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Abstract - In ladle metallurgy, gas stirring and behavior of the 
slag layer are very important for the quality of the steel. When 
gas is injected through a nozzle located at the bottom of the 
ladle into the metal bath, the gas jet exiting the nozzle breaks up 
into gas bubbles. The rising bubbles break the slag layer and 
create a slag eye. In this paper, the behavior of the slag eye area 
for different gas flow rates is been investigated through 
experimental measurements and CFD simulations. A 1/5-scale 
water model of 150 ton-ladle was deployed for the experimental 
measurements and for studying the effect of gas flow rate on the 
slag eye diameter. The physical modelling results show that the 
slag eye area changes from 20 to 182 cm2 when the gas flow rate 
increases from 1.5 to 15 NL/min. The dimensionless area of the 
open eye was found to be in agreement with earlier studies. The 
simulations were carried out in the commercial CFD code ANSYS 
Fluent with mesh generation in ANSYS Workbench. The 
numerical model developed is based on the Eulerian Multiphase 
Volume of Fluid (VOF) approach and employs standard 𝑘 − 𝜀 
turbulence model for solving the turbulent liquid flow induced 
by bubble-liquid interaction. The simulation results of slag eye 
area showed a good agreement when compared to experimental 
results measured. 
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Nomenclature  
         density (kg/m3)                                                                                    
   u      fluid velocity (m/s)                                                                                  

         effective viscosity (Pa∙s)                                                                                                                                  
  g       gravitational acceleration (m/s2)                                                         

   P         pressure (Pa) 
  𝜇e        effective turbulent viscosity (Pa∙s) 

     k          turbulent kinetic energy (m2/s2) 
               turbulent dissipation rate (m2/s3) 
     𝜇t        turbulent eddy viscosity (Pa∙s) 

     �⃗�b,i      additional force vector (kg/(m2 s2)) 

     𝛼q       phase volume fraction (-) 

     R        production term 
 
1. Introduction 

In secondary metallurgy, gas stirring is extensively 
used for removal of inclusions, homogenization of 
chemical composition and desulphurization. The 
behavior of the slag layer plays an important role in 
refining the liquid steel as the efficiency of metal-slag 
reactions depend on the interaction between slag and 
steel created by gas stirring during the production 
process.   
 

 
Figure 1. The Slag open-eye formation in real ladle. 
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To boost the interaction between steel and slag, and 
to stimulate the desulphurization reaction, gas is 
injected to the molten steel through the porous plug 
located at bottom of ladle. The bubbles formed due to the 
gas injection in the column rises and infringes the slag 
layer forming slag eye. The slag eye formation in an 
industrial ladle in shown in Figure 1. Figure 2 presents 
a schematic illustration of the gas-stirring process in a 
ladle. The investigation of the three-phase flows 
associated in this process is very important for the 
production of steel [1].  

 

 
Figure 2. Schematic illustration of gas-stirring ladle. 

 

2. Related Work 
Over the years, many experimental measurements 

have been conducted to study the flow analysis, open eye 
formation and mixing time in the gas stirred ladle [2-6]. 
Wu et al. (7) measured the open size in a 1/5-scale water 
model of a 170-t steel ladle. Water and silicone oil were 
employed for modelling liquid steel and slag, 
respectively. Experimental measurements were 
conducted to study the effect of oil viscosities and gas 
flow rate on the open-eye size in the ladle. The results 
showed that the open-eye size increased with an 
increase in the gas flow rate, while oil viscosities had 
only a minor effect on the open-eye size.  
Krishapisharody et al. (8) performed measurements for 
slag open eye using a 1/10-scale model of a steel ladle. 
The measurements were conducted for three different 
bath heights and range of slag layer thickness heights. 
The results showed the size of the open eye increases 

with increase in the gas flow rate and decreases as the 
slag layer thickness increases. Liu et al. (9) measured 
slag eye area in a water model for different gas flow rates, 

slag layer thickness and porous plug locations. 
 

 Several numerical simulation models [10-13] have 
been proposed for investigating the fluid flow and 
mixing phenomena in gas stirred ladles. Mazumdar et al. 
(14) made an extensive review of physical modelling, 
combined physical and mathematical modelling and 
mathematical modelling studies. Liu et al. (15) 
investigated the fluid flow and steel/slag/air interface 
behavior in argon stirred ladle through numerical 
simulations. The performed simulations were based on 
Eulerian Volume of Fluid (VOF) model and standard 𝑘 −
𝜀 turbulence model with three different porous plug 
configurations. The results showed that the flow pattern 
of the molten steel is dependent on the plug 
configurations and gas flow rate.  Ramirez-Argaez (16) 
also performed the same kind of numerical work in 
investigating the effect of gas flow rate, plug location and 
number of plugs on the flow analysis in the ladle.  

 
 Recently, Li et al. (17) used a Multiphase VOF model 

coupled with a population balance model (PBM) and the 
RNG 𝑘 − 𝜀 turbulence model  to investigate the effect of 
gas flow rate on the volume fraction of gas and bubble 
diameter in water model ladle. Cloete et al. (18) did a 
similar kind work in studying the influence of design 
variables on the flow analysis in full-scale gas stirred 
ladles with the same approach used by Li et al. (17). On 
the other hand, there is little quantitative information on 
the effect of gas flow rate on the slag eye formation. 

 
A comprehensive understanding of the effect of gas 

flow rate on the slag eye is a crucial requirement for 
today’s steel industry to produce high strength steels. 
The present study intends at attaining a better 
understanding of slag eye formation for different flow 
rates with eccentric single porous plug in a water model. 
The deployed water model is of 1/5 scale of 150- ton 
steelmaking ladle. The dimensionless area of slag eye 
relation with modified Froude number is been discussed 
and compared to the experimental data available in 
literature. For the numerical simulations, the VOF model 
is been used to track the slag eye behavior for different 
gas flow rates. The numerical simulation results of slag 
eye are validated to the experimental measurements 
measured. 
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3. Mathematical Modelling 
A set of Navier-Stokes equations is solved for the liquid 

phase and a discrete-phase model is used for the gas phase. 

The continuity and momentum equations of the liquid phase 

are defined by Eqs. 1 and 2, respectively. A more detailed 

description of Eqs. 1 and 2 is available in the literature. (15-

18). 

 
𝜕𝜌
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+  

𝜕(𝜌𝑢i)

𝜕𝑥i
= 0, (1) 
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(2) 

 
 
where 𝑢i is the fluid velocity, 𝜌 is the density, 𝑝 is 

the pressure, 𝜇e is the effective turbulent viscosity, and 
𝑔i is the gravitational acceleration. 

 
3. 1. Turbulent Equations 

    In this work, the standard 𝑘 − 𝜀 turbulence 
model was employed. The model solves control 
equations for the turbulent kinetic energy and turbulent 
dissipation rate, which are given by Eqs. 3 and 4, 
respectively. 
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𝜕

𝜕𝑥i
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𝜎ε
)

𝜕𝜀

𝜕𝑥i
] +  

𝜀

𝑘
 (𝐶1𝑅 −  𝐶2𝜌𝜀), (4) 

 
where 𝜇t is turbulent eddy viscosity, 𝑅 is the 

generation of turbulent kinetic energy due to the mean 
velocity gradients as defined by Eq. 4, and  𝐶1 and 𝐶2 are 
empirical constants, which were set to their default 
values 𝐶1 = 1.44 and 𝐶2 = 1.92. 
 

𝑅 =  𝜇t

𝜕𝑢j

𝜕𝑥i
(

𝜕𝑢i

𝜕𝑥j
+

𝜕𝑢j

𝜕𝑥i
), (5) 

 
 
 

3. 2. VOF Model 
The VOF model is able to model two or more 

immiscible fluids by solving single set of momentum 
equations and tracking the volume fraction of each fluid 
throughout the domain. In this work, it is used to track 
the interfaces of liquid steel, slag and gas. The governing 
equation can be presented as follows: 

 
1

𝜌q
[

∂

∂𝑡
( 𝛼q𝜌q) +  ∇ ∙ (𝛼q𝜌q�⃗�q)]   

                             =  𝑆𝛼q
+  ∑(�̇�pq −  �̇�qp),

𝑛

p=1

 
(6) 

 
 

where �̇�pq and �̇�qp represent the mass transfer 

from phase p to  q  and q to p in unit time and volume; 𝛼q 

is the volume fraction of phase q and 𝑆𝛼q
is the source 

term taken as 0 in fluent software. 
 

4. Experimental Details 
In the present study, a one-fifth scale water model of 

150-ton ladle was established to study the effect of 
stirring rate on the slag open eye area.  A video camera 
was mounted on the top of the water model to monitor 
the development of the open eye. During the experiment, 
air was injected into the ladle through the nozzle located 
at bottom for stirring rates ranging from 1.5 to 15 
NL/min. To simulate gas stirring in actual process, the 
water and oil were used respectively. The ImageJ 
software was used for measuring the slag open eye area. 
The details of the dimensions of water model ladle and 
material properties are shown in Table 1. All the physical 
properties are taken at temperature of 250 C.  

 
5. Numerical Procedures 

The simulations were carried out in the commercial 
code ANSYS Fluent software. The dimensions of the 
model are presented in Table 1. Trial calculations were 
conducted to study the mesh independency using 
different meshes with a total number of 229149, 488020 
and 865130 cells. The error between the results of the 
slag eye area between 229149 and 488020 cells meshes 
was found to be approximately 5% and between 488020 
and 865130 cells meshes was 2%. In taking 
consideration of the computational time, the optimum 
mesh with 488020 cells was selected for the simulations, 
which is shown in Figure 3.  
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Table 1. Parameters for both experiments and simulations. 

Parameters Value 

Bottom diameter of the ladle (mm) 273.3 

Top diameter of the ladle (mm) 298.4 

Height of the ladle (mm) 755 

Water level depth in the ladle (mm) 520 

Nozzle diameter (mm) 8 

Slag layer thickness (mm) 40 

Plug radial position 0.54R 

Density of water (kg/m3) 997.2 

Dynamic viscosity of water (Pa∙s) 0.000891 

Density of rapeseed oil (kg/m3) 907.3 

Dynamic viscosity of oil (Pa∙s) 0.0778 

Density of air (kg/m3) 1.258 

Dynamic viscosity of air (Pa∙s) 1.846 ×10 -5 
 

At the inlet of the ladle, velocity inlet boundary 
condition with the gas flow rate in the range of 1.5 to 15 
NL/min was used. At the top of the ladle, pressure outlet 
condition was sued, and no-slip boundary condition 
(velocity is zero near to the wall) was used to the ladle 
walls. The finite volume technique was used for the 
discretization of conservation equations and SIMPLE 
scheme is used for pressure-velocity coupling. The 
convergence criterion was set to be 10–6 and a variable 
time step is used by setting the Courant number to one. 
The data was collected when the flow reached steady 
state at around 20 sec.  
 

 
 

Figure 3. The mesh and boundary conditions. 
 
 

6. Results and Discussion 
It is very important to investigate the effect of gas 

flow rate on the slag eye opening as the efficiency of 
metal-slag reactions depend heavily on the interaction 
behavior between slag and steel created by gas stirring. 
The effect of gas flow rate on the slag open-eye area for 
40 mm oil layer thickness was investigated 
experimentally. The experimental data measured of slag 
eye area is compared to the existing physical models 
available in the literature. Krishnapisharody and Irons 
(8) developed a mechanistic model for measuring the 
slag eye size for water model from fundamental fluid 
flow considerations. This model formulates the 
dimensionless area in terms of density ratio of the fluids 
and Froude number. The dimensionless area is 
expressed in terms of modified Froude number with the 
following correlation (8). 

 

𝐴𝑒

𝐻2
=  −0.15 + 0.574 (

𝜌𝑙

∆𝜌
)

0.5

 (
𝑈𝑝

2

𝑔ℎ
)

0.5

, (8) 

 
where ∆𝜌 is the density difference between water 

and oil, 𝑈𝑝 is the average plume rise velocity, 𝐴𝑒 is the 

slag eye area, 𝐻 is the height of the water level depth and 
𝜌𝑙𝑈𝑝

2 / ∆𝜌𝑔ℎ is the densimetric Froude number. 

 
Figure 4 indicates that dimensionless slag eye area 

obtained by the present water model may be somewhat 
higher when compared to the literature data. These 
measured experimental results of slag eye area were 
used for validating the numerical simulations. 

 
Figure 4. Nondimensional eye area vs. modified Froude 

number; K&I = Krishnapisharody and Irons (8)  
and L&L = Li and Li (9). 
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Figures 5 to 8 displays the comparison of 
increment of slag open-eye area of the experimental 
and simulation results. A smaller slag eye opening 
occurs when the flow rate of 1.5 NL/min is used, which 
is shown in Figure 5 and the slag open-eye formation 
was not observed to occur if the flow rate was lower 
than this. The flow rate of 1.5 NL/min generated a slag 
eye in diameter of approximately 5.05 cm in physical 
modelling, whereas 5.17 cm from simulation results. 
The diameter of slag open-eye expanded to 7.51 cm 

when flow rate elevated to 3.5 NL/min, which shows a 
good agreement to 7.14 cm measured experimentally 
(see Figure 6). When gas flow rate was increased to 7.5 
NL/min, the diameter of slag open-eye enlarges to 
11.28 cm, which was somewhat larger than  this value 
obtained from the simulations (Figure 7). The slag 
open-eye expanded from 11.28 to 15.26 cm shown in 
Figure 7 when flow rate marked up to 15 NL/min, 
which was not quite agreeable with simulation result. 
 

 

 
Figure 5. The slag open eye size for a gas flow rate 1.5 NL/min: (a) experimental and (b) simulation. 

 

 
Figure 6. The slag eye size for a gas flow rate 3.5 NL/min: (a) experimental and (b) simulation.
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At high gas flow rates (7.5 and 15 NL/min), it was 
observed that there is significant deformation of slag 
layer during gas stirring, and the thickness of the slag 
layer becomes thin near the open eye.  When the gas 
flow rate is increased beyond 15 NL/min, the open eye 
became highly dynamic and the fluid flow became 
more turbulent. The alteration of slag eye size with gas 
flow rate proves that the slag eye area increases with 
increase in gas flow rate, which can be seen in Figures 

5 to 8 for both experiments and simulations. Figure 9 
shows the effect of different gas flow rate on the 
deformation of slag layer shape at main section of the 
plug. It can be observed a smaller eye opening occurs 
when the gas flow rate of 1.5 NL/min was used and a 
bigger slag eye when gas flow rate of 15 NL/min was 
used.  

 

 

 
Figure 7. The slag eye size for a gas flow rate 7.5 NL/min: (a) experimental and (b) simulation. 

 

 
Figure 8. The slag eye size for gas flow rate 15 NL/min: (a) experimental and (b) simulation.
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                        (a)                                               (b)                                            (c)                                             (d) 

Figure 9. The slag layer deformation at main section at different flow rates: (a) 1.5 NL/min (b) 3.5 NL/min (c) 7.5 NL/min (d) 
15 NL/min.

 
The increment in slag eye area when the gas flow 

rate is increased from 1.5 to 15 NL/min is displayed in 
Figure 10. The slag eye area increases from 20 to 182 
cm2 for physical modelling and 21 to 205 cm2 for 
numerical simulations. The relative percentage error 
between the experimental and simulation results of 
slag eye area and diameter with the increase in the gas 
flow rate is depicted in Figure 11. 

  

 
Figure 10. Effect of the gas flow rate on the slag open-eye. 

 
When the gas flow rate increased from 1.5 to 15 

NL/min, the relative error in the area of the open eye 
increased from 5.0 to 12.6%, while the error in the 
open eye diameter increased from 2.4 to 5.9%. In view  

 

 
of the complexity of the studied case, the agreement is 
satisfactory. The present results of slag eye area in the 
water model are in qualitatively agreement with the 
experimental results of Li et al. (8) and simulations 
results of Liu et al. (15). 
 

 
Figure 11. Relative error of the simulated slag open-eye 

area for both experiments and simulations. 

 
Over the past decade, there had been relatively 

few studies on both physical and CFD modelling 
together in studying the slag behavior in the ladle. In 
the current work, the simulations results are provided 
with strong experimental data measured for validation 
and vice versa. The present work represents a first 
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step towards modelling an industrial ladle. At this 
stage, a numerical model was developed and a physical 
model was used for validation of the numerical 
approach employed. The results provide useful 
guidelines for the effect of gas flow rate and position of 
the open eye. In view of the results, the model appears 
to be appropriate for its purpose and can be modified 
for simulating a full-scale ladle. When ready, the model 
can be investigating the slag eye formation with 
increasing number of porous plugs, altering the porous 
plug diameter and slag layer thickness, thus providing 
useful information for optimizing the alloying and gas-
stirring practice at steel plant. 

 

7. Conclusions 
A one-fifth scale water model is employed to study 

the effect of gas flow rate on the slag eye formations. A 
numerical model based on Multiphase Volume of Fluid 
(VOF) approach is developed to simulate the 
multiphase flow in the gas stirred ladle and validate 
the present experimental results of slag eye area. From 
the results, it was clear that the airflow injection rate 
has a significant effect on the area of slag open-eye. The 
slag eye area increases with increase in the gas flow 
rate for both experiments and simulations. The slag 
open eye predicted by the numerical model agreed 
well with experimental results. The present simulation 
results gives a better understanding of CFD in 
modelling the three-phase flows in steel making ladles. 
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