further assumed that the mass transfer coefficient ND was
constant in the cylindrical nozzle.  The following exponential relationship between the
inclusion concentration in the steel, F, along the nozzle length [ was obtained:
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where FL�was the initial inclusion concentration at the nozzle entrance.  The concentration
of inclusions in the liquid steel would thus decrease exponentially as the fluid moves
along the x-axis in the nozzle.  Consequently the major part of the deposition should take
place in the upper part of the nozzle cylinder.

The transportation of inclusions from the flowing steel to the nozzle wall is related to the
fluid flow characteristics in the nozzle.  The transition from laminar to turbulent flow in
pipes occurs usually at values of Reynold’s number (15H) around 2000 [33].  The flow in
submerged entry nozzles is turbulent since the Reynold’s number is typically in the order
of 105 [22]. Whether the flow is turbulent or laminar there will be no relative motion
between the fluid and the solid boundary at the steel/nozzle interface.  In the boundary
layer, adjacent to the nozzle wall, the flow velocity will increase gradually from zero to
the full value found in the main stream.  When turbulence is the main flow characteristics
and a great part of the boundary layer is turbulent, there still exists an extremely thin
layer of the flow adjacent to the solid surface, wherein the velocity fluctuations of the
flow are small compared to the main flow.  This region is called the viscous (or laminar)
sublayer [33].  The smoothness of the nozzle is very important and a surface roughness in
excess of 0.3 mm would eliminate the viscous sublayer [22].

The viscous sublayer in the nozzle can be regarded as a mass transfer resistance, since it
can be related to the mass transfer coefficient by
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1δ
'

N
D

= (2.24)

where ' is the diffusion coefficient of inclusions and δ1 is the viscous sublayer thickness.
The thickness of the viscous sublayer can be calculated according to the following
equation [34]:

8
7

Re1 )(25
−⋅⋅= 1Gδ (2.25)

Different researchers have suggested several transportation models [16, 22, 25, 32] and
one of the first attempts was to explain the inclusion transport to the nozzle wall using the
boundary layer theory [16].  The inclusions were assumed to penetrate and be stranded in
the viscous sublayer due to turbulent eddies in the boundary layer.  A later investigation
proposed that inclusions are transported to the nozzle wall because of boundary layer
separation [24].  Boundary layer separation is initiated at points where the nozzle
geometry is suddenly changed, which means that stagnant and/or reversed flow is
established in the boundary layer.  Dawson [24] demonstrated the existence of separated
flow in angle-entry nozzles in water model experiments. However, the separated zone
could not be visually observed in a radius-entry nozzle.

,QFOXVLRQ�$GKHVLRQ
The transport mechanism can only explain the initial contact between inclusions and the
nozzle wall.  The fundamental condition for adherence of the inclusion to the refractory is
the reduction of total interfacial energy, i.e. if it is energetically favourable for the
inclusion to leave the immersed state in the liquid steel and become an integrated part of
the solid nozzle wall.  The contact angle between a solid substrate and a liquid, shown in
)LJXUH� ���, is a measure of the ability of the liquid to wet the solid.  Contact angles
between inclusion and steel larger than 90° are referred as non-wetting and are favourable
for adhesion.  Many solid oxides have values larger than 90° at steelmaking temperatures
[35].  For example, the reported contact angle between Al2O3 and liquid steel is 135°.  It
is also interesting to note that CaS, which has been reported as a clogging constituent [19,
20] in nozzles, has a measured value of the contact angle of 87° (1550 °C) [35].
Obviously a contact angle close to 90° is sufficient to cause adhesion of inclusions.

)LJXUH� �����  The shape of a liquid metal droplet resting on a solid refractory substrate. D� No wetting.
E� Wetting tendency [36]
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6LQWHULQJ
Once the inclusions get attached to the nozzle refractory or to other deposited inclusions,
the sintering process should take place rather rapidly [16].  The sintering of alumina
inclusions was interpreted using a theory for volume diffusion [37].  Since the
temperature is high, substantial sintering of alumina inclusions (about 1 µm radii) should
take place within 1 second.  However, if the nozzle material and the inclusions are of
different kind, the sintering should be limited unless the two oxides can be dissolved in
each other or an intermediate phase is formed.

��������3UHYHQWLRQ�RI�1R]]OH�&ORJJLQJ
A number of production techniques have been developed to avoid and/or decrease
deposition in nozzles.  Generally, the methods are based on the idea that deposition is
caused by transport of inclusions, present in the steel melt to the nozzle surface, followed
by adhesion and sintering.  The following two principal techniques are often mentioned
in the literature [25]:

1) The number of inclusions can be reduced prior to casting by changing the deoxidation
practice, prevent reoxidation, prolonged residence time of the liquid steel in the
tundish, etc.

2) The solid non-metallic inclusions can be transformed to liquid by modification of
their chemical composition.  The liquid inclusions have a less tendency to adhere to
the nozzle wall and no sintered network can be established. A well-known example is
modification of solid alumina inclusions to liquid CaO-Al2O3 by calcium treatment.

It is also possible to prevent the inclusions from adhering to the nozzle wall by inert gas
flushing in the nozzle, changing the design or material of the nozzle.  Inert gas flushing
through the stopper rod in order to remove clogged material in the tundish nozzle has
previously been mentioned [25].

5HR[LGDWLRQ�$VSHFWV
Non-metallic inclusions are, more or less, always present in molten steel. They are
usually formed during the steelmaking operation as a result of different kinds of alloy
additions, deoxidation and reoxidation.  Most of the inclusions that are formed in the
ladle will be separated to the to the top slag or the ladle walls.  However, there will
always be some inclusions remaining in the steel melt and the amount is mainly
determined by deoxidation practice, stirring conditions (fluid flow) and the extent of
reoxidation by atmosphere, BOF/EAF slag carryover or refractories.

The subsequent transfer of molten steel and into the tundish is also a potential source of
inclusion formation.  The process is then sensitive to reoxidation by leakage of air in the
different teeming stages [38]. The tundish slag and refractories can cause reoxidation and
formation of inclusions.  Reoxidation in the tundish by ladle slag carryover is also
possible if FeO and MnO are transferred to the tundish slag during casting.  It has been
reported that slag carryover from ladle to tundish was responsible for 30-40% of the total
oxygen content in the tundish [39].
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Reoxidation of Al-killed steel by slag carryover can be decreased if the amount of slag
from the EAF/BOF is minimised.  An effective method is to remove as much slag as
possible after tapping into the ladle (for example by slag raking).  If the slag also is
reduced by for example CaC2, ferrosilicon and/or aluminium during the tapping, the
amount of FeO and MnO will be further decreased.  Slag removal by raking will also be
more effective if the slag is not too fluid, i.e. the viscosity should be rather high.

&D�PRGLILFDWLRQ�RI�$OXPLQD�,QFOXVLRQV
The solid non-metallic inclusions can be transformed to liquid by modification of their
chemical composition.  The liquid inclusions have a less tendency to adhere to the nozzle
wall and no sintered network can be established. A well-known example is modification
of solid alumina inclusions to liquid CaO-Al2O3 by calcium treatment.  Faulring, Farell
and Hilty [40] investigated the influence of the [%Ca]/[%Al] ratio on the steel flow
through a nozzle.  They found that, by increasing the [%Ca]/[%Al] ratio above 0.1 at the
prevailing experimental conditions, the severity of the nozzle blockage could be
significantly reduced.  This was explained by the transformation of solid CaO⋅6Al2O3

inclusions to CaO⋅2Al2O3, which then were converted to CaO⋅Al2O3 and liquid CaO-
Al2O3 when the [%Ca]/[%Al] ratio was increased.

The well-known binary phase diagram CaO-Al2O3 in )LJXUH� ��� [41] shows that CaO
and Al2O3 mutually lower the melting temperature very strongly.  The lowest melting
temperature is obtained at a CaO:Al2O3 ratio of 50:50 by weight, which approximately
corresponds to the stoechiometric composition of 12CaO⋅7Al2O3.  The eutectic melting
temperature is then about 1413 °C, which should be compared to 2053 °C for pure Al2O3

and 2899 °C [41] for pure CaO.

)LJXUH�����  Phase diagram CaO-Al2O3 [41]
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Ca-treatment of liquid steel can be made in order to prevent nozzle blockage during
casting (teeming).  The purpose of Ca-addition is to modify these solid alumina
inclusions to liquid CaO-Al2O3 inclusions and thereby preventing the nozzle blockage.

In the present work, equilibrium calculations have been made to illustrate the effect of
calcium addition to aluminium-deoxidised steel.  For these calculations, the
thermodynamic commercial software ThermoCalc [13] and the IRSID Slag model to
describe the thermodynamics of the slag phase [10, 11] have been used.  The following
assumptions and simplifications have been made:

• The total content of aluminium was 0.04% (including oxides and dissolved Al).
• The total number of moles was kept constant throughout the calculation.
• The calculations were made at three different total oxygen contents in the system: 50,

100 and 200 ppm.  Measurements of total oxygen content during ladle treatment of
low carbon, aluminium killed steel have shown values above 50 ppm [42].

• Mainly one temperature was used, 1600 °C.  However, the calculations were
extended to 1500 °C (below the solidification temperature of pure iron) in order to
illustrate the stability of the different calcium aluminate phases at a lower
temperature.

• The added amount of calcium was varied from 0 to 0.5 kg per tonne of liquid steel.
• All added elements were assumed to react with a yield of 100%.

When steel is Ca-treated in order to prevent nozzle clogging during casting, it is also
important to consider the formation of calcium sulphides.  Calcium sulphide is solid at
steelmaking temperatures and has been found as a constituent in blocked nozzles [19, 20,
25].

The equilibrium reaction between CaO and CaS is often used when the effect of sulphur
on the formation of calcium aluminates is investigated.  Calcium sulphide will be
precipitated when the CaO content (and consequently the CaO activity) in the calcium
aluminate is high enough.  The following reactions are then considered:

)(V&D22&D =+ (2.26)

)(32 32 V2$O2$O =+ (2.27)

)(V&D66&D =+ (2.28)

The total reaction, which determines the relationship between the activities of Al2O3,
CaO, CaS, dissolved Al and S, will then be:

)(3)(32)(3 32 V&D6V2$O6$OV&D2 +=++ (2.29)

The standard Gibbs free energy (∆*�) at equilibrium for reaction (2.29) can be expressed
as:
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Where 5 is the gas constant and. 7 is the temperature in Kelvin.  The equilibrium
constant . of reaction (2.29) can be expressed using the activities D of the participating
reactants.

In the present work, the standard Gibbs free energy for reaction (2.29) reported by
Fujisawa et al [43] was used:

777* ⋅+⋅⋅−−=∆ 84.357log69.159072570     (J/mol) (2.31)

The activities of CaO and Al2O3 in the binary system CaO-Al2O3 at 1600 °C were
calculated using ThermoCalc [13] and the IRSID Slag Model [10, 11].
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������)XOO�6FDOH�7ULDOV�DW�2YDNR�6WHHO�$%

Ovako Steel manufactures bearing steels and low-alloyed speciality steels for highly
stressed applications. The scrap-based steel plant is situated in Hofors. The annual raw-
steel production capacity is 500 000 tonnes of steel for the year 2000.

The scrap is melted in a 100-tonne oval bottom-tapped (OBT) electric arc furnace. After
adjusting the steel to the desired phosphorous, carbon, and temperature levels, the steel is
tapped into a ladle while undergoing predeoxidation.  The ladle is then transported by an
overhead crane to the deslagging station. Afterwards, the steel enters the ASEA-SKF
furnace from a ladle car. The LF station (see )LJXUH� ���) is equipped with graphite
electrodes for heating, a vacuum chamber for degassing, wire injection, an
electromagnetic stirrer and porous plugs (Ar-gas) for bottom stirring. It has one position
for heating and alloying (position 1) and one for vacuum degassing (position 2).

1) Alloying and Heating Station 2) Vacuum Degassing Station

Injection of wire
Grafite electrodes

Opening
(Al-wire)

Alloys

Opening
(temp., sampling)

Induction stirrer

Vacuum chamber

Porous plugs

Conveyor for alloys

)LJXUH������ The ASEA-SKF Ladle Furnace at Ovako Steel

The secondary refining process consists of three main steps. Firstly, induction stirring is
used during the alloying, deoxidation, and melting of the synthetic top slag. Secondly,
gas stirring enhances the vacuum degassing operation, where hydrogen and sulphur
refining are done. Argon gas is injected through two porous plugs during vacuum
degassing. Thirdly, induction stirring is used again, after the vacuum degassing operation
is completed, in order to further promote the separation of inclusions from the steel. Upon
completion of ladle treatment the steel is cast using up-hill teeming into twenty-four 4.2-
tonne ingots.
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In the present work, heats of high-carbon chromium bearing steel grade of 1 wt% C and
about 1.4 wt% Cr were studied. In all trials, a commercial synthetic slag mixture was
used together with lime, which resulted in a top slag composition of about 25-42 wt%
Al2O3, 44-58 wt% CaO, 4-11 wt% MgO and 6-11 wt% SiO2 before vacuum degassing.
In some cases (high-alumina slags) pure alumina was also added to the slag. The total
pressure during the degassing operation was 1-2 torr for all the heats.

Slag and steel samples were collected during ladle treatment corresponding to the three
main steps of the secondary refining operation, which are schematically illustrated in
)LJXUH����. The temperature of the molten steel was measured at each sampling occasion.
Both the temperature measurements and the steel samples were taken using the automatic
sampling equipment at the LF station. Slag samples were collected manually with a slag
spoon.

)LJXUH����.  Schematic figure showing the steel and slag sampling during the ladle refining operation

Almost the whole amount of each collected slag sample was well ground to get an evenly
mixed powder, from which a representative portion could be taken for analysis.  Each
ground slag sample was examined for metallic iron, which was carefully removed with a
magnet.  The slag samples were then analysed with an X-ray fluorescence method to
determine their oxide compositions.  The slag samples were also separately analysed for
sulphur by using a melting and combustion method.  The steel samples were analysed by
Optical Emission Spectroscopy.  Carbon and sulphur in the steel samples were analysed
using the fusing method.

������1R]]OH�%ORFNDJH�([SHULPHQWV�DW�.7+

The experimental equipment used is shown in )LJXUH����.  An induction furnace, with the
lower part open, was positioned on a stand of 0.9 m height. An alumina crucible with a
bottom casting nozzle was placed inside the furnace. The weight of the teemed steel was
continuously registered on a recorder during the experiment.  The temperature of the steel
bath was measured by a PtRh(6/30) thermocouple, protected by an alumina tube.  An
alumina stopper was placed in the nozzle to prevent molten metal from penetrating into
the nozzle before the teeming should start.
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)LJXUH����.  Illustration of the nozzle blockage experimental set-up

)LJXUH� ��� shows the two different nozzle geometries that were used: angle-entry and
radius-entry nozzles.  The angle-entry nozzles were made of alumina magnesite or
zirconium silicate.  The radius-entry nozzles were made of zirconium silicate.

The angle-entry nozzles could be heated by placing a graphite ring around the lower part
of the nozzle and a separate high frequency loop system.  In the experiments with nozzle
heating, a thermocouple PtRh (6/30) measured the refractory temperature at the point
where the convergent section was transferred to the cylindrical.  The nozzle heating
equipment is schematically shown in )LJXUH����.

)LJXUH������D�  Angle-entry and E� radius-entry nozzle geometries
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)LJXUH�����  Schematic illustration of the nozzle heating arrangement

10 kg of steel with the following composition was melted in the alumina crucible at a
constant flow of argon gas above the metal: 0.26% C, 0.19% Si, 1.05% Mn, 0.48% Cr,
0.062% Ni, 0.017% P and 0.012% S.  The liquidus temperature of the alloy was
estimated to be 1508 °C [13].  After melting, the steel temperature was kept constant at
1545 °C and an addition of 40 g of magnetite was made in order to increase the oxygen
content.  The steel bath was homogenised during 3 minutes before deoxidation, which
was done by plunging an aluminium metal foil into the melt.  The added amounts of
aluminium varied from 0 to 0.3 % (by weight).  After 5 seconds from deoxidation the
electric power was turned off.  The teeming started 25 seconds after the moment of
deoxidation and the molten steel was generally allowed to flow until the nozzle was
completely blocked.  The temperature drop in the steel melt was usually 20-30 °C during
the teeming, which lasted for 30-80 seconds.

During teeming, steel samples were taken from the metal bulk by using a silica tube.  The
steel samples were analysed for dissolved aluminium by atomic absorption and total
oxygen by fusing method and infrared exposure.  After the experiments, the nozzles, with
the solid steel inside, were prepared for examination in an optical microscope.  Some
samples were further analysed in Scanning Electron Microscope.  The refractory surfaces
of the samples and also the metal with the oxide build-up were examined.
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����5(68/76�$1'�',6&866,21

������(TXLOLEULXP�&DOFXODWLRQV�RI�'HVXOSKXULVDWLRQ�DW�2YDNR�6WHHO
���������6XSSOHPHQWV���DQG���

The results from the plant trials at Ovako Steel AB and the corresponding equilibrium
calculations have been divided into the following parts:
1. Comparison of some models to calculate sulphide capacity and oxygen activity and

comparison with plant trials, series 1 (Supplement 1)
2. Parameter study of some process parameters (Supplement 2)
3. Comparison of calculated equilibrium sulphur distribution with plant data when

changing the top slag composition, series 2 (Supplement 2)
4. Summary

��������5HVXOWV�IURP�3ODQW�7ULDOV��6HULHV��
The results from the determination of slag compositions are shown in )LJXUH� ���� as
average concentrations.  The Al2O3 content in the top slag significantly increased during
the degassing operation. This could be due to separation of oxide inclusions and/or
formation of Al2O3 as a reoxidation product. Another conclusion is that the MgO content
increased slightly because of refractory wear.  During the final heating and stirring period
there was no significant change of the average slag composition.
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The sulphide capacities were calculated for the heats, using both the KTH model [6] and
the concept of optical basicity [3, 4].  When the optical basicity concept was used, the
sulphide capacity was calculated both by using Sosinsky and Sommerville’s equation
(2.5) [3] and also equation (2.6) derived by Young et al.[4].  It was found that the optical
basicity concept rendered larger values compared to the KTH model. The difference
between the models increased with an increase in the slag basicity, which is seen in
)LJXUH�����  It was not possible to make direct measurements of the sulphide capacity
from the slag samples from the plant trials. Consequently it was difficult to decide only
from )LJXUH���� which one of the sulphide capacity models would be most applicable to
sulphur refining. The sulphur distribution between the slag and metal was on the other
hand, easy to measure and the evaluation of the models in the present paper was therefore
based on these results. The effect of the difference between the sulphide capacity models
on calculated sulphur distributions and the agreement with the experimentally determined
values are discussed in the following section.
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)LJXUH�������Sulphide capacity values plotted as functions of the basicity

The activitiy of Al2O3 was estimated according to Ohta and Suito’s expression [12] (case
1) and the IRSID slag model [10, 11] (case 2).  The oxygen activity in the molten steel
was then calculated using equations (2.14-2.19).  The calculated oxygen activities were in
general well below 10-4 (wt%) and sometimes even lower than 10-5.  The oxygen
activities calculated in case 1 were about twice as high compared to the calculated data in
case 2.

The effect of oxygen activity is also illustrated in )LJXUH�����for predicted /6 values using
the KTH model [6]. The figure shows four data sets of calculated /6 values representing
the end of the final stirring and heating period (S3). In two of the data sets, the oxygen
activity is fixed to 10-5 and 10-4. In the third and fourth data sets, the oxygen activities
were taken from case 1 and case 2. As seen in )LJXUH� ���, the equilibrium sulphur
distributions were about twice as high when using the IRSID model (case 1) to estimate
the oxygen activity compared to when using Ohta and Suito’s model (case 2) as a basis
for calculating the oxygen activity.  It can also be seen from )LJXUH���� that in order for
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the calculated /6 values from the KTH model to agree with the analysis sulphur
distribution values in the present case, the oxygen activity was estimated to be less than
10-4.
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)LJXUH�������Effect of the oxygen activity on the calculation of LS. For estimation of the
sulphide capacity the KTH model was used in all cases. The samples were taken at the end of ladle
treatment (after final stirring/heating)

The equilibrium sulphur distributions according to equation (2.13) were calculated for all
heats using the KTH-model and oxygen activity values from case 1.  The results are
plotted in )LJXUH� ��� against the sulphur distribution based on slag and steel sample
analysis results.  The calculations were repeated using the optical basicity to estimate the
sulphide capacity.  It showed that the optical basicity concept gave much higher values of
the equilibrium sulphur distribution compared with the KTH model.

It was obvious that the slag and steel were not in equilibrium before the degassing
operation took place, since the equilibrium /6 were larger than the determined sulphur
distributions (see )LJXUH� ���).  Also, after vacuum degassing, the calculated /6 values
decreased in almost all cases, while the analysis sulphur distribution values increased,
which resulted in a remarkably good agreement between the two data sets.  Furthermore,
agreement was still very good after the final stirring and heating period.
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)LJ������  Calculated /6�from the KTH model plotted as a function of the sample analysis sulphur
distributions between slag and metal.  The oxygen activities were calculated using equations (2.14-2.19)

The predicted sulphur distribution ratios did not agree with the experimentally
determined values before vacuum degassing since the slag and steel were not in
equilibrium. After the vacuum treatment the agreement was much improved since the
thermodynamic and kinetic conditions for sulphur refining were very good during
vacuum degassing, but the predicted values were still influenced by a number of
conditions.

It is clearly illustrated in )LJXUH� ��� that the way the oxygen activity was calculated
influenced the predictions of /V to a large degree.  The best agreement between calculated
and analysis sulphur distributions was obtained when calculating the alumina activities in
the slag from Ohta and Suito’s expression [12], then using these data to calculate the
oxygen activities in the molten steel, and finally applying the KTH model to calculate the
sulphide capacities and sulphur distributions.

It was also found that the model calculations predicted higher sulphur distributions at
higher basicities compared to the plant data obtained. One possible reason for the
increased deviation between predicted and analysis sulphur distributions at higher
basicities was that the use of equation (2.19) to calculate the alumina activity might not
be appropriate for those slags whose silica content was too far away from the specified
lower limit of 10 wt% [12].

��������3DUDPHWHU�6WXG\
The effect of the following parameters on the equilibrium sulphur distribution was
calculated:
1. %Al in the molten steel.
2. %C in the molten steel.
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3. Temperature.
4. (%Al2O3)/(%CaO) ratio in the top slag.

It was concluded from the earlier investigation (section 4.1.1) that the average
concentrations of SiO2 and MgO in the top slag changed very little during the ladle
refining operation.  Thus, suitable contents of SiO2 and MgO were chosen and kept
constant during the calculations of the whole parameter study.  A typical bearing steel
composition was chosen for the calculation, with the following major alloying elements:
1.4 %Cr, 0.28 %Si and 0.28 %Mn.

The variation in the sulphide capacity for an Al2O3-CaO-8%MgO-7%SiO2 slag at
different temperatures and different Al2O3/CaO ratios was calculated using the KTH
model [6]. The results are shown in )LJXUH����.  The sulphide capacity will decrease with
an increase of the ratio of %Al2O3 to %CaO in the slag.  A decrease of the temperature
will also cause a decrease of the sulphide capacity.  Consequently, if the temperature
decreases at the same time as the Al2O3/CaO ratio increases, there will be an additional
effect on the decrease of the sulphide capacity. In )LJXUH����� an example of the change
in slag composition and temperature during vacuum degassing at Ovako Steel is
illustrated by the arrow moving from point A to B.  It corresponds to a decrease of
temperature from 1600 to 1535 °C and at the same time an increase of the Al2O3 content
from 27 to 32%.
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)LJXUH�����  Calculated sulphide capacity as a function of %Al2O3 in the top slag and the temperature. The
other slag components are constant at 8 %MgO and 7 %SiO2

)LJXUH���� illustrates how changes in temperature and aluminium content at a fixed slag
composition and fixed carbon content influence the equilibrium sulphur distribution, /6.
It can be seen in )LJXUH� ��� that a decrease of both the aluminium content and the
temperature will together have an opposite effect on the /6.  A decrease of the aluminium
content decreases the /6, while a decrease of the temperature increases the /6.  The arrow
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in )LJXUH���� show a decrease of the aluminium content from 0.06% (A) to 0.03% (B),
and a temperature decrease from 1600 (A) to 1535 °C (B).  The total effect on the /6 is
then almost negligible.  It must be pointed out though, that the total effect on the /6

depends very much on the specific case.
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)LJXUH�����  The calculated equilibrium sulphur distribution as a function of the aluminium content and the
temperature in molten steel.  The carbon content is 1% and the slag composition is 35%Al2O3-50%CaO-
8%MgO-7%SiO2

The next step in the parameter study was to calculate the effect of a changed Al2O3/CaO
ratio on the equilibrium sulphur distribution /6. In )LJXUH� ��� the temperature and the
aluminium content in the molten steel were maintained at 1550 °C and 0.04 %,
respectively, while the Al2O3/CaO ratio and the carbon content in the steel were allowed
to vary.  The MgO and the SiO2 contents in the top slag were held constant, 8 and 7%,
respectively.  It can be seen that an increased Al2O3/CaO ratio decreases the /6.  This has
two explanations. First, the sulphide capacity will decrease with an increased Al2O3/CaO
ratio, which will have a direct negative effect on the /6 in equation (2.13). Second, the
activity of Al2O3 in the top slag will increase with an increased Al2O3/CaO ratio, which
subsequently increases the oxygen activity in the molten steel at equilibrium conditions.
An increased oxygen activity will also decrease the /6.  An increased carbon content in
the molten steel increases /6 because the I6 and the I$O also increase.
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)LJXUH�����  Calculated equilibrium sulphur distribution as a function of %Al2O3 in the top slag and the
carbon content in the molten steel. The temperature is 1550°C, the aluminium content in the molten steel is
0.04% and the other slag components are constant at 8 %MgO and 7 %SiO2

In )LJXUH���� the effect of changes in the temperature and the Al2O3/CaO ratio in the top
slag on the /6 is shown.  The carbon and the aluminium contents in the molten steel were
fixed to 1.0% and 0.04%, respectively.  It can be seen that the /6 will decrease when the
Al2O3/CaO ratio increases.

20 25 30 35 40 45 50

0

500

1000

1500

2000

2500

3000

3500

Al
2
O

3
-CaO-8%MgO-7%SiO

2

1.0 %C, 0.04 %Al

 1500 oC

 1550 oC

 1600 oC

 1650 oC

 A

 B

E
q

u
ili

b
ri

u
m

su
lp

h
u

r 
d

is
tr

ib
u

tio
n

 L
s

%Al
2
O

3
 in top slag

65 60 55 50 45 40 35

%CaO in top slag

)LJXUH�����  The calculated equilibrium sulphur distribution as a function of the temperature and %Al2O3 in
the top slag.  The carbon and aluminium contents in the molten steel are 1% and 0.04%, respectively and
the other slag components are constant at 8 %MgO and 7 %SiO2

In )LJXUH����, the case of variation in temperature, Al2O3/CaO ratio in the top slag and
aluminium content in the molten steel was calculated.  The carbon content was fixed to
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1.0%.  The same data was used in�)LJXUHV�������� for generating the path A to B.  It can
clearly be seen that the influence of the change of aluminium content and temperature
will be almost negligible.  The greatest influence of the studied parameters will be from
the increase of the Al2O3/CaO ratio in the top slag, which will decrease the /6 during
ladle treatment.  It should be stressed though, that this conclusion is only valid if the SiO2

content in the top slag is more or less constant.
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)LJXUH�����  The calculated equilibrium sulphur distribution as a function of %Al2O3 in the top slag.  Case
A: 1600 °C and 0.06 %Al.  Case B: 1535 °C and 0.03 %Al.  The carbon content is 1% and the other slag
components are constant at 8 %MgO and 7 %SiO2 for both cases

��������3ODQW�7ULDOV�:KHQ�&KDQJLQJ�7RS�6ODJ�&RPSRVLWLRQ��6HULHV��
As mentioned earlier, the main conclusion from the parameter study was that a change in
the Al2O3/CaO ratio has the largest influence of the studied parameters on the sulphur
distribution ratio (see )LJXUH����).  Therefore, further plant trials were planned where the
alumina content before vacuum treatment was allowed to vary between 27 to 42%. The
equilibrium sulphur distributions /6 were calculated for all heats by applying the KTH
model [6] to calculate the sulphide capacities and estimating the alumina activities in the
slag from Ohta and Suito’s expression (equation (2.19)) [12], then using these data to
calculate the oxygen activities in the molten steel. The results are shown in )LJXUH�����,
where the estimated equilibrium sulphur distributions are plotted against the sulphur
distributions from analysis of the slag and steel samples. It can be seen that there was no
equilibrium between the top slag and the molten steel, with respect to sulphur, before
degassing.  Just after degassing, the estimated equilibrium sulphur distributions agreed
well with the analysis-determined sulphur distributions.  The agreement even somewhat
improved after the final heating and stirring period at the end of ladle treatment.
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)LJXUH������  The calculated equilibrium sulphur distribution plotted against the sulphur distribution,
determined from slag and steel analyses

Finally, some results from the plant trials in series 2 and changed Al2O3/CaO ratio in the
top slag (series 2) are shown in )LJXUH� �����  The calculated equilibrium and the
analysis-determined sulphur distribution for all heats with a final SiO2 content in the
interval 5.8-7.8%, are plotted as function of the Al2O3/CaO ratio.  The accuracy of
determination of sulphur in the top slag is also shown as error bars.
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)LJXUH������  Comparison of analysed and calculated sulphur distributions for heats where the content of
SiO2 in the top slag was 5.8-7.8%.  (Content of MgO: 7-13%).  Error bars ± 15.9%

��������6XPPDU\
When using the above described method for equilibrium calculations of sulphur refining
at Ovako Steel AB, the main overall conclusion from the results was the following: the
best agreement between calculated and analysis sulphur distributions was obtained when
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calculating the alumina activities in the slag from Ohta and Suito’s expression [12], then
using these data to calculate the oxygen activities in the molten steel, and finally by
applying the KTH model [6] to calculate the sulphide capacities and sulphur
distributions.

The parameter study showed that the CaO/Al2O3 ratio in the top slag has an important
influence on the sulphur refining during ladle furnace standard practice at Ovako Steel
AB.  A decreased CaO/Al2O3 ratio also decreases the equilibrium sulphur distribution
between slag and metal.  Plant trials, where the CaO/Al2O3 ratio was changed, confirmed
these results.

�����,QFRUSRUDWLRQ�RI�&KHPLFDO�5HDFWLRQV�LQWR�D�&)'�$SSURDFK�RI
�������9DFXXP�7UHDWPHQW��6XSSOHPHQWV���DQG���

All the model calculations pertain to a case where argon is injected at a flow rate of 0.13
m3/min from the bottom of the ladle through a centrally placed porous plug (two-
dimensional model).  The total pressure above the melt is kept constant during the
calculation at 240 Pa (1.8 torr) in order to simulate vacuum degassing.  The slag density
is a function of the slag composition and temperature [41].  The slag is assumed to be a
completely liquid layer, initially without concentration gradients, covering the steel
surface in the ladle.  Time zero is defined as the time when the open eye in the slag layer
has been established according to the fluid-flow calculation.  The simulated process time
is 14.1 minutes.  Each simulation is isothermal, i.e. the thermal energy equation is not
solved (constant temperature).

The results from the CFD modelling work can be divided into the following parts:
1. The basic case, where the concept is introduced (Supplement 3)
2. A parameter study, where the effects of changing the initial FeO content in the top

slag and the temperature are simulated (Supplement 4)
3. Comparison with plant data from Ovako Steel (Supplement 4)
4. Oxygen balance (Supplement 4)
5. Summary

��������5HIHUHQFH�&DVH
The reference case (Supplement 3) is an isothermal calculation of vacuum degassing at
1590 °C.  At the start of the calculation the amounts of slag and steel are 1120 kg and
90.9 ton, respectively.  The initial slag and steel composition data for the reference case is
given in 7DEOHV���� and ���.

7DEOH�������Initial slag component concentrations for the reference case
�$O�2� �&D2 �0J2 �6L2� �)H2 �0Q2 �6
28.4 48.9 9.0 11.0 2.0 0.2 0.5
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7DEOH�������Initial steel component concentrations for the reference case
�& �6L �0Q �$O �6
1.02 0.22 0.28 0.052 0.023

)LJXUH� ���� illustrates the calculated fluid flow field in the upper part of the ladle.
)LJXUH������D shows the streamlines and )LJXUH������E shows an overlay of the variation
of the density on top of a velocity vector plot. The density plot ()LJXUH������E) shows
that a mixing zone between the bulks of the steel and slag is established.  A recirculation
loop in the slag can be observed as well as a stagnant zone very close to the ladle wall
()LJXUH������D).  A large recirculation loop in the steel bulk could also be found.

Density [kg/m3]

a)

b)

)LJXUH������  Calculated fluid flow field.�D� Streamlines. E� An overlay of the variation of the density on a
velocity vector plot of the flow field

An important feature of the present model is the dynamic calculation of the activities of
Al2O3, SiO2, FeO and MnO in the slag.  An example of the distributed activities of Al2O3

and SiO2 and the activity coefficients of FeO and MnO after 9.5 minutes of the total
simulation time is shown in )LJXUH� �����  The fluid-flow field in the slag is clearly
reflected in the figure.  The activities and activity coefficients are higher within the
recirculation loop in the slag and also in the stagnant zone close to the ladle wall.

Calculated concentration profiles of FeO and MnO (as % of liquid phase) after 9.5
minutes are shown in )LJXUH� �����  Isodensity contours in the mixing zone are also
shown in the figures to clearly demonstrate the low-end position of the mixing zone. One
region with increased MnO content was more or less present during the whole calculation
and was found near the open eye in the upper part of the slag. Another region with an
increased MnO content very close to the ladle wall (just above the slag/metal interface)
could also be observed.  The FeO content was increased in the upper part of the top slag
and a small region with an increased FeO content close to the ladle wall was also
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developed. This small region was located approximately where the mixing zone between
the slag and steel meet the ladle wall, (i.e. the triple point).

)LJXUH����� illustrates how the aluminium content in the steel changes with the refining
time.  The calculated concentration profiles after 1.5, 4 and 9.5 minutes are plotted in a
vertical plane through the centre of the ladle.  It is clear that the aluminium content
decreases during the process.  The oxidation of dissolved aluminium takes place in the
mixing zone, where the steel phase becomes depleted of aluminium.  Steel of lower
aluminium content is transported according to the main fluid-flow pattern towards the
ladle wall and down into the steel bulk. This has also been demonstrated in other
investigations [14, 15] of CFD modelling.

γFeO

DSiO2

γFeO

γMnO

DSiO2 γMnODAl2O3

DAl2O3

)LJXUH������ Activities of Al2O3 and SiO2 and activity coefficients of MnO and FeO in the slag after 9.5
minutes
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)LJXUH������� MnO and FeO contents in the ladle as % of liquid phase after 9.5 minutes
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ZW��$O

)LJXUH������  Concentration profiles of aluminium in the steel melt as a function of refining time

��������(IIHFWV�RI�&KDQJLQJ�WKH�7HPSHUDWXUH�DQG�,QLWLDO�)H2�&RQWHQW�LQ�WKH�7RS�6ODJ
In order to evaluate the influence of initial FeO content in the slag on desulphurisation
and aluminium loss, a parameter study was made, where the initial FeO content in the
slag was 0, 2 and 6% respectively  (Supplement 4).  Two constant temperatures were also
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considered: 1550 and 1600 °C.  Consequently six model simulations were done.  The
initial steel composition was the same as in the basic case (see 7DEOH����). The different
initial slag compositions in the parameter study are shown in 7DEOH�����

7DEOH����.  Initial slag compositions in the parameter study
�)H2 �$O�2� �&D2 �0J2 �0Q2 �6L2� �6

� 29.0 50.0 9.2 0.0 11.2 0.5
� 28.4 48.9 9 0.2 11.0 0.5
� 27.2 46.9 8.6 0.2 10.5 0.5

In Supplement 3 (also Section 4.2.1), the effect of 0 and 2 %FeO by weight in the top
slag on desulphurisation was also reported.  However, in that calculation the oxygen
contribution in the first case (0 %FeO) was not taken into account in the calculation.  In
Supplement 4 the slag phase was allowed to approach thermodynamic equilibrium with
respect to FeO content without such restrictions.

)LJXUHV����� and ���� show how the average compositions of the steel and slag changed
with time for the case where the initial FeO content in the slag was 2% and the
temperature 1600 °C.  It can be seen that the model predicted a rapid decrease of FeO and
MnO in the beginning of the vacuum treatment.  This should be due to low oxygen
potential in the molten steel, which was determined by the equilibrium between Al2O3 in
top slag and dissolved aluminium in the steel.  Initially the dissolved aluminium content
was 0.052%, which resulted in a low oxygen potential at the slag/metal interface with
favourable conditions for reduction of FeO and MnO.  It can also be seen that SiO2 was
reduced from the top slag in the beginning, since the content of silicon increased
somewhat in the steel melt.
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concentrations)
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)LJXUH������  An example of the calculated slag composition change (average) during the refining process

)LJXUH����� shows how the model predicted the influence of different initial contents of
FeO in the top slag on desulphurisation at 1600 °C.  At 0% initial FeO the average
sulphur content will decrease from 0.023 to 0.013 within 10 minutes. If the initial FeO
content increased the desulphurisation rate decreased.  At 2% initial FeO the average
sulphur content was 0.015% after 10 minutes of vacuum treatment.  If the initial FeO
content was increased even further to 6% the average sulphur content was 0.020% after
10 minutes.
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)LJXUH�����.  Influence of different initial FeO contents in the top slag on the predicted desulphurisation at
1600 °C

)LJXUH� ���� shows the predicted average aluminium loss as a function of time during
vacuum treatment at 1600 °C.  It can be observed that an increase of the initial FeO
content also increased the loss of aluminium, especially in the beginning of vacuum
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degassing.  This should be expected if the major reduction of FeO and MnO occur in the
beginning of the simulation as seen in�)LJXUH�����.
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)LJXUH������  Predicted average loss of aluminium as a function of refining time and different initial FeO
contents (1600 °C)

In )LJXUH����� two calculated concentration profiles of sulphur in the steel melt at 1600
°C are illustrated.  The results are presented as plots in a vertical plane through the centre
of the ladle.  After 4 minutes of vacuum treatment very different concentration profiles
were observed between the cases 0% and 6% initial FeO in the top slag .  For the case of
6% initial FeO the sulphur refining was rather slow, which also can be observed in Figure
12.  The average sulphur content was calculated to 0.021% and the concentration
gradients of sulphur were small in the steel bulk.  When the initial FeO content was
decreased to 0%, the sulphur concentration gradients in the steel bulk after 4 minutes was
significant and the desulphurisation reaction rate was higher.  The average sulphur
content at this point was 0.016%.  The sulphur refining takes place at the slag-steel
interface.  Molten steel leaves the slag/steel interface with a decreased sulphur content
and then moves downward along the ladle wall.  When the desulphurisation reaction has
finished, i.e. no more sulphur will be transferred to the top slag, the recirculating flow
will level out the concentration gradients in the steel bulk.

In )LJXUH������D is a depiction of distribution of the sulphur in the slag.  Note, that the
plotted sulphur concentration in each cell is the amount of sulphur in the slag phase
divided by the total weight of steel and slag in that particular cell.  Here, the fluid-flow
pattern in the slag is also clearly reflected in the concentration profile.  The recirculation
loop can be seen in the sulphur profile as well as the stagnant zone.  The sulphur refining
takes place in the slag/metal mixing zone, as has been demonstrated in previous
investigations [14, 15].
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)LJXUH������  Calculated concentration profiles of sulphur in the steel at 1600 °C

The sulphur is absorbed into the slag in the mixing zone and then transported by the fluid
flow in the slag phase towards the stagnant zone and the recirculation loop.  After 9.5
minutes of vacuum treatment there is a build-up of sulphur in the slag close to the ladle
wall (the stagnant zone) with a local maximum sulphur content of about 2 %.  In the
recirculation loop there is also an increased sulphur content, the value being around 1.1
%.

In� )LJXUH� ����� E is a photo of an industrial slag sample investigated by Scanning
Electron Microscopy.  The slag sample was taken immediately when the vacuum
treatment was finished. In this particular heat the normalised slag composition was 55.5
%CaO, 32.1 %Al2O3, 7.6 %MgO and 4.3 %SiO2.  The sampling temperature was 1509
°C.  Precipitated particles of CaS were identified in the slag sample, as indicated in
)LJXUH� ����� E.  If it is assumed that the CaS particles were precipitated during the
vacuum treatment, some explanations as to why this would occur should be proposed.  It
is possible that local enrichment of sulphur in the slag (as seen in )LJXUH������D) together
with a decrease in temperature causes a supersaturation of sulphur in the slag, which
could produce the precipitation.  The CaO content in this particular heat was also rather
high.  A detailed explanation of the CaS precipitation is difficult to suggest due to the
limited access of phase diagrams including sulphur (CaS) that are relevant for ladle slag
compositions.
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In )LJXUH����� the changes of dissolved aluminium and sulphur in the molten steel during
vacuum treatment at 1600 and 1500 °C are plotted as functions of initial FeO content in
the top slag. It can be seen that the aluminium loss (change of aluminium) increased as
the initial FeO content increased.  This could also be observed in )LJXUH�����.  At the
same time the change of sulphur decreased, i.e. the desulphurisation deteriorated.  The
effect of temperature (in the studied interval) on the sulphur refining is minor.  The
aluminium loss is somewhat more influenced by the temperature, but the effect is still
rather small.

a)

)LJXUH������D� Calculated sulphur concentration profiles at different points of vacuum treatment (heat size
100 ton, isothermal temperature 1600 °C, gas stirring 0.13 m3/min, initial FeO content 2%)
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b)

)LJXUH������E� Precipitation of CaS in sample from top slag after vacuum treatment
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)LJXUH������  Total change of dissolved aluminium and sulphur concentrations in the steel plotted as
functions of initial FeO content in the top slag

��������&RPSDULVRQ�ZLWK�3ODQW�'DWD�IURP�2YDNR�6WHHO
It is of great interest to compare the calculated results with actual industrial plant data.
However, because the model was two-dimensional and the plant data represents a real
three-dimensional case, the comparison could only be used to check how well the
calculated results agreed with plant data in general terms.  It should be emphasised that
the two-dimensional model simulation assumed a symmetrical fluid-flow pattern in the
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ladle, where in the real three-dimensional world the flow was asymmetrical and more
complicated [14].  The actual model simulation time was equal to the vacuum treatment
time for the experimental heat.  At the start of vacuum treatment the measured steel
temperature was 1591 °C and at the end it was 1517 °C.

)LJXUH����� shows a comparison of the predicted steel composition and steel plant data
[14] with respect to aluminium, sulphur, silicon and manganese.  It can be seen that the
agreements of the predicted and actual aluminium and manganese contents were very
good.  The actual sulphur content was somewhat lower than the predicted.
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)LJXUH�����.  Comparison of predicted steel composition during degassing and plant data

In 7DEOH���� results from mass balance calculations for each component in the slag are
shown.  The calculations were made for the simulated case with 2 % initial FeO content
and the plant analysis.  It was assumed that the amount of CaO in the slag does not
change during the vacuum treatment.  The deviation (in percent) of each predicted slag
component relative to the plant data is also given in parentheses.

7DEOH�����  Slag compositions in kg before and after vacuum treatment (Relative deviations in parentheses)
After vacuum treatment – ModelBefore vacuum

treatment- plant data
(kg)

1550 °C (kg) 1600 °C (kg)
After vacuum

treatment – Plant data
(kg)

FeO 22.4 6.4  (-13.5 %) 7.9  (+6.8%) 7.4
Al 2O3 318.1 367.4  (-2.0 %) 365.1  (-2.5 %) 374.6
CaO 547.7 547.7  (---) 547.7  (---) 547.7
MgO 100.8 98.2  (-18.4 %) 98.7  (-18.0 %) 120.4
MnO 2.2 1.3  (-27.8 %) 0.9  (-50.0 %) 1.8
SiO2 123.2 121.3  (-13.7 %) 100.9  (-28.2 %) 140.6

S 5.6 12.7  (+22.1 %) 12.5  (+20.2 %) 10.4
Total 1120 1155  (-4.0 %) 1133.7  (-5.8 %) 1202.9
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6L2�

In 7DEOH���� it can be seen that the model predicted a reduction of SiO2 during vacuum
degassing at both 1550 and 1600 °C. The plant data indicates however, oxidation of
dissolved Si to SiO2.  The model simulation made at 1550 °C also predicted that the SiO2

reduction would be very small at that isothermal temperature.  Further, the model
calculations resulted in an increased SiO2 reduction when the temperature was increased
from 1550 to 1600 °C.  This is reasonable, since reduction of SiO2 is favoured by the
thermodynamic conditions at increased temperatures.  Since the measured steel
temperature at the steel plant after vacuum treatment was considerably lower than 1550
°C (actually 1517 °C) an oxidation of Si should consequently be reasonable.  If the
isothermal temperature is decreased further (below 1550 °C), the model would be
expected to predict oxidation of dissolved Si to SiO2.

0J2
According to the model predictions there should be no increase of MgO in the top slag
during the vacuum treatment.  The plant data shows an increase, which is explained by
refractory wear (magnesite) during the degassing.  This was not considered in the
mathematical model.

$O�2�

The predicted final amounts of Al2O3 in the slag are in good agreement with the
corresponding plant data.  Dissolved Al can be oxidised at all realistic ladle treatment
temperatures.  It is also reasonable to expect a slightly higher oxidation for the plant data,
since the temperature is lower.  The explanation is the same as that for Si oxidation.

)H2�DQG�0Q2
The final amounts of FeO and MnO predicted by the model were also evaluated and
compared to the plant data.  It can be seen that the predicted FeO amount is in quite good
agreement with the plant data.  The predicted final MnO amounts are lower than the plant
data.  One possible explanation could also be the temperature differences (as for SiO2).

6XOSKXU
The predicted sulphur amounts in the slag are somewhat higher than the plant data.
However, it is known (Supplement 1) that slag sampling with respect to determination of
sulphur content is less accurate compared to sampling and determination of oxide slag-
components contents.  The relative accuracy of determined sulphur values could be in the
range of 10-15% due to sampling and analysis methods.

��������2[\JHQ�%DODQFH
The results from the model simulation were more critically examined by a simplified
oxygen mass balance for the slag phase.  It was assumed that the amount of oxygen in the
steel phase could be neglected because of the low amount of dissolved oxygen (<1
kg/100 ton steel).  The results from the mass balance are shown in 7DEOH����.
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7DEOH�������Total oxygen balance at 1600 °C (Oxygen in steel melt neglected)

��ZW��)H2LQ ��ZW��)H2LQ ��ZW��)H2LQ

% Error (in-out)/in 2.0 -1.4 -10.2

The error in the oxygen mass balance has a positive value at an initial FeO content of 0%,
which means that oxygen is removed in the model calculation.  At initial FeO contents of
2 and 6% the error sign is negative, which means that oxygen is supplied in the model
calculation.  At 0 and 2% initial FeO contents, the absolute value of the error is less than
2%, which is acceptable.  This means that these calculated results are reasonable from a
theoretical point of view.  However, at the initial FeO content of 6%, the absolute value
of the error increased to about 10%.  One explanation could be that increasingly high
initial FeO (and MnO) contents in the slag might cause a situation where equilibrium
cannot be dynamically established in the model for any reasonable resolved calculation
grid and time step in the present case.

��������6XPPDU\
In order to study simultaneous reoxidation and desulphurisation, including macrokinetic
behaviour, a two-dimensional fluid-flow model covering three phases (steel, slag and
gas) was augmented to include thermodynamic equations.  Despite the fact that the cases
simulated were isothermal, the model could be used to predict desulphurisation, the loss
of aluminium in the steel and the reduction of FeO and MnO in the slag.  The comparison
of predicted slag composition and plant data indicate that the temperature has a great
influence on the model predictions.

The model predictions indicated that especially dissolved Si can be locally oxidised or
SiO2 reduced according to the prevailing conditions during ladle treatment.  Furthermore,
it was found that it is important to have access to reliable thermodynamic relationships
for estimation of activities of oxide components in the slag phase and elements in the
steel phase.  Such relationships are fundamental to the calculation of local equilibrium
reactions at the slag/metal interface.

The results also show that the model can be applied in future work on dynamic modelling
of slag/metal reactions if the initial FeO content is less than 3-4 wt%. From a practical
point of view, this requires the removal or reduction of the EAF slag before ladle
treatment.  Since this is generally known regarding clean steel production the
fundamental model presented in this report can be applied to clean steel treatment in
general.

������1R]]OH�&ORJJLQJ��0HFKDQLVPV�DQG�3UHYHQWLRQ
���������6XSSOHPHQWV���DQG���

The results from the work on nozzle blockage have been divided into the following parts:
1) Results from a laboratory study on some nozzle blockage mechanisms

(Supplement 5)
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2) Thermodynamic calculations of calcium modification of alumina inclusions as one
method for avoiding nozzle blockage (Supplement 6)

3) Summary

��������1R]]OH�%ORFNDJH�'XULQJ�&DVWLQJ�RI�$O�.LOOHG�6WHHO

(IIHFW�RI�$OXPLQLXP�RQ�7HHPLQJ�5DWH
The investigation of the blocked nozzles in the Scanning Electron Microscope revealed
that the majority of the oxides in the build-up consisted of alumina clusters (Al2O3).  The
oxide deposition pattern ()LJXUH�����) showed that the build-up was concentrated in the
entrances to and the upper part of the cylindrical sections of both the angle-entry and the
radius-entry nozzle geometries.

)LJXUH������D�  Oxide build-up in the angle-entry
nozzle

)LJXUH�������E�  Oxide build-up in the radius-entry
nozzle

The experimental results showed a strong relationship between the dissolved content of
aluminium in the molten steel and the teemed weight in the mould.  This is illustrated in
)LJXUH�����, where the weight of teemed steel in the mould is plotted as function of the
teeming time for alumina angle-entry nozzles.  Increased aluminium content in the steel
melt decreased the teeming rate.  The same characteristic behaviour was observed for the
other nozzle materials and also for the radius-entry nozzle geometry.
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)LJXUH�����.  The weight in the mould plotted as function of the teeming time.  The aluminium contents in
the figure refer to dissolved aluminium content in the steel melt.  Alumina angle-entry nozzles

In )LJXUH� ���� the results from the angle-entry nozzles (alumina, magnesite and
zirconium silicate) are compared by plotting the weight of steel in mould at 30 seconds of
teeming against the dissolved aluminium content in the steel melt.  The severity of nozzle
blockage increased rapidly when a small amount of aluminium was added and dissolved
(< 0.05%).  When the aluminium addition was increased (> 0.1%) there dependence of
the blockage on the aluminium content was less clear.  The same tendency was observed
for the radius-entry nozzles.  It could also be seen that the difference between the three
studied nozzle materials was insignificant, from the aspect of blockage, when the
dissolved aluminium content was greater than 0.06%.

)LJXUH�����.  The weight in the mould at 30 seconds of casting plotted as function of the dissolved
aluminium content in the steel melt.  Angle-entry nozzle geometry

The amount of precipitated alumina inclusions as a function of the dissolved aluminium
content was estimated by a simple oxygen mass balance.  It was assumed that the
dissolved oxygen content was controlled by the equilibrium reaction (2.15). It was further
assumed that the total oxygen content during the teeming could be represented by an
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average value of 70 ppm.  The calculation also assumed that the temperature was 1545 °C
in all cases.  The calculated results are presented in )LJXUH����� together with weights in
the mould at 30 seconds of teeming for the angle-entry nozzles.  It is clear that the sharp
drop in teeming rate at a very small increase of the aluminium content (< 0.05%)
corresponds quite well to a similar increase of the amount of precipitated alumina.

)LJXUH�����.  Steel weight in the mould at 30 seconds of teeming and calculated amount of precipitated
alumina a function of the dissolved aluminium content in the steel melt

5HDFWLRQV�EHWZHHQ�1R]]OH�5HIUDFWRU\�DQG�/LTXLG�6WHHO
The surfaces of the nozzle refractories, which had been in contact with the liquid steel
during the teeming, were examined in the Scanning Electron Microscope.  The alumina
and magnesite nozzles from the reference experiments (where no steel had solidified in
the nozzle) were practically uninfluenced.  In the nozzle refractory samples (alumina and
magnesite), where steel had solidified, reaction layers at the nozzle surface were
observed, probably cased by oxidation phenomena during cooling of the nozzle and
solidified steel.

All the zirconium silicate refractory samples showed a more ore less accentuated
decomposition zone, where pure ZrO2 had been formed at the steel/refractory interface.
This is illustrated in )LJXUH�����.  One reason could be that the oxygen activity was low
enough, even in the reference experiment, to cause a decomposition of the zirconium
silicate [9]:

26LV=U2V6L2=U2 2)()( 222 ++=⋅ (4.1)

7* ⋅−=∆ 207.2336073190     (J/mol)  (4.2)

The activity of oxygen is plotted as function of the silicon activity in the steel melt for
reaction (4.2) in )LJXUH�����.
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)LJXUH������  ZrO2 rich zone (white) at the steel/refractory interface.  Grey colour represents the zirconium
silicate nozzle
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)LJXUH������  Equlibrium diagram for reaction (4.2) at 1545 °C

Oxide reaction products in the metal samples (taken from the frozen nozzle) from the
aluminium-deoxidised experiments were also observed in the SEM.  Alumina together
with silica formed a complex oxide phase that was found in the metal in the vicinity of
the refractory.  Within the complex alumina silicate phase, zirconia particles were seen.

It is believed that the chemical reaction between the zirconium silicate nozzle did not
significantly contribute to the blockage, because there was practically no difference
between the three nozzle materials when the teeming rates were compared.
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(IIHFW�RI�1R]]OH�7HPSHUDWXUH
The microscope investigation of the solidified steel in non-heated nozzles showed that the
oxide deposition in most cases was not large enough to be the final cause of the blockage.
The metal had solidified during the last seconds of the teeming, although the temperature
of the liquid steel in the crucible in many cases was above the estimated liquidus
temperature of the alloy.  The effect of the initial nozzle surface temperature on the
teeming rate is shown in )LJXUH� ����. It was evident that an increase of the nozzle
temperature slightly above the temperature of the molten steel decreased the severity of
the nozzle blockage. However, if the initial temperature of the nozzle was increased
above 1600 °C, the severity of the nozzle blockage seemed to increase again, especially
toward the end of teeming.  Examination of the blocked nozzles in light optical
microscope showed clustered alumina inclusions deposited at the nozzle wall.  The
deposition site inside the nozzle was the same for heated and non-heated nozzles.

)LJXUH�����.  Steel weight in the mould at 30 seconds of teeming and after finished casting as function of
the initial temperature of the nozzle inner surface

7UDQVSRUWDWLRQ�RI�,QFOXVLRQV�LQ�WKH�1R]]OH
In )LJXUH����� the viscous sublayer thickness was calculated for the radius-entry nozzle.
It is shown as function of the distance from the nozzle entrance in the x-axis direction.
Turbulent flow is assumed to be established when NRe > 2000.  It can be seen that the
viscous sublayer thickness decreases rapidly from several hundreds of µm to a steady
value about 50-60 µm.  Experimental observations showed that the oxide deposition in
the radius-entry nozzle did not occur at a position along the centre axis less that 35 mm
(indicated in )LJXUH�����).  The viscous sublayer at this point is then about 100 µm and
approaching its minimum value.  It seems that the viscous sublayer is then below a
critical thickness, where mass transfer of inclusions towards the nozzle wall by turbulent
eddies is favoured.
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DepositionNo deposition

)LJXUH�����.  Calculated thickness of the viscous sublayer in the radius-entry nozzle (smooth surface
assumed).  The observed region of deposition is indicated in the figure

��������3UHYHQWLRQ�RI�1R]]OH�%ORFNDJH�E\�&DOFLXP�7UHDWPHQW�±�$�7KHUPRG\QDPLF
�����������3HUVSHFWLYH�

&DOFLXP�0RGLILFDWLRQ�RI�$O�2��,QFOXVLRQV
Themodynamic calculations of Ca-treatment of Al-killed steel were made, as described in
Section 2.3.3.� For these calculations, the thermodynamic commercial software
ThermoCalc [13] and the IRSID Slag model to describe the thermodynamics of the slag
phase [10, 11] were used.  )LJXUH����� illustrates how the CaO content in liquid CaO-
Al2O3 varies at different amounts of added Ca and different total oxygen contents.
)LJXUH� ���� was calculated at 1600 °C and the solid lines, marked ➀, ➁ and ➂,
represent the composition of the molten oxide phase.  The calculation was repeated at 50,
100 and 200 ppm total oxygen, respectively.
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constant.  Temperature 1600 °C.
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)LJXUH� ���� shows the area of stability of different phases of calcium aluminates as
functions of the total oxygen content and the amount of calcium.  The total Al content is
0.04 %.  At 1600 °C, the stable phases are Al2O3, CaO⋅6Al2O3, CaO⋅2Al2O3, liquid CaO-
Al2O3 and CaO [10, 11].  (If the temperature is lowered to 1500 °C CaO⋅Al2O3 and
3CaO⋅Al2O3 can also be formed.)  From the figure it can be seen that when the total
oxygen content was increased, to for example 100 ppm, the calcium amount that was
required to modify alumina inclusions to liquid CaO-Al2O3 was shifted towards higher
values.  It can also be noted that the calculations in )LJXUH������and����� did not predict
the existence of solid CaO⋅Al2O3 in equilibrium with liquid CaO-Al2O3 at 1600 °C.  This
is not in agreement with the phase diagram in )LJXUH� ���, where CaO⋅Al2O3 exists at
temperatures up to 1602 °C [41].
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)LJXUH� ����.  Regions of stability for different phases in the CaO-Al2O3 system at 1600 °C.  The total
aluminium content is 0.04%.

(IIHFW�RI�,QWHUDFWLRQ�EHWZHHQ�$OXPLQLXP��2[\JHQ�DQG�&DOFLXP�LQ�WKH�6WHHO�0HOW
The strong interaction effects between oxygen and aluminium as well as oxygen and
calcium have been discussed in several publications.  In the present work interaction
coefficients from two different publications have been used and compared (7DEOH����).
Interaction coefficients besides those in 7DEOH���� were taken from Engh [8]: 2

2
H =-0.2,

045.0=$O

$O
H , &D

&D
H =-0.002, &D

$O
H =-0.047 and $O

&D
H =-0.072.

7DEOH�������Interaction coefficients
$O

2
H 2

$O
H &D

2
H 2

&D
H

Gustafsson,and Mellberg [44] - 5.52 -8.86 - 62 -155
Hillert and Selleby [45] - 0.11 - 0.18 - 0.19 - 0.48
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It was assumed that the molten steel with a given dissolved aluminium content (0.033%)
was in equilibrium with liquid oxide (50%CaO and 50%Al2O3) at 1600 °C.  The activity
values of Al2O3 and CaO at this composition were 

322$O
D = 0.032 and 

&D2
D = 0.32.  The

two following equilibrium constants were used [8]:

( )
[ ] [ ] 93.9log 3 =

⋅
=

2&D

&D2

DD

D
. (4.3)

( )
[ ] [ ]

28.13log
324

32 =
⋅

=
2$O

2$O

DD

D
. (4.4)

In )LJXUH� ����, the dissolved oxygen contents as function of the dissolved calcium
contents for both sets of interaction coefficients are shown.  It can be seen that the above
defined equilibrium conditions for reactions (2.26) and (2.27) are fulfilled at
[%O]=1.7⋅10-4 (Gustafsson and Mellberg [44]), [%O]=1.2⋅10-4 (Hillert and Selleby [45])
and [%Ca] around 3⋅10-7.  These differences are negligible and thus the choice of
interaction coefficients does not seem to play an important role in this case.
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)LJXUH������  Theoretical comparison of the effect of different interaction parameters on the calcium and
oxygen content in aluminium killed steel

3UHFLSLWDWLRQ�RI�&DOFLXP�6XOSKLGH�LQ�,QFOXVLRQV
When Al-killed steel is Ca-treated in order to prevent nozzle clogging, it is also important
to consider the formation of solid calcium sulphides.  )LJXUH����� shows the calculated
activities of aluminium and sulphur at which solid CaS can be precipitated in equilibrium
with solid CaO, CaO⋅2Al2O3 or liquid CaO-Al2O3 (50:50), respectively.  The temperature
in the calculation was 1600 °C.  For example, assume that a steel melt with DAl = 0.03 at
1600 °C is in equilibrium with liquid CaO-Al2O3 of 50:50.  Solid CaS would then be
precipitated only if the activity of dissolved sulphur in the steel melt exceeds 0.009
(about 90 ppm).
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calcium aluminates as indicated in the figure (1600 °C)

The effect of SiO2 on the formation of sulphide was also calculated, using ThermoCalc
[13] and the IRSID Slag model [10, 11], and the results are shown in )LJXUH�����.  It is
seen that the precipitation of sulphide is suppressed if the SiO2 content in the oxide phase
is increased.  The ratio between CaO/Al2O3 was kept constant at unity in the calculations.
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)LJXUH������ Effect of increasing the SiO2 content in the liquid CaO-Al2O3 inclusion on the equilibrium
activities of aluminium and sulphur in the liquid steel

��������6XPPDU\
The results from the study of nozzle blockage showed that the dissolved (and added)
aluminium content had a strong influence on the nozzle blockage.  The effect was most
clear at low aluminium contents.  An increased amount of alumina decreased the teeming
rate through the nozzle and increased the blockage.  It was suggested that the initiation of
the oxide build-up could be accumulation of alumina clusters, which were transported to
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the nozzle wall at a point where the viscous sublayer was decreased by a certain critical
thickness.

Chemical reaction between zirconium silicate nozzle and the aluminium-deoxidised steel
did not aggravate the blockage compared to the stable refractories in the study (alumina
and magnesite).  This was shown for dissolved aluminium contents above 0.06-0.07%.  It
was further concluded that precipitation of alumina due to super-cooling of steel in the
nozzle was probably not the mechanism of oxide build-up.  The most likely cause for the
blockage was an accumulation and deposition of alumina inclusions at the nozzle walls,
which initiated solidification (freezing) of the steel.  Thus the steel flow was interrupted.

The control of the amount of alumina inclusions is consequently of great importance in
order to avoid nozzle blockage. A method to prevent the blockage is also to modify the
solid alumina to liquid CaO-Al2O3 inclusions by calcium treatment of Al-killed steel. If
the calcium addition is too small, the transformation of Al2O3 to liquid CaO-Al2O3

inclusions will not be complete and solid Al2O3-rich calcium aluminates will be formed
instead, for example CaO⋅6Al2O3.  (Formation of such inclusions may in fact aggravate
the nozzle clogging problem [40].) On the other hand, if the calcium addition is
excessive, solid calcium sulphide may precipitate, which also could cause nozzle
clogging.  Thermodynamic calculations of calcium treated Al-killed steel was made using
the commercial software ThermoCalc and the IRSID Slag Model.

The results showed that it is important to control the total oxygen content and the
temperature to achieve a successful inclusion modification.  Furthermore, the steel
composition will also affect the thermodynamics of the modification.  This was
illustrated by changing the activities of aluminium and sulphur in order to find the
equilibrium conditions for precipitation of CaS.  The sulphur activity should not exceed a
certain maximum value, which is dependent on steel grade that is produced and the
operating parameters in the process.  It is therefore important to control the sulphur
content (desulphurisation) in the liquid steel prior to the calcium injection.
Desulphurisation can be achieved by adding a lime-rich synthetic slag in the ladle and
proper slag-metal mixing by stirring [46].  Such a treatment will also lower the amount of
non-metallic inclusions in the liquid steel and thereby decrease the total oxygen content.
The risk of nozzle blockage due to solid CaS will be decreased and the required amount
of added calcium will then also be reduced.
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����&21&/8',1*�5(0$5.6

The present work has discussed some reasons, originated from productivity and product
quality, why sulphur and oxygen should be controlled during ladle treatment. In order to
illustrate how it could be done, some alternative ways of modelling the vacuum degassing
operation at Ovako Steel AB for optimisation purposes were chosen as examples.
Results from nozzle clogging experiments and thermodynamic calculations of calcium
treatment point out the importance of a proper ladle treatment with respect to sulphur and
oxygen.  7DEOH� ��� shows the main reactions that have been employed in the present
work.

7DEOH������ Main reactions that are treated in the thesis work

5HDFWLRQV 6XSSOHPHQW
�������������������������������������������������������������������������������������������

3232 2$O2$O =+ ; ; ; ; ; ;

22 6L226L =+ ; ;

)H22O)H =+)( ; ;

0Q220Q =+ ; ;

( ) ( )−− +=+ 22 6226 ; ; ; ;

&D22&D =+ ;

&D66&D =+ ;

Supplements 1 and 2 present a method to optimise the top slag with respect to sulphur
refining.  It is based on overall equilibrium calculations, where the sulphide capacity and
the oxygen activity can be estimated using the top slag analysis, steel composition and
temperature.  It is then assumed that the top slag is in equilibrium with the steel bulk and
concentration gradients are disregarded.  The calculated final sulphur distribution agreed
quite well with analysis-determined sulphur distributions of vacuum degassed steel at
Ovako Steel AB.

The advantages of the above method described are that it allows fast and easy evaluation
of the theoretical desulphurisation conditions for the current refining praxis at Ovako
Steel AB.  Furthermore, it makes it possible to theoretically estimate which parameters
that can have the greatest influence on the equilibrium sulphur distribution ratio.
Thereafter, the top-slag composition can be optimised with respect to desulphurisation for
each major steel grade that is produced.  However, one disadvantage is that the slag and
steel bulk have to be in equilibrium or close to equilibrium at the end of the ladle
treatment.  At Ovako Steel the strong stirring conditions during the degassing are
favourable for reaching slag-metal equilibrium at the end.  Thus, it can be difficult to
apply on other ladle treatment situations, where no vacuum degassing is performed.  Also
the method can only deal with a known slag and steel composition at the end of ladle
treatment.  For example, it is not possible to predict the loss of aluminium during the
process.
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Supplements 3 and 4 present another approach to study slag/metal reaction during ladle
treatment. The work consists of CDF calculations, where a two-dimensional fluid-flow
model covering three phases (steel, slag and gas) has been augmented to include
thermodynamic equations to study simultaneous reoxidation and desulphurisation.  The
thermodynamic relationships are of the same types that are used in Supplements 1 and 2.
The fundamental assumption is that local equilibrium between slag and metal exists in
every calculation node in the slag/metal mixing zone.  So far the simulations have only
been done at constant temperature, but comparison with plant data show that this
approach can be used for future work on dynamic modelling of slag-metal reactions.

The advantage of the CFD approach is the potential to predict the variation of the slag
and steel component-concentration gradients (and temperatures) as a function of time.  It
is also possible to simulate different ladle treatment conditions, such as vacuum
degassing or only inert gas stirring, ladle geometry, stirring method and stirring intensity,
etc.  Thus the model approach can be applied on practically any steel plant condition.
The incorporation of several slag-metal reactions, with respect to sulphur and oxygen,
into the present CFD model makes it possible to estimate the effect of the top slag
composition on the degree of reoxidation (or aluminium loss) and desulphurisation.
However, it was found that the result from the oxygen balance was not satisfying when
the initial FeO content of the top slag was too high.  An estimation of the maximum
initial FeO level was 3-4 % (by weight).  It seems that the postulated local equilibrium
becomes invalid when the initial FeO content is above this limit.  One way to solve this
problem could be to introduce a higher degree of grid resolution and/or a shorter time-
step in the model.

Supplements 1-4 have also demonstrated the importance of having access to reliable
thermodynamic relationships for estimation of activities of oxide components in the slag
phase and elements in the steel phase.  Such relationships are fundamental to the solution
of slag/steel equilibrium calculations.

Reoxidation from the top slag is considered to be an important source of oxygen for
formation of oxide inclusions in aluminium-killed steel.  Thus, it is also considered to
have a significant effect on nozzle blockage during continuous casting.  Supplement 5
shows how nozzle clogging can be related to the dissolved aluminium content in the steel
and also the amount of formed alumina inclusions.  The modelling of reoxidation
(Supplements 3 and 4) during ladle treatment could then be a tool to control the ladle
treatment and to estimate the degree of reoxidation through the predicted loss of
aluminium.

A method to prevent nozzle blockage when casting Al-killed steel is calcium treatment in
order to modify solid alumina inclusions to molten CaO-Al2O3 inclusions, which is
discussed in Supplement 6. However, if the inclusions should be liquid, the amount of
added calcium has to be within a certain interval.  This interval is mainly determined by
the composition of the steel (oxygen and aluminium) and the temperature.  Another
problem is the formation of solid CaS during calcium treatment, which also can cause
nozzle blockage.  The important thermodynamic factors governing formation of CaS are
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temperature, oxide composition and activity of aluminium and sulphur in the molten
steel.  Aluminium will be strongly affected by top slag composition and reoxidation,
which in turn influences the oxygen activity.  The sulphur content should also be well
known in order to avoid the CaS formation.  This is another example of how the
combined effect of oxygen and sulphur needs to be considered. The control of the ladle
treatment process will then be very important in order to achieve the optimum conditions
for calcium treatment.

Finally, it should be pointed out that the author’s opinion is that the best way to eliminate
the nozzle blockage problem is to aim at careful control of the ladle treatment, teeming
operation and tundish metallurgy.  It means that the amount of inclusions should be as
low as possible and the inclusion composition known.  Furthermore, if the material
properties are to be optimised, knowledge about the inclusion amount and composition is
required.  Since reoxidation can have a great influence on these requirements, the present
work can be considered as a step in the direction of achieving a better control of the steel
refining process.
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����)8785(�:25.

The equilibrium calculations of sulphur distribution in Supplement 1 and 2 can be used
for fast and easy optimisation of top slag compositions.  One condition is though that
there is enough mixing between slag and metal during the refining step to establish
equilibrium or a situation close to equilibrium.  The work can also be extended to study
the effect of different process parameters on sulphur refining, such as initial contents of
sulphur in the slag and steel phases.

Using the CFD modelling it is possible to simulate the dynamic nature of sulphur refining
and the effect of reoxidation in secondary steelmaking.  However, the present model can
be improved in several ways and the following suggestions are made:
• Incorporation of existing models for sulphide capacity and viscosity as functions of

both slag composition and temperature [6, 47].
• Incorporation of heat of reaction into the heat balance for the considered slag-metal

reactions.
• Implementation of such a model for oxide component activities in the slag (Al2O3-

CaO-MgO-SiO2-MnO-FeO), which has been developed at the Div. of Metallurgy
(KTH) [48].  This model is also able to take into account the temperature dependence
of the oxide component activities.  It is then assumed that necessary thermodynamic
measurements of fundamental nature could be made in order to provide the required
data for such a model.

• The present version applies the dilute solution model (Wagner’s equation) in order to
describe the thermodynamics of the liquid steel phase.  However, the dilute solution
model is only valid for extremely low concentrations of the alloying elements.  If the
CFD model should be used on, for example stainless steel, the dilute solution model
has to be substituted with another thermodynamic model for the steel phase.  One
suggestion is to use Darken’s theoretical development for non-dilute solutions [49].

• The model should be able to take into account the effect of refractory wear on the top
slag composition.  Investigations concerning this mechanism are needed.

• If the model in the future should be able to treat non-metallic inclusions, studies of
the mechanism of inclusion formation at slag/metal interfaces due to reoxidation and
slag entrapment in the steel phase needs to be done.  This is of great importance for
the control of non-metallic inclusions in the steel and consequently also for the
elimination of the nozzle blockage problem.

Such an improved CFD model could be used for studies of the effect of the following
process parameters on sulphur refining and reoxidation:
• Initial steel composition (Al, S, Si, Mn)
• Initial slag weight
• Initial slag composition

The results from the CFD parameter studies should also be verified in full-scale
experiments.  In doing this, it is important that the fluid flow conditions are
corresponding to the ones used in the two-dimensional model. Otherwise the model must
be extended to three dimensions to account for the fluid flow conditions in the ladle.
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Finally, it should be stressed that the present model concept, including fluid flow, could
also be applied for modelling of slag-metal reactions in other metallurgical processes
beside ladle refinement, such as the tundish.
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