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A mathematical model has been developed to simulate numerically the interactions between gas bubbles
and molten steel during the gas-injection treatment in secondary refining of steel and to experimentally
verify the reliability of the model. A marker-and-cell (MAC) technique is employed to simulate the mo-
tions of gas bubbles and molten steel. Photographic observation is used to evaluate the reliability of the
mathematical model. A two-dimensional ladle with only one bubble was used to test the capability of the
model to handle the interaction between the relatively large bubble and the molten steel. The shape of the
bubble is initially round. Then it gradually becomes flattened and eventually evolves into a spherical-cap
bubble. Molten steel is induced to flow and forms two circulations. The model was then tested on the same
ladle with bubbles continuously released. The first bubble rises in a similar way as the previous case. The
second bubble is affected by the first bubble and becomes slightly elongated in the vertical direction
rather than in the horizontal direction. It also rises faster and later collides with the first bubble. The re-
leased bubbles can be grouped in clusters and are repeated cluster after cluster. Water-model experimen-
tal observations are consistent with the predicted results.

1. Introduction

To improve steel quality and simplify operating procedures,
the steelmaking 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 treat-
ments. In recent years, the treatment of blowing argon gas in the
refining ladle has been widely used for desulfurization, degass-
ing, minor composition adjustment, temperature homogeniza-
tion, and inclusion removal (Ref 2). As the gas bubbles are
introduced into the ladle, they rise through the molten steel and
cause the molten steel to flow. The flow of molten steel then af-
fects how gas bubbles float. Because of the interactive flow, the
additives, either desulfurization agents or alloying elements,
can be mixed more effectively with the molten steel. Also, de-
gassing and temperature homogenization can be achieved more
readily. However, the treatment also causes several problems
including reoxidation of the molten steel, slag entrapment, ni-
trogen pickup, refractory erosion, and cost increase. It is then
desirable to understand the interactive flow phenomena of mol-
ten steel and gas bubbles under various conditions to optimize
the operation of the treatment.

There are basically two types of gas-introducing treatments:
gas-stirring treatment and gas-injection  treatment. Schematic
diagrams for the two treatments are shown in Fig. 1 and 2. The
gas-stirring treatment usually blows only gas into the ladle. The
gas-injection treatment, however, introduces the argon gas
along with the solid additives into the system. Therefore, the

gas is used not only to cause the molten steel to flow, but to act
as the carrier gas. The two treatments are similar in that gas
bubbles and molten steel interact with each other. However, the
interactions differ in several ways. The gas bubbles in the stir-
ring treatment are relatively large in number and small in size.
The injection treatment, however, has fewer bubbles, but they
are larger. During the bubble flotation, the shape of the smaller
bubble remains unchanged while the larger bubble is severely
deformed.

In the literature, a number of investigations have been con-
ducted with mathematical and/or water models to understand
the characteristics of fluid flow, heat transfer, and mass-trans-
fer phenomena in gas-stirred ladles (Ref 3-10). In earlier stud-
ies (Ref 3-6), the size and shape of the plume zone where
molten steel and gas bubbles coexist as well as the shearing
force of the plume zone on the remaining molten steel zone
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Nomenclature

g gravity
NG The number of gas particles in every

computational cell
P pressure
Rb Bubble diameter
Um Velocity of marker particle
U, V Velocity vector of the liquid in X, Y direction,

respectively
V∞ Terminal velocity
Xm

 n Old position of the marker
Xm

 n+1 New position of the marker
µ Molecular viscosity
ρf Density of fluid
ρG Density of gas
ρL Density of liquid
σ Surface tension
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where only molten steel exists had been assumed/prescribed.
Fluid-dynamics principles for the pure liquid were applied in
the liquid zone to calculate the induced velocity field of the
molten steel. Then, improvements were made to alleviate the
necessity of prescribing the plume zone (Ref 7-10). In these
studies, the complete ladle system, including the plume zone
and the pure liquid zone, was considered simultaneously. A
pseudo-single-phase model was usually employed to treat the
two-phase flow system. The fluid in the system was considered
to have only one phase, which is the mixture of gas and molten
steel. A parameter, called liquid fraction—which is the percent-
age of a control volume occupied by liquid, was used in the

model so that one set of fluid dynamics equations was enough
to describe the flow behaviors in the plume zone where gas and
molten steel coexist and in the liquid zone where only molten
steel exists. While the numerical simulation of the flow phe-
nomena in gas-stirred ladles was rather successful, it was also
realized that the mathematical treatment could only handle the
cases where the gas bubbles are considerably smaller than the
meshing elements generated in the system for numerical simu-
lation. This is unfortunately not the case for gas-injection op-
eration where the gas bubbles are rather large compared to the
meshing elements.

For gas-injection treatment, two approaches have been em-
ployed to study the fluid-flow phenomena. One is the experi-
mental approach. A number of studies had been conducted to
measure experimentally and observe the variation of the bubble
shape during its flotation, the initial motion and terminal veloc-
ity of the rising bubble (Ref 11-13), the bubble diameter, the
volume fraction of the gas, and the released frequency of the
gas bubbles in the plume zone (Ref 14-17). There were also
studies of the mixing efficiency with respect to the various in-
jection conditions in the ladle (Ref 18). The other approach is to
use the numerical-simulation technique. Several computa-
tional fluid-dynamics techniques that have the capability to
treat the gas/liquid interface problem have been applied to
simulate numerically the gas/liquid interaction in the gas-in-
jected ladle. The techniques include the volume-of-fluid
(VOF) method (Ref 19, 20), the front tracking method (Ref 21),
the projection method (Ref 22), and the marker-and-cell
(MAC) method (Ref 23). While these studies succeeded in
simulating the gas/liquid interactions when large bubbles are
involved, they were, however, limited to the cases where only
one bubble is floating in the ladle.

The purpose of this study was to develop a mathematical
model that is capable of numerically simulating the two-phase
fluid-flow phenomenon in the gas-injection operation of the
secondary refining process in steelmaking and to verify experi-
mentally the reliability of the mathematical model with a water
model. The MAC technique was employed in this study (Ref
24). Only two-dimensional cases were considered. The con-
cerned two-phase fluid flow included how the flotation of re-
leased bubbles induced the molten steel to flow, how the shapes
of the bubbles vary during the flotation under the influence of
the molten steel flow, and how the various bubbles interact with
one another.

2. Mathematical Model

2.1 Description of the Physical Phenomena and the
Mathematical Treatment

The gas-injected ladle is essentially a gas-bubble-driven re-
circulating flow system. When argon gas is released from the
injection lance, it forms rather large gas bubbles. Owing to the
density difference, the gas bubbles tend to flow to the top. As
they float, they induce the molten steel to flow, and in turn the
flowing melt affects the rising patterns of the bubbles. It should
be noted that during gas-injection operation, the size of the gas
bubbles is rather large and the number of bubbles is rather
small. It is therefore characteristic of the gas-injection treat-

Fig. 1 Diagram of the gas-stirring treatment

Fig. 2 Diagram of the gas-injection treatment
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ment that the effect of each individual bubble on the melt flow
is quite significant, and the interactions among various gas
bubbles are very important in affecting how the molten steel is
induced to flow and how the gas bubbles rise to the surface.
Meanwhile, the shape and speed of the rising bubbles keep
changing, and the way they change may vary from one bubble
to another. It was the purpose of this study to be able to simulate
these phenomena.

In order to simulate numerically the fluid-flow phenomena
in a gas-injected ladle, the system is first divided into a number
of elements, called cells. A set of markers of the first kind is in-
troduced in the system to represent the molten steel initially at
rest. Then another set of markers of a second kind is used in the
system to represent the introduction of the first gas bubble. The
next step is to solve the partial differential equations that de-
scribe the fluid-flow behaviors of the fluid in each cell of the
system. It should be noted that the cells may contain only liq-
uid, or only gas, or a mixture of gas and liquid. In this study, a
parameter called density function is incorporated in the partial
differential equations to make the same set of equations appli-
cable to all the elements. As the velocity of each cell is calcu-
lated, the marker velocity for either a liquid marker or a gas
marker is then interpolated from these cell velocities. All the
markers are moved according to their velocities, and a new
flow condition is realized. The flow condition includes the ve-
locity of the molten steel as well as the positions and shapes of
the gas bubbles. By the gas-injection rate and the bubble-for-
mation rate, a second bubble is formed later. Then, a set of
markers of the second kind is introduced to represent its exist-
ence. The procedures are repeated until the flow system
reaches its steady state.

2.2 Governing Differential Equations

As described earlier, the phenomenon discussed here is ba-
sically a two-phase fluid-flow phenomenon. However, only
one set of governing differential equations is used to describe
its fluid-flow behavior by employing a density function in the
equations. The forms of the equations are as follows:
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where ρ is the density of the control element and

ρ = ρG δ (x, y) + ρL (1 − δ (x, y)) (Eq 4)

and δ (x, y) = 1, if NG ≠ 0; δ (x, y) = 0, if NG = 0.

2.3 Initial and Boundary Conditions

The initial condition is that the liquid is at rest and a spheri-
cal bubble of prescribed size appears at the opening of the in-
jection lance. The wall-boundary condition used in this study
was the free-slip boundary condition. The boundary conditions
on the free surface of the liquid are that the tangential stress is
zero and the normal stress equals the externally applied pres-
sure.

2.4 Particle Velocity Calculation

In this study, an explicit finite-difference method was used
to solve Eq 1 to 3 for the velocity and pressure of every cell in
the ladle. Gas markers and liquid markers were used to repre-
sent the existing conditions of the gas bubbles and molten steel,
respectively. It was then necessary to determine the velocities
of the particles based on the velocities of the cells. An area-
weighted method was used in this study to calculate the veloc-
ity of marker particle based on its neighboring-cell velocities as
shown in Fig. 3:

Um = 
A1 U1 + A2 U2 + A3 U3 + A4 U4

d x d y
(Eq 5)

Fig. 3 How a marker velocity is determined by the neighboring
cell velocities
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As the velocity of the marker particle was obtained, the new po-
sition of the marker was calculated according to:

Xm
 n+1 = Xm

 n + Um × δt (Eq 6)

2.5 Terminal Velocity of the Gas Bubble During Flotation

In gas-injection process, as the gas bubble is introduced into
the liquid it rises in the molten steel due to the density differ-
ence. It is first accelerated under the influence of the buoyancy
force. Then, the drag force of the liquid on the bubble motion
gradually catches up. As the two forces balance, the gas bubble
rises in a steady velocity, called the terminal velocity. In this
study, it was also desirable to investigate the effect of gas bub-
ble size on its terminal velocity during flotation. A study by
Haberman and Morton shows that the terminal velocity of a gas
bubble depends on its size; this relationship is shown in Fig. 4
(Ref 17). The figure clearly shows that the relationship can be
divided into two categories. In zone A, the relationship be-
tween the terminal velocity and the size of a gas bubble exhibits
a linear relationship. It is also known that in zone A, the bubble
motion is very much affected by the surface tension and viscos-
ity of the liquid and that the shape of the gas bubble remains
spherical during flotation. The range of the bubble size corre-
sponds to the gas-stirring conditions. In zone B, the relation-
ship between the terminal velocity and the size of a gas bubble
is very different. In this range of bubble size, the terminal ve-
locity is indicated to be independent of the liquid viscosity.
Davies and Taylor further proposed an equation to describe the
relationship between the terminal velocity, and the size of the
gas bubble, Rb, as follows (Ref 25):

V∞ = √g Rb  as  Rb ≥ 2 




σ
g ρf





0.5

(Eq 7)

2.6 Numerical Procedures

In order to simulate numerically the fluid-flow phenomena
in a gas-injected ladle, the following procedures are performed.

1. The ladle system is divided into a number of rectangular
elements, called cells.

2. Markers are introduced in the system to represent the ex-
istence of the gas bubbles. Gas markers vanish when they
exit the system, and new gas markers are added when a
new bubble is supposed to appear at the exit of the nozzle
based on the gas flow rate and the frequency of bubble
formation.

3. The cells are differentiated as full cells, which contain
markers and all the neighboring cells all contain markers
and at least one of the neighboring cells does not have a
marker, and empty cells, which contain no markers.

4. For full cells, the density of each cell is calculated based
on the distribution of the gas markers.

5. Solve Eq 1 to 3 in conjunction with the wall-boundary
conditions for the velocity and pressure for each full cell.

6. Surface-boundary conditions are used to calculate the ve-
locity and pressure for the surface cells.

7. The velocities of the markers are calculated based on Eq
5, and the new positions of the markers are then calculated
based on Eq 6.

8. Return to step 3 until the system reaches the steady state.

3. Physical Model

A water-modeling technique was used in this study to simu-
late physically the fluid-flow phenomena in a gas-injected la-
dle. A transparent, plexiglass vessel represented the ladle while

Fig. 4 Relationship between the terminal velocity of a gas 
bubble and its size (Ref 17)

Fig. 5 Diagram of the two-dimensional ladle constructed in
this study
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water was used to simulate the molten steel. Nitrogen gas was
used in the water model to simulate the argon gas used in the ac-
tual injection operation in the steel ladle, which was consistent
with the similarity requirement. During the experiment, a series
of photographs were taken to examine the shape change of the
floating bubble, the rising velocity of the gas bubble, and the in-
teractions among the gas bubbles.

3.1 Experimental Setup

In this study, only two-dimensional analyses were con-
ducted. Therefore, a rectangular vessel as shown in Fig. 5 was
constructed as the ladle for the sake of comparison with the nu-
merical simulations. The vessel was 300 mm wide, 500 mm
high, and 2 mm thick. A gas introduction tube was inserted in
the system, 100 mm above the bottom. A gas flow rate regulat-
ing valve was used to control the size of gas bubble formed and
the frequency of the gas bubble released.

3.2 Experimental Procedures

To conduct the experiment, the vessel was first filled with
water to 400 mm in height. Then, the gas tank was opened to
have a predetermined gas flow rate. The control valve was

regulated to allow the gas bubbles of desired size and release
frequency to form at the outlet of the gas tube. When the fluid-
flow system reached the steady state, the fluid-flow phenome-
non was recorded using a video camera. The video recording
was then carefully examined, and the rising velocities of the
gas bubbles were measured. Photographs were also taken from
the video recording to investigate the shape variation of the gas
bubble during its flotation and the interactions among the vari-
ous bubbles.

4. Results and Discussion

In this study, a mathematical model has been developed to
simulate numerically the interactions between gas bubbles and
molten steel during the gas-injection treatment in secondary re-
fining of steel. The current capability of the model is restricted
to two-dimensional analyses. The mathematical model was
then tested on a water-test bed that was 300 mm wide, 500 mm
high, 2 mm thick, and the liquid was filled up to 400 mm high.
The gas bubbles were introduced into the system at the center-
line and 100 mm above the bottom. The densities of the liquid
and the gas were taken to be 1.0 and 0.0012 g/cm3, respectively,
in this study. The concerned phenomena included the flow field
of the liquid induced by the flotation of the gas bubbles, the
shape change of the bubbles during the flotation under the in-
fluence of the liquid flow, and the terminal velocities of the gas
bubbles. For numerical simulation purposes, the ladle was di-
vided into a 30 by 40 mesh system.

4.1 Gas/Liquid Interactions with Only One Gas Bubble in
the Ladle

The model was first tested on the two-dimensional ladle
with only one gas bubble to float from the bottom to the top to
test the capability of the model to handle the interaction be-
tween the relatively large bubble and the liquid. The first bub-

Fig. 6 Numerically simulated results showing the induced
flow field of the liquid and the shape change of the floating 
bubble for four instants

Fig. 7 Variation of bubble shape during the flotation of a gas
bubble of 26 mm in diameter
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ble size tested was 26 mm in diameter. The numerically simu-
lated results showing the induced flow field of the liquid and
the shape change of the floating bubble for four instants can be
seen in Fig. 6. Figure 6(a) shows that a gas bubble rises because
the gas is much lighter than the liquid and a buoyancy force is
exerted on the bubble. As the bubble floats, it drags the liquid
nearby to flow. A negative pressure region exists underneath
the gas bubble. Meanwhile, the rising gas bubble is distorted
under the influence of the liquid pressure. Figure 6(b) shows
that two liquid-flow circulations are induced symmetrically
along the track of the bubble movement and the gas bubble is
squeezed and distorted. Figure 6(c) shows that as the gas bub-
ble rises higher, the gas bubble is further suppressed in the ver-
tical direction and elongated in the horizontal direction.
Eventually, as the buoyancy force balances the drag force, the
gas bubble reaches its terminal velocity, and its shape becomes
like a spherical cap, as shown in Fig. 6(d). Figure 7 shows ex-
clusively only the shape variation of the bubble of 26 mm in di-
ameter during its flotation.

Different bubble sizes were then tested. They were 10, 30, 40,
and 50 mm in diameter. It was found that the induced flow field in
the liquid and the shape change of the gas bubble were similar
to the previous case. The various terminal velocities for the
different bubble sizes can also be obtained for later discussion.

Water-modeling experiments were then conducted. The gas
flow rate was regulated to allow only one bubble with various
sizes to float in the vessel. The floating phenomena were re-
corded and later analyzed. Pictures demonstrating the flotation
conditions are shown in Fig. 8 and 9 for  gas bubble sizes of 26
and 50 mm, respectively. Comparing the numerically simu-
lated results to those of the water-modeling studies shows that
the shape-variation characteristics are very much alike. The
terminal velocities for the various bubble sizes obtained from
the numerical simulations, the water-modeling experiments,
and Eq 7 are shown in Fig. 10. It can be seen from the figure that
the consistency is very satisfactory.

4.2 Gas/Liquid Interactions with Gas Bubbles 
Continuously Released in the Ladle

After the developed model had been proven capable of han-
dling the interactions between a relatively large bubble and the
liquid, the model was then tested on the same ladle with gas
bubbles continuously released from the bottom, which reflects
the actual gas-injection operation more realistically. The bub-
ble size was again 26 mm in diameter and one gas bubble was
released every 0.27 s. Figure 11 shows the numerically simu-
lated results of the induced flow field of the liquid, the shape

(a)

Fig. 9 Flotation conditions in water for three instants for the gas bubble size of 50 mm

(c)(b)

(a)

Fig. 8 Flotation conditions in water for three instants for the gas bubble size of 26 mm

(c)(b)
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change of the various bubbles, and the interactions among the
various bubbles.

As the first bubble rises, its floating and dragging actions
cause the nearby liquid to flow. Everything happens in the same

way as in the one-bubble test before the second bubble appears,
as shown in Fig. 11(a). The flow from the second bubble is very
different from that of the first one. From Fig. 11(b) and (c), it
can be seen that the second bubble is elongated in the vertical
direction rather than the horizontal direction due to the nega-
tive pressure underneath the first bubble created by its flow.
The induced flow field in the liquid is also quite different from
the first case. The second bubble can be seen to rise faster, pre-
sumably due to the negative pressure region underneath the
first bubble. The second bubble soon catches up with the first
one. Figure 11(d) shows that right before the first two bubbles
collide and the third bubble appears, the first bubble has the
shape of a spherical cap and the second bubble is also squeezed
and becomes flattened, although the extent of the flattening is
less. As the second bubble rises very fast, it is fairly far from the
bottom as the third bubble appears. The flow behavior of the
third bubble is then very much like the first one and the flow of
the fourth bubble is very much like the second one. It can be
said that for the gas bubbles continuously released, the gas bub-
bles can be grouped. In this particular case, two bubbles are in
a group. The bubbles in one group behave very differently from
one another due to their interactions. However, the second
group behaves very similarly to the first group, and the phe-
nomenon is repeated group after group.

Again, a water-modeling experiment was conducted. The
gas flow rate was regulated to allow gas bubbles of approxi-
mately 25 mm diameter to be released in a frequency of ap-
proximately one bubble for every 0.27 s. The floating
phenomena were again recorded and are shown in Fig. 12. As
the numerically simulated results are compared to those of the
water-modeling studies, Fig. 12(b) corresponds very well to
Fig. 11(b) as far as the shapes of the two bubbles are concerned.
Figure 12(c) shows that the second bubble rises very fast and
catches up with the first one, which is also consistent with the
results shown in Fig. 11(d).

5. Conclusions

In this study, a mathematical model based on a computa-
tional fluid dynamics technique called marker-and-cell (MAC)
was developed to simulate numerically the interactions be-
tween gas bubbles and molten steel during the gas-injection
treatment in secondary refining of steel. A water model with a
plexiglass vessel injected with nitrogen gas was also con-
structed to simulate physically the gas-injection operation.
Photographic observation was used to compare the numerical
simulation to evaluate the reliability of the mathematical
model. The concerned phenomena included how the flotation
of released bubbles induces the liquid to flow, how the shape of
the bubbles vary during the flotation under the influence of the
liquid flow, and how the various bubbles interact with one an-
other. The bubbles released in this particular treatment were
relatively large and very difficult to handle mathematically.

The developed mathematical model was then applied to a
two-dimensional ladle with only one bubble rising from the
bottom to the top. The simulated results show that during the
bubble flotation, the gas bubble gradually becomes flattened
and eventually is evolved into a spherical-cap bubble. Liquid

Fig. 10 Relationship between the terminal velocity and the di-
ameter of the gas bubble as obtained from the numerical results
(open squares), the water-modeling experiments (open circles),
and Eq 7 (closed circles)

Fig. 11 Numerically simulated results showing the induced
flow field of the liquid, the shape change of the various bubbles,
and the interactions among the various bubbles

242Volume 8(2) April 1999 Journal of Materials Engineering and Performance



near the rising bubble is induced to flow and forms two circula-
tions near the tail of the bubble, which are symmetrical with re-
spect to the pathline of the bubble. These phenomena are
confirmed by the experimental observations form the water
model.

The model was then tested on the same ladle with bubbles
continuously released from the bottom. The simulated results
show that the first bubble rises in a similar way as the previous
case. However, the second bubble is affected by the flow con-
dition underneath the first bubble and becomes slightly elon-
gated in the vertical direction rather than the horizontal
direction. The second bubble  also rises faster and later collides
with the first bubble. The released bubbles can be grouped in
clusters. The behaviors of the gas bubbles repeat themselves
cluster after cluster. Water-model experiments of the same con-
ditions were also conducted, and the observations are consis-
tent with the results of the numerical simulations.
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