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Abstract 

 A finite element analysis of the flow in a gas stirred vessel is presented. 

Turbulence is modelled using the two equation (k-L)-predictor / (ε)-corrector 

scheme algorithm, two alternative studies are compared, with and without flotation 

in k- and ε- transport equations. The biphasic zone is considered as an homogeneus 

fluid with a reduced density –quasi single phase approach. This reduced density is 

estimated taking into account the slip velocity between the rising bubbles and the 

liquid according to correlations from the literature. The numerical results are 

compared with experimental water model data and then used to predict the flow in 

two industrial liquid steel ladles with twin excentric Ar injectors.  

 

 



 

1. INTRODUCTION 

The procedure of stirring the contents of a tank by inert gas injection is used in the 

metallurgical industry to mix-homogenize the liquid metal inside the ladle1. 

The ladles are near-cylindrical vessels (radius, R ≈ 2 - 3 m; height, H ≈ 2 - 4 m) 

that contain liquid steel and a surface slag layer (0.1 – 0.4 m) to avoid the reoxidation 

of steel. The main processes which take place in the ladle are:  

• Addition of alloys (V, Cr, Ti, etc). 

• Inductive heating to reach casting temperature( T > 1530 °C). 

• Inclusion flotation, in order to get them removed by the slag. 

All these operations must be carried out while  liquid steel is being stirred to allow 

its chemical and thermal homogenization and to eliminate the possibility of steel 

solidification close to  the ladle walls. 

There are two main methods for stirring liquid steel1: inert gas injection and 

electromagnetic stirring. In this work we analyze the first one. 

In order to obtain a quick chemical and thermal homogenization and to avoid the 

reoxidation of the steel due to the top slag layer opening; it is essential to predict 

where it is convenient to place the gas injection nozzle and to determine the ideal gas 

flow rate (Qg). 

To predict these characteristics it is necessary to know the fluid velocity2 via 

mathematical modeling or physical cold modeling. 

The purpose of the present paper is to describe the turbulent recirculatory liquid 

steel flow in the ladles stirred by  gas injection, using  a finite element model and our 

(k-L)-predictor / (ε)-corrector iterative scheme3-7  to model the turbulent flow. 



In Section 2 a brief description of the problem is presented. The empirical 

equations used to model the gas phase are given in Section 3. The numerical model of 

turbulent flow is described in Section 4. In the fifth Section we present the 

comparison between our numerical scheme and an experimental water model from the 

literature. Finally, an application to an industrial ladle is made in Section 6. 

  

2. GENERAL DESCRIPTION 

A general scheme of liquid steel movement caused by injection of inert gas in the ladle 

is shown in Fig. 1. 

 
 

Primary region

Transition region

Bubble
region

Surface region
     “spout”

Z1

Z2

Z3

Z

 
 

Figure 1. Description of the movement in the process stirred by gas. 
 



 

  Gas is injected into the liquid steel through a porous nozzle where bubbles are 

formed. The bubbles rising in the liquid break up (disintegrate) into smaller bubbles 

and coalesce (integrate) into larger bubbles8. The liquid steel movement inside the 

ladle can be characterized by a recirculation zone and a two-phase bubble plume 

zone9-12 : 

• Two-phase plume zone: it is divided in 4 regions with respect to the axial distance 

from the nozzle exit 

Primary or momentum region: 0 < z < Z1, the flow is governed by the inertia force 

of the injected gas. 

Transition region: Z1 < z < Z2, the gas loses its kinetic energy and disintegrates in 

small volumes or bubbles. 

Bubble region: Z2 < z < Z3, the bubbles rise by the effect of density difference 

between the gas and liquid steel, until reaching the slag / steel surface. 

Surface region: it is the closest zone to the surface. 

• Recirculation zone: As the liquid steel flow reaches the surface, the gas bubbles 

depart from the metal phase and a single phase (liquid steel) recirculation region is 

formed outside the plume zone. In the upper part of the recirculation zone the 

liquid steel flows towards the walls. It then flows down along them and finally gets 

to the ladle bottom.  

 

Two different approaches have been applied to mathematically describe the flow in 

the gas stirred vessel: 



• Quasi single phase models13-17 : where the rising gas-liquid mixture is modeled as 

a homogeneous fluid, and empirical equations are used to describe the shape and 

gas hold-up in the plume zone.  

• Two-phase models18-20 : these involve the solution of transport equations for 

variables of each phase (gas and liquid). Turbulence is only modeled in the liquid 

phase.  

The quasi single phase approach is computationally more economical than the 

two-phase approach. As Mazumdar and Guthrie [2] point out: 

ü Outside the plume region the numerical results of both models are similar and 

agree satisfactorily with the experimental results. 

ü Whereas inside the plume region the numerical results differ in a slight way. 

Nevertheless, since in industrial ladles the plume region ocuppies only 3 % of 

the total volume the results outside the plume are not significantly affected. 

Taking into account the economical beneficts and the fact that both models 

provide acceptable results we use the first approach in this work. In the next Section 

we will present the empirical equations used to describe the plume zone. 

 

 

3. CHARACTERISTICS OF THE GAS-LIQUID PLUME  

The primary and transition region in the plume occupies a very small volume of the 

ladle (Z2 << H). Following Koria12, for argon injected into liquid steel in an industrial 

ladle, Z2 ≈ 1 to 3 mm. Therefore, the fluiddynamics is mainly controlled by the 

buoyancy forces made by the gas bubbles9,21.   

The plume is described by its gas fraction (α) and the radius (rpl). 

 



Gas fraction in the plume. Experimental studies show that  α has a Gaussian 

variation with the plume radius and that it can be correlated as a function of a 

modified Froude number (Frm), 
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where αCL is the centerline gas fraction; b is the radius when α = αCL/2; ρl  and  ρg are 

the liquid and gas density [Kg/m3 ]; do   is the injection orifice diameter [m];       
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1  ; Q0 = Q1(z=0);   Tl   and  Tg  are the liquid and gas 

temperatures [°K]; Patm is the atmospherically pressure [N/m2]; and, g is the gravity 

acceleration  [m/s2]. 

There are several correlations in the literature for the gas fraction9,14,17,22-27 . 

In this work we estimate α (as a constant in the plume radius and a function of 

the vertical coordinates) according to the drift flux model17  which allows for slip 

between the rising bubbles and the liquid steel as, 
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where vpl is the plume velocity; Us is the slip velocity between the bubbles and the 

liquid;  and db is the bubbles diameter. 

 

Plume radius. The plume shape is a truncated cone which has a bottom diameter 

approximately equal to  the porous nozzle diameter, and a cone angle given by 

experimental measurements9,10,12,14,23,26,30-33.  

In this work we use the equivalent plume radius,  

brpl 5.1=  (6) 
 

and b from Equations (2) and (3). A similar approach is used by Mazumdar and 

Guthrie17  and  Grevet et al.13. 

The liquid steel plume shape  is a subject with poor information due to the difficult 

conditions for measurements and observations, --high temperature, with steel visual 

opacity and big dimensions of the ladles--. Nevertheless, Mazumdar and Guthrie16 

show that the computational steel flow in the recirculation zone is little dependent on 

the plume’s geometry; for an equivalent gas flow rate a 50 % wider  plume will 

generate a similar recirculating flow in the ladle. 



 

 

4. NUMERICAL MODELING  

In this work the plume zone is treated as a pseudo-one phase  with a lower density, 

( ) lg ραραρ −+= 1  (7) 
 

and the recirculation zone is treated as liquid phase, then in this zone lρρ = . 

       Considering steady state, viscous incompressible flow, constant gas and liquid 

density, constant  laminar viscosity (µ), isothermal flow, buoyancy forces in the plume 

zone (introducing the term αρ g  in the momentum equations, where α is the time 

averaged gas fraction) and a turbulence k-ε model, the following equations are solved: 
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where v is  the time averaged velocity; P is the time averaged pressure; µt is the 

turbulent viscosity; k is the turbulent kinetic energy; ε is the dissipation rate of the 

turbulent kinetic energy; L is the mixing length;  and  the  values  of  constants  



according  to  Launder  and  Spalding34  are  Cµ = 0.09 ,  C1 = 1.44 ,  C2 = 1.92, σk = 

1.0 , σe = 1.0. 

 The k-transport equation and ε-transport equation (Eqs. (10) and (12) 

respectively) are corrected with the inclusion of the last term in each equation, which 

introduce the bouyancy effect produced by a change of gas fraction in the direction of 

gravity. The terms  ( αµ ∇⋅− gt )  and   ( αρ µ ∇⋅− gkCC 1 ) were deduced  in a 

similar way to the thermal bouyancy ones presented in Reference 40. As it will be 

shown in the next Section, the introduction of the bouyancy effect in the k- and ε- 

transport equations establishes a better agreement between our numerical results and 

the experimental results by Sheng and Irons35. 

      An iterative algorithm  referred to as (k-L)-predictor /(ε)-corrector scheme was 

used to model the quasi-single phase in the ladle. In this iterative scheme a predictor 

result is obtained using a k-L model (Eqs. (8-10)) and it is afterwards corrected 

integrating the ε-transport equation (Eq. (12)). The iterative scheme loops between 

the predictor and corrector phases until convergence is achieved in L (Eq. (13)). A 

complete description of the iterative algorithm and the wall boundary condition is 

shown in our references3,4 and  was implemented by the first author and co-workers in 

the finite element code FANTOM42. The applications of the (k-L)-predictor /(ε)-

corrector turbulence model to the liquid steel movement are shown in Goldschmit 

et.al.5-7. 

The transport equations (9, 10, 12) are weighted using the Streamline Upwind 

Petrov Galerkin technique36 and a standard isoparametric finite element discretization 

for v, k and ε (Zienkiewicz et al.37). 

 



 

 

5. COMPARISON WITH EXPERIMENTAL RESULTS  

Results of a water model experiment from Sheng and Irons35 are used to compare 

with the numerical algorithm described in Section 2 and 3. The main characteristics 

are shown in Table 1.  

In Figure 2 we show the numerical result with the flotation term in momentum,  k-

transport and ε-transport equations ( __ ); the numerical result with the flotation term 

only in momentum equation (- - -); and the experimental result from Sheng and 

Irons35  ( • ) at height z = 0.21 m (half of water height in the vessel).  A finite element 

mesh with 1440 hexahedral elements and 1974 nodes was used to model a 30° portion 

of the vessel. The correction of k- and ε- transport equations with the flotation term 

show a better approximation to the experimental results. 

 
Table 1. Experimental data from 

Sheng and Irons35  
Diameter of ladle (2R) 0.5 m 

Water height (H) 0.42 m 
Injection orifice diameter 0.004  m 
Injection orifice position Central 

Air flowrate 5.0e-5   Nm3/s 
Temperature ambient 

Gas density   (ρg) 1.17  Kg/m3 
Water density  (ρl) 996 Kg/m3 

Water viscosity  (µ) 10.1E-2 Ns/m2 
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Figure 2. Comparison between experimental results (•) from Sheng and Irons35 and 
our numerical results with (__) and without (- -) flotation terms in k and ε equations;  
z = 0.5 H 
  
 
 
      Considering the next set of non-dimensional equations defined by Mazumdar and 

Guthrie38, different measurements of velocity fields in water models of gas stirred 

vessels for a wide range of experimental conditions (see Table 2) present similar non-

dimensional results. 
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Table 2. Summary of experimental conditions  
from literature 

References H 
[m] 

R 
[m] 

Qg 
[Nm3/s] 

Gas injection device  

Grevet et al.13 

 
0.3 0.3 0.0004 Tuyere,   

0.0127 m diam.  
Sahai et al.24 

 
0.45 0.25 0.000413 Submerged lance,  

2.16 mm diam.  
Mazumdar et.al. 16 

 
0.93 0.56 0.000667 Submerged lance,  

6.3 mm diam.  



Johansen et al. 29 1.237 0.55 0.00061 Porous plug,  
50 mm diam. 

Anagbo et al.39 

 
0.4 0.25 0.0002 Porous plug,  

60 mm diam. 
     
 
 
 
 
       In Figure 3 we show these experimental results and our numerical results when 

flotation is considered in Eqs. (9), (10) and (12) for the experimental data from 

Johansen and Boysan29. A good agreement is observed. 
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Figure 3. Comparison between our numerical results with flotation terms in k- and ε- 
transport equation and experimental results from:   

A. Johansen and Boysan29 
B. Anagbo and Brimacombe39 
C. Mazumdar and Guthrie16 
D. Sahai  and Guthrie24 
E. Grevet, Szekely and El Kaddah13 

 



 
 
 
       Close  to the center of the ladle r* = 0 (point to the gas injection) the numerical 

results show a slight deviation from the experimental results (see Figures 2 and 3), 

similar differences are shown in the literature38. This can be due to an under prediction 

of turbulence produced by the bubbles; introduced by the assumption of a quasi single 

phase model in the plume zone. In their work, Sheng and Irons35, try to amend this 

differences introducing extra turbulence terms in the k-ε equations so as to match 

their experimental results. Nevertheless, since our final objective is to deal with an 

industrial case with liquid steel where experimental information is very scarce we 

decided to tolerate this difference. Mazumdar and Guthrie2 show that it is a valid 

approach because the plume region occupies only 2 or 3 % of the vessel volume and 

any variations in the numerical velocities within the plume produce only slight 

variations in the bulk of the liquid. 

 
 
 
 
6. INDUSTRIAL APPLICATIONS  

We use our numerical method to model two industrial ladles (named LF1 and LF2) 

where the liquid steel is stirred with two Ar injections. In Table 3 we show the 

characteristics of these; the difference between them are the angle and the position of 

the Ar injection nozzles, 

 



 
 

Table 3. Industrial ladle furnace  
 LF1 LF2 

Bottom diameter, [m] 3.3 3.3 
Top diameter, [m] 3.5 3.5 
Liquid steel height, [m] 3.5 3.5 
Number of porous plug 2 2 
Porous plug diameter, [mm] 112 112 
Angle between porous plug 120° 150° 
Porous plug position, [r/R] 0.6 0.49 
Gas density  (ρg),  [Kg/m3] 0.26 0.26 
Liquid steel density (ρl), [Kg/m3] 7000 7000 
Liquid steel viscosity (µ), [Ns/m2] 6.7e-3 6.7e-3 

 
 
 

      In figures 4 and 5 we show the velocity distribution of LF1 and LF2 when the Ar 

flow rate is  Qg = 1000 lt/min. In these cases taking into account symmetry we 

modeled only half of the ladle furnace. We observed the difference in the flow patterns 

when the position of Ar injection nozzles was changed. 

 

 
Figure 4. Velocity distribution of LF1, 
4179 nodes, 3600 hexahedral elements 

 
 



 
Figure 5. Velocity distribution of LF2, 
5019 nodes, 4360 hexahedral elements 

    
 
 
      In LF1, with a 120° angle between the injectors, the flow forms one main 

circulation loop that reaches the bottom of the ladle and a second one that only goes 

half way down the vessel’s wall. In LF2 as the angle is raised to 150° the flow on both 

sides of the plume becomes similar. 

     The liquid recirculation rate is defined by Turkoglu and Farouk19  as the total 

amount of liquid flowing upward or downward through the horizontal mid-plane (z* = 

0.5). In Figure 6 we plotted the recirculation flow rate for LF1 and LF2 ladle furnaces 

against the gas flow rate in each injection of Ar. LF1 presents a greater mixing 

intensity than LF2. 
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Figure 6. Variation of the recirculation flow rate as a function of gas flow rate. 

 



 
 
 
     To analyze the dead volume in the vessel we plotted the volume percentage that 

has velocities lower than the velocity modules indicated in the abscise axes of the 

Figure 7. For example: for LF1 and Q = 1000 lt/min, the 50 % of vessel volume has 

velocities lower than 0.3 m/s.We observe that the LF1 has less dead volume than LF2 

for both gas flow rate analyzed.  
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Figure 7.  Fraction of the ladle volume under a certain velocity 

 
 
 
7. CONCLUSIONS 

A numerical analysis by a finite  element  k-ε turbulent model used to obtain design 

criteria for different gas injection positions in the vessel is presented,  with the 

following characteristics: 

• Quasi single phase to model bi-phasic region. 

• Gas fraction (α) and plume radius (rpl) from literature. 

• (k-L)-predictor /(ε)- corrector scheme to model turbulence flow. 

• Wall law as the boundary conditions at the vessel walls. 



• Flotation term in momentum equation. 

• Flotation term in k- and ε- transport equations (introduced in this work). 

      When comparing our numerical results with experimental water model  results 

from the literature a good agreement is obtained. 

      An industrial example of a steelmaking vessel is presented. The numerical model 

is used to determine the most convenient position for the inert gas injections 

(generally Ar) in the liquid steel vessel so as to improve mixing. 

      Numerical results show that slight variations in the position of the gas injectors 

lead to significant changes in the flow inside the vessel. A better understanding of the 

fluid dynamics then seems necessary so as to optimize the mixing process. Since 

experimental studies in the real operating conditions are difficult and expensive and 

water models show limitations as a predictive tool40 numerical modeling of the flow 

turns out to be a promising way of dealing with the problem. 
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