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Abstract

This thesis work aimed to provide a better knowledge of inclusion behavior at the 
steel-slag interface. All results are based on mathematical modeling of liquid and 
solid inclusion separation to the slag. The model descriptions of the inclusion 
transfer are based on the equation of motion at the system. It is assumed that the 
inclusion transfer is governed by four forces acting on the inclusion as it has 
reached the steel-slag interface. These are the buoyancy force, the added mass 
force, the drag force and the rebound force. The models assume two cases of 
inclusion separation depending on the inclusion Reynolds number. In the case 

where Reynolds number is larger or equal to unity, Re 1, a steel film is formed 
between the inclusion and the slag. This steel film must first be drained before the 
inclusion can separate to the slag. If Reynolds number, Re<1, then no steel film is 
formed and the inclusion will be in direct contact with the slag. The mathematical 
models also propose three types of inclusion behavior as the inclusion crosses the 
steel-slag interface. The inclusion can either, pass and separate to the slag, oscillate 
at the interface with the possibility of reentering the steel bath with the steel flow 
or it can remain at the interface not completely separated to the slag. A parameter 

study for 20 m inclusions showed that the most important parameters 
controlling the inclusion behavior at the steel-slag interface are the slag viscosity 

and the interfacial tensions between the phases. For 100 m inclusions also the 
inclusion density affects the inclusion behavior. 

The models were applied to ladle and tundish conditions. Since the slags in the 
chosen industrial conditions have not been studied experimentally before, 
estimations of the important physical property parameters were made. Future 
measurements will therefore be needed in order to make predictions of inclusion 
transfer behavior at the steel-slag interface which are more relevant for the 
industry. The main conclusion is that useful plots can be made in order to 
illustrate the tendency for the inclusion transfer and how to manipulate the 
physical property parameters in order to increase the inclusion separation in ladles 
and tundishes.  

Keywords: mathematical modeling, inclusion separation, tundish, ladle, slag, steel-
slag interface, physical properties 



ii



iii

Acknowledgements 

First of all I would like to give my supervisors Professor Pär Jönsson, Doktor 
Robert Eriksson and Professor Keiji Nakajima my deepest appreciation for their 
motivation, comments and support. 

Special thanks to Bruksägare C J Yngströms fond for financing the writing of this 
thesis.

The members of the research committee JK24046 at the Swedish Steel Producers 
Association (Jernkontoret) are acknowledged for the fruitful discussions regarding 
this work. Also, many thanks to Jernkontoret and STEM for giving financial 
support for the research. 

Many thanks to my colleagues and friends at the Department of Material Science 
and Engineering, especially my room mates Johan Ekengård, Martin Bjurström, 
Annie Nordquist, Johan Björklund and Joel Gustavsson for all their help and 
laughs during the years. 

My friends Kristina Berglund and Lina Kjellqvist, thank you for all our discussions 
regarding both work and life. 

My mother Monica, father Erik, brother Johan, relatives and four legged friends 
are greatly acknowledged for their never ending love and for always believing in 
me.

Last but definitely not least, this work could never have been done without the 
love and support from my beloved Patrik.  

Stockholm, April 2005 

                                        Jenny Strandh 



iv



v

Supplements 

The present thesis is based on the following papers: 

Supplement 1: “Solid Inclusion Transfer at a Steel-Slag Interface with focus 
on Tundish Conditions”  
J. Strandh, K. Nakajima, R. Eriksson and P. Jönsson 
Submitted for publication to ISIJ International, Apr. 2005. 

Supplement 2: “A Mathematical Model to Study Liquid Inclusion Behavior at 
the Steel-Slag Interface” 
J. Strandh, K. Nakajima, R. Eriksson and P. Jönsson 
Submitted for publication to ISIJ International, Apr. 2005. 



vi



vii

Contents

1. Introduction .............................................................................................................1

2. Mathematical model theory of inclusion behavior at the 
steel-slag interface.............................................................................................2

2.1 With steel film formation ......................................................................5

2.2 Without steel film formation ...............................................................7

3. Results .........................................................................................................................8

3.1 Parameter study .........................................................................................8

3.2 Application of models to industrial conditions ......................11

4. Discussion ...............................................................................................................14

5. Conclusions.............................................................................................................16

6. Future work ............................................................................................................16

Nomenclature..............................................................................................................17

References.....................................................................................................................18



viii



1

1. Introduction 

Nowadays, the demands on the steel cleanliness from the customer on the steel 
quality from the steel producers are becoming increasingly more important. This 
requires an increased control of inclusion characteristics throughout the 
steelmaking and casting process. Here, the control of the separation of inclusions 
from the steel to a slag is of great interest. This is an area that has been studied by 
many researchers both experimentally and theoretically. The difficulty with the 
experimental studies is the sampling. First of all, studies of inclusion separation 
during the steel making process are impossible by direct visualization, because of 
the high temperature (making the steel glow), the non transparent cover powder 
and slag. Moreover, it is difficult to get samples representing the steel-slag 
interface. Solhed et al.1) developed a sampler for this purpose called the MISS-
sampler (Momentary Interfacial Solidification Sampling). The problem with 
sampling at the interface in a ladle or tundish is that a cover powder or/and slag is 
covering the steel surface, protecting the steel from reoxidation. In order to take 
samples when a cover powder is present in a tundish, it must be removed. This is 
difficult to do without also removing the slag. In ladles it has been shown that it is 
difficult to obtain a representative MISS sample of the steel-slag interface. This is 
most likely due to high radial velocity at the ladle surface causing filling problems 
of the sampler. Because of the problems mentioned with experimental studies, 
mathematical models describing the separation and growth of inclusions have 
been developed2), 3), 4). However, these models often assume that as soon as the 
inclusion reaches the steel-slag interface, the inclusion is separated to the slag.  

The model for solid inclusion transfer at the steel-slag interface developed in this 
work was originally described by Nakajima and Okamura5). It was in the current 
work extended to also include the transfer of liquid inclusions at the steel-slag 
interface. Furthermore, the theoretical models were used to predict inclusion 
separation both in tundishes and ladles. Note that these models assume that the 
inclusion is already at the interface and from physical based assumptions the 
equation of motion is set up to describe the inclusion transfer and behavior.  

This thesis work can be divided into two parts. First a description of the 
mathematical model and the two cases of inclusion transfer (with/without steel 
film formation depending on the inclusion Reynolds number) are made. It was 
shown that the inclusion can adopt three types of behavior at the steel-slag 
interface depending on the physical properties of the phases involved. The 
inclusion can i) remain at the interface not being completely separated to the slag, 
ii) oscillate at the interface or iii) pass and be completely transferred to the slag.  
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In the second part of the thesis, a parameter study showing the effects of the 
physical properties governing the inclusion transfer is outlined.  

Finally, studies of the implementation of the models to industrial conditions are 
discussed. In this section, the need of experimental data for physical properties 
representing the industrial conditions in order to obtain reliable results reflecting 
the inclusion transfer at the steel plants are seen. 

2. Mathematical model theory of inclusion behavior at the 

steel-slag interface 

Nakajima and Okamura5) developed a model for solid inclusion removal at a steel-
slag interface. The development of a model for liquid inclusion separation to a slag 
is similar to the model for solid inclusions. It should be mentioned that in order to 
get optimal inclusion removal there are some basic criteria that needs to be 
fulfilled: a) Separation of the inclusions to the slag, b) High dissolution of the 
inclusions, and c) Prevention of reoxidation. In the models used in this work, the 
separation (a) is only considered. 
There are two types of inclusion transfer situations proposed in the models: with 
steel film formation and without steel film formation. For liquid and solid 

inclusions, the inclusion radius (RI), the metal, slag and inclusion density ( M, S,

I), the metal and slag viscosity ( M, S), the metal, slag and inclusion surface 

tensions ( M, S, I), and the interfacial tensions between metal and slag, metal 

and inclusion and between inclusion and slag ( MS, MI, IS) are important 

parameters. In the case of liquid inclusions the inclusion viscosity ( I) is also an 
important parameter. A steel film of initial thickness (S0) is assumed to be formed 
between the inclusion and the slag if the inclusion Reynolds number is larger than 

unity (Re 1), where Re is defined as:  

M

IM Ru2
Re          (1) 

where u  is the terminal or initial velocity of the inclusion given as: 

32

1

3

2 2

M

IMI

g
Ru   for a liquid inclusion    (2) 

where g is the gravity and the viscosity ratio 
M

I .

For solid inclusions, the terminal velocity is defined as: 



3

M

IMI

g
Ru 2

9

2
         (3) 

which is obtained from equation (2) by letting the parameter  due to the high 
solid inclusion viscosity compared with the viscosity of the metal. 
After some time the steel film thickness (S) will have decreased due to drainage of 
the steel film. During this time, t, the inclusion will have moved a distance (Z) 
from its original position (Z0) experiencing a velocity (uI). The drainage of the 
steel film is illustrated in Figure 1.  

Z

R
I

S
0

u

Z(t)

S
c

u
I

Thin

Film

Inclusion

Slag

S S S

Metal

Initial state

t=0
Steel film

drainage

t>0

u
I

Molten

metal-slag-inclusion

interface

MI IS MS

M=Metal

S=Slag

I=Inclusion
1Re

* I is only valid for liquid inclusions 

Figure 1.  A schematic description of the inclusion separation at the steel-slag 
interface in the case where a steel film is formed.  

In the case where no steel film is formed between the inclusion and the slag, 
Re<1, the inclusion will be in direct contact with the slag at the interface, outlined 
in Figure 2. In this case the inclusion will also be assumed to have reached the 

interface with the terminal velocity, u , given in equation (2) or equation (3) 
depending on if the inclusion is solid or liquid.   
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Z(t)
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steel-slag-inclusion

interface

u
I

InclusionInitial
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Contact with

slag t>0
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Z

0

Slag

S S S

Metal

R
I

M=Metal

S=Slag

I=Inclusion

u

* I is only needed for liquid inclusions 

Figure 2. A schematic description of inclusion separation in the case where no 
steel film is formed between the inclusion and the slag. 

In both cases, the inclusion is assumed to be fully separated to the slag when the 
inclusion has traveled the distance of the inclusion diameter (dI) from its initial 
position.
The model also proposes three types of behavior that the inclusion can adopt: 
remain, ii) oscillate or iii) pass, illustrated in Figure 3, depending on the interfacial 
properties of the system, the size and the initial velocity of the inclusion. 

Figure 3. Three types of inclusion behavior at the steel-slag interface. 
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In the pass mode, the inclusion is completely separated to the slag, which is the 
most favorable mode of inclusion behavior. If the inclusion instead experiences 
the remain mode, the inclusion stays at the interface not being able to be 
completely transferred to the slag. The last type of inclusion behavior is the 
oscillating mode, where the inclusion rises to a maximum position from where it 
descends to a position just above the original position. Thereafter, the inclusion 
rises again. This continues until the oscillation is completely dampened out and 
the inclusion has come to an equilibrium position. 

As with all mathematical modeling there are assumptions limiting the model. 
Before summarizing the equations governing the inclusion transfer across the 
steel-slag interface, some general assumptions are first outlined: 

The inclusion is spherical with constant volume 

No chemical reactions occur between the phases 

All fluids are incompressible and isothermal 

The slag phase is liquid. 

The interface between steel and slag is flat. 

The interfacial tensions along the interface are uniform 

If Re 1 a steel film is formed around the inclusion 

Creeping flow around the inclusion 

2.1 With steel film formation 

Together with the above assumptions, the equations of motion describing the 
separation of liquid and solid inclusions in the case where a steel film is formed at 
the steel-slag interface can be written in dimensionless form as shown below. 
Note, that the differences between the equations for liquid and solid inclusions are 
marked with a rectangular box. Then for liquid inclusions the inclusion transfer to 
the slag is expressed as: 

*

*

*

*
****

2*

*2 6
),(

2
),(3

2

2

dt

dZ

E

A

dt

dZ
SZG

F
SZDC

dt

Zd

IM

IM    (4) 

For solid inclusions the same equation can be set up by letting  in equation 
(4). Then one obtains: 

*

*

*

*
**'**

2*

*2 9
),(

2
),(3

2
2

dt

dZ

Edt

dZ
SZG

F
SZDC

dt

Zd

IM

IM   (5) 

Here Z* is the dimensionless displacement, S* is the dimensionless steel film 
thickness, t* is the dimensionless time. The displacement Z and the steel film 
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thickness were made dimensionless by multiplying both with IR1 and the time, t, 

and the velocity, dZ/dt, by multiplying them with IRg and IgR1 respectively.

Also A, B, C, D(Z*,S*), E, F, G(Z*,S*) and G’(Z*,S*) are defined as: 

12

32
A           (6) 

12
B           (7) 

IMI

MS

gR
C

22
         (8) 

3*

****
**

1

2
),(

S

ZSZS
SZD        (9) 

M

IMI gR
E

23

        (10) 

S

IMI gR
F

23

        (11) 

3

*

*

**

**

1

1
1

41

3

21
),(

S

Z

S

B

S

A
SZG      (12) 

and

3

*

*

**

**'

1

1
1

41

1

21

1

2

3
),(

S

Z

SS
SZG      (13) 

The drainage of the steel film for a liquid inclusion is expessed as: 

*

*

**

*

**

****

*

*

*

*

22

))(2(

dt

dZ

ZS

S

ZS

SZSZ

dt

dZ
Q

dt

dS
    (14) 

where  
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)1(2

21
Q           (15) 

The drainage of the steel film for a solid inclusion equation (14) becomes: 

*

*

**

*

**

****

*

*

*

*

22

))(2(

dt

dZ

ZS

S

ZS

SZSZ

dt

dZ

dt

dS
     (16) 

by letting the viscosity ratio .

2.2 Without steel film formation 

In the case where Re<1, no steel film is formed around the inclusion and the 
equations of motion are expressed as shown below. Also in this case, the 
differences between the equation for a liquid inclusion and a solid inclusion are 
marked with a rectangular box. 

*

*
*

*

**

*

*

2*

*2

)(
)(

6
)()(3

2)(

)(
2

dt

dZ
ZI

ZL

A
ZHZK

ZJ

ZJ

dt

Zd

IS

IS    (17) 

for a liquid inclusion. For a solid inclusion  in equation (17) and we get: 

*

*
*

*

**

*

*

2*

*2

)(
)(

9
)(3

2)(

)(
2

dt

dZ
ZI

ZL
ZHZK

ZJ

ZJ

dt

Zd

IS

IS   (18) 

where H(Z*), I(Z*), J(Z*), K(Z*) and L(Z*)  are given as: 

IMSZZH cos1)( **         (19) 

S

M

S

M

S

M ZZZI *2** 121)(       (20) 

S

M

S

M

S

M ZZZJ 2*3** 1
4

3
1

4

1
)(      (21) 

gZJR
ZK

ISI

MS

2)(
)(

*2

*        (22) 

S

ISI ZJgR
ZL

2)(
)(

*3

*        (23) 
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Here the overall wettability, cos IMS, is defined as: 

MS

ISIM
IMScos          (24) 

The systems of equations were solved with the commercial software Matlab 6.5. 

3. Results 

3.1 Parameter study 

A parameter study was performed using the model to study which of the physical 

property parameters ( M, S, I, M, S, I, M, S, I, MS, MI, IS) that have the 
largest influence on the inclusion separation at the steel-slag interface. Figure 4 

shows the percentage displacement from the original position of a 20 m solid 

Al2O3 inclusion and a 20 m liquid 50wt%Al2O3-50wt%CaO inclusion as a 
function of the change of each parameter in percent. The initial conditions are
seen in Table 1 below. It is seen in Figure 4, that the parameters affecting the 
inclusion transfer the most are the slag viscosity and the interfacial tensions 
between the phases. It can also be seen that the slag viscosity affects the solid 
Al2O3 inclusion transfer more than the liquid 50wt%Al2O3-50wt%CaO inclusion 

transfer. Here, it should be mentioned that for 100 m inclusions, the inclusion 
density also has an important influence on the inclusion displacement.  

Table 1. The initial conditions for the parameters in the parameter study. 

Inclusion IS

(N/m)
MS

5)

(N/m) 
MI 

(N/m) 
M

5)

(kg/m3) 
S
5)

(kg/m3)
I

(kg/m3)
µM

5)

(Pa.s)
µS

5)

(Pa.s)
µI

(Pa.s)
dI

(µm)

Al2O3    0.4405) 1.375 1.5185) 7000 2543 39905) 0.006 0.1998 - 20  
50wt %Al2O3-
50wt%CaO 

0.508* 1.375 1.3366) 7000 2543 28147) 0.006 0.1998 0.1188) 20 

*  The interaction parameter IS for the 50wt%Al2O3-50wt%CaO inclusion is 

given the value 0.5 with the inclusion and slag surface tensions I=0.606 N/m 

and S=0.386 N/m respectively. 
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Figure 4. The percentage change of inclusion displacement as a function of the 

change of each parameter in percent of a 20 m solid Al2O3 inclusion (dotted line) 

and a 20 m liquid 50wt%Al2O3-50wt%CaO inclusion (solid line).   

Since the overall wettability is based on the interfacial tensions, which proved to 
have a large influence on the separation of inclusions to the slag, an investigation 
of how the slag viscosity as a function of the overall wettability influenced the 
behavior of the inclusion was conducted. In Figure 5, the results are summarized 
for both a solid Al2O3 inclusion and a liquid 50wt%Al2O3-50wt%CaO inclusion 

with a diameter of 20 m and 100 m. It can be seen that under the current 
conditions, the solid Al2O3 inclusion has a larger area of pass and oscillate than the 
liquid 50wt%Al2O3-50wt%CaO inclusion. 
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Figure 5. Comparison of the inclusion behavior as a function of overall 
wettability, slag viscosity and diameter between a liquid 50wt%Al2O3-50wt%CaO 
and a solid Al2O3 inclusion. 

When looking at the above figure one does not realize that, even though the 
inclusion for example experiences the remain mode, there are different types of 
remain within the remain region. Figure 6 illustrates the different types of remain 
as the slag viscosity and the interfacial tension between metal and slag are constant 
while at the same time the overall wettability increases. Here it is seen that the 
higher the overall wettability is, the more the inclusion is absorbed into the slag.   
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Slag

Steel

Slag

Steel

Slag

Steel

a)

b)

c)

Figure 6. Three types of remain for a 20 m alumina inclusion as the slag 
viscosity and the interfacial tension between metal and slag are held constant 

( S=0.2397 Pa.s and MS=1.375 N/m respectively) and the overall wettability 
changes. 

3.2 Application of models to industrial conditions 

In this work the models have been applied to the following inclusion types: Al2O3

(s) and 50wt%Al2O3-50wt%CaO (l). 

3.2.1 Solid Al2O3 inclusion  

The separation of solid Al2O3 inclusions to the slag in a tundish was compared for 
a low-carbon steel grade and a stainless-steel grade from two different steel plants 
designated PLANT1 and PLANT2, respectively. In Table 2, the estimated 
physical property parameters for the industrial conditions are outlined. 

Table 2. The estimated physical property parameters for the industrial conditions. 
Slag A1 Slag A2 Slag A4 Slag B2 

µS (Pa.s) 24.599) 1.9879) 2.3609)  0.4078)

S (kg/m3) 380110) 333010) 355710) 25857)

S (N/m) 0.30910) 0.42010) 0.39910) 0.40311)

IS
6) 0.232* 0.431* 0.480* 0.644 

MS
6) 0.511* 0.442* 0.419* 0.301 

IS (N/m)6) 0.835 0.686 0.624 0.445 

MS (N/m) 6) 1.241 1.346 1.381 1.760 

MI (N/m) 6) 1.561  1.561 1.561 1.724 

cos IMS 0.584 0.650 0.679 0.727 
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Figure 7 shows the behavior of a solid alumina inclusion at the steel-slag interface 
for the industrial conditions given in Table 2. It can be seen that all of the 
industrial slags have a high viscosity and a positive overall wettability which means 

that the inclusion will remain at the steel-slag interface regardless of if it is a 20 m

inclusion or a 100 m inclusion. 

A1=Slag 1, PLANT1 
A2=Slag 2, PLANT1 
A4=Slag 4, PLANT1
B2=Slag 2, PLANT2

Figure 7. The behavior of a solid Al2O3 inclusion behavior at industrial 
conditions. 
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It is also seen in Figure 7 that, in order to get the inclusion separated to the slag 
for the industrial conditions, a modification of the tundish slag is needed. The slag 
viscosity must be reduced and the overall wettability must increase.  

3.2.2 Liquid 50wt%Al2O3-50wt%CaO inclusion 

The study of the liquid 50wt%Al2O3-50wt%CaO inclusion transfer at the steel-
slag interface were made on a tool steel grade (PLANT1,1 in supplement 2) and 
two high carbon steel grades (PLANT2,1 and PLANT2,2 in supplement 2). In 
Figure 9, the estimation relationship between the slag viscosity and the wettability 
for the industrial conditions are seen. In Table 3, the estimations of the physical 
property parameters are summarized.  

Table 3. Estimation of physical property parameters for the industrial conditions. 

Plant M
11)

(N/m) 
M

12) 

(kg/m3)
M

5)

(Pa.s) 
S
11)

(N/m)
S
7)

(kg/m3)
S
8)

(Pa.s)
I
11)

   

(N/m)
I
7)

(kg/m3)
I
8)

(Pa.s)
PLANT1,1 1.856 7750 0.006 0.546 2772 0.067 0.606 2718 0.118
PLANT2,1 1.467 7850 0.006 0.539 2755 0.0674 0.606 2718 0.118
PLANT2,2 1.571 7840 0.006 0.468 2660 0.1977 0.606 2718 0.118

Plant MS
6)

(N/m) 
MI

6)

(N/m)
IS

(N/m)
cos IMS

(-) 

T
(K) 

    

PLANT1,1 1.458 1.521 0.278* 0.853* 1823     
PLANT2,1 1.191 1.236 0.276* 0.806* 1823     
PLANT2,2 1.361 1.311 0.318** 0.730** 1823     

* IS=0.76

** IS=0.71

It is also visualized in Figure 9, that the 50wt%Al2O3-50wt%CaO inclusion with 

the conditions for slag B2 and PLANT2,2 remains at the interface for 20 m

inclusions and oscillates at the interface for 100 m inclusions. For slag A1 of 

PLANT1,1 and slag B1 of PLANT2,1 both 20 m inclusions and 100 m
inclusions gets separated to the slag.  
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 = PLANT1,1, Slag A1 
   = PLANT2,1, Slag B1 
   = PLANT2,2, Slag B2 

Figure 9. Estimation relationship between the slag viscosity and wettability for a 
liquid 50wt%Al2O3-CaO inclusion applied to the industrial conditions in 
PLANT1 and PLANT2.

4. Discussion 

Models describing the separation of solid and liquid inclusions at the steel-slag 
interface have been developed. Also, the applicability of them on industrial 
conditions has been illustrated. In the theoretical study of the influence of 
different parameters in the model on the predictions, it was seen that the most 
important parameters were the interfacial tensions and the slag viscosity. For 
larger inclusions also the inclusion density affected the inclusion displacement 
from its original position. By combining the interfacial tensions a new parameter 
called the overall wettability could be formed. An investigation on the change of 
inclusion behavior dependent on the overall wettability and the slag viscosity 
could then be made. It was shown that a high overall wettability and a low slag 
viscosity was the key to obtain good inclusion transfer to the slag. Also, it was 
revealed that larger inclusions are easier to separate to the slag because of a higher 
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buoyancy force. The comparison between a 100 m solid Al2O3 inclusion and a 

100 m liquid 50wt%Al2O3-50wt%CaO inclusion showed that the pass area and 
oscillating area are bigger for solid Al2O3 inclusions with the slag and the metal 
compositions chosen in the study. Since the parameter study showed that the 

inclusion density starts to influence the inclusion transfer for 100 m inclusions, 
the density difference between these inclusions is probably the reason why a 
difference between the solid and the liquid inclusion pass and oscillating area is 
seen. Also, the difference in the inclusion density between the solid and liquid 
inclusion results in a higher added mass force. However, according to the 
parameter study the interfacial tensions and the slag viscosity affects the inclusion 

transfer for both solid and liquid 20 m inclusions, so the areas of pass, remain 
and oscillate would be expected to be the same, but they are not. Instead, the 
oscillating areas are different, especially when the overall wettability has a positive 
value. A comparison of the parameter studies for solid Al2O3 and liquid 
50wt%Al2O3-50wt%CaO inclusions showed that although there is a difference 
between the interfacial tensions, the effect on the overall wettability would be 
negligible. However, the slag viscosity affects the solid Al2O3 inclusion more than 
the liquid 50wt%Al2O3-50wt%CaO inclusion. This might be the reason why there 
is a shift in the oscillating region between these inclusions. In the comparisons 
between a solid Al2O3 inclusion and other solid inclusions and in the case where a 
liquid 50wt%Al2O3-50wt%CaO inclusion and another liquid inclusion are 

compared, the above discussion is justified. It is seen that only for the 100 m
inclusions there is a difference and this is due to the difference in inclusion density 
between the solid and liquid inclusions respectively. 

Within each area of inclusion behavior, in Figures 9-11 in supplement 1, the 
curves do not look the same. For example in the remain region, the overall 
wettability controls the inclusion displacement if the slag viscosity is held constant. 
In the case when the inclusion is almost absorbed completely by the slag, the 
dissolution phenomena might solve the separation to the slag. Furthermore, in the 
case where half of the inclusion is in the slag and half is in the steel, the inclusion 
can act as a build up zone for other inclusions to agglomerate to, which in the end 
might be transported with the steel flow back to the bath causing nozzle clogging 
as a worst case scenario. When the inclusion is more in the steel than in the slag, 
there is a risk that if the steel flow is parallel to the slag at that point, it might 
transport the inclusion back to the steel bath. Therefore, the two last remain cases 
are not preferable.

From the application of the models on the industrial conditions it is seen that the 
overall wettability should be positive and the slag viscosity should be low for 
optimal inclusion transfer. However, if the slag viscosity is too low, the risk of slag 
entrainment to the steel is promoted resulting in more inclusions in the steel.  
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5. Conclusions 

In supplement 1 and supplement 2, it was concluded that the inclusion can behave 
in three ways as it crosses the steel-slag interface. It can pass, remain or oscillate. 
In the remain and oscillating mode there is a possibility that the inclusion returns 
to the steel bath by a steel flow parallel to the slag. The inclusion can pass the 
interface in two situations, with and without a steel film formed between the 
inclusion and the slag. This phenomenon is controlled by the inclusion Reynolds 
number. If Reynolds number is less than unity no steel film will be formed and the 
opposite occurs if Reynolds number is larger or equal to unity. 
From the application of the model to industrial conditions, the results show that 
there is a need of more experiments in order to determine the physical property 
parameters governing the inclusion transfer. The most important parameters to 
measure would be the slag viscosity and the interfacial tensions, since the 
parameter study showed that these parameters have the largest effect on the 
separation of the inclusions. The combined effect of these parameters showed that 
the slag viscosity should be low and that the overall wettability should be positive 
in order to obtain optimal inclusion transfer at the steel-slag interface. In the 
application of the model to industrial conditions it was necessary to estimate 
physical property parameters for the studied slags. The results showed that useful 
plots can be made in order to illustrate the tendency of the inclusion transfer and 
how to manipulate the physical property parameters in order to increase the 
inclusion separation for specific industrial conditions. 

6. Future work 

Even though several studies have been reported on the inclusion separation to a 
slag, there are still a lot of questions that needs to be answered which requires 
further studies. Based on the results in this licentiate thesis, the following 
suggestions for future work are suggested: 

Make experiments applied to common industrial steel-slag systems and 
measure the slag viscosity and interfacial tensions. Then more relevant 
predictions using the models can be made. 

Extend the models to involve dissolution also. 

Develop the models to include non-spherical inclusions 

Investigate the effects of sulphur and oxygen on the interfacial tensions. 

By using the CSLM (Confocal Scanning Laser Microscope) in-situ 
observations of the three types of inclusion behavior at the steel-slag 
interface can be made. 
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Nomenclature 

Symbol Description Unit

g gravity m/s2

t time s 

t* dimensionless time - 

Z displacement of the inclusion m 

Z(0) initial position of the inclusion m 

S steel film thickness m 

S(0) initial steel film thickness m 

u terminal/initial velocity of the inclusion 
at t = 0 

m/s

RI radius of the inclusion m 

DI diameter of the inclusion m 

M

IM Du
Re

Reynolds number - 

x density kg/m3

x surface tension N/m 

xy interfacial tension N/m 

µx viscosity Pa·s 

   

Subscripts   

S slag  

I inclusion  

M metal  

   

Superscript   

* dimensionless  
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