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The separation of non-metallic inclusions at the interface between the steel and the slag in the ladle,
tundish and mold is an essential part of the production of clean steel. It is therefore, of great importance to
have a deep understanding of the phenomena controlling the transfer of inclusions from the steel to the
slag layer. In this work a mathematical model, derived from the equation of particle motion, have been used
to study the transfer of liquid inclusions to slags. The effects of the drag, added mass, buoyancy and re-
bound force on the inclusion transfer are considered. The model relies, to a great extent, on the availability
of accurate information of the magnitude of a number of physical properties of the involved phases. Among
those properties, the interfacial tension between the phases and the slag viscosity were found to be the
most critical. Due to the fact that the availability of experimentally obtained high-temperature physical prop-
erty data, relevant to the industrial conditions, is scarce in the literature several different model descriptions
have been used in this work to estimate these properties. The mathematical model has been used to inves-
tigate the separation of liquid non-metallic inclusions, of different size and composition, to a number of dif-

ferent industrial ladle slag compositions.
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1. Introduction

The separation of solid and liquid inclusions at the inter-
face between the steel and the slag in the ladle as well as in
the tundish and mold is controlled by interfacial phenome-
na in the steel-slag-inclusion system. Knowledge of how
the interfacial properties governing the inclusion transfer
can be controlled in a desirable direction is important in the
steel making process. For optimal inclusion removal at a
steel-slag interface, good separation of the inclusions to the
slag, high dissolution and prevention of reoxidation are im-
portant criteria that have to be fulfilled.

Apart from a deepened conceptual understanding of the
phenomena of liquid inclusion separation at the interface
between steel and slag, it would also be an advantage to
have a mathematical model describing the inclusion separa-
tion. In the literature there have, over the years, been sever-
al attempts to model the growth and removal of inclusions
in different metallurgical reactors. Most of these models
have assumed that all inclusions reaching the interface be-
tween the steel and the slag would be separated from the
steel. This approach is not only physically unsound, it might
also produce an over estimation of the removal rate of in-
clusions at the interface between steel and slag. Examples
of inclusion growth and removal models in the literature
that utilizes this praxis can be for example found in the
works of Linder," Hallberg et al.” and Miki et al.¥ This
present work aims at the development of a model describ-
ing the separation of liquid inclusions to the slag, based on
physically sound assumptions. This new model could be,
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together with the model of the separation of solid inclusions
previously described by Nakajima® and Strandh et al.,”
used to study the fundamentals of separation of liquid in-
clusions as well as be used as boundary condition in models
describing the growth and removal in various metallurgical
reactors.

In this work, a mathematical model for the separation of
drops/liquid inclusions in a stagnant fluid have been used to
study the separation of liquid inclusions as they have
reached the steel-slag interface. The inclusion is assumed
to have reached the interface with the flow field with a ter-
minal velocity from the buoyancy force and the fluid dy-
namic drag. Two modes of inclusion transfer are predicted
by the model, one where a steel film is formed between the
inclusion and the slag and one without steel film formation.
In the model description, the formation of the steel film is
determined by the magnitude of the inclusion Reynolds
number. The main focus of this work has been to study how
liquid inclusions, 50 wt%Al,0,—50 wt%CaO and others,
behave at the steel-slag interface when no steel film is
formed.

The paper is structured in a way where the mathematical
model describing the behavior of a spherical liquid inclu-
sion at the steel-slag interface is first outlined in great de-
tail. This is followed by a parameter sensitivity study in
order to determine the influence of the model parameters on
the predictions of the inclusion transfer. In the same sec-
tion, the relevant high temperature physical property data
available through measurements and model descriptions in
the literature are carefully examined. Finally, it is exempli-
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fied how the model can be used to study inclusion transfer
for industrial conditions, which is done using steel and slag
compositions gathered at two steel plants. The results from
the application of industrial conditions to the mathematical
model are thereafter presented and discussed.

2. Mathematical Model of Liquid Inclusion Behavior
at the Steel-Slag Interface

Hadamard and Rybczynski® both derived analytical ex-
pressions for the stream function for bubbles, drops and
particles moving relative to a fluid of infinite extent, with
the assumption that the stream flow at large distances from
the sphere is expressed as:
£—>—%sin29 aAS 7 >0 e, (D)

1”2

Then the stream function for slow viscous flow past a
sphere is defined in spherical coordinates as:
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where K=/l Y, is the inclusion viscosity, i, is the vis-

cosity of the metal, R, is the radius of the liquid spherical

inclusion, U=dZ/dt is the velocity of the steel flow, Z is the
displacement of the inclusion from its original position and

r and 6 is the distance from the center of the inclusion in

the 7- and O-direction respectively. The first term in Eq. (2)

comes from the assumption of a uniform flow, the second

and third term is due to continuous velocities in the - and

O-direction at the interface and because no exchange be-

tween the phases are assumed to occur.

In this work, a generalized model to describe the liquid
inclusion behavior at the liquid steel-slag interface for low
and medium Reynolds number was developed. Here, the in-
clusion is assumed to move towards the interface and the
fluid (liquid steel) is assumed to have zero velocity far away
from the inclusion. This means that ¥/r? in the above as-
sumption, Eq. (1), should tend to zero. Furthermore, the
following general assumptions have been made in the for-
mulation of the mathematical model:

- The flow is axisymmetric.

-+ The liquid inclusion is small, so that the shape can be
considered to be spherical (deforms only if inertial terms
are significant) with constant volume.

- Creeping flow.

- No chemical reactions between the phases.

- The interfacial tensions are constant.

- The slag phase is completely liquid.

- The interface between steel and slag is flat.

- The inclusion transfer depends on the buoyancy, added
mass, drag and rebound force.

+ The inclusion has its original position just beneath the
slag and when it has moved a distance of 2R, it is as-
sumed to be fully separated to the slag.

The stream function for a small liquid inclusion moving
in a stagnant metal/steel bath can be written as:

u, ., R [ 2+3x R} K
y=——rsin“f|—-—| — [+ —| ——
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In order to simplify Eq. (3), the following variables are in-
troduced:

A= 25 @)
2(1+x)
and
_ K
BT e E— (5)

Note that for a particle k—eo, since the inclusion viscosity
is much bigger than the metal viscosity, and for a gas bub-
ble K¥—0, since the viscosity of the gas bubble is much
smaller than the metal viscosity. Then Eq. (3) can be rewrit-
ten as:

U 2 -2 Rl R13
l//:_?r sin- @ —7A+TB ............. (6)

From Eq. (6), the velocities v, and v, for the inclusion can
be determined as well as the normal and tangential stress,
and drag coefficients. When the velocities, the shear stress
and the additional drag components from the deviatoric
normal stress are known, the continuity of normal stresses
at the interface, R,+S, where R>>>S, and the total drag co-
efficient can be determined for a liquid spherical inclusion
in a stagnant fluid. Since the variation of the slag pressure
Pg,, near the interface is small during the deformation of
the interface due to the small size of the inclusion and Eq.
(6), Pg, equals Py, The continuity of normal stress
across the steel film-slag interface is then given by:

_20ys v,
ctal RI+S :uS ar

Priim — Botag = Pt — But

r=R+S

20ys | dZ A4 3B
= +—2uq - cosO
R+S 4t R+28 R+4S

where Py, is the steel film pressure, (g is the slag viscosi-
ty, Oy 18 the interfacial tension between the metal and the
slag and S is the steel film thickness.

The total drag coefficient becomes:

8 (2+3x
= CH3K) ®)
Re (I1+k)
where Re is the inclusion Reynolds number defined as:
2 R
= P )
Hyy

where p,, is the density of the metal and u_, is the terminal
velocity, which the inclusion is assumed to have as it reach-
es the interface given by:
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Fig. 1. A schematic description of the liquid inclusion transfer at the steel-slag interface in the steel film case.
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where p; is the inclusion density.

2.1. Case with a Film around the Inclusion

As in the model for solid inclusions presented earlier,”
the steel film formation is considered to occur when Re=1,
as visualized in Fig. 1. The forces acting on the inclusion
are the drag, the added mass, the buoyancy, and the rebound
force.

The physical meaning of steel film formation according
to Reynolds number is considered as follows: In the system
a spherical particle (solid or liquid) with radius R, is mov-
ing relative to a fluid of infinite extent at a velocity, U. The
region affected by the moving particle has the boundary of
a paraboloid, expressed as:

where r is the radius of the paraboloid, x is the displace-
ment of the paraboloid from the centre of the particle and ¢
is a constant equal to 1. Inside the boundary a wake exists
between the particle and the paraboloid boundary. The dis-
tance between the centre of the particle and the front of the
boundary, &, is given by”:

c
O = s 12
Y (12)
where
U
= e (13)
2u

and U is the kinematic viscosity.

The affected region by the particle increases with in-
creasing kinematic viscosity. When the wake can be formed
and the particle can move with the surrounding fluid, the
space (film thickness), S, can be described as:

and can be approximately defined as a.
Substituting =2 in Eq. (12), the following is obtained:

Thus, Reynolds number is sufficiently low for no film for-
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mation at the rear of the particle. It is then considered that
the order of the film thickness might be given as the magni-
tude of the space, S. Actually the steel film formation due
to Reynolds number is fuzzy. The real and actual value of
Re is between 1 and 2.

The rebound force is obtained by integrating the continu-
ity equation for normal stresses, Eq. (7), according to the
following:

0c
E‘ - _J‘ (IDFilm_ PMetal) cos6- 277'-RI sinf- Rlde
0

o
=—47R} — ™ sin% 6,
2(R+S)

L4z ps( 4 3B
dt 3 | R+2S R+4S

}(1—0053 ec)} (16

Here sin”> 0.=(QR+S—Z)(S+2Z)/(R,+S)* and cos 6.=
(R,—2)/(R;+S) are obtained from inspection of the geome-
try in Fig. 1. The angle 68 ranging from 0 to , is the criti-
cal angle from the symmetry axes (dotted line) in Fig. 1 to
the steel film—slag-inclusion interface. If 6 is equal to 0,
there is no contact of the inclusion with steel film to the
slag and if 6 is equal to 7 the inclusion is fully separated
to the steel.

The drag force, the added mass force and the buoyancy
force are expressed as:

dz
Fy=4nR A —— v, 17
dt
_ ,  d*Z
F= 3 7R} Py g (18)
and
4 3
szgﬂRI (N} R (19)
The equation of motion is given by:
FAF=F—F—F i, (20)

where F, is the force from the acceleration of the inclusion
given as:
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Although the buoyancy force is always acting upwards, the
rebound force, the added mass force and the drag force can
act both upwards and downwards depending on the interfa-
cial properties of the system of interest. If the equations for
the forces are put into Eq. (20) and some rearrangements
are done, the following equation is obtained (For simplicity
we make the forces dimensionless to obtain an equation
that is easier to solve.):

d*z*

dr*?

_2pu—p) 30y (2AS*—Z¥)(S*+Z¥)
(pM+2pI) Rlzg(pM+2pI) (1 +S*)2

~ 24 ( 4 3B J
\;ng(pMdl_zpl) 1+25%  1+45%

1-z#¢ Y| dz* bugyd  dz*
X|1—= — (22)
1+5* dr* Rlzg(pM+2pl) dr*

where the dimensionless displacement, steel film thickness,
time, velocity and acceleration are expressed as follows:
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In order to simplify Eq. (22) the following variables are in-
troduced:

C= M (28)
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After the introduction of these simplifications Eq. (22) can
be written as:

d*z* _ 2(pu—p0)
dr** (pyt2pp)

—3C-D(Z*,5%)

dzZ* 64 dzZ*
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The equation for the drainage of the steel film is obtained
from the expression for the film surface area, d, where

L , ,S+Z
6=\ 2aR,sinO)R,d6 = —27R{ (cosO.—1)=2nR;
S R+S

Continuity of the film flow is expressed as:
S6—UQ2rR, sin 0)Sdt=(S+dS)(+d9)........ (35)
and the film flow-out velocity is given as:
1 dy _ dZ 1+2
dt 2(1+x)

With the above expression inserted into Eq. (35) one ob-
tains:

U=-—

in@. ... 36
rsin@ dr SihPe (36)

where

1+2x

0= ) (38)

Assuming that the inclusion radius is much bigger than the
film thickness, R;>>>S, and neglecting all second order
terms in Eq. (37), the steel film drainage per unit time in di-
mensionless variables is given as:

dS* dz* 2—Z¥)(S*+Z*)S* S*  dz*
dr* dr* 28*+7%* 28*+Z* dr*
......................................... (39)
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Fig. 2. A schematic description of the liquid inclusion transfer at
the steel-slag interface in the non-steel film case.
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2.2. Case without a Film around the Inclusion

If the Reynolds number is less than unity, no steel film
formation is assumed to occur since the approach of the in-
clusion towards the interface is slow enough for direct con-
tact with the slag, which is visualized in Fig. 2.

The change in interfacial energy by the inclusion transfer
across the interface is expressed as:

Er=— (2R Z~ 7)) O+ 2R Z0 4+ 2R (2R~ Z) 0y,

Similar to the previous discussed case with a film, it is nec-
essary to begin with defining the forces acting on a liquid
inclusion. In this case the dimensionless rebound force is
defined as:

dE.

F.= 17 = 2RO\ H(Z*) cevveenrnrnnnn 41)

where
H(Z*)=Z*%—1—008 O overvevereererencns (42)

and
On— O
cosOpys = M (43)
MS

where the term cos 0,5 expresses the overall wettability. If
cos 0,,s>>0 the system is said to be wetting and if
cos 0,,,5<<0 the system is non-wetting.

The dimensionless drag force is given by:

*

Fy=dn Rogugd-1(2%) %5 . 44
d VR gusA-1(Z%) e (44)
where
1(Z%)= ul_l 7% _ ) ’uiM_l Z*_,.'uiM ...(45)
Hg Hg Hg
The dimensionless added mass force is given by:
2 A
= _ %
F; 3 7Ry gpgJ (Z%*) g (46)
where
1 3
4\ ps 4 ps Ps
The dimensionless buoyancy force is described as:
4
F,= 3 TR} G(J(ZH)Pg— Py) wvevvereesevsnvene (48)

In summary, the equation of motion for the non-film case,
in dimensionless form, can be written as:

dzZ: _ 2psJ(Z*)—p1) . 30s H(Z¥)
dt* (psJ(Z*)+2p))  Rig(psJ(Z*)+2p))
64 dz*
- s N2 . (49)
VR g (psJ(Z%)+2py) !

By solving Eqgs. (33) and (39), the displacement of the in-
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Fig. 3. The three types of inclusion behavior at the steel-slag in-
terface.

clusion and the film thickness can be calculated for case
with steel film formation, and by solving Eq. (49) the dis-
placement of the inclusion for the case without steel film
formation is calculated.

In the present work, the systems of differential equations
were solved using the commercial software MATLAB 6.5.

3. Liquid Inclusion Behavior Characteristics across
the Interface

The solutions of the mathematical model outlined above
shows three different types of inclusion behavior at the in-
terface depending on the inclusions size, the velocity of the
inclusion and the interfacial properties of the system. In
Fig. 3, the pass, remain and oscillating modes of inclusion
behavior at the interface are illustrated. In the pass mode,
the inclusion center has, as mentioned before, traveled a
distance of an inclusion diameter and the inclusion is there-
fore assumed to be fully separated to the slag. If the inclu-
sion experiences the oscillating mode, the inclusion initially
rises upwards to a maximum position from which it then
descends to a position slightly above the original location.
It will then rise again. The oscillation will eventually be
damped out and the inclusion will come to rest with the
center located at a position beneath the interface. In the re-
main mode, the inclusion rises, but stays at the interface not
separating completely to the slag. To explain the remain
state more clearly it should be noted that this is a dynamic
model. When the inclusion rises to a maximum position, it
is depending on the slag viscosity how far up it can go.
Then it tries to move to a neutral position which takes some
time. If or when it finds this neutral position, then it can be
considered steady state and the acceleration and velocity of
the inclusion tends to zero. A relative balance was conduct-
ed to control which force that is more dominant in the three
types of inclusion behavior. It was found that if the rebound
force has the same magnitude for all three cases, then in the
remain case F,~F; making the inclusion stop its upward
motion. In the pass case F,>F, and in the oscillating case
F>>F,

Both the remain and the oscillating case are harmful in
the steel making process, since a steel flow parallel to the
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interface can wash these inclusions back into the steel bath.
These modes should therefore be avoided. A detailed dis-
cussion on the suitable measures and operation conditions
to promote the separation of liquid inclusions will be made
in a subsequent section. Furthermore, since steel film for-
mation occurs for inclusions larger than 180 um and in
modern steel making processes inclusions of this size is
rare, therefore this case has not been studied in this work.

3.1. Parameter Study

The model description outlined in the previous section,
rely to a great extent on physical properties and on the ac-
curacy of such. The parameters in the above described
mathematical model are the density and viscosity for slag,
metal and inclusion, the interfacial tensions between slag—
inclusion, metal-inclusion and metal-slag and the radius of
the inclusion. In the literature, density (py, Ps, Py), Viscosi-
ty (Uy> Mg, M) and interfacial tension (o), Oy) data for
some of the phases can often be found or at least be calcu-
lated by using models. However, it is not possible, to the
best knowledge of the authors, to find experimental data of
the interfacial tensions between the slag and the liquid in-
clusion. In addition, it is also difficult to theoretically esti-
mate this physical property, but models do exist. This will
be elaborated further in the following.

Girifalco and Good® have developed a network parame-
ter model for the estimation of interfacial tension between
two phases, originally water and oil. In their model, the in-
terfacial tension is expressed as:

0p=0,t0,—20,NO, Opcvereeereucnee. (50)

where the subscripts @ and b denotes the two phases, 0, is
the interfacial tension between the two phases a and b, o,
and o, are the surface tension of each phase and finally ¢,
is the interaction parameter between ¢ and b. The interac-
tion parameter is obtained from a regression analysis of ex-
perimental data. If the interaction parameter is close to
zero, one says that the attraction between the phases is
weak and if the interaction parameter is close to unity the
attraction is strong.

Nakajima® has also developed a model for the estimation
of the surface tension of slags. Since liquid inclusions can
be regarded as being microscopic droplets of slags, this
model can be used for our purpose. Then in order to calcu-
late the interfacial tension using Eq. (50), the interaction
parameter between the slag and the inclusion needs to be
known. However, no data for the interaction parameter be-
tween two liquid slags have been found reported in the liter-
ature and since no measurements of the interfacial tension
between two liquid slags could be found, the interaction pa-
rameter can not be estimated.

In the light of the above mentioned limitations, a parame-
ter study was made in order to investigate the behavior of
the interfacial tension between a liquid inclusion and a lig-
uid slag for different interaction parameters. In Table 1, a

slag and two liquid inclusions with typical compositions for
industrial conditions with the corresponding calculated sur-
face tensions at 1 773 K and 1873 K using the method pro-
posed by Nakajima® are summarized. The result of the in-
terfacial tension between inclusion and slag dependent on
the interaction parameter for the liquid inclusions in Table 1
compared with a solid Al,O, inclusion is visualized in Fig.
4. Here it is seen that the interfacial tension has its maxi-
mum when the interaction between the phases is low, and
minimum when the interaction parameter is close to unity.
Also, when comparing the composition of the three inclu-
sions it is concluded that the lower inclusion surface ten-
sion, the lower interfacial tension between slag and inclu-
sion. The inclusion surface tension is seen to depend on the
amount of Al,O,. Higher amount of alumina gives a higher
inclusion surface tension. Moreover, the temperature does
not seem to affect how the interaction parameter influences
the interfacial tension.

Now, in order to investigate which of the physical proper-
ty parameters in the model that have the greatest influence
on the inclusion transfer, the 50 wt%Al1,0,—50 wt%CaO in-
clusion (Inclusion 2) from Table 1 was chosen. Pure iron
containing 0.005wt% S and 0.0025wt% O at 1823K,

Table 1. The chemical composition and surface tension at
1773K and 1873K for one slag and two liquid in-
clusions.

Chemical composition (wt%) R 5
(N/m)  (N/m)
n 1773 K 1873K
Si0,  ALO; CaO  MgO CaF, Na,O
Slag"” 441 66 346 26 43 78 038  0.3864
Inclusion 1 (T1) 2 46 45 7 - - 0.549 0.542
Inclusion 2 (I12) - 50 50 - - - 0.611 0.602
1.4
Solid line, T=1873 K
12 Dotted line, T=1773 K

¢IS,max 7

0.4r
0.2+
0 1 L L L
0 0.2 0.4 0.6 0.8 1
Pis
Fig. 4. The effect of the interaction parameter on the interfacial

tension between the solid Al,O, inclusion, the liquid in-
clusions (I1 and I2) and the liquid slag, defined in Table
1,at 1773 K and 1873 K.

Table 2. Original calculation conditions.
oy (N/m)  od(N/m) o (N/m) uy'? (Pas)  us'¥(Pas) ' (Pas) Py (kg/m’)
1.606 0.386 0.606 0.006 0.1998 0.118 7000
ps'? (ke/m’) F’I13> (kg/m’) o' (N/m) o’ (N/'m) g1 (N/m) Ps (=) TX)
2543 2814 1.375 1.336 0.508 0.5 1823

1843
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Fig. 5. The influence of the physical properties on the transfer of
a 20 um liquid Al,05;—CaO (50/50 wt%) inclusion when
changed by *+40%. Note, that the interaction parameter
between the inclusion and the slag is here set to 0.5.

dIZ‘IIOD pum I I I I I 4
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Change of parameter (%)

Fig. 6. The influence of each physical property parameter when
changed by *£40% on the inclusion displacement for a
100 um liquid Al,O;—CaO (50/50 wt%) inclusion. Note,
that the interaction parameter between inclusion and slag
is here set to a value of 0.5.

together with a slag containing (44.1 wt%)SiO,—(6.6
wt%)AL0;—(4.3 wt%)CaF,—(2.6 wt%)MgO—(34.6 wt%)Ca
O—(7.8 wt%)Na,O were selected. Since the interfacial ten-
sion between the liquid 50 wt%A1,0,—50 wt%CaO inclu-
sion (Inclusion 2) and the liquid slag cannot be found in the
literature nor be estimated, the interaction parameter ¢g
were given the value 0.5. In Table 2, the original calcula-
tion conditions are summarized for the steel, the slag and
the inclusion.

Then each parameter was varied, one at the time, in the
range —40 to +40% about its original value given in Table
2. The percentage deviation from the original inclusion dis-
placement was plotted against the change of the parameter
in percent, visualized in Fig. 5 for a 20 ym inclusion and in
Fig. 6 for a 100 um inclusion. From this parameter study it
can be concluded that for a 20 um liquid 50 wt%AI1,0,—
50 wt%CaO inclusions the interfacial tensions plays an im-
portant role in the inclusion transfer to the slag. For a
100 um inclusions the density of the inclusion as well as
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Fig. 7. The effect of the slag viscosity and the wettability on the
behavior of a liquid Al,0;—CaO (50/50 wt%) inclusion.

the viscosity of the slag are also important besides the in-
terfacial tensions and the slag viscosity.

Since the overall wettability is expressed by the interfa-
cial tensions, see Eq. (43), another approach of the parame-
ter study was taken, where the overall wettability and the
slag viscosity were varied to investigate the effect on the in-
clusion behavior at the interface. In Fig. 7, the result is il-
lustrated for a 20 um and a 100 um liquid 50 wt%A1,0,—
50 wt%CaO inclusion. Here it is seen that the larger the in-
clusion is, the larger the pass region is. Moreover, the oscil-
lating region increases with increasing inclusion diameter,
which can lead to an increase in the number of inclusions
re-entering the steel bath if the conditions are not right.
Also, it can be concluded that a high overall wettability and
a low slag viscosity is preferable for optimal inclusion
transfer. Now, if we return to the results from the investiga-
tion of the effect of the interaction parameters (in equation
(50)) on the interfacial tension (Fig. 4) between the slag and
the inclusion, it can be seen that if the interfacial tension is
large, then the overall wettability will be small. This in turn
will give an inclusion in the oscillating region. From this
point of view, it is also concluded that a high interaction be-
tween the phases are desirable in order to obtain good in-
clusion transfer to the slag.

A comparison between the behaviors of liquid
50 wt%A1,05—50 wt%CaO inclusions with solid Al,O; in-
clusions from an earlier study” is illustrated in Fig. 8.
According to Fig. 8, solid alumina inclusions have a larger
pass region than the liquid 50 wt%A1,0,—50 wt%CaO in-
clusion. This is more obvious for the 100 um inclusions.
From the parameter study illustrated in Fig. 6 it is seen that
the inclusion density starts to affect the inclusion transfer to
the slag for 100 um inclusions. This might be the reason
why the pass area for the heavier solid alumina inclusion is
larger than for the lighter liquid 50 wt%Al,0,—50 wt%CaO



ISIJ International, Vol. 45 (2005), No. 12

inclusion. Also, the oscillating region is larger for the alu-
mina inclusion. Therefore, the conclusion is that solid
AlLO; inclusions are easier to separate than the liquid
50 wt%A1,0,—50 wt%CaO inclusions to the slag under the
current conditions. Moreover, by comparing the parameter
studies for the 20 um solid Al,O; inclusion and the 20 uym
liquid 50 wt%A1,0,—50 wt%CaO inclusion it is seen that
the slag viscosity affects the inclusion displacement more
for the solid inclusion than for the liquid inclusion. The
shift in the oscillating/remain line between the solid and
liquid 20 um inclusions is probably caused by this.

4. Industrial Conditions

Two steel plants were chosen, to test the applicability
of the above described model on liquid 50 wt%Al,05—
50 wt%CaO inclusions. One of the steel plants is a tool
steel producer and from now designated PLANTI. The
other steel plant is a wire and bolt steel producer, designat-
ed PLANT?2 with two steel grades. In this work, the separa-
tion of liquid 50 wt%Al,05,—50 wt%CaO inclusions to the
slag for two different heats from each plant was studied.
The compositions of the steel and the slag for the two
plants are summarized in Table 3 and Table 4 respectively.

To apply the above described mathematical model for
liquid inclusion transfer, in the non-steel film formation
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Fig. 8. Comparison of the transfer behavior of liquid Al,0;,—CaO
(50/50 wt%) and solid Al,O, inclusion with diameters of
20 um and 100 pm.

mode, to the conditions found in the two steel plants inves-
tigated in this study, there are some physical property para-
meters (Og, Pp, Pm» Hs» Uy Ots» Oy and Oy) that needs to
be determined. Since the results of the parameter study
showed that the influence of some of these parameters (o,
oy and oy, and 1) on the predictions is large, it is crucial
to have access to data of high accuracy in order to make re-
liable predictions. Furthermore, the lack of experimental
data for these physical properties, applicable to systems of
industrial relevance, leaves us to estimations by using dif-
ferent methods.

The slag viscosity was one of the parameters that earlier
was shown to have a large influence on the liquid inclusion
transfer to the slag. Experimental data for the slag viscosity
in the literature is limited. Therefore, a model by
Nakajima'® based on the network parameter model, origi-
nally developed by Tida'" was used to estimate the viscosity
for the industrial slags. The interfacial tensions between
metal—inclusion and metal-slag were also determined by a
model developed by Nakajima'? based on the work by
Girifalco and Good®. Finally, the slag and inclusion density
were estimated by using a model developed by Nakajima'®
for the estimation of slag density with an interaction para-
meter introduced in the model.

No experimental data for the interfacial tension between
inclusion-slag and the interaction parameter in Eq. (50)
were found in the open literature. In order to make calcula-
tions of inclusion transfer, the interaction parameter ¢g
were investigated for a solid Al,O; inclusion and slags with
variable basicity. Here the basicity is defined as the follow-
ing ratio, Al,0,/CaO. The results can be seen in Table 5. It

Table 4. The chemical composition of the industrial ladle
slags investigated in this study.
Slag  Description Slag composition (wt%)
CaO SlOz A1203 MgO
PLANTI,I Al Ladle slag 48.2 8.9 32.9 10
PLANT2,1 Bl Ladle slag 47.5 12.5 30 10
PLANT2,2 B2 Ladle slag 40 35 15 10
Table 5. The effect of the slag basicity on the interaction para-
meter for solid alumina inclusions.
ALO;  Si0, CaO  MgO ¢ AlLO3/CaO
0 45 45 10 0.6904 0
5 40 45 10 0.6977 0.1111
10 35 45 10 0.7057  0.2222
15 30 45 10 0.7143  0.3333
20 25 45 10 0.7238  0.4444
25 20 45 10 0.7341  0.5556
30 15 45 10 0.7453  0.6667
35 10 45 10 0.7575  0.7778
40 5 45 10 0.7709  0.8889
45 0 45 10 0.7855 1

Table 3. Steel composition (wt%) for the two steel plants investigated in this study.

C S Mn P Cu Si Ca Ni B
PLANTI, 1 0.4 0.0014  0.39 0.009 0.13 1.14 0.0002  0.14 0.0001
PLANT2,1  0.22 0.010 0.9 - - 0.08 0.003 - -
PLANT2,2 0.72 0.008 0.5 - - 0.22 0.0001 - -

A% Ce Al Ti Cr Sn Mo N Co
PLANTI, 1 0.94 0.003 0.02 0.0025 512 0.005 1.46 0.009 0.04
PLANT2,1 - - 0.03 - 0.33 - - - -
PLANT2,2 - 0.0005 - 0.05 - - - -
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Table 6. Estimation of physical properties of the industrial ladle slags investigated in this study.

Plant GM()) PM 15) HMM) GS‘J) ps13) MSIO) 019) P] 13) u[lO)
(N/m) (kg/m®) (Pas) (N/m) (kg/m’) (Pas) (N/m) (kg/m’) (Pas)
PLANTI,1 1.856 7750  0.006 0.546 2772  0.067 0.606 2718 0.118
PLANT2,] 1467 7850  0.006 0539 2755  0.0674 0.606 2718 0.118
PLANT2,2 1571 7840  0.006 0468 2660  0.1977 0.606 2718 0.118
Plant ows > owl?  Ois cosbps T
(N/m) (Nmy (Nm) () (K)
PLANTI,] 1458 1521 0278 0.853° 1823
PLANT2,1 1.191 1236 0276 0.806 1823
PLANT2,2 1361 1311 0318 0.730" 1823
* d1s=0.76
wx ¢[s:0.71
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Fig. 9. Estimation of the relationship between the slag viscosity

and wettability for the conditions in PLANTI and
PLANT?2.

can be concluded that the slag basicity has a large influence
on the interaction parameter for solid Al,O; inclusions. The
larger the slag basicity is, the larger the interaction parame-
ter becomes. Furthermore, in Table 5 the interaction para-
meter varies little with the slag basicity, only between
0.69-0.78. It can also be seen that for the slags with similar
basicity as the industrial slags the interaction parameter for
solid alumina inclusions lies between 0.71 (Slag B2)-0.76
(Slag A1 and Slag B1). This limits the magnitude of the in-
teraction parameter. Moreover, since the liquid
50 wt%A1,0,—50 wt%CaO inclusion has a surface tension
that is less than the surface tension for the pure alumina in-
clusion, one can suspect that the interfacial tension between
the inclusion and slag for the 50 wt%Al,0,—50 wt%CaO in-
clusion will also be less than for the alumina inclusion.
Also, the lower interfacial tension between slag and inclu-
sion the higher overall wettability is obtained. The conclu-
sion is therefore that if we use the interaction parameter
for the solid alumina inclusion (which is known) then the
overall wettability for the industrial slags with a liquid
50 wt%A1,05—50 wt%CaO inclusion and the interaction pa-
rameter are slightly larger. The results from the estimation
of the physical properties are summarized in Table 6.
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Fig. 10. Comparison of the transfer behavior of two liquid inclu-
sions (Table 1) at the steel/slag interface.

5. Results and Discussion

After determining the physical properties of the three
slags (Al, Bl and B2), the displacement of the liquid
50 wt%A1,05—50 wt%CaO inclusion from its original posi-
tion was calculated. The interaction parameter, @, was set
to 0.76 for slag A1 and B1 and to 0.71 for slag B2. The re-
sults of these calculations are presented as a function of the
slag viscosity and the overall wettability in Fig. 9. The
changes from remain to pass, from pass to oscillate and
from remain to oscillate are in the same figure plotted for a
20 pum inclusion and a 100 ym inclusion. Since the slag ba-
sicity in Table 5 only varied between 0.69-0.78, it have
been concluded that the influence of the slag bacisity on the
displacement of the liquid 50 wt%Al,0,—50 wt%CaO inclu-
sion is very small. Thus, no attempt to visualize the influ-
ence of the slag bacisity on the inclusion displacement has
been made. It can be seen that the best slags for liquid
50 wt%A1,0,—50 wt%CaO inclusion transfer is slag Al of
PLANTI and slag B1 of PLANT2. The low slag viscosity
while at the same time the overall wettability is positive is
favorable to the separation of the inclusions. For slag B2 in
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PLANT?2, the slag viscosity should be decreased in order to
obtain better inclusion transfer since now neither the
100 um inclusion nor the 20 um inclusion pass the steel—
slag interface.

5.1.

Liquid inclusions with various compositions are often
found during the processing of steel. To get an understand-
ing of how the areas of inclusion behavior changes with dif-
ferent inclusions, a similar study as in Sec. 3.1 were made
for the liquid 2wt%SiO0,—45wt%Al,0,-46 wt%CaO-
7wt%MgO inclusion (Inclusion 1) in Table 1. The result
was compared with the 50 wt%AL,0,—50 wt%CaO inclu-
sion (Inclusion 2), visualized in Fig. 10. It can be seen that
for Inclusion 1 and Inclusion 2 the areas of remain, pass
and oscillate are almost the same. This could be expected
since both inclusions have almost the same density and vis-
cosity.

Other Liquid Inclusions

6. Conclusions

A mathematical model has been developed to study lig-
uid inclusion behavior and separation at a steel-slag inter-
face. There are three typical behaviors that an inclusion can
adopt as it reaches the interface, it can pass and separate to
the slag, remain at the interface, or oscillate. In the two
later cases there is a risk that the inclusion which has
reached the interface without being separated might follow
the steel flow back to the bath causing product defects. The
model distinguishes between two different ways of inclu-
sion separation based on the inclusion Reynolds number.
One is when a steel film is formed between the inclusion
and the slag, and the other is when no film is formed and
the inclusion Reynolds number Re<(1. In this work, steel
film formation occurs when the inclusion diameter is
roughly 180 um. Because most of the inclusions found in
modern steel grades are less than 180 um, the non-film case
is the most relevant model to use.

The main conclusion is that the described mathematical
model can be used to determine the most critical parame-
ters governing the non-metallic inclusion separation to the
slag. A parameter study showed that the most important pa-
rameters were the interfacial tensions (Gyg, Oy Ojg) and
the slag viscosity (Ug). For 100 um inclusions the inclusion
density also affects the inclusion transfer. The combined ef-
fect of these parameters showed that the overall wettability
should be positive and the slag viscosity should be as low
as possible without causing slag entrainment into the steel,
in order to get the most favorable inclusion transfer condi-
tions. It should though be mentioned that these parameters
are also the most difficult ones to find experimental data for
in the literature. Thus, future experiments are needed in
order to make the predictions of the inclusion behavior at
the steel-slag interface more relevant for the industry.

The model was applied to three industrial slags originat-
ing from samples taken from the ladle at two different steel
plants. Since the slag compositions used in the two steel
plants in this study never have been studied experimentally
regarding physical properties such as viscosity and interfa-
cial tension, there is no such experimental data available.
Instead, the necessary physical properties were estimated
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using available models. From this study of industrial condi-
tions, very useful plots can be made, showing the tendency
for inclusion transfer across the steel-slag interface.
Moreover, it can also illustrate how the slag viscosity and
the overall wettability should be modified in order to in-
crease the separation of the liquid inclusions to the slag.
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Nomenclature
g: Gravity (m/s?)
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)
R,: Radius of the inclusion (m)
D;: Diameter of the inclusion (m)
Re: Reynolds number = M (-)
oy
p,: Density (kg/m?)
o,: Surface tension (N/m)
o,,: Interfacial tension (N/m)
i, Viscosity (Pa-s)
Subscripts
S: Slag
I: Inclusion
M: Metal
Superscript
*:  Dimensionless
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