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Three-Dimensional Fluid Flow Model for Gas-Stirred Ladles 
S.-M. Pan, Y.-H. Ho, and W.-S. Hwang 

A three-dimensional mathematical model has been developed to simulate the fluid flow phenomena in 
gas-stirred ladles. It can predict the velocity profile and flow pattern of the liquid and the gas bubbles. 
The two-phase fluid flow phenomena were analyzed by using the SOLA-SURF technique supplemented 
with the K-~ two-equation turbulence model. The interactions between the gas bubble motion and the liq- 
uid flow were also considered. The movements  of the gas bubbles were calculated and the extent of the 
plume zone determined. The effects of various design/operation conditions, such as gas f lowrate,  location 
of the porous plug, and addition of an immersion hood, can be evaluated. Flow intensity and stirring abil- 
ity increase with increased gas flow rate. The dead zone near the bottom corner of the ladle exists whether 
the porous plug is centered or off-centered; this problem only slightly improves when gas flow rate is in- 
creased. Addition of  an immersion hood not only provides a slag-free and protective atmosphere inside 
the hood, but also reduces the dead zone. 
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1. Introduction 

TO IMPROVE steel quality and simplify operation, the steel- 
making process is divided into two stages (Ref 1): (1) primary 
steelmaking in a furnace to produce raw steel and (2) secondary 
steelmaking in a ladle with various refining treatments. In re- 
cent years gas stirring, a treatment accomplished by blowing 
argon gas through a porous plug, has been used in the refining 
ladle for the purposes of desulfurization, degassing, minor 
composition adjustment, temperature homogenization, and in- 
clusion removal. A schematic diagram of a gas-stirred ladle is 
shown in Fig. 1. As the gas bubbles are introduced through the 
porous plug into the ladle, they rise through the melt and cause 
it to flow. Because of the melt flow, the additives, either desul- 
furization agents or alloying elements, can be mixed more ef- 
fectively with the melt. Also, degassing and temperature 
homogenization can be achieved more readily. 
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Schematic diagram of a gas-stirred ladle 

However, gas stirring also causes several possible prob- 
lems, including reoxidation of  the molten steel, slag entrap- 
ment, and nitrogen pickup. To improve the treatment, a SAC 
(slag and atmosphere control) process which places an immer- 
sion hood in the ladle was suggested (Ref 2). This process is 
represented schematically in Fig. 2. The basic idea comes from 
the CAS (composition adjustment system) process pioneered 
by researchers at Nippon Steel Corporation (Ref 3). When an 
immersion hood is used, there will be good slag and atmos- 
phere control inside the hood. However, the main concern is the 
effect of the immersion hood on the turbulent mixing and agita- 
tion in the gas-stirred ladle. 

Symbols 

C d drag factor 
D diffusivity 
D e effective diffusivity 
D b bubble diameter 
F x, Fy, F z drag force by bubbles in the x, y, z direction, 

respectively 
g gravity 
H height of  free surface 
K turbulence kinetic energy 
N total number of  bubbles in a unit cell 
P pressure 
Q gas flow rate 
R e Reynolds number 
U, V, W velocity vector of  the liquid in the x, y, z 

direction, respectively 
Ub, Vb, Wbvelocity vector of  the bubble in the 

x, y, z direction, respectively 

o~ m 
s 

Pg 
Pl 
v e 
lal 
vrn 
v t 

void fraction of  fluid 
void fraction o f  a bubble in a unit cell 
dissipation rate of turbulence energy 
density of  gas 
density of liquid 
effective kinematic viscosity 
viscosity of  liquid 
molecular kinematic viscosity 
turbulence kinematic viscosity 

Journal of Materials Engineering and Performance Volume 6(3) June 1997--311 



Ar gas 

U -oU 
�9169 

�9169 
�9 

0 
0 

�9 
0 

flux or al loy 

i 

/I 
i 
/ 

/ 
/ 

I 
Fig. 2 Schematic diagram of a gas-stirred ladle incorporating 
the SAC process 
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Fig.3 Schematic diagram of the physical system considered in 
the mathematical model. (1) Plume zone. (2) Liquid phase zone 

In a steelmaking operation, any equipment additions mean 
significant capital investment and possible operation difficul- 
ties. Therefore, to evaluate the feasibility of  the SAC process 
and to design the immersion hood if the process proves benefi- 
cial (even with its additional cost and operation difficulties), 
the interactive flow phenomena of  molten steel and gas bubbles 
under various operating conditions with and without the addi- 
tion of  an immersion hood must be understood. 

In the literature, a number of investigations have been car- 
ded out with mathematical and/or water models to understand 

the characteristics of  fluid flow and mass transfer phenomena 
in gas-stirred vessels. However, in most of  the mathematical 
models the extent of  the two-phase region and its correspond- 
ing void fraction distribution were predetermined by measure- 
ments or assumptions. Also, the free surface was assumed to be 
flat. These assumptions make the mathematical models inade- 
quate for studying the SAC process. 

A two-dimensional (2-D) mathematical model of  the cylin- 
drical coordinate system (Ref 4) was developed by the authors 
to simulate the flow phenomena for gas stirring of  liquid in a la- 
dle. This model can determine the extent of  the two-phase re- 
gion and calculate the void fraction, allowing the top surface of  
the liquid to fluctuate. The flow characteristics of  interest in- 
clude flow pattern, velocity profile, surface fluctuation, and 
bubble dispersion under various operating conditions with and 
without an immersion hood. The model is capable of  handling 
those cases where the porous plug is located at the center of  the 
ladle bottom. However, it cannot treat problems that arise 
where the porous plug is located off-center, which is more com- 
mon in industrial practices. 

The purpose of  the present study was to develop a three-di- 
mensional (3-D) mathematical model to simulate the flow phe- 
nomena for gas stirring of  liquid in a ladle regardless of  the 
location of  the porous plug. 

2. Mathematical Model 

2.1 Description of the Physical Phenomena, with 
Assumptions and Simplifications for the 
Mathematical Model 

The gas-stirred ladle is essentially a bubble-driven recircu- 
lating flow system. Analysis of  the phenomena is a fairly com- 
plex fluid mechanics problem. When argon gas is released from 
the porous plug, it forms gas bubbles of various sizes. Owing to 
the density difference, the bubbles will float to the top. When 
the bubbles float, they induce the molten metal to flow; in turn, 
the flowing melt affects the rising patterns of  the bubbles. Ob- 
servations from the water models show that the two-phase re- 
gions are plume shaped. Therefore, the analytical system can 
be divided into two zones: the plume zone and the liquid phase 
zone. A schematic diagram of  the system is shown in Fig. 3. 

To reduce the complexity of  the mathematical model, a 
number of  simplifications and assumptions were made: 

�9 The side wall of  the ladle is perpendicular to the bottom 
wall. 

�9 The physical properties of  the fluids are constant. 
�9 The bubble size remains constant during flotation. 

2.2 Governing Equations 

It would have been natural to base the 3-D model on the pre- 
vious 2-D model with cylindrical coordinates. However, the 
cylindrical coordinate system made it difficult to appropriately 
treat the off-centered porous plug and the central region of  the 
ladle. Therefore, the 3-D model was developed in the Cartesian 
coordinate system. 
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2.2.1 Flow Equation for Liquid Phase 

The flow equations for the liquid in the 3-D Cartesian coor- 
dinate system can be represented as: 
Continuity equation 

3IX I aalu a~lV O0~lW 
+ 0 (Eq 1) 

"~t  + "--~"x + ay "- '~Z = 

Momentum equation 
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where 

N 
3 ~tl CdRe/Ub_ U)ct m 

m=l 
(Eq 5) 

N 
3 Bl 

Fy= E "4~CdRe (Vb-V) 0~m 
m=l 

(Eq 6) 

N 
3 BI CdRe(Wb_ W)ct m Fz=E   

m=l 
(Eq 7) 

2.2.2 Flow Equations for Gas Bubble 

The equations of motion for the gas bubble rising in the liq- 
uid can be represented as: 

- (U ) Pl dU 1 Pl (dUb dU ) dUb 3 ~1 CdRe b - U -I- ~" 5 
dt 4 PlDb 2 pg dt 2 pg 

(Eq 8) 
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where 

(Eq 9) 

(Eq 10) 

PlDblVr I 
R e = - -  (Eq 11) 

0_.4_2 .1 
Cd Re L + 0"15Re0"687 + 1 + (4.25 x 104/Rel'16)] (Eq 12) 

When the size and frequency of the bubbles released from the 
plug are known, the velocity of each bubble can be calculated 
from Eq 8 to 10. Subsequently, the positions of each bubble, the 
void fraction of each control volume, and the bubble pathlines 
can be obtained. The bubble size and release frequency depend 
mainly on the gas flow rate, plug diameter, and physical prop- 
erties of the fluids. For gas stirring, Davidson and Schiller (Ref 
5), neglecting surface tension and viscosity effects and consid- 
ering only the balance between inertia force and buoyancy 
force, derived a formula to approximate the bubble size at high 
gas flow rate: 

Ob : 0 (Eq 13) 

With the bubble size known, the release frequency can be cal- 
culated from the gas flow rate used. 

2.2.3 Governing Equations for the Turbulence Model 

The turbulence model used in this study is the K-e two-equa- 
tion model (Ref 6). The governing equations for this model are 
of these forms: 

Turbulence kinetic energy, K 
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(Eq 14) 

Dissipation rate of turbulence kinetic energy, 
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where 
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where the following relationship is assumed to exist: 

D e v e 
i 

D v 
(Eq 19) 

The mixing efficiency is evaluated in terms of a "mixing 
time," which is defined as follows. When the gas stirring op- 
eration has reached the steady state, a known amount of  tracer 
is injected from a certain position into the ladle in the time 
elapse of  a pulse. The concentrations of  the tracer are then 
measured at various locations of  the ladle. As the tracer concen- 
trations of  all the measuring points have reached the equilib- 
rium tracer concentration within 5%, the time between then and 
the tracer injection is defined as the mixing time. Naturally, 
shorter mixing time means better mixing. 

2.2.6 Boundary Conditions 

These boundary conditions are used in the model: 
�9 At the side wall and bottom wall, normal velocity compo- 

nents vanish and no-slip boundary conditions are em- 
ployed. 

�9 On the free surface of  the liquid, tangential stress is zero 
and normal stress equals applied pressure, and no fluxes 
cross the surface. This is expressed as: 

03K 03e 03r 03U 03W 

03y 03y 03y 03y 03y 
- -  - 0 (Eq 20) 

C3K2 
v e = v  m + v  t = v  m + - -  (Eq 16) 

E 

The values of the empirical constants are listed in Table 1. 

2.2.4 Height Function Method for Monitoring Variation 
of Free Surface 

In this study, a height function H(x,z,t) is used to monitor the 
variation of the free surface after the velocity field has been cal- 
culated (Ref 7). The governing equation for the height function 
is: 

3. Numerical Method 

The flow equations described in the previous section are a 
set of  nonlinear partial differential equations that are difficult to 
solve by analytical methods. Therefore, they must be solved by 
numerical methods. 

In the present study, a computational fluid dynamics scheme 
called the SOLA (solution algorithm) method (Ref 8) was used 
to solve the flow equations. The system was first divided into a 
number of  equal rectangular cells. The SOLA scheme, which 
was improved and extended from the MAC (maker and cell) 
technique, uses an explicit finite-difference method with pres- 

OH + u03H + w03H = V 
03t 03x 03z 

(Eq 17) 

2.2.5 Transport Equation for Species 

To evaluate the mixing characteristics of  the gas-stirred la- 
dle, a mass transport equation must be used: 

Table 1 Values of the empirical constants of the K-r model 

Constant Value 

C l 1.44 
C 2 1.92 
C 3 0.09 
t~ k 1.00 
c E 1.30 
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surep and velocity components U, V, and W as the primary de- 
pendent variables. 

Numerical procedures were carded out to solve the time-de- 
pendent incompressible fluid flow equations and the turbu- 
lence equations simultaneously with the imposed wall and free 
surface boundary conditions using the height function method. 
As the steady-state velocity field is obtained, a prescribed 
amount of  tracer is added to a prescribed location of the ladle�9 
The tracer is then redistributed in the ladle based on Eq 18. 
Tracer concentrations in six different locations in the ladle are 
then monitored. The time for all six concentrations to reach 
within 0.95 to 1.05 of  the equilibrium tracer concentration is 
defined as the mixing time. Figure 4 shows a set of  typical con- 
centration-time curves. 

4. Results and Discussion 

Based on the SOLA-SURF technique and the K-e two-equa- 
tion turbulence model, a 3-D mathematical model has been de- 
veloped to analyze the fluid flow phenomena, including 
velocity field, bubble pathlines, surface fluctuation, and mix- 
ing condition, under various operating conditions for a ladle 
with and without an immersion hood. The ladle is 0.78 m in di- 
ameter and 0.96 m in height. The liquid level in the ladle was 
0.7 m high. The ladle was first divided into a 21 by 12 by 21 (in 
the x, y, and z directions) mesh system. The increments in the x, 
y, and z directions were 0�9 0.082, and 0.041 m, respec- 
tively. Flow patterns are displayed using velocity vectors in a 3- 
D isoparametric view as well as 2-D sectional view. The 2-D 
sectional views include vertical planes and horizontal planes. 
The vertical planes are cut through the porous plug parallel to 
the coordinate axes. The horizontal planes are perpendicular to 
the y-axis and include the top surface plane. In the present 
model, the bubbles were assumed to be released from the po- 
rous plug with constant frequency and with a certain bubble 
size distribution of  0.7 to 1.4 Db, where D b is the bubble size ob- 
tained from Eq 13. 
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Fig. 4 Set of typical relative concentration-time curves to illus- 
trate the mixing characteristics in a gas-stirred ladle 

4.1 Effects of Porous Plug Location on Flow Field 

Most industrial gas-stirred ladles have their porous plugs lo- 
cated off-center, which is believed to create a better stirring ef- 
fect than when the porous plus is centered�9 Therefore, we need 
to understand the effects of porous plug location on the flow 
field in the gas-stirred ladle. In this study, three plug positions 
were investigated: at the center, one-third of  the ladle diameter 
distance away from the ladle wall, and one-fourth of  the ladle 
diameter distance away from the ladle wall. 

The gas flow rate was fixed at 30 L/min. Figures 5(a) to (c) 
show the velocity fields in the gas-stirred ladles. From Fig. 
5(a), it can be seen that the center-located porous plug case has 
recirculating flows in the upper portion of the ladle, while the 
bottom portion of  the ladle remains rather inactive�9 The off- 
centered cases also form two recirculating flows in the upper 
portion of  the ladle, as shown in Fig. 5(b) and (c). However, one 
of  the recirculating flows is larger and stronger than the center 
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Fig. 5 2-D sectional views (horizontal and vertical) of the flow 
pattern for the gas-stirred ladle where the porous plug is located 
at one-half (a), one-third (b), and one-fourth (c) of the ladle di- 
ameter and the gas flow rate if 30 L/min 
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stirring�9 The bottom portion under the larger recirculat ing 
flow is more active than that under the smaller  recirculat ing 
flow. 

Figure 6 shows the relation between mixing time and stir- 
ring location�9 The ladle with the porous plug located at one- 
fourth of  the ladle diameter distance has the shortest mixing 
time. 
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Fig. 6 Relation between mixing time and porous plug location 
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Fig. 7 2-D vertical sectional view of the flow pattern for the 
gas-stirred ladle where the porous plug is located at the center 
and gas flow rate is (a~110, (b) 20, (c) 30, and (d) 40 L/rain 

4.2 Effects of  Gas Flow Rate on Flow Field 

Four gas flow rates (Q = 10, 20, 30, and 40 L/min) were 
used to study the effects of  gas flow rate on the flow phenomena 
for centered stirring. The velocity fields for the gas-stirred ladle 
where the porous plug is located at the center are shown in Fig. 
7(a) to (d). The flow patterns for the four gas flow rates are very 
similar. They all form recirculating flow in the upper portion 
and a fairly inactive zone in the bottom portion. Since bubble 
size and released frequency were increased with respect to gas 
flow rate, the drag force to drive the liquid to flow was also in- 
creased. This resulted in smaller inactive zones and higher sur- 
face velocities for higher gas flow rates 

The relation between mixing time and flow rate is shown in 
Fig. 8. A linear relationship exists, where larger flow rate cor- 
responds to shorter mixing time. 

4.3 Effects of  lmmersion Hood on Flow Field 

To evaluate the feasibility of  the CAS process and to aid its 
design, the influence of  the immersion hood as well as its size 
on the flow field was further investigated. Only the ladle with 
the centered plug was considered. Four hood diameters (0.37, 
0.45, 0.53, and 0.62 m) were investigated under a gas flow rate 
of  30 L/min. 

The influence of  the immersion hood on the flow field de- 
pended on its size. The calculated flow patterns are shown in 
Fig. 9(a) to (d). Results showed that the fluid wave propagation 
along the free surface is stopped by the immersion hood and the 
liquid flows downward. Two recirculating vortices are formed 
and confined in the hood when the hood diameter is larger than 
0.37 m. The free surface outside the immersion hood is rather 
quiet when the vortex is confined in the hood. 

There is no apparent relationship between mixing time and 
hood size (Fig. 10). However, if  the immersion hood is too 
small, the gas bubbles will float outside the hood and fluctua- 
tion cannot be confined inside the hood. To function properly in 
the CAS process, the immersion hood must be of  the correct 
size. 

4.4 Multiplug Stirring 

In order to reduce the inactive zones in the bottom corner of  
the gas-stirred ladle, the feasibility of  a multiplug has been ex- 
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amined. Three conditions were tested, all with a gas flow rate of 
30 L/min. In the first case, there was only one porous plug, lo- 
cated at the center. In the second case, there were two porous 
plugs, 0.26 m apart from each other and 0.26 m away from the 
ladle wall. The gas flow rate from either plug was 15 L/min. In 
the third case, there were three porous plugs, arranged 120 ~ 
apart in the circumferential direction and 0.246 m away from 
the ladle wall. The gas flow rate from each plug was 10 L/min. 
The computational results in Fig. 11 show that the flow patterns 
for the three cases are quite different. Where three plugs are 
used, the mixing time is shorter than the other cases (Fig. 12). 

5. Conclusions 

The SAC operation not only provides slag-free and good at- 
mosphere control inside the hood, but also alters the flow pat- 
terns of the gas-stirred melt. The modified patterns tend to 
reduce the inactive zone in the bottom right corner and form a 
quiescent zone close to the free surface outside the hood. Sub- 
sequently, this can reduce slag entrapment and reoxidation. 

With the SAC operation, the hood should be sufficiently 
large to confine the high-speed flow within the bubble plume. 
Otherwise, the melt and the bubbles will flow outward to the 
bulk liquid region and form a large recirculation, negating the 
advantages of the immersion hood. Therefore, an appropriately 
sized immersion hood must be chosen. 

A three-plug operation significantly improves mixing com- 
pared to single-plug or two-plug operations. 

The mathematical model can be applied to study fluid flow 
phenomena in ladles stirred by argon gas. It provides detailed 
information that is difficult to obtain otherwise (e.g., velocity 
profiles). 

In conventional gas-stirred ladles without an SAC opera- 
tion, mixing is enhanced as the gas flow rate increases. How- 
ever, the breakthrough zone also increases, owing to a larger 
plume zone and higher surface velocity. 

The off-centered porous plug produces a different type of 
flow pattern in the ladle. The goals of various ladle metallurgy 
treatments can be achieved more effectively if flow patterns are 
properly controlled. 
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Fig.  9 2-D vertical sectional view of the flow pattern for the 
gas-stirred ladle where the porous plug is located at the center, 
the gas flow rate is 30 L/min, and the diameter of the immersion 
hood is (a) 0.37, (b) 0.45, (c) 0.53, and (d) 0.62 m 
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Fig.  11 3-D isoparametric view of the flow pattern for the gas- 
stirred ladle where the gas flow rate is 30 L/min and number of 
porous plugs is (a) one, (b) two, and (c) three 
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