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This paper proposes a novel method for modeling the reduction stage of the CAS-OB process
(composition adjustment by sealed argon bubbling–oxygen blowing). Our previous study
proposed a model for the heating stage of the CAS-OB process; the purpose of the present study
is to extend this work toward a more comprehensive model for the process in question. The
CAS-OB process is designed for homogenization and control of the composition and
temperature of steel. During the reduction stage, the steel phase is stirred intensely by
employing the gas nozzles at the bottom of the ladle, which blow argon gas. It is assumed that
the reduction rate of the top slag is dictated by the formation of slag droplets at the steel-slag
interface. Slag droplets, which are generated due to turning of the steel flow in the spout,
contribute mainly by increasing the interfacial area between the steel and slag phases. This
phenomenon has been taken into account based on our previous study, in which the droplet size
distribution and generation rate at different steel flow velocities. The reactions considered
between the slag and steel phases are assumed to be mass transfer controlled and reversible. We
validated the results from the model against the measurements from the real CAS-OB process.
The results indicate that the model accurately predicts the end compositions of slag and steel.
Moreover, it was discovered that the cooling rate of steel during the gas stirring given by the
model is consistent with the results reported in the literature.
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I. INTRODUCTION

THE CAS-OB process (composition adjustment by
sealed argon bubbling–oxygen blowing) was developed
by Nippon Steel.[1] It is a ladle treatment process that is
designed for heating and alloying molten steel. The
CAS-OB process has many advantages, including high
and predictable yield of alloying materials, low alu-
minum consumption, more consistent attainment of the
target temperature for casting, and low total oxygen
content after treatment.[1] There are also some disad-
vantages related to CAS-OB process. Investment costs
for setting up a CAS-OB station are higher compared to
some other heating processes (e.g., IR-UT and REHeat-
ing), although the heating rates are higher in CAS-OB
process.[2,3] Furthermore, slag often sticks to bell struc-
ture which causes increase in weight and volume of the
bell. This may have undesirable effects on the CAS-OB
operation.[4–6]

The main stages of the process are heating, reduction
of slag, and (possible) alloying. The purpose of the
heating stage is to increase the steel temperature to its
target value before continuous casting. Before the actual
heating begins, the steel is stirred by bottom blowing to
form a slag-free open-eye area on the surface of the steel
bath. Consequently, a refractory bell is partly sub-
merged within the steel (see Figure 1). During the
heating stage, solid aluminum particles are fed onto
the free steel surface inside the bell. The aluminum is
oxidized under the refractory bell by blowing oxygen
with a supersonic lance and the exothermic reaction
causes an increase in the steel temperature.[7] Heating
rates of up to 10 K/min (10 �C/min) can be obtained
without excessive equipment wear.[2]

In addition to increasing the Al2O3 content in the slag
phase, the oxygen blowing leads to an increase in the
amount of FeO, SiO2 and MnO in the slag.[8] In order to
avoid excessive losses of the metal components, the
reduction of slag is performed after heating. During the
reduction stage, the bell structure is lifted and the steel is
stirred using argon-blowing from the porous plugs at the
bottom of the ladle. Vigorous argon-stirring results in a
circulating motion of the steel in the ladle. As a
consequence of shear stresses that the turning flow of
steel imposes on the top slag, small droplets disengage
from the slag layer, leading to an immense increase in
the interfacial area between slag and steel. This large
interfacial area provides favorable conditions for a high
reduction rate.
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As far as the authors are aware, only a few studies
have been published in relation to CAS-OB process
modeling. Computational fluid dynamics has been
employed to study the main fluid flows[9,10] as well as
emulsification of the top slag[11,12] during bottom
blowing; these studies provide valuable information on
the fluid flow conditions in the CAS-OB process. In our
previous work,[13] a phenomena-based model for the
heating stage of the CAS-OB process was proposed. The
principle of the model is to solve transient differential
equations for mass fractions of species and for
temperatures.

In this work, similar approach is applied for the
reduction stage. The main objective is to construct a
computational model that, for given initial composi-
tions, temperatures, and operating conditions, numeri-
cally solves the compositions of the slag and steel phases
as well as the temperatures. The model was programmed
using C/C++.

II. DERIVATION OF THE MODEL

A. Reaction System and Determination of Reaction
Rates

The liquid steel phase is considered to be a
Fe-Ni-Al-Si-C-Mn alloy in the present model. The slag
phase contains Al2O3, SiO2, MnO, CaO, and FeO. In
the CAS-OB process, the reduction of slag takes place
through aluminum dissolved in the steel during the
heating stage. In the reduction stage model, the follow-
ing system of reactions is considered:

ðFeOÞ þ 2

3
Al Ð Feþ 1

3
Al2O3ð Þ ½R1�

FeOð Þ þ 1

2
Si Ð Feþ 1

2
SiO2ð Þ ½R2�

ðFeOÞ þMn Ð Feþ ðMnOÞ ½R3�

ðFeOÞ þ C Ð Feþ COðgÞ: ½R4�
The corresponding reaction rates for the foregoing

Reactions [R1] through [R4] are defined according to
modified law of mass action in a similar manner as in our
previous work[13] and also in other publications.[14,15]

R1 ¼ kf1 aFeOa
2=3
Al �

aFea
1=3
Al2O3

K1

 !
½1�

R2 ¼ kf2 aFeOa
1=2
Si �

aFea
1=2
SiO2

K2

 !
½2�

R3 ¼ kf3 aFeOaMn �
aFeaMnO

K3

� �
½3�

R4 ¼ kf4 aFeOaC � aFeaCO
K4

� �
: ½4�

In Eqs. [1] through [4], aAl2O3
, aSiO2

, aMnO, and aFeO
are the activities of respective slag species, aFe, aSi, aMn,
and aC are the activities of iron and respective dissolved
species, and pCO is the partial pressure of CO. The terms
K1 to K4 are the equilibrium constants of Reactions [R1]
through [R4], respectively, and kf1 to kf4 are the reaction
rate coefficients of the respective reactions.
The forward reaction rate coefficients kfi are unknown

in Eqs. [1] through [4]. The assumption in our approach is
that the reactions are mass transfer controlled. This
assumption is supported by the fact that at high temper-
atures, reactions are extremely fast. It should be noted
that the rate controlling mass transfer mechanism is not
predefined. Instead, the total mass transfer resistance is
calculated implicitly by accounting for the mass transfer
resistance in eachphase. It has beenproven that if forward
reaction rate coefficients, kfi , approach infinity, a mass
transfer limited equilibrium is obtained at the reaction
interface.[16] Computationally, it is not possible to set
infinite values for the forward reaction rate coefficients.
Instead, sufficiently high values are set for every kfi such
that the solution at interface is arbitrarily close to
equilibrium condition. Here, a dimensionless property
called the equilibrium number is employed similar to

Fig. 1—Schematic of the CAS-OB process.
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Visuri et al.[17] to provide a quantitative assessment for the
fulfillment of this condition. The equilibrium number was
employed in the model to ensure that every reaction
approaches equilibrium at the reaction interface by
allowing a small deviation of E from zero (<0.1 pct):

E ¼ 1�Q

K

����
����<0:001; ½5�

where Q is the reaction quotient. In equilibrium, the
reaction quotient Q is, by definition, equal to the equi-
librium constant K. The reaction quotient Q is defined
as the quotient of product of reaction product activi-
ties, ap, raised to the power of stoichiometric coeffi-
cient vp and similar product of reactant activities.

Q ¼
Q

p a
mp
pQ

r a
mr
r
: ½6�

The equilibrium number is a dimensionless property,
which is a measure of the relative deviation of the
interfacial composition from the equilibrium composi-
tion. It can be interpreted as follows:

E ¼ 1�Q

K

����
���� ¼ K�Qj j

K
¼ Absolute deviation from equilibrium

Equilibrium

¼ Relative deviation from equilibrium

:

½7�

B. Conservation Equations of the Species

The equations are written in terms of mass fractions,
yP,i, of species i in phase P. In general, the mass
conservation for the species i in a bulk phase P can be
written in the following form:

qP
dyP;i
dt

þ jeP;iAe ¼ 0: ½8�

In this and the following section, by e-notation we
refer to the reaction surface. Conservation of species at
the reaction surface is satisfied by

jeP;i þ Si ¼ 0: ½9�

The mass flux, jeP;i, through the surface element of the

ith species in phase P is described as the mass flux of
individual species. Consequently, the equation is

jeP;i ¼ hPqP yP;i � ye;i
� �

: ½10�

The reaction source term, Si, in Eq. [9] is defined as

Si ¼
XNr

k¼1

~vi;kRk; ½11�

where Nr refers to number of reactions and ~vi;k is the
mass-based stoichiometric coefficient, which can be
evaluated as follows:

~vi;k ¼ mi;k
Mi

MK
k

: ½12�

In Eq. [12], Mi is the molar mass of species i, vi,k is the
stoichiometric coefficient of species j in reaction k, and
MK

k is the molar mass of the key component of reaction
k. In our case, the key component for all reactions is
FeO.

1. Algebraic form of the conservation equations
Since the conservation equations in the question

cannot be solved analytically, a numerical method is
needed to find approximate solution for PDEs of the
form in Eq. [8]. For this, Eq. [8] must be discretized to
obtain a set of algebraic equations that can be solved
using a suitable method.
As for discretization of the temporal term, the

first-order Euler method was applied. It follows that
for species i, the discretized equations for the conserva-
tion of mass in bulk steel, bulk slag, and bulk gas,
respectively, are

mtytL;i �mt�1yt�1
L;i

Dt
¼ �AehLqL yL;i � ye;i

� �
½13�

mtytS;i �mt�1yt�1
S;i

Dt
¼ �AehSqS yS;i � ye;i

� �
½14�

mtytG;i �mt�1yt�1
G;i

Dt
¼ �AehGqG yG;i � ye;i

� �
; ½15�

where Dt is the time step. Here, Ae refers to the
interfacial area between slag droplets and liquid
steel. Conservation of total mass in each phase is
obtained by simply summing Eqs. [16] through [18]
over all species:

mt
L �mt�1

L

Dt
¼ �Ae

XNs

i¼1

CL;ihLqL yL;i � ye;i
� �

½16�

mt
S �mt�1

S

Dt
¼ �Ae

XNs

i¼1

CS;ihSqS yS;i � ye;i
� �

½17�

mt
G �mt�1

G

Dt
¼ �Ae

XNs

i¼1

CG;ihGqG yG;i � ye;i
� �

: ½18�

In Eqs. [16] through [18], CP;i is a binary operator that
equals 1 if species i is contained in phase P, and 0
otherwise. At the reaction interface, the following
equations hold for the conservation of species i in steel,
slag, and gas phases:

hLqL yL;i � ye;i
� �

þ
XNr

k¼1

~vi;kRk ¼ 0 ½19�
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C. Conservation of Heat

Since one of the main tasks of the CAS-OB process is
to ensure sufficient temperature of the steel in the next
process step, it is very important that the heat transfer is
considered properly in the model. Temperatures in the
bulk phases and at the reaction interface are considered.
In addition, the temperature of the ladle wall is
calculated. The ladle wall consists of a refractory lining
and a steel mantle covering the outermost part.

The conservation of heat in the system is described by
eight conservation equations. Heat transfer between
bulk phases, heat from the reactions, as well as heat
losses through ladle was considered. Eqs. [22] through
[24] represent the conservation of heat in bulk metal,
bulk slag, and bulk gas, respectively.

cp;LmL
Tn
L � Tn�1

L

Dt
¼ � _mcp;Ar TL � TAr;in

� �
� aLAe TL � Teð Þ

� aLin
ALin

TL � TL1
ð Þ� 2L rAO T4

L � T4
Atm

� �
� Ae TL � Teð Þ

XNs

i¼1

XNr

k¼1

CL;iRkmi;kcp;i

½22�

cp;SmS
Tn
S � Tn�1

S

Dt
¼ � aSAe TS � Teð Þ � Ae TS � Teð Þ

XNs

i¼1

XNr

k¼1

CS;iRkmi;kcp;i

½23�

cp;GmG
Tn
G � Tn�1

G

Dt
¼� aGAe TG � Teð Þ � Ae TG � Teð Þ

XNs

i¼1

XNr

k¼1

CG;iRkmi;kcp;i:

½24�
In Eq. [22], the first term on the right-hand side is the

heating up of argon to the temperature of the steel, and
the second and third terms are the convective heat
transfer to the reaction surface and ladle wall, respec-
tively. The fourth term is the heat loss by radiation from
the surface of the liquid steel. The last term represents
the heat from the reactions of the metal species. In the
equations above, ap is the heat transfer coefficient for
phase P, cp,L, cp,S, and cp,G are the heat capacities of

metal, slag and gas, respectively, and cp,i is the heat
capacity of species i.
Conservation of heat at the reaction surface is

described as follows:

aLAe TL � Teð Þ þ aS TS � Teð Þ þ aG TG � Teð Þ ¼
XNr

k¼1

RkDhk:

½25�

The term on the right-hand side in Eq. [25] is the heat
from all the reactions occurring at the surface.
Finally, heat transfer through the ladle wall is

considered. The ladle wall consists of an interior layer
of refractory lining and an exterior steel mantle.
Temperatures are solved at four points: (1) the inner
surface of the refractory lining, (2) in the middle of the
refractory lining, (3) at the inner surface of the steel
mantle, and (4) on the outer surface of the ladle. The
temperatures at these points are denoted by TL1

, TL2
,

TL3
and TL4

, respectively. The heat transfer consists of
convection to the inner surface, conduction through
the refractory lining and steel mantle, accumulation of
heat within the refractory and mantle, as well as
convection and radiation at the outer surface. To take
these into account, three additional equations are
needed:

aLin
TL � TL1
ð Þ ¼ kR TL1

� TL2
ð Þ
0:5DxR

½26�

kRALin
TL1

� TL2
ð Þ
0:5DxR

¼ kRAM TL2
� TL3

ð Þ
0:5DxR

þ cpRmR

Tn
L2

� Tn�1
L2

Dt

½27�

kR TL2
� TL3

ð Þ
0:5DxR

¼ kM TL3
� TL4

ð Þ
DxM

: ½28�

Heat capacities of steel, slag, and gas phases were
calculated as weighted average of heat capacities of
individual species in the phase:

cp;P ¼
X

CP;iyicp;i: ½29�

Heat capacities of each species, cp,i, were constant.
Heat capacities of the species for the relevant tempera-
ture range were calculated using HSC Chemistry 6.
Values of the heat capacities are given in Table I.

D. Formation of Slag Droplets

In order to model reactions during the reduction
stage, it is essential to determine the interfacial area—or
the reaction area—available to steel-slag reactions. In
this study, the main assumption is that the reactions
take place on the surface of the slag droplets only and
the contribution to the total reaction rates of the
reactions occurring on the top slag-steel interface is
negligible, see Figure 2. This presumption is justified by
the fact that the mixing within the top slag layer is fairly

hSqS yS;i � ye;i
� �

þ
XNr

k¼1

~vi;kRk ¼ 0 ½20�

hGqG yG;i � ye;i
� �

þ
XNr

k¼1

~vi;kRk ¼ 0 ½21�
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weak and, thus, mass transfer through the interface is
not very effective. Then again, the relatively small
droplet size and powerful argon-stirring intensify the
contribution of the interface between the steel and slag
droplets. Furthermore, the surface area of the droplets is
considerably larger than the surface area between the
top slag layer and steel bath. This assumption has been
successfully applied by Visuri et al.[18] in their reduction
model for the AOD process.

Another mechanism affecting reduction reactions is
the entrainment of steel droplets into the slag. Due to
bottom blowing, gas bubbles that rise within the steel
phase are formed. When the bubbles rise, thin steel film
is formed around them. The gas bubbles burst when
they surpass the steel surface and small steel droplets are
formed into the slag. Unfortunately, present knowledge
on the issue is not very thorough, and lacking any
quantitative model for metal droplet generation it is
impossible to include metal droplets in the model. Thus,
the approach adopted in the model describes the slag
reduction in effective manner. The slag droplets that
entrain into the steel form an effective interfacial area
through which the reduction reactions take place.
Hence, a functional model for the generation of the
slag droplet area is indispensable.

In the present model, the slag droplet-steel interface is
a multiphase surface element with zero thickness.
Species react per this massless surface and, by reason
of the assumption above, it is the only interface involved
in reactions that is considered in the model.

1. Average droplet size
In our previous studies,[12,13,19] we examined slag

emulsification by means of computational fluid dynam-
ics (CFD). The droplet formation was studied as a
function with various physical properties of steel and
slag, e.g., density difference, interfacial tension, and steel
flow velocity. In the slag reduction model, the effect of
steel flow velocity on droplet generation is particularly
important. In our recent research,[13] generation of slag
droplets was modeled with various steel flow velocities
and a Rosin–Rammler–Sperling (RRS) distribution
function was fitted to the droplet data. The RRS
distribution function has the following form:

RF ¼ 0:001ð Þ
d

dlimit

� �n

: ½30�

Parameter dlimit was determined from the CFD simula-
tions, after which parameter n, which determines the
spread of the distribution, was obtained with the least
squares method. It was concluded that n = 2.06 to
2.46.

The reduction model considers only one average
droplet size at a given time. The average size may vary as
function of time, though, depending on the stirring
conditions. The average droplet size was calculated from
the droplet size distribution function. With the applied
model, the average droplet size varied between 2.5 and
3.4 mm.

2. Generation rate of droplets
In order to define the conservation of the species and

heat properly, the total area between the slag droplets
and steel phase must be defined. As we have a
description for the average slag droplet size, a model
for the birth rate of droplets is needed to calculate the
total area formed by the slag droplets. In this work, a
model from Oeters[20] was adopted to describe the
volumetric generation rate. The model defines the
following expression for the generation rate of slag
droplets:

b ¼ 0:4153Dq1=2S l1=2S l1=2u
5=2
i

d2avgrþ 1
6 d

4
avgg qM � qSð Þ cos a

; ½31�

where ui, l, and D are the interfacial velocity at the
slag-steel interface, slag layer thickness, and diameter
of the open-eye area, respectively. The interfacial
velocity and open-eye diameter needed to be evaluated
along with the dynamic viscosity of the slag, lS.
Oeters[20] also provides a formula for calculating ui. To
evaluate D, the model introduced by Krishnapisharody
et al.[21] was employed. The same model was also
applied to determine the area of the open-eye region,
AO, in Eq. [22]. By combining the models for average
droplet size and birth rate, an estimation for the reac-
tion area can be obtained. As for the interfacial ten-
sion, r, between slag and steel, the value r = 0.5 N/m
was applied which is in accordance with the value used
in our previous study.[13]

3. Residence time of droplets
The accumulated area formed by slag droplets at a

given time is dictated by the residence time, tr, of the
droplets. In reality, the residence time of the droplets is
not uniform, as the droplet size as well as mixing
conditions varies during the reduction stage. The resi-
dence time of the slag droplets has not been studied very
widely. Oeters[20] points out that, generally, the resi-
dence time of droplets in metallurgical systems is less
than one minute. Since lacking any quantitative descrip-
tion for residence time, it was considered as an adjust-
ment parameter, bearing in mind the coarse upper limit
given by Oeters.[20] Also, only one average residence
time, �tr, for all droplet sizes was applied.

Table I. Specific Heat Capacities of the Species

Fe Al Si Mn C Ni Al2O3 MnO FeO SiO2 CaO CO Ar

cp 821.4 1175.9 971.3 836.8 2069.7 730.5 1886.9 854.5 947.2 1429.5 928.6 1288.2 519.7
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E. Physical Properties

The physical properties needed of the phase were
determined using equations and models from the litera-
ture. The modified Urbain model[22] for modeling
dynamic viscosity of slag, lS, was chosen. According to
the slag viscosity model report of Kekkonen et al.[23] the
modified Urbain model and Iida model are more reliable
in predicting the viscosity of BOF slags. The BOF slag is
not exactly similar to the slag in CAS-OB process as the
aluminum oxide content of the latter slag is far higher.
However, the CAS-OB slag in Raahe steel plant consists
of BOF slag and slag formers added after tapping. In the
CAS-OB Process, aluminum additions increase the alu-
minum oxide content of the slag. The modified Urbain
model is developed for aluminum containing slags which
favors the choice. Density of slag was calculated accord-
ing to the molar volume method[24] defined as follows:

qS ¼
P

xiMiP
xiVi

; ½32�

where xi, M,i and Vi are the mole fraction, molar
mass, and molar volume of species i (in slag phase),
respectively. The molar volumes for the observed slag
system were obtained from Slag Atlas.[24]

Viscosity of steel as a function of temperature is
calculated with the following equation:

lL ¼ l0 exp
E

RT

� �
; ½33�

where l0 and E are parameters determined experimentally
for pure iron. Density of liquid steel was determined by
using the model reported by Brandes and Brook.[25] The
model gives the density as a function of temperature:

qL ¼ 7015� 0:883 TL � 1809ð Þ: ½34�

F. Thermodynamics of the Model

The reaction rates in Eqs. [1] through [4] are defined
in terms of equilibrium constants and activities of the

species. By definition, the equilibrium constant can be
written as follows:

Ki ¼ exp �DGi

RT

� �
: ½35�

That is, the equilibrium constant is related to the stan-
dard change of Gibbs free energy which, in turn, is
defined as

DGi ¼ DHi þ TDSi: ½36�

The values that were used for reaction enthalpy DHi,
reaction entropy DSi, and reaction heat Dhi are listed
in Table II. The surface energy has been omitted in
determining Gibbs free energy since it has very small
effect in comparison to volumetric free energy, the
ratio of surface energy and volumetric free energy
being approximately ~10�3.
Activities were determined according to the compo-

sition and temperature at the reaction interface. Com-
position at the interface corresponds to the dynamic
equilibrium limited by the mass transfer. It should be
noted that the dynamic equilibrium differs from the
equilibrium at the bulk phases.
The Raoultian activity ai of species i in phase P is, by

definition,
ai ¼ cixi ½37�

or, as required in our case, expressed in terms of mass
fractions

ai ¼ ci
MP

Mi
yi; ½38�

where ci, xi, yi, and Mi are the Raoultian activity coef-
ficient, mole fraction, mass fraction, and molar mass
of species i, respectively, and MP is the molar mass of
phase P.

To determine the activity coefficients of the species in
the steel phase, Unified Interaction Parameter (UIP)
formalism was applied.[26] The Raoultian activity coef-
ficient of species i, in terms of mass fractions, is
formulated as follows in the UIP formalism:

Fig. 2—In slag reduction, reactions may occur at two different interfaces: at interface (a), i.e., between the slag droplets and the steel, or at inter-
face (b), i.e., between the top slag layer and the steel. Reactions at interface (b) are omitted from this model.
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ln ci ¼ ln cFe þ ln coi þ
XN
j¼1

ejiML

Mj
;

where ln cFe ¼ �0:5
XN
j¼1

XN
k¼

ekj M
2
L

MjMk
:

½39�

In Eq. [39], cFe is the Raoultian activity coefficient of
the solvent, coi is the activity coefficient of species i at

infinite dilution, and eji is the molar first-order interac-
tion parameter between species i and j. Interaction
parameters as well as activity coefficients of a solute at
infinite dilution applied in the UIP formalism were
taken from the literature,[27,28] and values are collected
in Table III.

The regular solution model by Ban-Ya[29] was chosen
to describe the activities of the species in the slag phase.
The Raoultian activity coefficient of species i is
described as

RT ln ci ¼
XN
j ¼ 1

j 6¼ i

aijX
2
j þ

XN
j ¼ 1

j 6¼ i

XN
k ¼ jþ 1

k 6¼ i

� aij þ aik � ajk
� �

XjXk þ DGconv:

½40�

In Eq. [40], aij is the interaction energy between
cations, Xi is the cation fraction of species i in slag, and
DGconv is the conversion factor between regular solution

and real solution. The cation fraction, in terms of mass
fractions, is given by the following formula[30]:

Xi ¼
yiNO;i

Mi

XN
j¼1

yjNO;j

Mj

 !�1

: ½41�

In Eq. [41], NO,i is the number of O-atoms in species i.
The conversion energies between the regular solution
state and the Raoultian reference state, as well as the
values for the interaction energies applied in this work,
are presented in Table IV.[29,31,32]

G. Mass and Heat Transfer Coefficients

In addition to activity models, the mass and heat
transfer coefficients have a great impact on the modeling
results. In this work, only one mass transfer coefficient
for each phase was determined.
The mass transfer coefficient hL of the steel phase can

be expressed in the following manner:

hL ¼ ShL

DL
; ½42�

where Sh is the Sherwood number, L is the character-
istic length, and DL is the mass diffusivity of the steel.
An apparent choice for the characteristic length L in
Eq. [42] was the average droplet diameter dAver. Many
options for defining the Sherwood number are avail-
able in the literature. In order to provide a description

Table II. Values of the Reaction Enthalpy, Reaction Entropy, and Specific Reaction Heat

Reaction DHi (J/mol) DSi [J/(mol K)] Dhi (J/kg)

R1 �270,459 �34.549 �3849437:0þ 44:352Te
R2 �217,274 �39.585 �3167583:0þ 74:501Te
R3 �116,137 �34.274 �1365028:0� 129:322Te
R4 132,672 140.266 2192455:0� 178:160Te

Table III. UIP Model Parameters Applied in this Work
[27,28]

eij Fe Al Si Mn C Ni

Fe 0 0 0 0 0 0
Al 0 6.0 6.9 2.8 0.091 0
Si 0 6.9 12.0 �3.3 9.8 1.2
Mn 0 2.8 �3.3 0.0 �1.9 �1.8
C 0 0.091 9.8 �1.9 12.8 2.4
Ni 0 0 1.2 �1.8 2.4 0.12
coi 1.0 0.049 0.0018 1.44 0.538 0.66

Table IV. Interaction Energies and Conversion Energies for Ban-Ya’s Activity Model
[29,31,32]

ij Al2O3 MnO FeO SiO2 CaO Conversion Energies, R

Al2O3 0 �20920 �1760 �127610 �154810 46719*
MnO �20920 0 7110 �75310 �92050 �86860+51.465Te

FeO �1760 7110 0 �41840 �31380 �8540+7.142 Te

SiO2 �127610 �75310 �41840 0 �280000 17450+2.820 Te

CaO �154810 �92050 �31380 �280000 0 �40880 � 4.703 Te

*Calculated based on the activity data in Slag Atlas.
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for Sh, the flow circumstances and phase characteristics
taking place in the CAS-OB process must be considered.
According to Oeters,[20] if the viscosity of the emulsified
phase is much greater than that of the surrounding
phase (i.e., lS � lL), the external mass transfer is dic-
tated, as in the case of mass transfer at solid particles.
The condition is satisfied in our case, as the viscosity of
slag is two orders of magnitude greater than the viscos-
ity of steel. Owing to this fact, a formalism from Ihme
et al.[33] to determine the Sherwood number for the steel
phase, was chosen which is given by

Sh ¼ 2þ zk
Re1:7Sc1:7

1þRe1:2Sc1:2
; ½43�

zk ¼
0:66

1þ Sc
þ 0:79Sc

2:4þ Scð ÞSc1:6
; ½44�

where Re and Sc are the Reynolds number and the Sch-
midt number, respectively. In addition, we chose
Eq. [44] because it was reported as applying to the entire
range of Reynolds numbers.[20]

Within the slag droplets, the mass transfer is assumed
to take place by diffusion only. Here, a spherical droplet
geometry was assumed. We applied the expression in

accordance with Eq. [45] for the mass transfer coefficient
on the slag side. The equation can be derived from the
known solutions to Fick’s second law for spherical
geometry:[20]

hS ¼
2p2DS

3davg

P1
i¼1 exp �i2p2 4DSt

d2avg

� �
P1

i¼1
1
i2
exp �i2p2 4DSt

d2avg

� �
0
@

1
A: ½45�

It can be seen that Eq. [40] presents a time-dependent
mass transfer coefficient. In this case, the maximum
value for t is the residence time of the slag droplets. The

right-hand side of Eq. [45] approaches 2p2DS

3davg
as t

approaches infinity. When time exceeds the residence
time, hS was taken as a constant, i.e., having the
mentioned limit value.
The gas phase has quite a small effect on the results in

this model, as the conditions for generation of CO are
quite unfavorable. In this work, the mass transfer
coefficient on the gas side was calculated according to
the surface renewal model,[34] which defines hG as
follows:

hG ¼ 2ffiffiffi
p

p
ffiffiffiffiffiffiffiffiffiffiffiffi
DGub
db

r
; ½46�

where DG, ub, and db are the mass diffusivity of the
gas phase, the rising velocity of the gas bubbles, and
the gas bubble diameter, respectively. The rising veloc-
ity of the bubbles and the bubble diameter were calcu-
lated according to Eqs. [47] and [48], respectively.[20]

db ¼ 3rd
gqL

þ 9r2d2

g2q2L
þ K

_V2
Gd

g

� �1=2
 !1=3

½47�

ub ¼ 2r
qLdb

þ gdb
2

� �1=2

; ½48�

where d is the nozzle diameter, _VG is the volumetric
gas flow rate, and K = 10 is an experimentally deter-
mined constant.
As for the heat transfer coefficients, the analogue of

mass and heat transfer is applied. That is, in the
expressions for the Sherwood number, Sh is replaced by
the Nusselt number, Nu, and Sc is replaced by the
Prandtl number, Pr. The heat transfer coefficient, aP, for

Fig. 3—Typical CAS-OB process practice with sampling and mea-
surements.

Table V. Typical Slag Composition Before and After the Heating Stage for Al-Killed Steels

Al2O3 SiO2 CaO MgO MnO FeO Other

Before 34.6 6.6 44.6 8.4 2.4 2.2 1.2
After 43.2 6.0 35.1 6.8 4.8 3.4 0.7

Table VI. Weight Percentage Range of the Dissolved Species Within the Steel in Validation Heats

Species C Si Mn Al

Range (wt pct) 0.05–0.108 0.007–0.217 0.36–1.36 0.028–0.059
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phase P is obtained by replacing the diffusivity DP with
the thermal conductivity kP.

For the diffusivities, it was chosen to apply one
effective mass diffusivity for each phase: DL =
4 9 10�9 m2/s,[35] DS = 5 9 10�10 m2/s,[35] and DG ¼
2:1� 10�5 T

TN

� �1:5
pN
p

� �
m2=s.[36]

III. RESULTS AND DISCUSSION

The model was validated against temperature and
composition measurements obtained from the CAS-OB

station in the SSAB Raahe steel plant. The validation
campaign consisted of measurements from eight heats.
From each heat, steel and slag samples as well as
temperature measurement were taken at three stages: (1)
before the heating stage, (2) between the heating stage
and the reduction stage, and (3) after the reduction
stage. For the purposes of this work, samples and
temperature measurements from stages (2) and (3) were
used. Typical practice for CAS-OB process with sam-
pling and measurements is presented in Figure 3. All
measurements were taken with the help of a particular
automatic sampling lance. Other data required for the
model, such as exact sampling times and bottom
blowing data, was also gathered during the campaign.
In earlier work, an average slag composition was

calculated for Al-killed steel. Calculation was based on
samples taken before and after the heat-up stage from 18
CAS-OB heats. Average composition is presented in
Table V. The only available data regarding the slag
composition after slag reduction in CAS-OB process is
presented later together with other validation data.
Alloying materials that are used in CAS-OB process can
divided into three groups: main alloying materials (FeTi,
FeCr, FeSi etc.), microalloying materials (FeNb, Cu, Ni,
etc.), and wire alloying materials (CaSi, C, etc.). Other
materials include Al for heating and scrap.
The validation heats were of low-alloyed, low-carbon

steel. The weight percentage range for dissolved species
is presented in Table VI. No additions were used in any
of the observed treatments, with the exception of the
heating aluminum. In the validation campaign, the
reduction stage duration varied between three and seven
minutes. The timeline of a usual CAS-OB treatment
with typical blowing rates is presented in Figure 3. The

Table VII. Initial and Final Steel Composition According to Measurements and Final Composition Predicted by the Model

Heat Type Al Si Mn C

1 initial 0.04 0.10 1.25 0.05
final 0.03 0.09 1.31 0.05
model 0.03 0.10 1.27 0.05

2 initial 0.04 0.12 1.28 0.05
final 0.04 0.12 1.30 0.05
model 0.04 0.12 1.29 0.05

3 initial 0.04 0.11 1.25 0.05
final 0.04 0.11 1.24 0.05
model 0.03 0.11 1.27 0.05

4 initial 0.06 0.12 1.31 0.05
final 0.05 0.12 1.36 0.05
model 0.05 0.12 1.33 0.05

5 initial 0.05 0.16 0.59 0.10
final 0.04 0.14 0.60 0.10
model 0.02 0.14 0.66 0.10

6 initial 0.06 0.16 0.60 0.10
final 0.04 0.19 0.68 0.10
model 0.05 0.15 0.62 0.10

7 initial 0.05 0.01 0.36 0.04
final 0.04 0.01 0.38 0.04
model 0.04 0.01 0.37 0.04

8 initial 0.03 0.19 0.68 0.10
final 0.03 0.20 0.69 0.10
model 0.03 0.19 0.68 0.10

Fig. 4—Comparison of measured and predicted dimensionless final
content of the steel species.
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Table VIII. Initial and Final Slag Composition According to Measurements and Final Composition Predicted by the Model

Heat Type Al2O3 SiO2 CaO MnO FeO

1 initial 32.09 14.00 46.62 6.12 1.18
final 35.04 16.39 45.72 2.37 0.49
model 34.11 14.34 47.38 3.49 0.67

2 initial 30.34 12.40 54.59 1.97 0.70
final 31.21 12.94 54.59 0.81 0.45
model 30.59 12.88 54.86 1.23 0.44

3 initial 33.44 11.00 44.98 6.69 3.90
final 35.02 11.85 42.99 7.79 2.34
model 34.88 12.37 45.96 4.30 2.50

4 initial 35.83 12.23 45.14 5.59 1.20
final 37.43 13.37 42.82 5.57 0.80
model 37.50 12.56 45.75 3.46 0.74

5 initial 39.92 13.81 30.08 8.57 7.63
final 43.49 17.50 31.08 6.57 1.35
model 45.77 16.90 32.03 2.81 2.49

6 initial 39.82 10.61 35.17 5.73 8.67
final 40.70 12.44 39.39 5.07 2.40
model 43.16 12.44 36.51 3.14 4.75

7 initial 44.88 4.75 41.01 5.28 4.08
final 43.86 4.54 41.42 5.43 4.74
model 46.03 4.88 41.34 4.37 3.39

8 initial 31.50 12.49 54.71 0.67 0.63
final 32.22 12.51 54.47 0.46 0.34
model 30.67 13.56 54.82 0.49 0.45

Fig. 5—Comparison of measured and predicted dimensionless final
content of the slag species.

Table IX. Measured and Predicted Temperatures

Heat/Type Initial [K (�C)] Final [K (�C)] Model [K (�C)]

1 1877 (1604) 1868 (1595) 1866 (1593)
2 1892 (1619) 1879 (1606) 1881 (1608)
3 1872 (1599) 1862 (1589) 1861 (1588)
4 1871 (1598) 1861 (1588) 1860 (1587)
5 1889 (1616) 1873 (1600) 1873 (1600)
6 1890 (1617) 1860 (1587) 1875 (1602)
7 1896 (1623) 1883 (1610) 1890 (1617)
8 1864 (1591) 1851 (1578) 1855 (1582)

Fig. 6—Comparison of measured and predicted temperatures.
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sampling and measurement times are marked to the
Figure 3 as well. The volumetric gas flow rate varies
during the CAS-OB heats; in validation heats the flow
rate was 200 to 1500 L/min.

A. Steel and Slag Compositions

In general, the model results regarding the composi-
tions showed good agreement with the measurement
data. The initial and final steel sample compositions,
along with the predicted final steel compositions, are
collected in Table VII. The absolute mean errors for Al,
Si, Mn, and C were 0.004, 0.01, 0.03, and 0.001 wt pct,
respectively.

The final content of Al, Si, Mn, and C is presented in
a graph of measured vs predicted content (Figure 4).

The slag compositions in different heats before and
after the slag reduction, as well as the final composition
predicted by the model, are presented in Table VIII. The
mean absolute errors for the slag species were 1.2, 0.7,
1.5, 1.7, and 0.7 wt pct for Al2O3, SiO2, CaO, MnO, and

FeO, respectively. The model’s predictions are in rea-
sonably good agreement with the measurements,
although some deviation can be seen regarding the
MnO and FeO content in a couple of heats.
Comparison with the measured and predicted final

concentrations of the slag species are presented in Figure 5.
One reason for the deviation is the uncertainty

regarding the initial mass of the slag, which is calculated
based on the CaO content of the slag. The total amount
of CaO consists of the CaO content of the converter slag
that gets poured into the ladle along with the steel in
tapping, and the CaO content of the slag formers
(bauxite, dolomite, etc.) that are added before the ladle
arrives at the CAS-OB station. In this work, the
estimation of the mass of the converter slag made at
the meltshop was used and, lacking more detailed
information on possible variations, it was assumed to
be constant. The information on the amount of addi-
tions was more precise, and the CaO content of the
additions was also available.
Another issue worth considering is the residence time

of the slag droplets, as it has a significant effect on the
interfacial area. Substantially, the residence time defines
the accumulative area formed by the droplets. In the
absence of a suitable expression for the residence time, it
was treated as an adjustment parameter in the model. As
mentioned earlier, an average residence time, �tr, was
employed. In order to assess the magnitude of �tr, the
emulsification fraction generated with different residence
times by using the models employed described earlier
was compared to the studies available in the literature. It
was found that employing �tr = 45 seconds produced a
reasonable degree of emulsification (approximately 45 to
100 pct), which appeared to be in accordance with
comparable studies.[37,38] Given the fact that the applied
value for the average residence time is in the reported
range[20] (�tr � 1min) and the results are satisfactory, the
choice can be considered justified.

B. Temperature Predictions

Evidently, the bottom blowing during the reduction
stage has a cooling effect on the molten steel. In
addition, the reduction reactions are endothermic reac-
tions, which for their part expedite the cooling. How-
ever, the foremost factor in cooling during vigorous
bottom blowing is the radiative heat loss from the
surface of the steel, since the stirring breaks the surface
slag layer, which also acts as thermal insulation in a
nonagitated situation.[39] As pointed out earlier, all of
these factors were taken into account in the formulation
of the conservation equations for heat.
The results of the simulations are collected in

Table IX. The absolute mean error in the simulated
results was 4 K (4 �C). A comparison between the
measured and simulated temperatures is presented in
Figure 6. The agreement with the measurements can be
considered satisfactory.
Heat loss and generation in Heat 3 are illustrated in

Figure 7, while the cooling rate of steel in the same heat
is shown in Figure 8. Figure 7 shows that heat is lost
through radiation through the surface and ladle wall,

Fig. 7—Heat consumption from the steel phase in Heat 3.

Fig. 8—Cooling rate of steel in Heat 3.
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but reduction reactions also absorb heat. Heat that is
lost or absorbed originates from the steel phase. The
heat absorption by the reactions is slightly faster at the
beginning of the reduction, resulting in a higher cooling
rate of the steel. The cooling rate of the steel is
consistent with the values reported by Ghosh and
Szekely et al.[40,41] According to these studies, the
temperature loss is, depending on the size of the ladle,
1 to 2 K/min (1 to 2 �C/min).

As for the heat loss via ladle walls, during the validation
campaign for the heating stage model[13] the temperature
of outer surface of the ladle was measured from several
heats and it was noticed that the temperature is nearly
constant, being approximately 673 K (400 �C). Before
the ladle arrives to the CAS-OB station from the
converter, the steel has been in the ladle for some time
and the heat-up precedes the reduction stage. Thus, by the
time the slag reduction takes place, heat transfer through
the ladle has presumably stabilized. Under normal
operating conditions the temperature of the outer surface
of the steel mantle is expected to be virtually constant, as
indicated also by our measurements. Furthermore, the
cooling rate of an empty ladle is relatively slow, and
during transferring/casting lid is used to cover the ladle in
order to avoid excessive heat loss.

Using a desktop PC (3.4 Ghz), typical calculation
times of the studied heats were in the order of 7 seconds
using a time step of 1 second. Due to its relatively low
running time, the model is, in principle, suitable even for
on-line use.

IV. CONCLUSIONS

In this work, a new mathematical model for describ-
ing transient chemical reactions and heat transfer during
the reduction stage of the CAS-OB process was derived
and validated. We assumed that the reduction reactions
occur at the steel-slag droplet interface alone and that
reactions between steel and nonemulsified top slag layer
can be omitted. To describe the area formed by the
droplets, the results of our previous studies concerning
droplet size was employed along with other models,
including sub-models for viscosity of top slag, birth rate
of metal droplets, and diameter of the open-eye.

The CAS-OB process is used for chemical heating and
alloying of steel before casting. Thus, accurate modeling
of heat transfer is an important feature of the present
model. As for the heat transfer during the reduction
stage, the cooling of the steel due to endothermic
reactions, radiative heat loss from the steel surface under
agitated conditions, and heat loss through the ladle
walls was considered.

The results of validation with industrial heats showed
that the model is able to predict steel and slag
compositions as well as the temperatures accurately
for given initial and stirring conditions with good
accuracy. The following conclusion could be drawn
from the modeling results:

� Composition predictions were in good agreement
with the experimental data.

� Model is able to predict steel temperature well; the
mean absolute error for steel temperature predictions
was 4 K (4 �C).

� The results of the simulations suggest that cooling of
the steel is mainly caused by the radiation through the
open-eye caused by bottom stirring. Heat losses caused
by endothermic reactions and heat losses through the
ladle wall were found to be of lesser importance.
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NOMENCLATURE

A Area (m2)
a Activity (–)
b Generation rate of droplets (1/s)
D Diameter of the open-eye area (m), mass

diffusivity (m2/s)
d Nozzle diameter (m)
db Bubble diameter (m)
g Acceleration due to gravity (m/s2)
h Mass transfer coefficient (m/s)
j Mass flux [kg/(m2 s)]
k Thermal conductivity [W/(m K)]
kf Forward reaction rate coefficient [kg/(m2 s)]
L Characteristic length (m)
l Streamed length (m)
m Mass (kg)
NO Number of O-atoms (–)
p Pressure (Pa)
R Reaction rate [kg/(m2 s)]
S Reaction source term [kg/(m2 s)]
T Temperature [K (�C)]
t Time (s)
ub Rising velocity (m/s)
ui Interfacial velocity (m/s)
_VG Volumetric gas flow rate (m3/s)
X Cation fraction (–)
x Mole fraction (–)
y Mass fraction (–)

GREEK LETTERS

a Interaction energy (J), heat transfer coefficient
[W/(m2 K)]

C Binary operator
c Raoultian activity coefficient (–)
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e Molar first-order interaction parameter, refers
also to reaction interface

l Dynamic viscosity (Pa s)
m Stoichiometric coefficient (–)
~v Mass-based stoichiometric coefficient (–)
q Density (kg/m3)
DG Gibbs free energy (J/mol)
DGconv Conversion energy (J)
DH Reaction enthalpy (J/mol)
Dh Specific heat of reaction (J/kg)
DS Reaction entropy [J/(mol K)]
Dt Time step (s)
DxM Width of the mantle (m)
DxR Width of the refractory lining (m)
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