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ABSTRACT

Low sulfur content is crucial in secondary steelmaking to enhance steel quality. The desulfurization
rate is influenced by slag-steel interactions, including slag eye size and interfacial mass transfer
coefficient. Gas-stirred ladles can impact the interaction through stirring conditions such as argon
flow rate and dual plug separation angle. Using a 3D CFD simulation model, the effects of
different stirring conditions on the desulfurization rates, molten steel flow, and slag-steel
interfacial behaviors were investigated. Results showed that 180° separation angle leads to higher
desulfurization efficiency than 90°. A higher argon gas flow rate increases desulfurization rate, and
using 20 SCFM (8.92x10_; Nm3/s) argon flow rate for both plugs resulted in higher desulfurization
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rate than using 5 SCFM (2.23x10_3 Nmg3/s) for one plug and 20 SCFM for the other. The smallest
desulfurization efficiency was observed when using 5 SCFM for both plugs.

Introduction

desulfurisation is one of the most significant factors in making
high-quality steel. Sulfur lowers steel’s strength and internal
cohesion and contributes to steel brittleness and fractures,
diminishing resistance and durability. Therefore, the improve-
ment of sulfur content management and desulfurisation
efficiency have become crucial goals in secondary
steelmaking.

As the last stage before continuous casting, ladle refining
should improve the efficiency of sulfur removal and reduce
sulfur content as much as possible. In a gas-stirred ladle,
the desulfurisation mainly depends on the chemical reactions
between slag and steel [1], as described in the equation
below:

[8] + (CaO) = [O] + (Cas) m

where [] stands for the species from the steel and () represents
the species in slag.

It is commonly acknowledged that the reaction rate is
mainly affected by both the sulfur distribution ratio
between steel and slag at the equilibrium state and the
sulfur transport process at the interface [2-5]. The equilibrium
state is influenced by the chemical compositions of slag and
steel, while the sulfur transport process is controlled by the
interface behaviours, including interfacial mass transfer
coefficient and slag eye size. In a gas-stirred ladle, the inter-
face behaviors are mainly influenced by stirring parameters
such as argon gas flow rate and plug separation angle. There-
fore, it is essential to build a numerical simulation model for
predicting the effect of stirring conditions on desulfurisation
efficiency.

The numerical studies of ladle desulfurisation can be
briefly divided into two types: (1) numerical models of par-
ameters involved in desulfurisation; (2) effects of different
conditions on desulfurisation efficiency.

In the first type, the sulfur capacity and the sulfur distri-
bution ratio are in focus. Based on experimental works,

Fincham and Richardson [6] found that the sulfur is mainly
held as sulfide in slag and the capacity to hold sulfur is
affected by the activity of the basic metal oxide and the
sulfur capacity is therefore affected by the slag compositions.
However, the empirical model was not proposed in this study.
Sommerville et al. [7] developed a mathematical model for
estimating the sulfide capacity between 1400°C and 1700°C
by using the optical basicity. The simulation results agree
well with measured data when the sulfide capacity is not
too big. However, the prediction accuracy is smaller at a
higher sulfide capacity. Young et al. [8] proposed a new
empirical model for predicting sulfide capacity with a larger
range and found that the errors between the calculated
values and measured values are less than 5%. More models
are developed later to predict the sulfide capacity [9-12].

Sulfur partition ratio or sulfur distribution ratio stands for
the sulfur content ratio between slag and steel at the equili-
brium state. Inoue and Suito [13] measured the sulfur distri-
bution ratio with different types of slag and summarised
the slag capacity with different compositions. But the
impact of temperature is not well discussed and the math-
ematical model is not built. Chan and Fruehan [14] developed
a numerical model, showing that the sulfur distribution ratio
is a function of sulfide capacity, sulfur activity, oxygen activity
and temperature, and the simulation results agree well with
measurement data. Andersson et al. [15] summarised
various approaches for determining sulfide capacity and the
sulfur distribution ratios are also obtained and discussed
their reliability compared to plant trials. Jeong et al. [16]
investigated the desulfurisation behaviour through exper-
iments and found that the sulfuide capacity and sulfur distri-
bution ratio increase with the growth of the ratio between
Ca0 and SiO,, which can enhance the desulfurisation
efficiency.

In addition to the researches focusing on particular par-
ameters, many numerical investigations, including static
mathematical model and CFD model, have been developed
to predict the desulfurisation efficiency during the ladle
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refining process. Jonsson et al. [17] established a 2D CFD
model for predicting sulfur and aluminum transfer rates
between slag and steel in a gas-stirred ladle, assuming the
slag-steel interface was a flat surface. The predicted final
sulfur content is about 0.007% to 0.008%, while the industrial
data is 0.005% to 0.01%. Although the difference between
plant data and simulation result is not very small, it shows
the potential to develop a desulfurisation prediction model
through CFD. Andersson et al. [18] developed a 2D CFD
model for predicting both desulfurisation and reoxidation
in a ladle. The activities of oxides in slag were investigated,
and the impacts of compositions in slag and steel on reaction
rate were discussed. The results show that the contents of
alloying elements, including Al, Si and Mn, are well estimated
with errors less than 5% compared to plant data. However,
the desulfurisation rate is under estimated and error of S
content is 25% compared to plant data. Later Andersson
et al. [19] presented a 3D mathematical model as well as a
static model. Both models show good behaviours in predict-
ing desulfurisation processes. It is found that the slag compo-
sition (the ratio Al-O3/Ca0) could have a substantial effect on
the sulfur distribution.

Conejo et al. [5] updated the static mathematical model by
introducing the mass balance for oxygen used by desulfurisa-
tion and reoxidation at the slag-steel interface and predicted
the composition profile of both slag and steel during the ladle
refining process. It is found that when the argon flow rate is
less than 10 m3/h, the desulfurisation rate is very low; when
the argon flow rate is higher than 50 m*/h, the desulfurisation
efficiency almost remains unchanged even with a higher
argon flow rate. Lou and Zhu [2] proposed a 3D CFD model
which estimates both the desulfurisation and reoxidation
coupled with fluid dynamics in a gas-stirred ladle. In this
model, the slag-steel interface is a flat surface, and the slag
phase is not built in the computational domain, while the
change of compositions in the slag is introduced by user-
defined functions. The results show that larger slag basicity
can result in a higher desulfurisation rate. However, the
effects of distorts and emulsification on desulfurisation
efficiency are not considered with a flat surface. Singh et al.
[20] built an uncoupled CFD-thermodynamic model with a
curve surface to predict the desulfurisation rate in a gas-
stired ladle instead of a simple flat interface and the
influence of curve interface on the interfacial area and mass
transfer coefficient were discussed. It is found that the inter-
facial area is bigger, and the growing trend of mass transfer
coefficient is also higher when using a curve surface rather
than a flat surface, which is similar to some experimental
reports. Although it is noticed that the predicted sulfur
content of the uncoupled model is slightly higher than that
of a coupled model, this uncoupled model still predicts the
sulfur removal rate well compared to plant data with much
less time and computing resources than the coupled
model. To improve the simulation accuracy, Cao [21] devel-
oped a coupled 3D CFD model calculating the multiphase
flow field, slag-steel interface behaviours and desulfurisation
rate simultaneously in each step, describing the multiphase
flow and species transport process accurately in a ladle.
However, it requires lots of time and computational
resources, which may not be practical as a tool to guide the
industrial process. Later, Cao [21] and Cao et al. [22] estab-
lished a static mathematical model for quickly evaluating
the desulfurisation kinetics in a gas-stirred ladle. Although it

shows that the simulation accuracy is not as good as in the
3D CFD model, it takes less time and computational
resources, which can be applied to predict the sulfur
content with a quick response roughly. Besides the studies
of the desulfurisation rates with different stirring conditions
and slag/steel compositions, Oliveira Pezzin et al. [23] investi-
gated the impact of liquid and solid phase on desulfurisation
rate through numerical simulation, and it is found that the
percentage of liquid phase or solid phase in slag can affect
the desulfurisation rate, and there is an optimal ratio of
liqguid-solid percentage to obtain the maximum desulfurisa-
tion efficiency. To improve the desulfurisation efficiency, the
desulfurisation agent powder, such as CaO and Mg, are
injected into the ladle to promote the sulfur removal rate.
Moosavi-Khoonsari et al. [24] developed a 3D CFD model
for predicting the desulfurisation rate by taking both inter-
facial reaction and injected powder reaction, which is vali-
dated by plant data. However, the effect of slag eye is not
discussed in this paper. To promote the desulfurisation rate
by injected power, the impeller is used to improve the
mixing efficiency. Jia et al. [25] proposed a 3D CFD model
and investigated the desulfurisation efficiency with different
carrier gas flow rates and lance positions. It is found that a
higher carrier gas flow results in a bigger desulfurisation
rate, while the influence of lance positions is negligible. But
the effect of slag phase on desulfurisation is not considered.

The assumption of a flat slag-steel interface can be applied
to a CFD model for predicting the desulfurisation rate [2].
However, the interactions between slag and steel are not con-
sidered, and the deformation of the slag-steel interface
during the ladle refining is ignored, which does not reflect
the actual physical situation. Meanwhile, it will cost a lot of
computing time and power to simulate the transient slag-
steel interface interactions and behaviours [21]. The inter-
facial area slightly fluctuates around specific values when
the boundary conditions remain the same during refining
[21]. Therefore, the quasi-steady state is considered to simu-
late the interface behaviours: the multiphase flow fields are
regarded to keep unchanged when parameters such as vel-
ocity remain almost stable, which can calculate the inter-
actions between slag and steel with less time and resource
consumption.

The goal of this paper is to develop a three-dimensional
CFD model for predicting the slag-steel interface behaviours
and desulfurisation efficiency in a gas-stirred ladle within
certain scenarios in an industrial ladle and propose some sug-
gestions to improve the desulfurisation efficiency in the
industrial ladles.

Computational model
Model assumption

The following assumptions are made to build the desulfurisa-
tion model in a gas-stirred ladle:

1. The temperature gradients within slag and steel phases
are ignored;

2. The argon bubble is assumed to be spherical, and it can
only escapes from the top of the ladle;

3. The argon bubble diameter varies due to bubble collision,
coalescence and breakup;



4. The chemical reaction rates are controlled by species mass
transport process, and the transport rate is affected by the
mass transfer coefficient at the slag-steel interface;

5. The species mass fraction in slag is assumed to be homo-
geneous because of the small size compared to steel
height;

6. The species in steel phase are uniformly distributed at the
beginning of the treatment;

7. The influence of the change in slag and steel composition
on flow field is ignored.

Multiphase flow

The Volume of Fluid (VOF) model is used in this model to
simulate the interactions between slag and steel, which are
considered to be continuous phases. The argon gas is
treated as a discrete phase, and the Discrete Phase Model
(DPM) model is applied to calculate the bubble trajectory
and the interactions between continuous and discrete
phases in a gas-stirred ladle. In the steel phase, the Species
Transport model is employed to calculate the sulfur transport
and distribution.

VOF model
The mass conservation is described by the continuity
equation as expressed by the following equation:

ap _
E-FV'(P\?)—O 2

For the momentum conservation, the following equation is
solved in VOF model:

a s - - -
2PN+ pV = —gp+ v - vV + VN +pd+F B

where V'is the velocity of the continuous flows; p is the local
pressure; u is the effective viscosity of continuous phases; §'is
the local gravity acceleration; F, is the bubble force exerted
by the discrete phase on the mixture continuous fluids,
which is the reaction force of the sum of drag force, buoyancy
force, virtual mass force and the pressure gradient force
acting on the discrete phase, and more details can be
found in the Discrete Phase Model.

By tracking the volume fraction « of each phase in the
domain, the VOF approach calculates the surfaces between
phases and determines the interface sites. For the phase
my, the volume fraction equation is expressed as follows:

dam —
—_—t V- =0 4
m + Vam (4)
and the sum of volume fraction of each phase equals to 1 as

described below:
D am=1 5)

Discrete phase model

In this study, argon bubble is treated as a discrete phase. The
Discrete Phase Model (DPM) based on the Euler-Lagrange
approach is applied to determine the trajectory of each
bubble by solving the force balance equation shown below,
which includes drag force, buoyancy force, virtual mass
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force, and pressure gradient force [3]:

di,
dt

g_'(pp - P}

4

= FD(\?— \?p} + + ?VM + ﬁpressure (6}
where Fp(V' — vp) is the drag force per unit particle mass. v is
the continuous phase velocity and v, is the bubble particle
velocity. Fp is written as:

_ 1 BJLCDRE

Fp = 7
D 24p, 2 7)

where R, is the particle Reynolds number based on the par-
ticle diameter and relative fluid velocity and can be written
in the following format:

Re — 1(:"5‘I;:!|""r — Vpl (8}
My

Cp is the drag coefficient and can be defined as:

2 E
Co==(=)05 9
D 3( 3 ) ©)
where E; is the Eotvos number describing the relationship
between buoyancy force and particle surface tension and
can be calculated by the following equation:

_9b—pd;

Eo 3

(10)
where o is the surface tension between continuous phase
and discrete phase. The virtual mass force Fum stands for
the acceleration of fluids surrounding the particle and is

defined as:
- 1p /(. _ di
Fom = 5— (vpvv - —p)
2p,

pm (11)

An additional force caused by the pressure gradient will be
exerted to the continuous fluids when the mixture density of
continuous phases is higher than the discrete phase, which
can be calculated by the following equation:

Fpressure = (ﬂ) \?pv\?
Pp

where Vs the fluid velocity; v, is the particle velocity; pand p,
are the density of continuous phase and discrete phase,
respectively. To simulate the turbulent dispersion effect of
the argon gas on the continuous phases, the bubble move-
ment is characterised by the random walk model and two-
way turbulence coupling model. The initial bubble diameter
d} can be calculated by the following equation [3,26]:

(12)

0.5
a
d) =0.091 (—) udH (13)
P
where o is the surface tension of steel; p is the density of steel;
up is the argon velocity at the inlet, which can be solved by
the following equation [26]:

_ PoTy Qo
(Po + (pmH + psh)g)Ty A

where P, and T are the pressure and temperature at the stan-
dard condition; T; is the local temperature; p,, is the density
of steel and p, is the density of slag; H is the height of molten
steel and h is the thickness of the slag; A is the inlet area; Qg is
the argon gas flow rate. The impacts of bubble collision,

Up (14}
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coalescence, and breakup on the discrete phase are taken
into consideration. It is assumed that two bubbles collide
with each other and coalesce into a bigger bubble, and it
breaks apart into smaller particles when its diameter is
larger than the equilibrium diameter [3,26]. The collision
and coalescence model is described by the algorithm of
Cao and Nastac [3]. Coalescence occurs if two bubbles
collide directly; a bounce occurs if they collide more obli-
quely. In the breakup model, the equilibrium diameter is
40 mm and two small bubbles of the same size are formed
as long as the size is bigger than the equilibrium diameter
[3]. Based on mass conservation, the mass of two small
bubbles equals the previous one big bubble. The local
pressure and temperature determine the density of the gas,
and therefore the diameter of small new bubbles formed
after the breakup can be obtained. This calculation is intro-
duced by UDF code to the DPM model.

Turbulence model

The realisable k — £ model is utilised to account for multi-
phase turbulent flow in this study. The following are the con-
servation equations for turbulence kinetic energy and
turbulence dissipation rate [3,26]:

a—ar(pk)+v-(d«?)=v- [(n+ﬂ)vk] + Gy + Gp
Ok

~ pe (15)
3('93}.'- - (pel) = v - +ﬂ e
= v =v-||rte)v
—pGiS —pCL+C £ 6 (16)
12 2k+¢ﬁ 18k 3z\-b
®
Cy = max| ——, 0.43 17
1 mGX[5+(D :I (17)
k
®=5- (18)
E
s =/25;5; (19)
1 BUJ' au;
s=3(a ) 20

where G, and G, are the turbulence kinetic energy that come
from velocity gradient and buoyancy, respectively. C;; and C;
are constants in this model. S¢ and S; are the source terms of
turbulence kinetic energy and turbulence dissipation rate,
respectively. S is the mean rate of strain tensor that can
leads to the C;.

v .rau'

Gk = —pu, 'Kj (21)
e T

= Bg;—t— 22

b Bg’Pr,Bx,— ( )

. stands for the eddy viscosity and can be calculated by the
following equation:

k2

He = pcp ? (23)

where C,, in realisable k — £ model is obtained from:

1

Cp=—"75 (24)
kU
Ay +As—
£
where Ay is 4.04 in this study, and As = +/6cos®.
U =/S;Si + Q0 (25)

In Eq. (16), the term Cs, accounts for the proportion of the
buoyancy’s impacts on g, and can be computed by the follow-
ing equation:

Cse = tanh‘;‘ (26)
where v is the flow viscosity and v is the flow velocity along
the gravitational vector. The other constants in Eqg. (16) are
C.=144, (=19, o= 1.0, and o, = 1.2, as described
in Cao’s work [3].

Species transport model

The species transport model is used in this study to predict
the local mass fraction of the species in steel phase and
slag phase and the transfer rate in the same phase or
between continuous phases written in the following form:

a—i(PYf) +v(vY)=v- ((;% + PDi,m) (v Y.-')) +5  27)
where p, vV and g, are the fluid mixture density, velocity of
continuous phases and kinematic viscosity, respectively; Y;
is the local mass fraction of species in the continuous
liquids; D;, is the mass diffusion coefficient for species i in
the mixture; §; is the source term of species i due to the
species exchange at the slag-steel interface; Sc; is the turbu-
lent Schmidt number and it is 0.7 by default.

Desulfurisation model

As mentioned above, the dissolved sulfur in steel reacts with
lime in slag at the interface described in Eq. (1). The source
term of sulfur at the interface due to desulfurisation reaction
can be expressed as the following equation in terms of two-
film theory [2,4,5,21]:

A Kefr,s [%—S]—(%L;S}

Pm
§g = Pm2
>~ 100V

(28)

where A is the local area of slag-steel interface, which is the
area of the normal face of each cell at the interface; V is the
cell volume of steel phase at the interfacial zone; [% — 5]
and (% — S) represent the local mass fraction of sulfur in
steel and slag; Ls is the sulfur distribution ratio; kess is the
overall sulfur transfer coefficient of sulfur between slag and
steel and can be obtained by the following equation

psks,S
p_m + skS,S

Ls  kms

kefrs = (29)

where km;s and ks s stand for the sulfur transfer coefficient in
steel phase and slag phase; p,, is the density of steel and p;
is the density of slag. Therefore, the desulfurisation rate is
mainly determined by two aspects: (1) sulfur distribution
ratio between slag and steel; (2) sulfur transfer coefficient at
the interface.



Sulfur distribution ratio

At the slag-steel interface, the ratio of mass fraction of
element i in steel and mass fraction of element i in slag of
reaction equilibrium is written as:

(wt — %i)* = L;[wt — %i]* (30)

where (wt — %i) is the local mass fraction of element i in slag
and [wt — %i] is the local mass fraction of element i in steel; L;
indicates the distribution ratio between (wt— %i) and
[wt — %i]. The symbol * means the value is at the equilibrium
status. The theoretical value of Ls can be calculated as follows
[14,15,27,28]:

(% —i)*
|OgL$ = |Ogm
935

== + 1.375 + logCs + logfs — logag
where T is the temperature at the slag-steel interface; Cs
stands for the sulfide capacity; ap and fs are the oxygen
activity and the sulfur activity coefficient in steel, respectively.
In this study, the Young's model [8] is applied to determine
the sulfide capacity of slag Cs as shown below:
if A <0.8

(31

11710
logCs = —13.913 + 42.84A — 23.82A° -—
—0.02223(% — SiO) (32)
if A>0.8
1697
Cs = —0.6261 + 0.4804A + 0.7197A2 + —
_ 2874 + 0.0005144(% — FeO) (33)

where A is the optical basicity and defined as follows [29-31]:

o xamAy 4+ xomAr + ...

A
doxim +xam + ...

(34)

where Ay, is the optical basicity of individual oxide in slag and
the value is summarised in Table 1; x4, indicates the mole frac-
tion of individual oxide and ny is the number of oxygen
atoms associated with acidic and basic oxides.

The activity coefficient f; in steel can be obtained by the
following expression [2,5]:

logf; =~ €l% — (35)
i

where i and j represent the dissolved element in steel, includ-
ing S, Al, Mn, Si, C and O. eﬁ stands for the interaction par-
ameters between element i and j [32], and the values are
listed in Table 2.

The element activity a; in steel can be written as follows:

a; = fi[% — 1 (36)

where i stands for the dissolved element Al, Mn, Si, Cin steel.
There are several methods to estimate the oxygen activity ag.
For simplification, in this present work, it is assumed that
the oxygen activity is influenced by the reaction between
dissolved oxygen and aluminum in steel and alumina in

Table 1. Optical basicity of individual oxide.

Oxide ALO, Ca0 FeO
A 0.61 1.0 0.51

MnO
0.59

Si0,
048

MgO
078
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Table 2. Interaction parameters.

C Si Al Mn 0 S

C 0124 0.08 0043  -0012  -034 0.046
Si 018 0.1 0.058 0 -023 0.056
Al 0.091 0.0056 0.045 0 —66 0.03
Mn  —007 0 0 0 -0083  —0.048
o] —045 0131 -39 —0.021 0 —0.131
S 0.1 0.063 0035  -0026  —027 -0.028
slag [18]:

2[A + 3[0] = (AKLOs) (37)

The equilibrium constant for Eq. (37) is described as follow-

ing:
—AG° Qa0
K = =) _ 03
exp( RT ) a;a

(38)

where AGC is the change of Gibbs free energy for the reaction
and the value can be determined by the expression below:

AG® = —1202050 + 386.3T (39)

The value of ag,0, is calculated using the following equation

[18]:

{—0.275(% — CaO) + 0.167(% — MgO)}
(% — Si03)

+ 0.033(% — AL O3) — 1.560

logaa,o, =
(40)

Therefore, the oxygen activity can be solved by combining
Egs. (36-40).

Sulfur transfer coefficient

At the slag-steel interface, the chemical reaction rates are
controlled by mass transport processes in slag and steel
phases [2]. Therefore, it is necessary to obtain the sulfur
mass transfer coefficients in slag and steel. Based on the Kol-
mogorov theory of isotropic turbulence, Lou [2] calculates the
mass transfer coefficient of species i in steel and slag through
the following equations:

£\ 0.25

ki = D%3(2) 1)
£\ 0.25

kyj = cD%? (;') 42)

where c is a constant and is 0.4 for this study [33]; Dp,,; and D
stand for the diffusion coefficient of species i in steel and slag,
which are assumed to be constants as 7.0 x 10~2 m?/s and
7.0 x 107" m?/s [2,21]; & is the local turbulent energy dissi-
pation rate; v; is the kinematic viscosity of steel phase. There-
fore, the sulfur transfer coefficient is affected by the local
turbulence flow at the slag-steel interface.

Geometry and boundary condition

In this study, the effects of stirring conditions on desulfurisa-
tion efficiency are investigated in a 155-ton gas-stirred ladle
based on a Nucor Decatur ladle. The ladle used in this
study is shown in Figure 1. The diameter of the bottom
surface D is 3.25m. There are two plugs at the bottom
surface. In this study, two different plug separation angles
are investigated: 90 ° and 180 ° as shown in Figure 2. The dis-
tance between the plug and the centre of the bottom surface
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air
0.2m slag

steel
248 m

3@

Figure 1. Schematic diagram of Nucor simplified generic ladle.

is 0.28 times the diameter of the bottom surface. The diam-
eter of each plug is 0.0754 m.

There are two types of boundary conditions: the top
surface is treated as a pressure-outlet with gas phase
backflow. The other boundaries are set to be the no-slip
wall. The backflow turbulent intensity is set to be 5%, and
the backflow turbulent viscosity ratio is set to be 10. For
the discrete bubble particle, the surface injection release
method is used at the plug area. The top surface is considered
to be the escape type to make argon leave the domain. The
type of other boundaries is reflect for the discrete phase, as
shown in Figure 3. There is finer mesh at the slag-steel inter-
face, the slag-air interface, and the inlet surface and bubble-
liquid plume zone.

The other parameters employed in this study are listed in
Table 3 provided by Nucor company. Two different argon gas
flow rates are used in this study: 5 SCFM (2.23x 1073 Nm3/s)
and 20 SCFM (8.92 x10~3 Nm3/s). By combing the plug separ-
ation angle and argon flow rate of each plug, there are totally
6 cases investigated in terms of desulfurisation process as
listed in Table 4. It is assumed that the temperature at the
slag-steel interface is homogenised and keeps constant
during the ladle refining process and the influence of temp-
erature gradient is not taken into account [2,4,21]. The
initial compositions of steel and slag are summarised in
Table 5 based on Lou and Zhu's study [2].

Numerical procedure

The commercial CFD software ANSYS Fluent 2020R1 is used
to simulate the multiphase flow and interface behaviours,
and the user-defined function (UDF) is utilised to calculate
the sulfur source terms by desulfurisation process at the
slag-steel interface. The transient pressure-based solver is
applied to simulate the multiphase flow in a gas-stirred
ladle with slag, steel and gas phases. The interface modelling
type is sharp and the volume fraction formulation is explicit
with the discretisation method of geo-reconstruct spatial
[21]. The PRESTO! method is used for solving the pressure
equation. The fixed time step is used and the size is set to
be 0.0001 s. During iteration, the convergence is assumed
to reach a point where all the absolute scaled residuals are

(b)

Figure 2. Schematic diagram of different plug separation angles. (a) 90°; (b)
180°.

pressure-outlet
with backflow

no-slip wall

discrete phase
surface injection

Figure 3. Schematic diagram of mesh and boundary condition.

Table 3. Parameters employed in the CFD simulation.

Density of steel 6975 kg/m’

Density of slag 2786 kg/m?

Density of argon 0.719 kg/m’*
Viscosity of steel 0.006 kg/(m-s)
Viscosity of slag 0.06 kg/(m-s)
Viscosity of argon 2.125x107% kg/(m-s)
Surface tension coefficient between steel and slag 1.15 N/m

Surface tension coefficdent between steel and argon  1.823 N/m
Temperature 1833K

Table 4. Ladle stirring condition.

Plug separation angle (°) Argon flow rate
90

Case 1 5-5 SCFM
Case 2 180 5-5 SCFM
Case 3 90 5-20 SCFM
Case 4 180 5-20 SCFM
Case 5 90 20-20 SCFM
Case 6 180 20-20 SCFM

Table 5. Initial chemical composition of steel and slag.

Species Steel composition (%)
S 0.0107

Al 0.058

Mn 0.66

Si 0.18

C 035

Species Slag composition (%)
AlL0, 2132

MnO 0.24

Si02 5.84

Ca0 57.79

MgO 6.02

FeO 095

S 0.07

smaller than 10~3. Besides, the sulfur mass is checked by com-
bining the removed sulfur mass obtained from Eq. (28) and
the sulfur mass remained in steel from Fluent: if the difference
between the initial sulfur mass and the sum of these two
values is less than 0.5%, the simulation result is acceptable.
The mesh sensitivity has been carried out using meshes
with different cell numbers: 323,000, 625,000 and 809,000.
Figure 4 shows the velocity magnitude in Case 6 at the
height of 1.5 m. The difference of the results with the mesh
of 809,000 and 625,000 are smaller than 1.25%. However,
the maximum difference of velocity obtained by 323,000
cells and 809,000 cells is higher than 7.29%. The average tur-
bulent dissipation rates at the interface with different meshes
are also summarised in Table 6. It can be seen from Table 6
that the difference of average & is higher than 10%
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Figure 4. Velocity magnitude at the height of 1.5 m in Case 6 with different
meshes

between 323,000 cells and 809,000 cells; while when using
625,000 cells and 809,000 cells, the difference is less than
1.2%. Therefore, the mesh with 625,000 cells is used for inves-
tigating the desulfurisation efficiency with different stirring
conditions.

To save computational time and resources, a simplification
used in Lou and Zhu's work [2] is applied to this model: the
specie distribution is considered to be homogeneous
because of the small size of slag layer compared to the
liquid steel, and the species content is calculated by UDF
through the following equation:

Ws,0(% — S)o — Wm(jvm [% — SldVeen — [y, [% — SlodVeen )
Ws

(43)

where (% — S)is the initial mass fraction of sulfur in slag
phase; [% — S]p is the initial mass fraction of sulfur in steel
phase; W,, is the weight of steel phase; W;s is the weight of
slag phase and can be calculated by the following equation:

Ws = Wsp
—EWm J[%_S] J[[%—S]o

— |V —_
100 <! 100

Val 1"'IcelT

dvce.f.f

(44)

More details can be found in the reference [2]. After becom-
ing a quasi-steady state, the flow characters, including vel-
ocity, turbulence and interface shape, are not calculated
anymore to save computational time, and the desulfurisation
rate as well as slag compositions is solved by the UDF [2] until
reaching the final refining moment.

To determine the quasi-steady state, the average velocities
of 3 layers with different heights, 0.8, 1.6 and 2.4 m, are mon-
itored. Figure 5 shows the velocities on different layers with
time in the 180° 20-20 SCFM case. It can be noticed that

Table 6. Average turbulent dissipation rate at the slag-steel interface in
different cases.

Cell number Average ¢ at Interface (mzisj)
323,000 2217%x 107"
625,000 2028 %1077
809,000 2,004 %1077
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Figure 5. Velocity magnitudes on layers with different heights in the 180° 20—
20 SCFM case with time

the velocity magnitudes almost remain constants after 32 s,
and therefore it is at the quasi-steady state.

Simulation results and discussion
Validation

The industrial measurement shows that the slag eye diameter
is 0.73 m in a Nucor generic ladle with 180° plug separation
angle and 30 SCFM argon flow rate. The simulation result of
the current model shows the predicted slag eye diameter is
0.79 m, with a percentage error of 7.5%, showing great agree-
ment with the plant trial. Because the slag eye is formed by
the plume momentum transfer, the slag eye size can reflect
the interface behaviours. The desulfurisation only occurs at
the slag-steel interface, the flow field at the interface is impor-
tant. Hence, this multiphase model can predict the multi-
phase flow at the interface for desulfurisation investigation.

The accuracy of the desulfurisation prediction is investi-
gated by comparing the simulation results of this current
model with the predicted values from Lou’s model and
measured data [2]. The desulfurisation process in two scen-
arios, Run-1 and Run-4, with different chemical compositions
in slag and steel [2], are simulated by this model and the
results are shown in Figure 6. It indicates that the simulation
results by the current model agree well with both Lou’s
results and measured data, showing good behaviour of this
model for predicting the desulfurisation process in a gas-
stirred ladle.

After validation, the current model can be applied to
explore the impacts of different stirring conditions on desul-
furisation process in a gas-stirred ladle as shown in Figure 1.

120.00

Current Model Lou’s Model Measured Data
— 110.00 Run-1 ¢

RUn-4 - A

-

100.00

90.00

Suflur mass content (ppm

Time (min)

Figure 6. Comparison of sulfur mass content predicted by current model and
Lou's model [2] with measured data.
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The initial compositions of steel and slag are listed in Table 5.
As mentioned above, 6 cases are investigated and the stirring
conditions are summarised in Table 3. The desulfurisation
treatment in this study is 40 min as in Lou and Zhu'’s study [2].

Kinetic behaviour of different stirring conditions

In this model, it is assumed that when the volume fraction is
higher than 0.5, the cell is considered to be filled with steel
phase, and therefore the steel domain and slag-steel interface
can be found. Figure 7 shows the steel velocity in different
cases. Under the impact of argon stirring, steel velocity is
high at the plug zones and gradually decreases along each
argon-bubble plume from the bottom to the interface.
However, at the bump region of the interface, the steel vel-
ocity is shallow, indicating that the slag layer is impeding ver-
tical flow and that the kinetic energy is being used to
promote slag layer deformation and the development of
slag eyes.

To better explore the impacts of plug separation angle and
argon flow rate on steel velocity with different plug separ-
ation angles, the velocities along a line across two plugs at

steel velocity
(m/s)
5.00

2.7
1.47
0.79
0.43
0.23
0.13
0.07
0.04
0.02

(a) 90° 5-5 SCFM

steel velocity
(m/s)
5.00
271
147
0.79
0.43
0.23
0.13
0.07
0.04
0.02

(a)90° 5-20 SCFM

steel velocity
(m/fs)
5.00

2.7
1.47
0.79
0.43
- 0.23
0.13
0.07
0.04
0.02

(a) 90° 20-20 SCFM

a certain height are monitored. The monitoring lines are
shown in Figure 8.

The velocity magnitudes of different cases at the heights
of 0.8 and 1.6 m are shown in Figure 9. It can be found that
when the argon flow rate combination is 5-5 SCFM, the vel-
ocity magnitudes in the bubble plume are almost the same
between 90° and 180° as shown in Figure 9(a) and (b).
When using the 5-20 SCFM argon flow rate, the peak
values of velocity in the plume zone with 180° plug separ-
ation angle are slightly higher than those with 90° plug sep-
aration angle at h=10.8 m, as indicated in Figure 9(c). At h=
1.6 m, the highest velocity in the 5 SCFM argon plume zone
with 180° plug separation angle is also slightly bigger than
that with 90° plug separation angle, as shown in Figure 10
(d). Larger velocity magnitudes are observed in the 180°
20-20 SCFM case than the 90° 20-20 SCFM case, as shown
in Figure 9(e) and (f). Therefore, the maximum velocity with
180° plug separation angle is higher than that with 90° plug
separation angle under the same argon flow rate. This
phenomenon is because since the two plumes in the 90°
angle ladle are closer to each other than those in the 180°
angle ladle, the rising steel stream is more susceptible to

(b) 180 ° 5-5 SCFM

(b) 180° 5-20 SCFM

(b) 180 ° 20-20 SCFM

Figure 7. Steel velocity of different scenarios in quasi-steady state. (a) Case 1. 90° 5-5 SCFM; (b) Case 2. 180° 5-5 SCFM; (c) Case 3. 90° 5-20 SCFM; (d) Case 4. 180°

5-20 SCFM; (e) Case 5. 90° 20-20 SCFM; (f) Case 6. 180° 20-20 SCFM



(a)90° (b) 180°

Figure 8. Monitor lines across two plugs with different plug separation angles.
(a) 90%; (b) 180°

the backflow generated by the other stream, so the velocity
peak is slightly smaller.

Figure 10 depicts the mass transfer coefficient in steel
phase knms at the interface: from the centre of the plume to
the sidewall, ky,s slightly rises and then keeps decreasing.
Because the kp, s is proportional to the steel turbulent dissipa-
tion rate as specified in Eq. (41), the local ks distribution at
the interface can reflect the turbulent dissipation distribution
as well.

Table 7 displays the average kn,s values at the slag-steel
interface for various cases. It can be noticed that the
average kms slightly rises when the plug separation angle is
adjusted from 90° to 180° by comparing the value in Case 1
and Case 2, indicating that species are transported more
effectively from the zone near the interface to the interface.
Similar conclusions are found according to the comparison
between Case 3 and Case 4 and the comparison between
Case 5 and Case 6. This phenomenon can be explained by
the fact that when the separation angle is 180° the distance
between two plumes is bigger than that with 90°, and the

3.5

25

Velocity (m/s)

-1 0 1 2
Distance from axis (m)

(a) argon flow rate 5-20 SCFM

h=0.8m

15

Velocity (m)

Velocity (m)

05

E) -1 0 1 2

Distance from axis (m)

Velocity (m/s)
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interactions between two plumes are smaller. Therefore, the
plume is widely dispersed with 180° plug angle, and the
km,s is more uniform at the slag-steel interface, as shown in
Figure 10, and thereby the average ks is bigger. Therefore,
in all cases investigated in this section, 180° plug separation
angle is better than 90° plug separation angle terms of inter-
facial species transport process. In addition, when the plug
separation angle is 90°, a bigger average kp,s is formed by a
higher argon flow rate referring to Case 1, Case 3 and Case
5: when the argon flow rate rises from 5/5 SCFM to 5/20
SCFM, the kns value rises by 24.86%, and when the argon
flow rate increases from 5/5 SCFM to 20/20 SCFM, the ks
value rises by 47.06%. Consistent findings are yielded based
on the kn s values in Case 2, Case 4 and Case 6.

Based on Eq. (29), k.# s is affected by Ls, ky s and k;s. With
the same initial compositions listed in Table 5, the values of Ls
are the same in different cases based on Egs. (31)-(40).
According to Eqgs. (41) and (42), ks is proportional to kns
and ks s =0.1kpy s [2,21). Thus, a higher ks leads to a higher
Kefr s-

Desulfurisation behaviour of different stirring
conditions

Figures 11 and 12 show the change of sulfur mass content
with time in liquid steel and the sulfur removal ratio at t=
40 min calculated by Eq. (45) [2] in the 155-ton gas-stirred
ladle under different stirring conditions, respectively. It can
be found by comparing Case 1 and Case 2 that when the
argon flow rate is 5-5 SCFM, the final sulfur content is
68.80 ppm with 180 ° plug separation angle and 71.86 ppm
with 90 ° plug separation angle. The sulfur removal ratio

2.5
1.5 F
05
0.5 : : .
9 -1 0 1 2
Distance from axis (m)
(b) argon flow rate 5-20 SCFM
2.5
h=1.6m
1.5 F
05 |
0.5 - : ;
) -1 0 1 2

Distance from axis (m)

(a) argon flow rate 20-20 SCFM  (b) argon flow rate 20-20 SCFM

Figure 9. Velocity along the monitor line at different height. (a) 90° 5-5 SCFM & 180° 5-5 SCFM, h = 0.8 m; (b) 90° 5-5 SCFM & 180° 5-5 SCFM, h = 1.6 m; (c) 90°
5-20 SCFM & 180° 5-20 SCFM, h = 0.8 m; (d) 90° 5-20 SCFM & 180° 5-20 SCFM, h= 1.6 m; (e) 90° 20-20 SCFM & 180° 20-20 SCFM, h = 0.8 m; (f) 90° 20-20 SCFM
& 180° 20-20 SCFM,, h=1.6m
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mass transfer
coefficient in steel
(m/s)
10.00x104
8.11x104
6.58x104
5.34x10*
4.33x104
3.51x10
2.85x104
2.31x104
1.87x104
1.52x104
1.23x104
1.00x104

mass transfer
coefficient in steel
(m/s)
10.00x104
8.11x104
6.58x10+
5.34x104
4.33x104
3.51x104
2.85x10+
2.31x104
1.87x104
1.52x104
1.23x104
1.00x10+4

‘ﬁ‘

-

.
-

() 90° 5-20 SCFM (b) 180° 5-20 SCFM

<>

(a) 90 ° 20-20 SCFM (b) 180° 20-20 SCFM

Figure 10. Mass transfer coefficient of species in steel phase of different scenarios in quasi-steady state. (a) Case 1. 90° 5-5 SCFM; (b) Case 2. 180° 5-5 SCFM; (c)
Case 3. 90° 5-20 SCFM; (d) Case 4. 180° 5-20 SCFM; (e) Case 5. 90° 20-20 SCFM; (f) Case 6. 180° 20-20 SCFM.

increases from 32.84% to 35.70% when changing the plug
separation angle from 90° to 180°. Therefore, the 180° plug
separation angle has better desulfurisation behaviour than
the 90° plug separation angle. Similarly, the comparison
between Case 3 and Case 4 and the comparison between
Case 5 and Case 6 show that the 180° plug separation
angle always results in lower sulfur content and higher
sulfur removal ratio than the 90° plug separation angle
when the gas flow rate is 5-20 SCFM or 20-20 SCFM. There-
fore, in all the cases discussed in this study, a more
effective desulfurisation process is obtained by using the
180° plug separation angle rather than the 90° plug separ-
ation angle.

Furthermore, it can be seen by comparing Case 1 and Case
3 that when the separation angle is 90° the final sulfur
content decreases from 71.86 to 65.62 ppm with the
growth of the argon flow rate from 5-5 SCFM to 5-20
SCFM, and the sulfur removal ratio rises from 32.84% to
38.20%; when the argon flow rate increases to 20-20 SCFM,

Table 7. Average ky,s on slag-steel interface in different cases.
Scenario Average kms (m/s)

Case 1: 90° 5-5 SCFM 4131x107*
Case 2: 180° 5-5 SCFM 4216 x107*
Case 3:90° 5-20 SCFM 5.158x107*
Case 4: 180° 5-20 SCFM 5533x107*
Case 5:90° 20-20 SCFM 6.075x107*
Case 6: 180° 20-20 SCFM 6351x107*

as shown in Case 5, the final sulfur content reaches
60.72 ppm, and the sulfur removal ratio grows to 43.25%.
Therefore, in the scenarios investigated in this paper, when
the separation angle is 90° the final sulfur content can be
reduced by increasing the argon flow rate. Similarly, it can
be noticed from the simulation results of Case 2, Case 4
and Case 6, when the separation angle is 180° a higher
argon flow rate produces a lower sulfur content and a
bigger sulfur removal ratio.

_ [% — Slo—[% — Sl
[% — Slo

x 100% (45)

Furthermore, it can be seen by comparing Case 1 and Case 3
that when the separation angle is 90°, the final sulfur content
decreases from 71.86 ppm to 65.62 ppm with the growth of
the argon flow rate from 5-5 SCFM to 5-20 SCFM, and the
sulfur removal ratio rises from 32.84% to 38.20%; when the
argon flow rate increases to 20-20 SCFM, as shown in Case
5, the final sulfur content reaches 60.72 ppm, and the sulfur
removal ratio grows to 43.25%. Therefore, in the scenarios
investigated in this paper, when the separation angle is 90°,
the final sulfur content can be reduced by increasing the
argon flow rate. Similarly, it can be noticed from the simu-
lation results of Case 2, Case 4 and Case 6, when the separ-
ation angle is 180° a higher argon flow rate produces a
lower sulfur content and a bigger sulfur removal ratio.
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Figure 11. Predicted sulfur mass content with time in 155 ton ladle for
different stirring conditions.
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Figure 12. Predicted sulfur removal ratio in 155 ton ladle for different stirring
conditions, t =40 min.

Based on the desulfurisation behaviours discussed above, it
can be concluded that a higher argon flow rate is beneficial to
the improvement of sulfur removal efficiency and the 180°
plug separation angle is better than the 90° plug separation
angle in terms of desulfurisation rate. These are because: the
value of ky s can be significantly increased by increasing the
argon flow rate, as can be seen from Figure 10 and Table 7;
according to Egs. (41) and (42), with the same local turbulence
dissipation rate and kinematic viscosity, k;s=0.1kys, and
thereby ks also increases with the growth of kps, which
means a higher turbulence dissipation rate leads to higher
kms and ks, promoting the species transfer rates in steel
phase and slag phase. Based on Eq. (29), a bigger kns also
results in a higher k. s, indicating that a larger turbulence dis-
sipation rate also improves the species transfer coefficient
between slag and steel phases, and consequently enhances
the sulfur removal efficiency. When the plug separation
angle is adjusted from 90° to 180°, the distribution of kn, s on
the slag-steel interface is more evenly distributed, and conse-
quently increasing the the average interfacial kp, 5, as shown in
Figure 10 and Table 7, thus also making k.rs become bigger
and helping to improve the desulfurisation rate. In addition,
according to the results in Figure 9, the velocity of steel with
the 180° plug separation angle is slightly higher than that
with the 90° plug separation angle under the same gas flow
rate, which also facilitates the sulfur transfer process to the
slag-steel interface, promoting the desulfurisation rate as well.

Conclusion

The desulfurisation processes during secondary steelmaking
in a ladle metallurgical furnace have been investigated

IRONMAKING & STEELMAKING (&) 11

using a 3D multiphase computational fluid dynamics model
by considering the influence of distorts in the slag-steel
surface on interfacial species transport. The model can
predict the multiphase flow field and the shape of the inter-
face at a quasi-steady state and estimate the reaction region,
and then the desulfurisation rate is calculated. The model is
validated by plant data and simulation results from literature
work. The impacts of different stirring conditions on the
desulfurisation rate are explored in a Nucor simplified ladle
by this model. The results show that when the argon flow
rate is the same, the 180° plug separation angle leads to a
higher desulfurisation efficiency than the 90° plug separation
angle; when the plug separation angle keeps unchanged, the
desulfurisation rate can be improved by increasing the argon
flow rate from 5-5 SCFM to 5-20 SCFM to 20-20 SCFM.

Acknowledgements

The authors would like to thank NSF-GOALI grant (CMMI-2113967), the
Steel Manufacturing Simulation and Visualization Consortium (SMSVC),
the SMSVC Ladle Project Technical Committee members, and Nucor
Steel for supporting this research and for permission to publish this work.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Science Foundation: [Grant Number
CMMI-2113967]; Steel Manufacturing Simulation and Visualization Con-
sortium (SMSVC).

References

[11 Roy D, Pistorius P, Fruehan R. Effect of silicon on the desulfurization
of Al-killed steels: part |. mathematical model. Metall Mater Trans B.
2013;44:1086-1094.

[21 Lou W, Zhu M. Numerical simulation of desulfurization behavior in
gas-stirred systems based on computation fluid dynamics-simul-
taneous reaction model (CFD-SRM) coupled model. Metall Mater
Trans B. 2014;45:1706-1722.

[31 Cao Q, Nastac L. Mathematical investigation of fluid flow, mass
transfer, and slag-steel interfacial behavior in gas-stirred ladles.
Metall Mater Trans B. 2018;49:1388-1404.

[4 Wang Q, He Z, Li G, et al. Numerical investigation of desulfurization
behavior in electroslag remelting process. Int J Heat Mass Transfer.
2017;104:943-951.

[5] Conejo A, Lara F, Macias-Hernandez M, et al. Kinetic model of steel
refining in a ladle furnace. Steel Res Int. 2007;78:141-150.

[6] Fincham C, Richardson F. The behaviour of sulphur in silicate and
aluminate melts. Proceed R Soc Lond A Math Phys Sci.
1954;223:40-62.

[71 Sosinsky D. Sommerville |. The composition and temperature
dependence of the sulfide capacity of metallurgical slags. Metall
Trans B. 1986;17:331-337.

[8] Young R, Duffy J, Hassall G, et al. Use of optical basicity concept for
determining phosphorus and sulphur slag-metal partitions.
Ironmak Steelmak. 1992;19:201-219.

[91 N MM, S DU, Seetharaman S. Sulphide capacities of “Fe0"-SiO,,

Ca0-"Fe0", and “Fe0"-MnO slags. ISIJ Int. 1999;39:657-663.

Taniguchi Y, Sano N, Seetharaman S. Sulphide capacities of CaO-

Al;03-5i0,-MgO-MnO slags in the temperature range 1673-

1773K. I1S1J Int. 2009;49:156-163.

Park J. Structure-property correlations of CaO-5i0,-MnO slag

derived from Raman spectroscopy. ISUJ Int. 2012;52:1627-1636.

Shi C, Yang X, Jiao J, et al. A sulphide capacity prediction model of

Ca0-5i0-MgO-Al>03 ironmaking slags based on the ion and mol-

ecule coexistence theory. ISU Int. 2010;50:1362-1372.

[10]

(1]

[12]



12 (& C.MAOETAL

3]

(14

[15]

[16]

n7

8]

N9

[20]

[21]

22

Inoue R, Suito H. Sulfur partitions between carbon-saturated iron
melt and Na,0-5i0, slags. Trans Iron Steel Inst Japan.
1982;22:514-523.

Chan A, Fruehan R. The sulfur partition ratio and the sulfide capacity
of Na,0-5i0; slags at 1200 C. Metall Trans B. 1986;17:491-496.
Andersson M, Jonsson P, Nzotta M. Application of the sulphide
capacity concept on high-basicity ladle slags used in bearing-
steel production. ISUJ Int. 1999;39:1140-1149.

Jeong T, Cho J, Heo J, et al. Desulfurization behavior of Si-killed 316L
stainless steel melt by Ca0-5i0.-CaF>-Al-03-MgO slag. J Mater Res
Technol. 2022;18:2250-2260.

Jonsson L, Sichen D, Jonsson P. A new approach to model sulphur
refining in a gas-stirred ladle-a coupled CFD and thermodynamic
model. IS Int. 1998;38:260-267.

Andersson M, Jonsson L, Jénsson P. A thermodynamic and kinetic
model of reoxidation and desulphurisation in the ladle furnace.
IS Int. 2000;40:1080-1088.

Andersson M, Hallberg M, Jonsson L, et al. Slag-metal reactions
during ladle treatment with focus on desulphurisation. Ironmak
Steelmak. 2002;29:224-232,

Singh U, Anapagaddi R, Mangal S, et al. Multiphase modeling of
bottom-stirred ladle for prediction of slag-steel interface and esti-
mation of desulfurization behavior. Metall Mater Trans B.
2016;47:1804-1816.

Cao Q. Mathematical modeling of the fluid flow, multicomponent
slag-metal reactions and desulfurization efficiency in gas-stirred
ladles [PhD thesis]. Tuscaloosa (AL): The University of Alabama; 2018.
Cao Q, Nastac L, Pitts-Baggett A, et al. Numerical investigation of
desulfurization kinetics in gas-stirred ladles by a quick modeling
analysis approach. Metall Mater Trans B. 2018;49:988-1002.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]

[33]

Oliveira Pezzin R, Berger A, Grillo F, et al. Analysis of the influence of
the solid and liquid phases on steel desulfurization with slags from
the CaO-Al,0; systems using computational thermodynamics. J
Mater Res Technol. 2020;9:838-846.

Moosavi-Khoonsari E, Van Ende M, Jung I. Kinetic simulation of hot
metal pretreatment: desulfurization using powder injection. Metall
Mater Trans B. 2022;53:981-998.

Jia S, He Z, Ouyang D, et al. Powder injection effect on Hot metal
desulfurization behavior in the Kanbara reactor: a transient 3D
coupled numerical model. ISUJ Int. 2022;62:449-456.

Cao Q, Nastac L. Mathematical modeling of the multiphase flow and
mixing phenomena in a gas-stirred ladle: the effect of bubble
expansion. JOM. 2018;70:2071-2081.

Andersson M, Jonsson P, Hallberg M. Optimisation of ladle slag
composition by application of sulphide capacity model. Ironmak
Steelmak. 2000;27(27):286-293.

Vuolio T, Visuri V, Paananen T, et al. Identification of rate, extent,
and mechanisms of Hot metal resulfurization with Ca0-5i0 2-Na 2
O slag systems. Metall Mater Trans B. 2019;50:1791-1807.

Ghosh D, Krishnamurthy V, Sankaranarayanan S. Application of
optical basicity to viscosity of high alumina blast furnace slags. J
Min Metall Sect B. 2010;46:41-49.

Mori T. On the phosphorus distribution between slag and steel. Bull
Jap Inst Metals. 1984;23:354-361.

Krishna Y, Sowmya T, Sankaranarayanan S. Application of optical
basicity parameter to foaming of slags. Metall Ital. 2008;10:51-54.
Engh T. Principles of metal refining. Oxford: Oxford University Press;
1992. p. 62-63.

Lamont J, Scott D. An eddy cell model of mass transfer into the
surface of a turbulent liquid. AIChE J. 1970;16:513-519.



	Abstract
	Introduction
	Computational model
	Model assumption
	Multiphase flow
	VOF model
	Discrete phase model
	Turbulence model
	Species transport model

	Desulfurisation model
	Sulfur distribution ratio
	Sulfur transfer coefficient

	Geometry and boundary condition
	Numerical procedure

	Simulation results and discussion
	Validation
	Kinetic behaviour of different stirring conditions
	Desulfurisation behaviour of different stirring conditions

	Conclusion
	Acknowledgements
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


