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ABSTRACT

A three-dimensional isothermal multiphase flow transient CFD model simulation of the

comprehensive chemical processes, including desulfurization and reoxidation in a gas-stirred

ladle during the secondary refinement process, has been investigated. The multiphase in-

teractions and turbulence flow among steel, slag, and gas inside a ladle are simulated based

VOF multiphase model and discrete model (DPM) in Fluent commercial software. A widely

used theory describing the desulfurization and reoxidation processes, (Al2O3) -[O] equilib-

rium theory, is introduced into the model. The compositions of both steel and slag are

monitored, and the mass fractions of each species in steel and slag are compared with the

industrial data. There are two main stages for this study.

In the first stage, the CFD model of an 80-ton ladle is developed to simulate both the

flow field and reaction rates based on literature work. Then the predicated species contents

are validated with industrial measurement, which proves the accuracy of the CFD model.

The validated CFD model is applied to a Nucor Decatur two plugs bottom injection ladle

in the second stage. There are two different plug separation angle scenarios: 90° and 180°,

investigated in this part. Three argon gas flow rate combinations ((5/5 SCFM, 5/20 SCFM,

and 20/20 SCFM) were employed. The slag eye size was validated with plant measurement.

The results show that the desulfurization rate and reoxidation rate are promoted with a

higher argon injection rate. When the argon injection rate is fixed, a larger separation angle

improves the reaction rates.
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1. INTRODUCTION

Steelmaking is a crucial step in the production of high-quality steel before continuous casting.

Primary steelmaking and secondary steelmaking are the two processes. The liquid iron is

converted from a blast furnace and metal scrap during the primary steelmaking process

and then transformed into low-carbon steel via a basic oxygen furnace or an electric arc

furnace. The secondary steelmaking stage is a post-steelmaking process that refines steel

with low carbon content at a separate station before casting. The ladle furnace (LF) is

an important component of secondary steel production. The molten steel from primary

steelmaking is received by the ladle, which subsequently undergoes inclusion removal and

chemical adjustments, including the desulfurization.

Desulfurization has a significant impact on the quality of molten steel and, as a result,

on the products. Surface fractures and weakness can be caused by high sulfur concentration,

which reduces resistance and durability. Desulfurization agents such as calcium carbide,

lime, and magnesium vapor or powder are used to remove sulfur effectively. However, due to

resulfurization during the converter process, sulfur content will inevitably rise in the stages

preceding secondary steelmaking. Desulfurization in secondary steelmaking is thus the final

opportunity to adjust sulfur concentration in steel prior to continuous casting.

Desulfurization happens at the slag-steel interface in the secondary steelmaking pro-

cess, where sulfur in the steel reacts with lime particles in the slag. Desulfurization rate is

influenced by a variety of factors, including steel velocity and turbulence, slag physical char-

acteristics, local sulfur content distribution, and species transfer, according to many studies.

As a result, it’s critical to comprehend steel-slag reactions and the pace of desulfurization

under various thermodynamic and hydrodynamic settings.

1.1 Literature Review

Many research pieces have been carried out in ladle metallurgy desulfurization, including

experimental work and numerical simulation to investigate the effect of related parameters

on chemical reactions during the secondary steelmaking process. El-Kaddah and Szekely [ 1 ]

proposed a basic desulfurization prediction model between slag and steel, where the slag-
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steel interface was assumed to be a flat free surface. In 1985, BAN-YA [  2 ] proposed a regular

solution method to predicate the values of oxide activity based on the interaction energy

between cations in slag, which affects the sulfur mass fraction between slag and steel at

the equilibrium state, and the theory was proved to be validated compared to experimental

works. The reaction equilibrium constant of the dissolved element in steel was also devel-

oped, which indicates the reaction rate at equilibrium status. These works revealed the

influence of slag compositions on physical characters and steel temperature on the chemical

potential, which lays a deep foundation for further investigations of chemical processes in

a ladle. In 1993, BAN-YA [  3 ] improved the regular solution model by adding a conversion

factor of activity coefficient so that the model was satisfied over a wide range of slag com-

position from basic to acidic sides. In the territory of the desulfurization study, the sulfide

capacity, which describes the desulfurization kinetics ability of metallurgical slag proposed

by Richardson and Fincham [  4 ], was further investigated by Sosinsky and Sommerville [  5 ].

They proposed a method to estimate sulfide capacity based on slag compositions and the

optical basicities, which is named as the S-S model. Later the S-S model was improved

by Young [ 6 ], and a more comprehensive model has been proposed to predicate the sulfide

capacity. Andersson [  7 ] summarized different ways of sulfide capacity estimation, including

the S-S model and KTH model, and discussed their reliability compared with plant trials.

In order to have more comprehensive investigations about the reactions between slag and

steel, JONSSON [  8 ] built a CFD model to simulate the chemical reactions during the gas-

stirring process, where the oxygen activity used for reaction rate calculation was assumed

to be controlled by the [Al]-[O]-(Al2O3) equilibrium at the slag-steel interface. It was found

that the reaction rate was determined by the species transfer rate between slag and steel.

However, this study only focused on the concentration change of S and Al in steel, and the

slag impact was ignored, where a flat surface was constructed to represent the slag-steel

interface. ANDERSSON [ 9 ] proposed a 2D CFD model, where the slag was considered, and

the activities of oxides in slag were investigated. Then the effect of compositions on slag and

temperature on steel were studied [ 10 ]. Pär G. JÖNSSON and Lage T. I. JONSSON [ 11 ]

summarised the desulfurization, reoxidation, and inclusion removal models. They claimed

that even though there was not an overall model to predict desired parameters of all the

15



steps in the steel refining process, the existing models could be helpful to predicate each

parameter respectively. In 2002, Andersson [  12 ] proposed a static numerical model, which

showed good agreement with both CFD simulation results and plant data. Though static

modeling does not reflect local species concentration as the CFD model simulates, it costs

less time than a typical CFD simulation. Conejo [  13 ] modified the static mathematical model

by updating the oxygen activity expression based on the equilibrium of multiple reactions

at the slag-steel interface, including (Al2O3)-(FeO)-(SiO2)-(MnO)-[O]-[S]. This method is

more comprehensive and accurate in predicting oxygen activity, but it necessitates a specific

iteration calculation procedure, demanding more computational power and time. Lou [ 14 ]

built a 3D computational fluid dynamics-simultaneous reaction model (CFD-SRM) coupled

model to predicate the desulfurization and alloying element reactions during the gas stirring

process in a ladle. In this model, the slag-steel interface is a flat surface, and the slag layer

is not built in the computational domain; instead, the influence of slag on desulfurization is

introduced to the model by user-defined functions. The oxygen activity is also determined

by (Al2O3)-(FeO)-(SiO2)-(MnO)-[O]-[S] equilibrium. The effects of oxygen absorption at the

slag eye area on oxygen activity are taken into account. The results show a high level of

agreement with measured data. Cao [  15 ] established a quick estimation model to evaluate

the desulfurization kinetics in a gas-stirred ladle, including a transient CFD model and a

static mathematical model. The flow field, slag eyes, and slag-steel interaction features are

obtained through CFD simulation, and then the chemical reaction rates are computed by the

static multicomponent reaction kinetics model. This model is suitable for rapid inspection,

but the simulation accuracy is not as excellent as the coupled model because the local sulfur

content distribution is disregarded. Then a more comprehensive CFD model is proposed by

Cao [ 16 ]. The flow field is generated using the VOF-DPM multiphase model, and the slag

eye size and slag-steel interface shape vary over time, with the desulfurization rate updated

in each step coupled with the flow, accurately representing the practical desulfurization pro-

cedure in a gas-stirred ladle. However, because both the flow field and reaction information

are solved by transient models, this model necessitates a lot of computational resources.
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1.2 Objective

Based on the previous studies, it is acceptable to conclude that existing CFD models can

accurately predict the desulfurization process in a gas-stirred ladle. In most cases, however,

the slag-steel interface is considered a flat surface, and the slag eye size is computed based

on empirical expressions, which is limited by the scope of the formula application, and it

is hard to determine the slag eye locations in the computational domain. The transient

VOF-DPM model can predict the surface shape and slag eye size over time, but it demands

high computing effort to update the flow field in each step. In order to meet the industrial

application requirements, a method is needed to obtain the slag eye size and the interface

shape during the treatment with fewer computational requirements and less time. In this

work, a quasi-steady-state flow field is employed to model the slag eye size and position and

the interface shape in a ladle.

Desulfurization is one of the primary goals of chemical adjustment during secondary

steelmaking, and oxygen activity is a crucial parameter for estimating the sulfur reaction

rate. The (Al2O3)-(FeO)-(SiO2)-(MnO)-[O]-[S] equilibrium approach provides more com-

plete oxygen activity results, but it takes longer to compute due to the iteration process. It

is found that the [Al]-[O]-(Al2O3) equilibrium approach produces comparable results to those

obtained by (Al2O3)-(FeO)-(SiO2)-(MnO)-[O]-[S] equilibrium method in terms of desulfur-

ization prediction, but with easier calculation procedures. Therefore, the current model is

subjected to the (Al2O3)-[Al]-[O] equilibrium approach.

The goal of this paper is to develop a three-dimensional CFD model for predicting the flow

field and desulfurization process in a gas-stirred ladle. The flow field information based on a

Nucor generic ladle at the quasi-steady state will be obtained under various stirring scenarios.

After being validated by industrial measurement, the flow field will combine the species

transport model to yield the local sulfur content distribution. Then the desulfurization rates

will be calculated at the slag-steel interface to determine the sulfur removal rate during

treatment, and the source terms will be introduced to the species transport model. The

effects of various stirring scenarios on the desulfurization rate are expected to be investigated,

and recommendations for optimizing the operation parameters are supposed to be made.
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Finally, the effect of temperature and initial slag composition on desulfurization rate is

under discussion to optimize sulfur content management.
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2. METHODOLOGY AND CFD MODEL

In this study, the flow field of the steel/slag/argon multiphase flow is solved and the sulfur

content is obtained, and then the sulfur removal rate is determined and applied to the CFD

model to complete the desulfurization simulation process.

2.1 Multiphase Flow

In this study, the VOF (Volume of Fluid) model in Euler-Euler approach is used to sim-

ulate the multiphase flow of two continuous phases: steel and slag. The argon is considered

to be a discrete phase and the DPM ( Discrete Phase Model ) model is introduced into

the simulation to calculate the interactions between continuous phases and discrete phase.

The Species Transport model is used to calculate the species content distribution in the

continuous phase.

2.1.1 VOF Model

In Euler-Euler approach, the VOF method can model multiphase flows that are immisci-

ble by solving one single momentum equations. It tracks the volume fraction of each phase in

the domain and obtains the surfaces between phases and determines the interface positions.

The continuity equation for phase m is written in the following expression:

1
ρm

[
∂

∂t
(αmρm) + 5 · (αmρm~vm)

]
= 0 (2.1)

where αm is the volume fraction of phase m. The volume fraction equation for the primary

phase is not solved; instead, the primary phase volume fraction can be obtained based on

the principle that the volume fractions of all phases sum to unity shown in the following

expression:
i∑

m=1
αm = 1 (2.2)
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For the momentum conservation, the following equation is solved in VOF model:

∂

∂t
(ρ~v + 5 · ρ~v~v) = − 5 p + 5 ·

[
µ
(
5~v + ~vT

)]
+ ρ~g + ~Fb (2.3)

where µ is the mixture viscosity of continuous phases; ~v is the velocity of liquid flows; p is

the the local pressure; ~g is the local gravity acceleration; Fb is the bubble force exerted on

the mixture continuous fluids.

2.1.2 Discrete Phase Model

The argon is considered to be a discrete phase in this study, and the Discrete Phase Model

(DPM) is used to calculate the trajectory of each bubble in each time step by solving the

force balance including drag force, buoyancy force, virtual mass force and pressure gradient

force based on Euler-Lagrange approach shown as follows:

d~vp

dt
= FD (~v − ~vp) + ~g (ρp − ρ)

ρp

+ ~FV M + ~Fpressure (2.4)

where ~v is the continuous phase velocity and ~vp is the discrete particle velocity, respectively.

The first term on the right hand in Equation  2.4 , FD (~v − ~vp), indicates the drag force

per unit particle mass. FD is obtained by the following expression:

FD = 18µ

ρmd2
p

CDRe
24 (2.5)

where dp is the particle diameter; µ is the fluid viscosity;. Re is the particle Reynolds number

based on the particle diameter and relative fluid velocity and can be written in the following

format:

Re = ρdp|v − vp|
µl

(2.6)

CD is the drag coefficient and can be written in the following expression based on

Hamathy’s theory [ 17 ]:

CD = 2
3

(
E0

3

)0.5
(2.7)
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where E0 is Eotvos number describing the relationship between buoyancy force and particle

surface tension and can be calculated by the following equation:

E0 =
g (ρ − ρp) d2

p

σ
(2.8)

where σ is the surface tension between continuous phases and discrete phase.

The virtual mass force, ~FV M , describes the acceleration of fluids surrounding the particle

and is expressed as:
~FV M = 1

2
ρ

ρp

(
~vp 5 ~v − d~up

dt

)
(2.9)

If the mixture density of continuous phases is bigger than that of the discrete phase,

an additional force that comes from the pressure gradient will be applied to the continuous

fluids and can be expressed as:

Fpressure =
(

ρ

ρp

)
~vp 5 ~v (2.10)

where ~v is the fluid velocity; ~vp is the particle velocity; ρ and ρp are the density of continuous

phase and discrete phase, respectively.

In order to build a more comprehensive multiphase interaction model, the random walk

model in the DPM method is employed to represent the turbulent dispersion of the particle

exerting on the liquid velocity. The two-way turbulence coupling is also applied to the

particle accounting for the momentum exchange between continuous phases and discrete

phase.

Besides momentum transfer between phases, the collision, coalescence, and breakup im-

pacts between two particles are taken into consideration. During the rising process, two

bubble particles collide with each other and coalesce into one bubble with a bigger diameter.

Affected by several factors, the bubble will breakup into smaller particles when it reaches

the equilibrium diameter under the current circumstance.

The bubble particle is treated as sphere and the maximum bubble diameter at the plug

is determined by the argon flow rate [ 18 ] as shown in the following equation:
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db,max = 0.35
(

Q2

g

)0.2

(2.11)

where Q is the gas volumetric flow rate. The average bubble diameter is assumed to be 25

% of the maximum diameter [ 19 ], which is the initial diameter of the discrete phase in this

study.

The probability of coalescence is determined by the critical Weber number and the radium

of the collector r1 and of the smaller bubble r2 as shown below:

bcrit = (r1 + r2)
√

min
(
1.0, 2.4f

W ecrit

)
(2.12)

where f is calculated by the following equation:

f =
(

r1

r2

)3
− 2.4

(
r1

r2

)2
+ 2.7

(
r1

r2

)
(2.13)

In the bubble breakup model, when the bubble diameter is over an equilibrium diameter,

it will breakup into smaller particles with a new diameter. The equilibrium diameter can be

calculated based on bubble surface tension and turbulence dissipation rate as shown below:

deq
b = 4α0.5

b

(
σ
ρ

)0.6

ε0.4 + Ce (2.14)

where αb is the volume fraction of bubble; Ce stands for the minimum bubble diameter

proposed by Pan [  20 ] and it is 0.0001 m in this study. The bubble size variation is also

under the influence of the relaxation time. The relaxation time indicates the time for the

bubble growth or from the current diameter to the equilibrium diameter. Once the diameter

is bigger than the equilibrium size, the breakup happens and several smaller bubbles are

formed. The relaxation time can be determined by the following expressions:

τrel =

τB, db > de
b

τC , db < de
b

(2.15)
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where τB and τC represents the breakup timescale and coalescence timescale, respectively,

and they can be obtained by the following equations:

τB = d
2
3
b ε− 1

3 (2.16)

τC = 2
[

π (αb,max − αb)
6αb

] 1
3 db√

2
3k

√
1 + τb

τl

(2.17)

τb =
√

ϑl

ε
(2.18)

τl = ρbd
2
b

18µl

(2.19)

where k is the turbulence kinetic energy; τb and τl are the bubble relaxation timescale and

energetic turbulence eddies timescale, respectively; ϑl stands for the fluids kinetic viscosity;

µl is the dynamic viscosity of the continuous phases. In addition, the turbulence microscale

is introduced to Equation  2.15 to modify the relaxation time [ 19 ], which can be written as:

τrel = max (τrel, τK) (2.20)

where τK represents the turbulence microscale and can be obtained through the following

expression:

τK = 6
√

ϑl

ε
(2.21)

2.1.3 Turbulence Model

In this study, the realizable k − ε model is used to account for the turbulence flow in

both Euler-Euler approach and Euler-Lagrange approach. The conservation equations of

turbulence kinetic energy and turbulence dissipation rate are shown below:

∂

∂t
(ρk) + ∂

∂xm

(ρkum) = ∂

∂xn

[(
µ + µt

σk

)
∂k

∂xn

]
+ Gk + Gb − ρε + Sk (2.22)
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∂

∂t
(ρε) + ∂

∂xm

(ρεum) = ∂

∂xn

[(
µ + µt

σε

)
∂ε

∂xn

]
− ρC1Sε

− ρC2
ε2

k +
√

νε
+ C1

ε

k
C3εCb + Sε

(2.23)

C1 = max

[
Φ

5 + Φ , 0.43
]

(2.24)

Φ = S
k

ε
(2.25)

S =
√

2SmnSmn (2.26)

Smn = 1
2

(
∂un

∂xm

+ ∂um

∂xn

)
(2.27)

where Gk and Gb are the turbulence kinetic energy that come from velocity gradient and

buoyancy, respectively. C1ε and C2 are constants in this model. Sk and Sε 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 C1.

Gk = −ρu′
tu

′
l

∂un

∂xm

(2.28)

Gb = βgm
µt

Prt

∂T

∂xm

(2.29)

where Prt is the turbulent Prandtl number for energy and it is 0.85 in the realizable k − ε

model; gm is the component of the gravitational vector in the direction; β represents the

coefficient of thermal expansion and can be calculated by the following equation:

β = −1
ρ

(
∂ρ

∂T

)
P

(2.30)
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µt stands for the eddy viscosity and can be calculated by the following equation:

µt = ρCµ
k2

ε
(2.31)

where Cµ in realizable k − ε model is obtained from:

Cµ = 1
A0 + AS

kU
ε

(2.32)

where A0 is 4.04 in this study, and AS =
√

6 cos Φ.

U =
√

SmnSmn + Ω̃mnΩ̃mn (2.33)

In Equation  2.23 , the term C3ε accounts for the proportion of the buoyancy’s impacts on

ε, and can be computed by the following equation:

C3ε = tan h|ν
v

| (2.34)

where ν is the flow viscosity and v is the flow velocity along the gravitational vector. The

other constants in Equation  2.23 are C1ε = 1.44, C2 = 1.9, σk = 1.0, and σε = 1.2.

2.1.4 Species Transport Model

To predicate the species local mass fraction and the transfer rate in the same phase

or between continuous phases, the species transport model is used in this study. In the

Eulerian-Eulerian multiphase flow, the conservation equation for species transport model

takes the following form:

∂

∂t
(ρYi) + 5 (ρ~vYi) = 5 ·

(
µt

Sct

(5Yi)
)

+ Si (2.35)

where ρ, νt and ~vt are the fluid mixture density, turbulent viscosity and velocity of continuous

phases, respectively; Yi is the local mass fraction of each species in the continuous liquids;Si
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is the source term of species i due to the species exchange at the slag-steel interface; Sct is

the turbulent Schmidt number and it is 0.7 by default.

2.2 Desulfurization Rate Determination

At the slag-steel interface, the dissolved sulfur in steel reacts with lime in slag [  21 ], and

the desulfurization expression can be written as follows:

[S] + (CaO) = [O] + (CaS) (2.36)

where [] stands for the species from the steel and () represents the species in slag [ 21 ].

The desulfurization rate is mainly affected by two aspects: (1) the difference of sulfur mass

fraction between the current stage and the equilibrium stage; (2) the sulfur transport and

supplement rates from the steel to the slag-steel interface. In order to obtain the desulfuriza-

tion rate, it is necessary to know the potential concentration difference between the current

state and equilibrium state, which is defined by the element distribution ratio.

2.2.1 Element Distribution Ratio

At the slag-steel interface, the ratio of element i mass fraction in steel and element i mass

fraction in slag at equilibrium is written as:

(% − i)∗ = Li [% − i]∗ (2.37)

where (% − i) is the local mass fraction of element i from slag and [% − i] is the local mass

fraction of element i in steel; Li indicates the distribution ratio between (% − i) and [% − i].

The asterisk ∗ means the value is at the equilibrium status.

The theoretical value of LS can be calculated as follows [ 10 ]:

log LS = log (% − S)∗

[% − S]∗ = −935
T

+ 1.375 + log CS + log fS − log aO (2.38)
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where T is the temperature at the slag-steel interface. CS stands for the sulfide capacity. aO

and fS are the oxygen activity and the activity coefficient of sulfur in steel, respectively.

There are several models to predicate CS, including trail measurement[ 8 ] and mathemat-

ical model[ 6 ], [ 10 ]. In this study, CS is determined by Young’s model[ 6 ] as shown below:

if Λ < 0.8

log CS = −13.913 + 42.84Λ − 23.82Λ2 − 11710
T

− 0.02223 (% − SiO2) (2.39)

if Λ ≥ 0.8

CS = −0.6261 + 0.4804Λ + 0.7197Λ2 + 1697
T

− 2587Λ
T

+ 0.0005144 (% − F eO) (2.40)

where Λ is the optical basicity and defined as follows [ 22 ]:

Λ =
∑

x1n1Λ1 + x2n2Λ2 + . . .∑
x1n1 + x2n2 + . . .

(2.41)

where Λth is the optical basicity of individual oxide in slag [ 23 ], [  24 ] including CaO, Al2O3,

MnO, MgO, SiO2, FeO, and the value is summarized in Table  2.1 ; xth indicates the mole

fraction of individual oxide and nth is the number of oxygen atoms associated with acidic

and basic oxides, respectively.

Table 2.1. Optical basicity of individual oxides

Al2O3 CaO FeO MgO MnO SiO2

Λth 0.61 1.0 0.51 0.78 0.59 0.48

The activity coefficient fi in steel can be obtained by the following expression[ 13 ]:

log fi =
∑

j
ej

i [% − i] (2.42)

where i and j represent the dissolved element S, Al, Mn, Si, C and O in steel. ej
i stands for

the interaction parameters between element i and j [ 25 ], which are listed in Table  2.2 .
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Table 2.2. Interaction parameters

C Si Al Mn O S

C 0.124 0.08 0.043 -0.012 -0.34 0.046
Si 0.18 0.11 0.058 0 -0.23 0.056
Al 0.091 0.0056 0.045 0 -6.6 0.03
Mn -0.07 0 0 0 -0.083 -0.048
O -0.45 0.131 -3.9 -0.021 0 -0.131
S 0.11 0.063 0.035 -0.026 -0.27 -0.028

The element activity ai in steel can be written as follows:

ai = fi [% − i] (2.43)

where i stands for the dissolved element Al, Mn, Si, C in steel. aF e is assumed to be the mole

fraction of iron in steel [ 26 ]. There are several methods to estimate the oxygen activity aO

during the desulfurization process[  14 ] [  26 ] [  27 ]. In this study, it is assumed that the oxygen

activity is controlled by the [Al]-[O]-(Al2O3) equilibrium at the slag-steel interface [ 27 ], and

can be calculated by the following equation:

log aO = 1
3 log aAl2O3 − 2

3 log fAl − 2
3 log [% − Al] − 15100

T
+ 3.87 (2.44)

where aAl2O3 is the alumina activity in slag, and can be obtained by a fitting function [  27 ]:

aAl2O3 = 0.3 − 3.99342e−0.0018T (2.45)

2.2.2 Mass Transfer Coefficient

In secondary steelmaking, the desulfurization rate at the slag-steel interface is affected

by thermodynamics kinetics and species transport processes. However, due to the high

temperature at the interface, the chemical kinetics rate is swift. Therefore, the limiting

factor is the species transport process in steel and slag [  8 ], [  13 ], [  14 ], [  26 ]. Namely, the

desulfurization rate is controlled by the species transfer rate in the steel and the slag.
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In the steel phase, the species transport is enhanced by the argon stirring effect, and the

species exchange between slag and steel is promoted. In order to indicate the transfer rate,

the mass transfer coefficient of species i in steel, km,i, and mass transfer coefficient of species

i in slag, ks,i. There are several empirical expressions proposed to calculate the overall mass

transfer coefficient in steel based on boundary conditions and other operating parameters

[ 13 ], [  28 ]. However, they are suitable for most mathematical models because the local sulfur

distribution is not investigated but not appropriate for CFD models since the local mass

transfer effect at the interface is not studied. Instead of adopting the empirical formulas,

Lou [ 14 ] adopts the Kolmogorov theory of isotropic turbulence [  14 ] to calculate km,i as shown

below :

km,i = cD0.5
m,i

(
εl

ν

)0.25
(2.46)

ks,i = cD0.5
s,i

(
εl

ν

)0.25
(2.47)

where c is a constant and is 0.4 for this study [  29 ]; Dm,i and Ds,i stand for the diffusion

coefficient of species i in steel and slag, which are assumed to be uniform values of 7.0×10−9

m2/s and 7.0 × 10−11 m2/s, respectively. εl is the local turbulent energy dissipation rate

calculated by ANSYS Fluent and ν is the kinematic viscosity of steel phase. Therefore, the

mass transfer coefficient km,i is the same for each species in steel phase, and ks,i = 0.1km,i.

2.2.3 Species Transfer Rate

In the steel phase, the dissolved sulfur is carried by the flow towards the slag-steel inter-

face, where it reacts with lime from slag and the CaS is composed and absorbed by slag, as

described in Equation  2.36 . The sulfur molar flux from steel to the interface can be written

as follows:

Jm,S = km,Sρm

100MS

{[% − S] − [% − S]∗} (2.48)

where km,S is the mass transfer coefficient of sulfur in steel as shown in Equation  2.46 ; ρm

is the steel density; MS is the molecular mass of sulfur; [% − S] and [% − S]∗ represent the

local sulfur mass fraction and mass fraction of sulfur at equilibrium, respectively.
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Simultaneously, the mole flux of CaS from the interface to the slag can be obtained by

the following equation:

Js,CaS = ks,CaSρs

100MCaS

{(% − CaS) − (% − CaS)∗} (2.49)

where ks,CaS is the mass transfer coefficient of CaS in slag as shown in Equation  2.47 ; ρs is

the slag density; MCaS is the molecular mass of CaS; (% − CaS) and (% − CaS)∗ represent

the local CaS mass fraction and mass fraction of CaS at equilibrium, respectively. However,

instead of monitoring the CaS mole flux, we can focus on the sulfur mole flux from the

interface to the slag phase. Therefore, the Equation  2.49 can be written as follows:

Js,CaS = Js,S = ks,Sρs

100MS

{(% − S) − (% − S)∗} (2.50)

According to stoichiometric balance, the mole flux of sulfur from steel towards the inter-

face equals to the mole flux of sulfur from the interface to the slag[ 13 ]:

Jm,S = Js,S (2.51)

By combining Equation  2.38 , Equation  2.48 , and Equation  2.50 , the following expression

for the equilibrium sulfur mass fraction in steel [% − S]∗ is obtained:

[% − S]∗ = kmρm [% − S] + kSρS (% − S)
kmρm + ksρsLS

(2.52)

Therefore, by introducing Equation  2.52 to the Equation  2.48 , the sulfur mole flux can

be written as follows:

JS = ρm

100MS

keff,S

{
[% − S] − (% − S)

LS

}
(2.53)

keff,S = ρskm,Sks,SLS

km,Sρm + ρsks,SLS

(2.54)

where keff,S is the overall mass transfer coefficient of sulfur between slag and steel.
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Since the chemical reaction rate is controlled by species transport process, the mole flux

of sulfur in Equation  2.53 indicates the desulfurization rate during the secondary steelmak-

ing stage. However, to introduce the sulfur transport rate, the source term of sulfur is

required[ 30 ], which is obtained based on the sulfur mole flux and can be written as follows:

SS = ρmA

100V
keff,S

{
[% − S] − (% − S)

LS

}
(2.55)

where A is the local interface area based on the mesh size and V is the cell volume of the

steel phase at the slag-steel interface zone.

2.3 Simulation Conditions and Procedures

In this study, the chemical reaction process is investigated by the commercial CFD soft-

ware ANSYS Fluent to simulate the flow field of liquid steel during the secondary steelmaking

process and the change of species mass fraction. The user-defined functions are used to de-

scribe the chemical reaction rate. A full-scale ladle model developed based on a simplified

Nucor ladle is used in this study.

2.3.1 Computational Geometry

Figure 2.1. Schematic diagram of simplified ladle.

As shown in Figure  2.1 , there are three computational domains: steel domain, slag

domain, and air domain. The height of the steel domain is 2.46 m, and the thickness of the
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slag is 0.2 m. The size of the air layer above the slag layer is not a critical parameter in this

model as long as the steel phase does not reach the top surface, and the thickness of air layer

is 0.5 m in this study. There are two plugs at the bottom of the ladle where the argon gas

is injected into the steel. The diameter of bottom surface D is 3.25 m, and the difference

between two plugs is 0.56D. In this study, two kinds of ladles with different plug separation

angles are investigated: 180◦ separation ladle and 90◦ separation ladle, as shown in Figure

 2.2 .

(a) (b)

Figure 2.2. Schematic diagram of different plug separation angles: (a) 90◦; (b) 180◦.

2.3.2 Mesh and Boundary Conditions

The mesh of the 90◦ ladle is shown in Figure  2.3 . There is finer mesh at the slag-steel

interface, the slag-argon interface, and the inlet surface and bubble-liquid plume zone. There

are two types of boundary conditions: the top surface is treated as a pressure-outlet with

steel phase backflow so that the steel can remain in the domain. The other boundaries are set

to be the no-slip wall. 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.
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Figure 2.3. Schematic diagram of mesh.

2.3.3 Initial Conditions

The parameters employed in the model are listed in Table  2.3 . In this study, there are

two argon gas flow rate: 5 SCFM and 20 SCFM. Combining with the plug separation angles

and argon flow rate, there are 4 scenarios investigated in this study to find out their effects on

desulfurization rate: (1) 90◦ separation angle with 5 SCFM flow rate for both plugs; (2)180◦

separation angle with 5 SCFM flow rate for both plugs; (3) 90◦ separation angle with 5

SCFM flow rate for one plug and 20 SCFM for another plug; (4) 90◦ separation angle with

20 SCFM flow rate for both plugs. The initial compositions in steel and slag are selected

form a typical scenario [ 14 ] and are summarized in Table  2.4 . The temperature in the ladle,

including both steel phase and slag phase, is assigned to be 1833 K and the temperature

gradient and variation during the secondary steelmaking process can be ignored.

2.3.4 Simulation Procedure

The simulation is split into two parts. The multiphase flow field is derived in the first step

in each scenario in the quasi-steady state. The slag-steel interface’s shape and the slag eye’s

size are evaluated, and the slag phase and the argon phase are removed from the computa-

tional domain. The second step uses source terms computed from user-defined functions to
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Table 2.3. Parameters employed in the CFD simulation

Density of steel 6975 kg/m3

Density of slag 2786 kg/m3

Density of argon 0.719 kg/m3

Viscosity of steel 0.006 kg/(m-s)
Viscosity of slag 0.06 kg/(m-s)

Viscosity of argon 2.125×10−5 kg/(m-s)
Surface tension coefficient between steel and slag 1.15 N/m

Surface tension coefficient between steel and argon 1.823 N/m
Argon flow rate of each plug 5 SCFM, 20 SCFM

Table 2.4. Initial chemical composition of steel and slag

Steel composition (%)

S 0.0107
Al 0.058
Mn 0.66
Si 0.18
C 0.35

Slag composition (%)

Al2O3 21.32
MnO 0.24
SiO2 5.84
CaO 57.79
MgO 6.02
FeO 0.95

S 0.07

explore the desulfurization process in the updated steel phase computational domain. The

species concentration in slag is assumed to be uniform and numerically determined using

particular formulas from user-defined functions for the species mass fraction variety in the

slag phase [ 14 ].

The slag-steel interface is assigned to be the degassing boundary condition so that only the

argon phase can escape from the interface while the steel phase remains in the computational

domain[ 30 ]. The velocity-inlet is used at each plug. Other boundaries are set to be the no-slip

solid wall with standard wall function to model the near-wall region.
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Figure 2.4. Desulfurization simulation procedure.
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3. RESULT AND DISCUSSION

In this chapter, both the VOF-DPM multiphase flow part and desulfurization rate determi-

nation part are proved to accurately simulate the slag-steel interface area and sulfur mass

fraction variety with time compared to industrial measurement, respectively. Based on a

Nucor generic ladle, the flow field and desulfurization process are computed in different sce-

narios by this CFD model to investigate the influence of stirring conditions on the sulfur

removal rate and, therefore, to optimize the ladle design for lower sulfur content.

3.1 CFD Model Validation

A plant trial is obtained in a Nucor generic ladle during a practical procedure where

the plug separation angle is 180◦ and argon flow rate for each plug is 30 SCFM, and the

result shows the slag eye diameter is 0.73 m. Based on the multiphase flow model above

under the same plug arrangement and argon flow rate conditions, the predicated slag eye

diameter at a quasi-steady state is 0.79 m. The overall percentage error of 7.5% compared to

industrial measurement, indicating that the simulation result match well with the plant trial,

and therefore the VOF-DPM multiphase model can estimate the steel/slag/argon multiphase

flow in a Nocur generic ladle.

The desulfurization rate determination section has undergone validation. An 80-ton la-

dle has been used to investigate the desulfurization process. The sulfur mass fraction is

estimated using the model proposed in this study under identical treatment settings. The

simulation result shows excellent agreement with both industrial measurements and simula-

tion predictions from Lou’s work [  14 ] using (Al2O3)-(FeO)-(SiO2)-(MnO)-[O]-[S] equilibrium

approach shown in Figure  3.1 . The maximum sulfur mass fraction error between simulation

and measurement during the entire treatment is 5.8 %, demonstrating that the desulfuriza-

tion rate determination model based on [Al]-[O]-(Al2O3) equilibrium approach can predict

the sulfur removal process in a gas-stirred ladle.
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Figure 3.1. Sulfur mass fraction with time in the validation study.

3.2 Steel Computational Domain

The slag-steel interface at quasi-steady state is tracked by the VOF-DPM multiphase

model in each scenario shown in Figure  3.2 . It can be seen that there is no slag eye at the

interface above each plume in the 90◦-5/5 SCFM scenario and the 180◦-5/5 SCFM scenario.

In the 90◦-5/20 SCFM scenario, a slag eye exits above the 20 SCFM gas plume while two

slag eyes are formed at the interface in the 90◦-20/20 SCFM scenario. The interface shapes

and slag eye position and size are recorded in the steel phase, treated as the desulfurization

simulation computational domain. The interface is not a flat surface but with some extrusions

on it, as shown in Figure  3.3 . For the most part, the bump exists above each bubble plume,

but it is hard to observe one overhead the 5 SCFM plume in the 90◦-5/20 SCFM scenario.

Then the species transport model is introduced to this updated single-phase domain to

predicate the sulfur transfer process in steel, and the desulfurization rate determination part

is added to the model to calculate the sulfur removal rate at the interface. The slag and

air phases are removed from the computational domain and are no longer simulated in the

following desulfurization study.

37



(a) (b)

(c) (d)

Figure 3.2. Predicated slag-steel interface of different scenarios in quasi-
steady state : (a) 90◦ 5/5 SCFM; (b) 180◦ 5/5 SCFM; (c) 90◦ 5/20 SCFM;
(d) 90◦ 20/20 SCFM.

3.3 Simulation Results

3.3.1 Flow Field and Mass Transfer Coefficient

Figure  3.4 depicts the steel velocity of various scenarios in the equilibrium condition.

Steel velocity is high at the plug zones under the influence of argon stirring and gradually

diminishes along each argon-bubble plume from the bottom to the interface. However, the

steel velocity is very low at the bump region of the interface, indicating that the slag layer
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(a) (b)

(c) (d)

Figure 3.3. Steel phase computational domain of different scenarios in quasi-
steady state : (a) 90◦ 5/5 SCFM; (b) 180◦ 5/5 SCFM; (c) 90◦ 5/20 SCFM;
(d) 90◦ 20/20 SCFM.

impairs the vertical flow, and the kinetic energy is utilized to promote slag layer deformation

and the development of slag eyes. In the 90◦-5/20 SCFM scenario, the argon-bubble plume

of 5 SCFM bends and moves to the 20 SCFM plume during the ascent, consuming the

longitudinal kinetic energy. Therefore, there is no visible bulge when the 5 SCFM plume

hits the interface.

Figure  3.5 shows the steel turbulent dissipation rates under various situations. The

turbulent dissipation rate is significant at the plug area and then drops along the agron-

bubble plume, similar to the velocity distribution in the steel domain. Nonetheless, the
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dissipation rate in the bump zones at the interface is high. The turbulent dissipation rate

climbs somewhat from the center of the bump to the edge of the bump, then steadily decreases

to the sidewall.

(a) (b)

(c) (d)

Figure 3.4. Steel velocity of different scenarios in quasi-steady state : (a) 90◦

5/5 SCFM; (b) 180◦ 5/5 SCFM; (c) 90◦ 5/20 SCFM; (d) 90◦ 20/20 SCFM.

Figure  3.6 demonstrates the mass transfer coefficient km at the slag-steel interface. The

local km distribution at the interface is notably similar to the turbulent dissipation rate:

From the center of the bump to the edge of the bump, km gently rises and afterward starts

decreasing until it reaches the sidewall, which is because the km is proportional to the steel

turbulent dissipation rate as specified in Equation  2.46 .

Table  3.1 displays the average km values at the slag-steel interface for various circum-

stances. When the plug separation angle is adjusted from 90◦ to 180◦, the average km
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(a) (b)

(c) (d)

Figure 3.5. Steel turbulent dissipation rate of different scenarios in quasi-
steady state : (a) 90◦ 5/5 SCFM; (b) 180◦ 5/5 SCFM; (c) 90◦ 5/20 SCFM;
(d) 90◦ 20/20 SCFM.

marginally rises, indicating that the species transport process from the steel to the slag-steel

interface is improved. When the separation angel remains constant at 90◦, a higher argon

flow rate results in a bigger average km: when the argon flow rate rises from 5/5 SCFM to

5/20 SCFM, the km value rises by 24.86 %, and when the argon flow rate increases from 5/5

SCFM to 20/20 SCFM, the km value rises by 47.06 %. The 90◦-20/20 SCFM has the highest

average km of all scenarios at the slag-steel interface, indicating that the mass transport rate

is the largest in this scenario.
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(a) (b)

(c) (d)

Figure 3.6. Mass transfer coefficient of species in steel phase of different
scenarios in quasi-steady state : (a) 90◦ 5/5 SCFM; (b) 180◦ 5/5 SCFM; (c)
90◦ 5/20 SCFM; (d) 90◦ 20/20 SCFM.

3.3.2 Effect of Ladle Design on Desulfurization Rate

The sulfur removal process is explored by introducing the species transport model and

source terms derived by user-defined functions to the computational domain after getting

the steel flow field and mass transfer coefficient in each scenario. Figure  3.7 exhibits the

sulfur mass fraction variation in different scenarios after 10 minutes of treatment. In each

scenario, the sulfur mass fraction falls over time, demonstrating that sulfur is transferred

from the steel phase to the slag phase during secondary steelmaking. In each scenario, the
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Table 3.1. Average km on slag-steel interface in different scenarios

Scenario Average km (m·s-1)

90◦ 5/5 SCFM 4.131×10−4

180◦ 5/5 SCFM 4.216×10−4

90◦ 5/20 SCFM 5.158×10−4

90◦ 20/20 SCFM 6.075×10−4

ultimate sulfur content is different. In the 90◦-5/5 SCFM scenario, the sulfur mass fraction

drops from 1.07×10−2 % to 9.70×10−3 % after 10 minutes, whereas the steel has 9.66×10−3

% sulfur in the 180◦-5/5 SCFM scenario at the end of the treatment. The eventual sulfur

content is 9.55×10−3 % and 9.38×10−3 % in the 90◦-5/20 SCFM scenario and 90◦-20/20

SCFM scenario, respectively.

Table  3.2 calculates and summarizes the average desulfurization rate in each scenario. In

the 90◦-5/5 SCFM scenario, the average desulfurization rate is 1.66×10−4 % per second. The

sulfur removal rate increases by 4.82 % when the plug separation angle is adjusted from 90◦ to

180◦. When the argon flow rate is increased from 5/5 SCFM to 5/20 SCFM under the same

plug separation angle of 90◦, the sulfur exchange rate goes up to 1.92×10−4 % per second,

an increase of 15.66 %; when using 20/20 SCFM argon flow rate, the reaction rate increases

to 2.20×10−4 % per second, a growth of 32.53 % over the 5/5 SCFM gas stirring condition.

Therefore, the ladle structure and stirring conditions can affect the desulfurization rate in

secondary steelmaking: a ladle with 180◦ plug separation angle has better desulfurization

behaviors than a ladle with 90◦ plug separation angle; a higher argon flow rate can accelerate

the sulfur removal process.

When comparing Table  3.1 and Table  3.2 , it can be seen that the sequence of average

desulfurization rate in each scenario is the same as the sequence of km: the km and desulfur-

ization rate in the 90◦-20/20 SCFM scenario are the highest, followed by the 90◦-5/20 SCFM

scenario and the 180◦-5/5 SCFM scenario; the km and desulfurization rate in the 90◦-5/5

SCFM scenario are the lowest. Thereby, the km appears to have a significant influence on

the desulfurization process.
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Figure 3.7. Sulfur mass fraction in different scenarios.

Table 3.2. Average desulfurization rate in different scenarios

Scenario Average rate (%/s)

90◦ 5/5 SCFM 1.66×10−4

180◦ 5/5 SCFM 1.74×10−4

90◦ 5/20 SCFM 1.92×10−4

90◦ 20/20 SCFM 2.20×10−4

Figure  3.8 depicts the transient sulfur molar flux at the interface described in Equation

 3.8 after 300 seconds from the start of the treatment to display the local desulfurization rate.

Overall, the sulfur molar flux is high at the bump zones at the interface where the argon-

bubble plume contacts the slag layer, signifying a strong desulfurization rate in these areas,

and then it progressively declines towards the sidewall. Based on a comparison between

Figure  3.6 and Figure  3.8 , the sulfur molar flux distribution at the interface is similar to the

km distribution in each scenario. As a result, the km at the interface can, to some extent,

dictate the desulfurization rate at the interface.

Figures  3.9 to Figure  3.12 illustrate the transient sulfur molar flux at the interface in

100 seconds, 300 seconds, and 600 seconds after the start of treatment under 90◦-5/5 SCFM

scenario, 180◦-5/5 SCFM scenario, 90◦-5/20 SCFM scenario, and 90◦-20/20 SCFM scenario,
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(a) (b)

(c) (d)

Figure 3.8. Transient sulfur molar flux at the slag-steel interface after 300
seconds treatment in different scenarios : (a) 90◦ 5/5 SCFM; (b) 180◦ 5/5
SCFM; (c) 90◦ 5/20 SCFM; (d) 90◦ 20/20 SCFM.

respectively. In each case, the sulfur molar fluxes at the interface decrease somewhat with

time, suggesting that desulfurization slows down during the treatment. It demonstrates that

desulfurization efficiency diminishes with time under specific stirring conditions and that

this problem cannot be overcome by optimizing ladle construction or adjusting the argon

flow rate.

From Figure  3.13 to Figure  3.16 , the values of oxygen activity aO at the slag-steel interface

in 200 seconds, 300 seconds, and 400 seconds after the start of argon blowing are presented,
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(a) (b) (c)

Figure 3.9. Transient sulfur molar flux at the slag-steel interface after differ-
ent time of treatment in 90◦-5/5 SCFM scenario : (a) 100 s; (b) 300 s; (c) 600
s.

(a) (b) (c)

Figure 3.10. Transient sulfur molar flux at the slag-steel interface after
different time of treatment in 180◦-5/5 SCFM scenario : (a) 100 s; (b) 300
s; (c) 600 s.

respectively, for the 90◦-5/5 SCFM scenario, 180◦-5/5 SCFM scenario, 90◦-5/20 SCFM sce-

nario, and 90◦-20/20 SCFM scenario. In general, in each scenario, the oxygen activity at

the interface increases over time. A larger aO results in a decreased sulfur distribution ratio

LS, according to Equation  2.38 . As a result, during secondary steelmaking, the LS at the

interface decreases. Because the km and ks do not vary with time in a quasi-steady flow

field, the overall mass transfer coefficient keff in Equation  2.54 declines with LS reduction.

As previously stated, sulfur is removed from the steel and absorbed by the slag, resulting in

a decrease in [% − S] while an increase in (% − S) over time. Thereby, the value of the term

[% − S] − (%−S)
LS

in Equation  2.53 gets less and less. As a result, as illustrated in Figures  3.9 
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(a) (b) (c)

Figure 3.11. Transient sulfur molar flux at the slag-steel interface after
different time of treatment in 90◦-5/20 SCFM scenario : (a) 100 s; (b) 300
s; (c) 600 s.

(a) (b) (c)

Figure 3.12. Transient sulfur molar flux at the slag-steel interface after
different time of treatment in 90◦-5/5 SCFM scenario : (a) 100 s; (b) 300
s; (c) 600 s.

to Figure  3.12 , the sulfur molar flow at the interface is reduced in each scenario. Thus, the

aO growth rate should be managed to maintain the desulfurization rate and remove more

sulfur from the steel under particular operating conditions.

The aO distribution patterns can also be observed at a certain point in each scenario: the

aO is small at the bump zones at the interface and continuously rises towards the sidewall.

As explained previously, a bigger aO results in a lower desulfurization rate. Based on the

aO distribution patterns and the relationship between aO and sulfur molar flux, it can be

estimated that the desulfurization rate is low near the sidewall and high in the bump zones,

as illustrated from Figures  3.9 to Figure  3.12 . However, the desulfurization rate distribu-
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tion patterns are closer to the km distribution patterns than the aO distribution contours.

Consequently, the km has a greater impact on the desulfurization rate in this study than the

aO.

(a) (b) (c)

Figure 3.13. Oxygen activity at the slag-steel interface after different time
of treatment in 90◦-5/5 SCFM scenario : (a) 200 s; (b) 300 s; (c) 400 s.

(a) (b) (c)

Figure 3.14. Oxygen activity at the slag-steel interface after different time
of treatment in 180◦-5/5 SCFM scenario : (a) 200 s; (b) 300 s; (c) 400 s.

Figures  3.17 to Figure  3.20 depict the distribution of sulfur content in 100 seconds, 300

seconds, and 600 seconds after the desulfurization process started in each scenario. The

sulfur concentration in the steel domain clearly reduces over time. Compared to other zones

in the domain, the sulfur mass percentage is more significant in the argon-bubble plume area.

The sulfur mass fraction is prominent at the bottom of the ladle in both the 90◦-5/5 SCFM

and 180◦-5/5 SCFM scenarios, and it steadily decreases along the streamline from the plug

to the interface. The sulfur mass fraction gradient along the streamline in the argon-bubble
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(a) (b) (c)

Figure 3.15. Oxygen activity at the slag-steel interface after different time
of treatment in 90◦-5/20 SCFM scenario : (a) 200 s; (b) 300 s; (c) 400 s.

(a) (b) (c)

Figure 3.16. Oxygen activity at the slag-steel interface after different time
of treatment in 90◦-20/20 SCFM scenario : (a) 200 s; (b) 300 s; (c) 400 s.

plume is not as noticeable in the 90◦-5/20 SCFM and 90◦-20/20 SCFM scenarios, indicating

that the sulfur distribution is more even, which could be due to the more substantial mixing

effect with a high argon flow rate. In each scenario, the sulfur concentration is highest in

the extruded zones at the interface and subsequently decreases along the streamline until

it reaches the sidewalls. One possible explanation for this phenomenon is that sulfur is

carried to the bump zones by liquid flow stirred by argon gas, resulting in a high sulfur

concentration; then sulfur is gradually removed from the steel due to desulfurization as

sulfur moves along the streamline, lowering the sulfur content at the interface. Although

the rate of desulfurization is higher in the bumps than in other areas of the interface, as

stated previously, the sulfur concentration in the bump areas remains significant. Thus,

the sulfur removal process detailed in Equation  2.53 is slower than the sulfur supplement
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process carried out by the flow in the steel domain, and the terms in Equation  2.53 are

limiting factors of the desulfurization in this study.

(a) (b) (c)

Figure 3.17. Sulfur content distribution at different time in the 90◦-5/5
SCFM scenario : (a) 100 s; (b) 300 s; (c) 600 s.

(a) (b) (c)

Figure 3.18. Sulfur content distribution at different time in the 180◦-5/5
SCFM scenario : (a) 100 s; (b) 300 s; (c) 600 s.

3.3.3 Effect of Steel Temperature on Desulfurization Rate

It is estimated that the temperature may drop about 60 K to 100 K during the refining

process without reheating treatment. According to Equation  2.44 , the steel temperature

impacts oxygen activity. Therefore, the temperature change probably affects the desulfur-

ization rate. In order to explore the impacts of temperature on desulfurization rate, three
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(a) (b) (c)

Figure 3.19. Sulfur content distribution at different time in the 90◦-5/20
SCFM scenario : (a) 100 s; (b) 300 s; (c) 600 s.

(a) (b) (c)

Figure 3.20. Sulfur content distribution at different time in the 90◦-20/20
SCFM scenario : (a) 100 s; (b) 300 s; (c) 600 s.

temperatures, 1803 K, 1833 K, and 1863 K, are used in the 90◦-5/5 SCFM ladle. It is still

assumed that the temperature does not vary with time in each scenario, and the ladle is

considered iso-thermal.

Table  3.3 summarizes the average oxygen activity aO and sulfur distribution ratio LS at

the slag-steel interface in 300 seconds after the initiation of steel refining treatment in various

scenarios. It is clear that the oxygen activity goes up as the temperature rises, and therefore

the sulfur distribution ratio drops, resulting in the reduction of the term [% − S] − (%−S)
LS

and desulfurization rate.
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Table 3.3. Average aO and LS at the interface under different steel tempera-
tures in 300 seconds

Temperature aO LS

1803 K 1.47×10−4 951.30
1833 K 1.52×10−4 940.86
1863 K 2.09×10−4 829.16

Figure  3.21 depicts the transient sulfur removal rates for each of the three scenarios.

It can be seen that the desulfurization rate slightly decreases when the steel temperature

increases. This phenomenon supports the prior finding that the lower the oxygen activity,

the bigger the sulfur distribution ratio, and the faster the desulfurization rate, as analyzed

from Table  3.3 . When the temperature rises from 1803 K to 1833 K and 1863 K, the

overall desulfurization rate drops by 0.0159 % and 0.124 %, respectively. The impact of

temperature on the desulfurization rate is relatively minimal compared to the enhancement

rate of desulfurization by plug configuration and argon flow rate discussed previously. As a

result, despite the fact that temperature adjustment can improve the desulfurization rate, it

is probably not feasible in industrial treatment due to the weak effect.

Figure 3.21. Sulfur mass fraction under different temperatures.
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3.3.4 Effect of Initial (%-Al2O3) on Desulfurization Rate

As claimed previously, the [Al]-[O]-(Al2O3) equilibrium controls the oxygen activity at the

slag-steel interface in this research. Different initial (%-Al2O3) values might lead to different

oxygen activity and hence different desulfurization rates. Besides the 21.32 % initial Al2O3

mass fraction used in the baseline, two alternative beginning (%-Al2O3) values, 11.32 %

and 29.32 %, are also utilized to simulate the desulfurization process in the 90◦-5/5 SCFM

ladle in this section to see how the initial (%-Al2O3) affect the reaction rate. The initial

mass fractions of other oxides involved in the desulfurization process, including (%-SiO2),

(%-CaO), (%-MnO), (%-CaS), (%-FeO) and (%-MgO), are assumed to be constant, as is the

sum of the initial (%-Al2O3) and the mass fraction of those species that do not participate

in the reaction.

As listed in Table  3.4 , the oxygen activity at the interface after 300 seconds of refining

treatment marginally falls as the initial (%-Al2O3) grows. However, the sulfur distribution

ratio LS also significantly drops with the decrease of aO. To explain this phenomenon, the

slag sulfide capacity CS in different scenarios are also summarized in Table  3.4 . It indicates

that the CS decreases as the starting (%-Al2O3) grows, and thereby the LS falls according

to Equation  2.38 , hindering the sulfur transport process from steel to slag. The transient

sulfur removal rates for each of the three scenarios are visualized in Figure  3.22 . It does

reveal that the desulfurization rate is lower with a higher initial (%-Al2O3). Consequently,

the initial (%-Al2O3) affects the desulfurization rate primarily by modifying CS rather than

aO when utilizing the [Al]-[O]-(Al2O3) equilibrium approach to predict the sulfur removal

rate. The desulfurization rate drops by 0.32 % and 1.55 % as the initial (%-Al2O3) increases

from 11.32 % to 21.32 % and 29.32 %, respectively. Accordingly, the desulfurization process

can be promoted by adequately adjusting the initial (%-Al2O3).
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Table 3.4. Average aO, LS and CS at the interface under different initial
(%-Al2O3) in 300 seconds

Initial (%-Al2O3) aO LS CS

11.32 % 1.5187×10−4 1396.01 2.67×10−2

21.32 % 1.5186×10−4 940.86 1.80×10−2

29.32 % 1.5185×10−4 406.60 7.78×10−3

Figure 3.22. Sulfur mass fraction under different initial (%-Al2O3).
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4. CONCLUSION

The desulfurization processes during secondary steelmaking in a ladle metallurgical furnace

have been investigated using a 3D multiphase computational fluid dynamics model. The

impacts of different scenarios on the desulfurization rate are explored in a Nucor simplified

ladle with two bottom injection plugs in order to select the most appropriate operating

parameters. The simulating domain is updated in terms of the slag eye location, slag eye

size, and interface shape when the multiphase flow field becomes a quasi-steady state in each

scenario, and only the steel phase remains in the computational domain. The desulfurization

rate is computed by both the species transport model in ANSYS Fluent software and the

user-defined functions based on mathematical desulfurization models.The main conclusions

are listed as follows:

1. The VOF-DPM multiphase model can predicate the slag eye’s size and location and

the shape of the interface, making it more reliable to reflect the actual case than the

flat surface;

2. The [Al]-[O]-(Al2O3) equilibrium method can accurately predict the desulfurization

process, and the simulation result is comparable to that of (Al2O3)-(FeO)-(SiO2)-

(MnO)-[O]-[S] equilibrium method, but with simpler computer procedures and less

time spent;

3. The velocity and turbulence dissipation rate in the steel domain are highest in the

argon-bubble plume area and gradually decrease from the plug to the interface. In the

bumps at the interface, the steel velocity is low while the turbulence dissipation rate

is significant, leading to a high mass transfer coefficient km at the interface;

4. The 90◦-20/20 SCFM scenario has the highest desulfurization rate, followed by the

90◦-5/20 SCFM scenario and the 180◦-5/5 SCFM scenario. The lowest desulfurization

rate is found in the 90◦-5/5 SCFM scenario. The 180◦ separation angle facilitates

desulfurization better than the 90◦ separation angle at the same argon flow rate;
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5. The distribution pattern of sulfur molar flux at the interface is analogous to the km

distribution, indicating that the species transfer process influences the desulfurization

rate. The oxygen activity at the interface increases over time, lowering the sulfur

distribution ratio and slowing the desulfurization rate;

6. The sulfur content is high in the argon-bubble plume, and it continues to decrease from

the plug to the interface. The desulfurization rate is high in the bump at the interface,

but the sulfur content is also high, indicating that the sulfur removal rate is slower

than the sulfur supplement rate. The mass transfer coefficient km and the difference in

sulfur mass fraction between the current and equilibrium states act as limiting factors;

7. The effects of temperature on sulfur removal can be overlooked due to the minor

variations in the desulfurization rate. Temperature influences the desulfurization rate

by adjusting the aO, whereas the initial (%-Al2O3) influences the rate mainly through

changing CS. Steel desulfurization is aided by a lower starting (%-Al2O3).
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