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ABSTRACT: 

In this work fluid dynamics and a basic study of the sulfur transfer 
at the steel/slag interface in the ladle during argon gas agitation 
was developed. Mass transfer and chemical reaction models 
coupled with Computational Fluid Dynamics (CFD) were 
employed. The multiphasic simulation was solved using the 
Eulerian model considering drag and non-drag forces, and the flow 
pattern was validated through Particle Image Velocimetry (PIV) 
technique. The sulfur transfer rate was tracked by two 
approximations: (1) unidirectional constant rate Mass Transfer 
Model (MTM), and (2) unidirectional constant rate Mass Transfer 
Model coupled with Chemical Reaction Model (MTM+CRM) using 
Arrhenius equation. It was found that including the non-drag forces 
affects the fluid dynamics structure. Otherwise, the desulfurization 
rates increase as the argon gas flow rate increases, finding that 
the MTM model predicts ~15% less sulfur in the steel than the 
MTM+CRM, whose results were compared with plant 
measurements reports. 

Keywords: Simulation; mathematical model; secondary 
steelmaking 

RESUMEN:  

En este trabajo, se desarrolló un estudio básico de la dinámica de fluidos 
y la transferencia de azufre en la interface acero/escoria en un horno olla 
durante la agitación con gas argón. Se empleó la Dinámica de Fluidos 
Computacional (CFD) acoplada con los modelos de transferencia de 
masa y reacción química. La simulación multifásica fue resulta usando el 
modelo Euleriano, considerando las fuerzas de arrastre y no-arrastre, 
mientras que los patrones de flujo se validaron mediante la técnica de 
Velocimetría por Imágenes de Partículas (PIV). La tasa de transferencia 
de azufre se monitoreó a través de dos aproximaciones: (1) el Modelo de 
Transferencia de Masa constante unidireccional (MTM) y (2) el Modelo 
de Transferencia de Masa constante unidireccional acoplado con el 
Modelo de Reacción Química (MTM+CRM) que usa la ecuación de 
Arrhenius. Se encontró que la inclusión de las fuerzas de no-arrastre 
afecta la estructura de la dinámica de fluidos. Por otra parte, las 
velocidades de desulfuración se incrementan conforme el flujo de gas 
argón inyectado aumenta, encontrándose que el modelo MTM predice un 
~15% menos azufre en el acero que el modelo MTM+CRM, y cuyos 
resultados fueron comparados con mediciones de planta. 

Palabras clave: Simulación; modelo matemático; refinación secundaria. 

 

1. INTRODUCTION 

The secondary refining process is a set of operations that allows to improve the steel quality. In this process, the chemical and thermal 
adjustment of the steel are carried out as well as the cleaning control by the removal of nonmetallic inclusions. The reactor used for 
this purpose was the ladle which is essential in modern steelmaking processes; in this, a common operation that is carried out is the 
injection of an inert gas through a porous plug which locates at the bottom. The purpose of stirring the liquid steel is to improve the 
kinetics of the chemical reactions between the steel and the slag, as well as to obtain a bath more thermally homogeneous. The most 
important operation in this process is the sulfur removal from steel by synthetic slags, through various reaction mechanisms [1]. Sulfur 
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is one of the most detrimental elements in steel, since it decreases their ductility and impact resistance [2,3]. Due to this, steel with an 
ultra-low sulfur content (<10 ppm) is increasingly demanded, which is used to produce high pressure pipes, marine platforms, 
automotive industry, bearings, etc. Normally, the desulfurization process consists of the conversion of sulfur to calcium sulfide (CaS) 
through the reaction with calcium oxide (CaO). Thus, secondary refining has been the object of several studies [4,5,6] to analyze the 
behavior of fluid dynamics and desulphurization; they have employed tools such as computer simulation programs and thermodynamic 
software. Some studies [7]-[9] have established models that allow to predict the mass transfer behavior and removal of sulfur in the 
ladle. However, these studies do not take into account the fluid dynamic behavior, which affect directly the results. Other studies [10]-
[14] have aimed at observing the fluid dynamics behavior in the ladle, such as the formation and development of the gas plume, the 
opening of the slag layer, the mixing times and the fluid dynamics structure. However, these studies have left aside the chemical 
behavior, which is a fundamental part of the refining process. There have been attempts to couple fluid dynamics and chemical analysis 
in a single numerical simulation [15]-[19], for which it is required to have software compatible in each discipline which means an extra 
economic cost. Some works [20]-[22] have left out this coupling, using the programming of some functions and reaction models in 
Eulerian multiphase model. However, their work makes certain considerations that could affect the precision of the results, such as 
the suppression of a free surface and a slag layer behavior which programed as a function. According to [23] it does not correctly 
simulate the dissipation of turbulent kinetic energy and therefore, affects the mass transfer between the steel and slag. Currently there 
have been too few studies [13,17,20,21] that have used the Eulerian multiphase model to simulate multiphase systems of the ladle 
furnace. Last studies add external codes to solve kinetics of chemical reactions, conducting in the following drawbacks: high 
computational-costs, greater complexity, time and money. For the contrary, in this work, a simple study of mass transfer during the 
injection of argon gas was developed. Two Ansys Fluent® pre-loaded models (MTM and MTM+CRM) for the desulfurization were used 
to well-predict the sulfur removal rates, this new proposed methodology to track desulfurization rate in steel in agitated ladles by gas 
bottom injection avoids high computational cost compared to using complex thermodynamics-kinetics and flow dynamics coupled 
models. 

2. METHODOLOGY 

2.1 MATHEMATICAL MODELS 

2.1.1 Computational domain 

Figure 1 shows the axisymmetric geometry used to represent the complete axisymmetric domain of the ladle as well as the boundary 
conditions. The initial conditions of the simulation were stated as follows: there were no concentration gradients of the species, the 
slag layer had a uniform thickness, slag open eye diameter remained constant once reached its maximum aperture, the temperature 
and element distribution are homogeneous throughout the ladle. The initial concentration of sulfur in the steel was varied with values 
of 0.022 and 0.031 wt. %, basados en un estudio previo con metodología y condiciones similares a las desarrolladas en este trabajo 
[15]. 

 

Figure 1. Computational mesh, dimensions and boundary conditions 
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2.1.2 Governing equations 

The Eulerian multiphase model was used [24], thus the following equations were solved. 

The conservation of the mass for the phase q will be described by Eq. (1): 

 
( ) ( )

1

( )
q

n

q q q q pq qp

p

v m m
t
   

=


+ = −




 (1) 

where 
q  is the density of the phase q (kg·m-3); 

qv  is the velocity of the phase q (m·s-1); 
pqm  is the mass transfer from the phase 

pth  to the phase qth (kg); 
qpm is the mass transfer from the phase qth to the phase pth (kg); 

q  is the volumetric fraction of the phase 

q; and n, is the total number of phases in the system [24]. 

Eq. (2) describes the efforts and the momentum within the domain for phase q: 

 ( ) ( ) ( )( )
1

+
n

q q q q q q q q q q q pq p q pq pq qp qp

p

v v v p g R v v m v m v
t
       

=


+ = −  + + − + −


  (2) 

where   is the qth stress-strain tensor defined by Eq. (3): 

 ( )
2

3

T

q q q q q q q q qv v v I     
 

=  + + −  
 

 (3) 

where 
q and 

q  are the bulk viscosity and the shear stress of the phase qth;  p is the pressure shared by all phases (Pa); 
pqv , is 

the interface velocity (m·s-1); pqR , is the interaction force between phases (N); and g , is gravitational acceleration (m·s-2) [24]. 

Based on the transport equations for turbulent kinetic energy (k) and its dissipation velocity (ε), the turbulence model k-ε standard 
solves Eq. (4) and Eq. (5) for phase q [25]: 
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 (5) 

The terms 
qk and 

q
 , represent the influence of the dispersed phase in the continuous phase q; and 

,k qG , is the production of 

turbulent kinetic energy. The turbulent viscosity (
,t q ) is written as a function of the turbulent kinetic energy (k) of the phase q, as 

shown in Eq. (6): 

 

2

,

q

t q q

q

k
C 


=  (6) 

the constants values are C1ε = 1.44, C2ε = 1.92, σk = 1.0, σε = 1.3 and Cμ = 0.09 [25]. 

The terms 
qk  and 

q
  are calculated using the Troshko-Hassan model [26] to represent the effect on the turbulence of the dispersed 

phase in the continuous phase, which uses Eq. (7) and Eq. (8): 
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M
pq
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p q q

K
C U U

 =
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 1
q qtd k

p

C


 =   (8) 

keC  and 
tdC  are two constants whose values are 0.75 and 0.45, respectively. pU  and qU   are the phase-weighted velocity for phase 

p and q, respectively. 
p , it is the characteristic time of induced turbulence. Kpq is the interphase momentum exchange coefficient 

[24]. 

Drag force is the force of opposition to the movement in a bubble rising inside a fluid and has an impact on the speed of the uprising 
bubble as well as on their shape. Therefore, it is necessary to include this force within the simulation [27]. The coefficient of exchange 
of interfacial momentum between the phases q and p is described by Eq. (9): 

 
6

p

pq p i

p

f
K d A




=


 (9) 

where Ai, is the interfacial area; dp, is the diameter of the bubble of phase p; 
p  , it is the particular relaxation time; and f, is a drag 

function described by Eq. (10): 

 
Re

24

DC
f =  (10) 

The term Re is the Reynolds number and CD is the drag coefficient, which is calculated according to the conditions defined in the 
following criteria Eq. (11) [24]: 

 ( )0.68724
1 0.15Re Re 1000

Re

0.44 Re 1000
DC


+  

= 
  

 (11) 

Lift effect was included using Tomiyama lift model [28]. According to this model, lift force is determined by Eq. (12): 

 ( ) ( )lift l q p q p qF C v v v = − −    (12) 

where 
lC  is lift coefficient and it is calculated according to Eq. (13)-(17): 
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( ) 2

q p bg d
Eo

 



−
=  (17) 

Eo  represents Eötvös number, dimensionless; this number relates buoyancy and surface tension forces. Eo  is a modified Eötvös 

number and it is based on the longer axis of the bubble, 
hd .   is surface tension, N·m-1; g is gravity acceleration, m·s-2; and 

bd  

is bubble diameter. 

The force due to turbulent dispersion effect is modeled using Burns et al. model [29]. Here, the scalar dispersion, 
tqD ,  is calculated 

with Eq. (18): 

 tq

q p tq

q

D D D



= = =  (18) 

where 
qD  and 

pD  are scalar dispersion of continuous and disperse phase, respectively. Thus, turbulent dispersion force can be 

determined by Eq. (19): 

 , ,

q p q

td q td p TD pq

pq p q

D
F F C K

 

  

  
= − = − 

 
 

 (19) 

pq  is dispersion Prandtl number and its value is 0.9; 
TDC  constant value is set to 1[29].  

For turbulent flows, the mass diffusion of specie i is computed by Eq. (20) [24]: 

 , ,

t

i i m i T i

t

T
J D Y D

Sc T




  
= − +  − 

 
 (20) 

where Dm,i  is mass diffusion coefficient for specie i in the mixture, Yi is local mass fraction of specie I and DT,i is the thermal diffusion 
coefficient (in this case, equal to 0). Sct is the turbulent Schmidt number which is defined by Eq. (21): 

 ,t q

t

t

Sc
D




=  (21) 

Dt is turbulent diffusion for specie i. 

The unidirectional mass transfer between two phases is defined as a positive variation of the mass flow per unit volume from phase p 
to phase q, which is determined by Eq. (22) [24]: 

 
,pq p p i qr y  =  (22) 

where r  is a constant rate of particle shrinking; and yp,i is the mass fraction of species i in the p phase. To calculate r , the stirring 
power generated by the injected gas plume was used, according Eq. (23) [30]: 

 
0

14.23 log 1
1.48

gQ T H

M P


   
=  +  

   
 (23) 

where   is the stirring power of the gas (W∙t-1) in ladle; Qg, is the incoming gas flow (Nm3·min-1); M, is the steel mass in tons; T, is the 

temperature in Kelvin; H, is the depth of the gas injection (m); and P0 (atm), is the pressure on the surface of the bath.  

Using stirring power, it is possible to calculate the velocity constant ks (s-1) by means of Eq. (24) [31]: 
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Eq. (25) relates the velocity constant with the mass transfer coefficient K, (m·s-1) as follows [32]: 

 steel

s

i

V
K k

A

 
=  

 

 (25) 

where Vsteel  (m3) is the volume of the steel in the ladle; and Ai is the interfacial area between the steel and the slag (m2). 
For the calculation of the mass transfer rate of sulfur between steel and slag, Eq. (26) was used [33]: 

 ( )i f in KA C C= −  (26) 

where n  is the mass transfer rate (kg·s-1); and both Ci and Cf  are the initial and final concentrations of sulfur in the steel 

(kg·m-3), respectively. As a requirement of the computational program, the emission rate of the source term, r  (kg·m-3·s-

1) was calculated by the following Eq. (27): 

 
(steel)

n
r

V
=  (27) 

The chemical reaction of desulfurization -carried out with calcium oxide- was simulated according to the reaction described by Eq. (28) 
[32]: 

 CaO + S  CaS + O→  (28) 

By using the Arrhenius model, described in Eq. (29), it is possible to determine the rate constant of reaction, kc, as follows: 

 R

aE

T

ck Ae

− 
 

 =  (29) 

where A is the frequency factor (s-1), Ea is the activation energy (kJ∙mol-1), R is the universal gas constant (kJ·mol-1·K-1) and T is 
temperature (K). In laminar flow regions, as well as low velocity steel zones, Arrhenius equation is employed to calculate the constant 
of chemical reaction. For turbulent zones, this approximation is also used, but in this case, the eddy dissipation model has also to be 

solved. The production, 
iR , of specie i for reaction r considers the mixing time scale (which relate  and k ). The model is shown in 

Eq. (30) and (31) [34]. 
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 
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Y
R v M AB

k v M


=






 (31) 

Here, 
PY  and Y

are mass fractions of specie product P and reactant  , respectively. A and B are constants whose values are 

4.0 and 0.5, respectively [34]. In this model, the production rate is calculated by the smaller value of the two equations. 

 

2.1.3 Assumptions, boundary conditions and material properties 

 

The computational mesh employed 8056 elements, which was refined in the steel-slag interface, as well as in the plume zone. Grid 
size was determined using mesh sensibility technique. Different meshes were tried (from 2000 to 50000 elements) and its effects on 
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velocity results were measured. Also, different structure-types were considered and 100% orthogonality gave better results. The water 
axial velocity was used as response variable with different grid refinement and beyond 8056 elements there was not a significant 
difference. The following considerations were made for the simulation: the calculations were made in transient and isothermal state, 
the gas flow was constant and injected at the center of the bottom ladle through a tuyere, gas bubbles were spherical and constant 
diameter, and there was no-reaction between steel and gas. Initial concentrations of oxygen in steel were set to 0.00044 wt. % 
according to L. Jonsson et.al [15]. For slag, the chemical composition was CaO 55 wt. %, Al2O3 30 wt. %, MgO 7.5 wt. % and SiO2 
7.5% wt. as well as L. Jonsson et.al [15]. Table 1 shows the properties of the steel, slag and argon used in the simulations and shows 
the forces included in each case.   

Properties Value 

Steel density [14] 7020 kg·m-3 

Slag density [14] 3500 kg·m-3 

Argon density [14] 1.6228 kg·m-3 

Steel-slag surface tensión [14]  1.15 N·m-1 

Steel-argon surface tension [14] 1.82 N·m-1 

Slag-argon surface tensión [14]  0.58 N·m-1 

Viscosity of steel [14] 0.0055 Pa·s 

Viscosity of slag [14] 0.06 Pa·s 

Viscosity of argon [14] 2.125×10-05 Pa·s 

Argon bubble diameter 0.01 m 

Diffusivity of sulfur in slag [14] 1×10-10 (m2·s-1) 

Diffusivity of sulfur in steel [14] 4.43×10-08 (m2·s-1) 

Cases configuration for fluid dynamics 

Case Force 

1 Drag force, Buoyancy force, Surface tension 

2 Drag force, Lift force, Turbulent dispersion force, Buoyance force, Surface tension force 

Table 1. Properties of materials used in simulation and cases configuration. 

Two different cases were proposed to compare drag and non-drag forces effects. Case 1 is a simple configuration and Case 2 includes 
all forces related to gas ladle stirring process. The equations were solved with ANSYS Fluent 15.0® CFD software. The solution 
method employed was the Phase coupled SIMPLE, using convergence criteria of 1×10-04 for each variable. A workstation equipped 
with an Intel® Xeon® E3-1241 v3 processor was used for simulation. 

 

3. RESULTS 

 

The proposed fluid-dynamics model was validated through the results expressed on literature [36] on which a scale model (1:17) of 
the ladle was employed, using a three-phase system (water/oil/air) in order to represent the behavior of steel, slag and argon. To 
validate the fluid dynamics obtained by numerical modeling it was employed the technique of Particle Image Velocimetry (PIV), this 
technique was described in previous work [37]. In Figure 2 the experimental axial velocities were compared with the numerical axial 
velocities through the radial distance for different heights: z = 4, 8, 12 and 16 cm. At low heights (4 and 8 cm) the agreement is better 
and on the other hand, this is lower near the free surface. PIV technique takes in account all phenomena occurred in a multiphase 
system, nevertheless, CFD omitted in this case, bubble deformation, agglomeration, break-up and coalescence; this affects the 
adjustment up to certain extent, and therefore it was chosen a tendency-based agreement.   
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Figure 2. Radial distribution of axial velocity at different heights for both cases. 

 

In Figure 3 the steel velocity vectors of the two cases are shown at different times for the same gas flow rate. The highest velocities of 
the steel are located mainly in the region of the plume in both cases, however case 2 has a slightly lower ascending rate. Initially, in 
both cases the plume begins to develop from the first seconds of injection and there is the formation of two recirculations near the tip 
of the gas column (points A and A'). At 3 s, the plume has increased its height and moved the recirculations as indicated by points B 
and B'. In case 1, at this time the plume has reached the free surface of the steel, while in case 2, it is located above the middle of 
steel height. This difference in velocities is due to the incorporation of the turbulent dispersion force in case 2, which produces the 
spreading of the ascending gas velocity and therefore reduces the turbulent kinetic energy. At 9 s of injection, the plume has fully 
developed in both cases, however, the fluid dynamic behavior at the free surface is different between them. In case 1, the eruption of 
the plume is homogeneous and does not produce many disturbances in the steel. On the other hand, in case 2, the gas plume produces 
a greater movement of the steel on the free surface and causes the formation of regions of high velocity close to the walls. The shapes 
of the recirculations established in case 1 are well defined (points C), while in case 2 they are deformed as a result of the reintroduction 
of the steel (points C'). Finally, the quasi-stable state is reached after 15 s simulation and case 1 reported a more defined and smoothed 
flow dynamics structure with the formation of two recirculations adjacent to the gas plume (points D). On the other hand, in case 2 the 
fluid dynamics structure of the steel is completely different with a more marked reintroduction of the steel phenomenon. Finally, the 
recirculations formed in this case are further from the plume (points D'). 
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Figure 3.  Fluid dynamics structure of steel at different time in the axisymmetric plane for both cases using 500 Nl·min-1 gas flow. 

 

When using MTM to calculate sulfur mass transfer, it was necessary to calculate, employing Eqs. (15)-(19), the emission rate of the 
source term for both gas flows were 1.07×10-03 kg∙m-3∙s-1 and 1.23×10-03 kg∙m-3∙s-1, respectively. To calculate the rate of sulfur mass 
transfer by using CRM, the Eq. (29) was employed. This equation was transformed by the properties of the logarithms to obtain the ln 
k against inverse of the temperature from literature [38], and the calculated values were: Ea= 104.6 kJ∙mol-1 and A= 0.4130 s-1. 

To validate desulfurization rate, Figure 4 compares the complete model predictions from Case 2 with experimental literature data [39], 
observing good adjustment in final values by both techniques. Though, it is also observed with curves slope that desulfuration rate is 
faster in experimental data at first 260 s. This result probably can be better predicted by using more robust models for chemical kinetics 
that include thermodynamics interaction parameters and temperature variations, however, it was out of this research aims. Figure 5 
shows the variation of the sulfur content against refining time for four cases: in two, it was used the Mass Transfer Model (MTM); and 
in the other two, MTM was used in combination with the Chemical Reaction Model (CRM). It can be seen a similar behavior in the 
decrease of the sulfur content for all cases with different initial sulfur concentration. However, the lowest sulfur content is obtained 
when only the MTM was used, reaching a content of sulfur of 0.01 wt. % with 500 Nl∙min-1 of argon gas injection. When the CRM is 
used in conjunction with the MTM, it was found that the gas flow causes a slight difference between the final sulfur content. This 
difference between the different mechanisms occurs because there is a gradual decrease in the sulfur content which leads to a 
decrease in the rate of chemical reaction. Therefore, the consumption of sulfur is lower, as observed in the cases that employ the 
Chemical Reaction Model. It can also be seen that, regardless of the approach used, the rate of desulfurization is always higher as 
greater argon flows are used, as expected owing to the stirring state of steel. 
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Figure 4. Sulfur content calculated by experimental [39] and numerical technique (Case 2). 

 

 

Figure 5. Sulfur variation in steel with the studied gas flows and the numerical models. 
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Figure 6 compares the effect of the initial sulfur content for the two studied cases. It is clearly observed that incorporation of drag forces 
did not significantly affects the desulfurization rate, however, the decrease in the initial sulfur content reduced the sulfur removal rate. 
Hence, reducing the sulfur concentration gradient slows the removal rate due to the generation of a lower driving force. 

 

Figure 6. Effect of forces and initial sulfur content on desulfuration rate 

 

Figure 7 shows the sulfur contained in the steel and in the slag at different times by using the MTM and MTM + CRM models for Case 
2. In both approaches, a decrease in sulfur into the entire volume of the steel is noticeable. However, by using only the mass transfer 
model (Figure 7a), a lower amount of sulfur is achieved than when the mass transfer and chemical reaction models are combined 
(Figure 7b). This behavior is attributed to the fact that the reaction rate is defined by the remnant concentration of sulfur and therefore 
decreases as it reacts. The content of sulfur transferred to the slag by means of the mass transfer mechanism (Figure 7c) shows that 
the exchange occurs mainly in the areas close to the walls of the ladle due to disturbances of the steel. In addition, there is a slight 
increase in sulfur of steel due to the small reintroduction of slag. On the other hand, the sulfur present in the slag using the combined 
MTM + CRM is determined through the formation of CaS (Figure 7d). Here it is clear that the main area where sulfide occurs is at the 
opening of the slag layer, where agitation enhances steel-slag interaction, and it advances along time throughout the areas of steel-
slag contact. 
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Figure 7. Sulfur concentration at different times in steel through a) MTM and c) MTM+CRM, and sulfur content in slag calculated by b) 
MTM and d) MTM+CRM. 

 

4. CONCLUSIONS 

 

In the present work the flow dynamics and sulfur mass transfer from steel to slag with drag and non-drag forces were numerically 
simulated. A concentric gas stirring of the steel in the ladle by using different flow rates of argon gas was achieved, and then available 
mass transfer and chemical reaction models in Ansys Fluent ® v.15 were tested, the conclusions of this study are given as follows: 

1. Fluid-dynamics results have shown an acceptable agreement with those obtained experimentally by using the well-known PIV 
technique in a scale model. 

2. Despites simplicity and low-computational cost approaches of mass transfer and chemical reaction models, good agreement in the 
final sulfur values with published experimental ones were observed. 

3. Desulfurization rates by using an argon flow of 500 Nl∙min-1 are greater than those obtained with a flow of 300 Nl∙min-1, for the two 
approaches used, MTM and MTM in combination with CRM. 

4. The highest rate of desulfurization occurs in the first seconds of the process in the region of the opening of the slag layer, where the 
convective mechanism is the main driver of the desulfurization reaction. However, in the region near the wall of the ladle a stagnation 
zone of steel prevails the diffusive mechanism. 

5. By employing MTM, it was obtained ~15% less sulfur than that obtained with the MTM+CRM at the end of the simulation. The above 
is attributed to the decrease of the reactants as the reaction evolves, which does not occur in the MTM. This result is more realistic 
and, furthermore will allow to simulate the steel refining process in a better way for future works. 
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NOMENCLATURE 

Symbol Description 

A Frequency factor, s-1 

Ai Interfacial area, m2 

C1ε, C2ε, 
Cμ 

Constants of turbulence model, 
dimensionless 

Cke, Ctd Constants of turbulent interaction model, 
dimensionless 

CD Drag coefficient, dimensionless 

Ci, Cf Initial and final concentrations, %wt. 

Di Mass diffusion coefficient of specie i, m2·s-1 

Dt Turbulent mass diffusion coefficient of 
specie i, m2·s-1 

dp Diameter of bubble, m 

Ea Energy activation, kJ∙mol-1 

f Drag function, dimensionless 

Gk Production of turbulent kinetic energy, m2·s-2 

g Gravity acceleration, m·s-2 

H Ladle height, m 

Ji Mass flux of specie i, kg·m-2·s-1 

K Mass transfer coefficient, min-1 

Kpq Interphase momentum exchange coefficient 
between p and q, dimensionless 

k Turbulent kinetic energy, J·kg-1 

kc Constant of chemical reaction, s-1 

ks Mass transfer constant, m·s-1 

M Mass of steel, ton 

m  Mass flow rate between phases, kg·s-1 

n   Mass transfer rate, kg·s-1 

P0 Atmospheric pressure, atm 

p Pressure, Pa 

qth Phase q, dimensionless 

Q Flow rate of gas injection, m3·min-1 

R Universal gas constant, kJ·mol-1·K-1 

R   Interaction force between phases, N 

r  Mass emission rate, kg·m-3·s-1 

Re Reynolds number, dimensionless  

Sct Turbulent Schmidt number, dimensionless 

T Temperature, K 

U Phase-weighted velocity, m·s-1 

V Volume of steel in ladle, m3 

v Velocity, m·s-1 

Yi Local mass fraction of specie i, 
dimensionless 

 

Greek Symbols 

α Volume fraction, dimensionless 

ε Turbulent dissipation rate, m2·s-3  

  Stirring power, W·ton-1 

 Bulk viscosity, Pa·s 

μ Dynamic viscosity, Pa·s 

Π Influence of disperse phase in continuous 
phase, dimensionless 

ρ Density, kg·m-3 

τ Characteristic time, s 

   Stress-strain tensor, Pa 

pq  
Unidirectional mass transfer, kg·s-1 
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