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Abstract: A three-dimensional model is established to investigate the effect of argon injection mode,
argon flow rate and casting speed on the gas–liquid two-phase flow behavior inside a slab continuous
casting mold. The Eulerian–Eulerian model is employed to simulate the gas–liquid flow, and the
population balance model is applied to describe the bubble breakage and coalescence process in the
mold. The numerical simulation results of the bubble size distribution are verified using the water
model experiment. The results show that the flow field and bubble distribution are similar between
the argon injection at the upper submerged entry nozzle (SEN) and tundish upper nozzle (TUN),
while the number density is larger for the argon injection of TUN. The coalescence rate of bubbles
and the bubble size inside the mold increase with increasing argon flow rate. When the argon flow
rate exceeds 4 L/min, the flow pattern of liquid steel changes from double-roll flow to complex flow,
with aggravation of the level fluctuation of the top surface near the SEN. When the casting speed
increases, the bubble breakup rate increases and results in a decrease in the size of bubbles inside the
mold. At a high casting speed, the flow pattern tends to form double-roll flow, and the liquid level at
the narrow face of the top surface increases.

Keywords: continuous casting; argon injection mode; numerical simulation; bubble size distribution;
population balance model

1. Introduction

During the slab continuous casting process, argon gas is usually injected into the nozzle
to prevent the nozzle clogging. Generally, there exist three types of argon injection modes,
including injection from the stopper rod, tundish upper nozzle (TUN) and submerged
entry nozzle (SEN) [1–3]. After entering the slab mold, the argon gas plays a significant role
in removing nonmetallic inclusions, making the liquid steel composition and temperature
uniform, controlling the flow and multiphase reaction, etc. [4–6]. Meanwhile, the argon
bubbles break and collapse into different sizes, and the size directly influences the final
slab quality. Large bubbles will aggravate liquid-level fluctuation and increase the risk of
slag entrainment, while small bubbles are likely to move together with the liquid steel flow,
and finally become captured by the solidified shell to form surface defects, such as slivers
and pinholes. Therefore, it is of great significance to study the bubble size distribution
and bubble transport in the slab mold for control of the liquid steel fluid and to improve
slab quality.
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In recent decades, extensive works have been conducted to investigate the transport
behavior of bubbles and distribution of bubble size within a mold through the water
model. Bai et al. [7] studied the bubble formation during argon blowing at the tundish
upper nozzle, and the results show that bubble size increases with increasing gas flow
rate and decreasing liquid flow rate. Wu et al. [8] used a high-speed camera and laser to
study bubble trajectory, velocity and size distribution in a slab mold. They found that the
influence of gas flow rate on the number of bubbles is much more significant than that of
the water flow rate. Thomas et al. [9] investigated bubble formation, breakage, coalescence
and accumulation by using argon injection at a stopper rod with multiple side-channels.
However, only limited information about the bubble breakage and coalescence process in
the slab mold can be obtained through the water model experiment.

With the development of computer technology, numerical simulation has become an
effective method to investigate the multiphase flow in slab continuous casting molds [10,11].
For the gas–liquid two-phase flow, the Eulerian–Eulerian approach and Eulerian–Lagrange
approach are the most widely used numerical methods [12]. In the first method, the argon
bubbles are treated as a continuous phase, while in the second one, the argon bubbles
are set as a discrete phase [13,14]. Liu et al. [15] used the Eulerian–Lagrange approach to
simulate the liquid steel flow in a continuous casting mold, and the distribution of bubble
size obtained from the water model. The results show that larger bubbles easily float near
the SEN, and cause the lifting flow in this region, while small bubbles can move to the
mold’s narrow face along with the jet flow. Chen et al. [16] also used the same approach to
study the effect of argon flow rate on the liquid steel flow pattern and bubble distribution.
They successfully predicted the transformation of the flow pattern from the double-roll to
complex flow and single-roll with increasing argon flow rate, and found that most argon
bubbles float near the SEN and lead to excessive level fluctuation. However, both of the
aforementioned models do not consider the bubble breakage and coalescence process.
In recent years, Liu and his co-workers [17–20] employed the population balance model
(PBM) based on the Eulerian–Eulerian method to investigate the poly-dispersed bubble
flow in the slab mold, and successfully predicted the bubble breakage and coalescence
process in the mold. The results indicated that the proportion of large bubbles and average
bubble diameter in the upper recirculation zone decreased with the increment of water flow
rate and increased with the increment of gas flow rate. Meanwhile, similar conclusions
were also reached by Zhang [21]: it was confirmed that increasing argon gas flow rate
promotes bubble breakage, and increasing casting speed promotes bubble coalescence. The
aforementioned study has great significance in understanding the flow pattern and bubble
distribution within a mold under argon injection; however, most of these works injected the
argon through the top of the SEN inlet. As a matter of fact, argon bubbles are commonly
injected into slab molds from the stopper rod, the tundish upper nozzle or the submerged
entry nozzle. The argon injection modes affect the bubble size distribution, bubble breakage
and coalescence process in the mold. However, the numerical investigations of the influence
of argon injection modes on the bubble breakage and coalescence process in the slab
continuous casting mold have not been reported.

The aim of this study is to elucidate the effect of the argon injection modes on the argon
bubble distribution and to choose the optimal argon injection mode to investigate the flow
and argon bubble distribution under different process parameters. A three-dimensional slab
model is established to investigate the flow and the characteristics of bubble distribution
in the slab mold. The Eulerian–Eulerian model is employed to simulate the gas–liquid
flow, and the PBM is applied to describe the bubble breakage and coalescence process
in the mold. By comparing the water model experimental results, the accuracy of our
calculation model is determined. The effects of argon injection mode, argon flow rate and
casting speed on the flow field, as well as the bubble size and number density are analyzed
and discussed.
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2. Mathematical Modeling

In the current model, the Euler–Euler method is used to investigate the gas–liquid
two-phase flow within the mold; the liquid steel and argon gas are treated as a continuous
phase. The breakage and coalescence of argon bubbles are considered by using the PBM.
The detailed descriptions are listed as follows.

2.1. Assumptions

In order to simplify the complex gas–liquid flow in the mold, the following assump-
tions are made:

(1) The liquid steel and argon gas are treated as incompressible Newtonian fluids, each
phase occupying a common space area and having its own velocity field.

(2) The influence of liquid slag on the liquid steel flow is ignored.
(3) Solidification and heat transfer are not considered.
(4) The influence of mold taper and oscillation are neglected.

2.2. Governing Equations
2.2.1. Continuity and Momentum Equations

The continuity equation and momentum equation are as follows:

∂

∂t
(αhρh) +∇ ·

(
αhρh

→
u h

)
= 0 (1)

∂
(

αhρh
→
u h

)
∂t

+∇ ·
(

αhρh
→
u h
→
u h

)
= −∇ · (αhτh)− αh∇P + αhρh

→
g + Fh (2)

where h denotes the phase (the liquid steel: h = l, the argon gas: h = g), α is the volume
fraction, ρ is the density, kg/m3, t is the time, s,

→
u is the velocity, m/s. The terms on the

right-hand side of Equation (2) are shear stress, pressure gradient force, gravity and the
interaction force between the liquid and gas phase, N/m3.

The stress term of h phase can be described as follows:

τh = −µe f f ,h

(
∇→u h +

(
∇→u h

)T
− 2

3
I
(
∇ ·→u h

))
(3)

where µe f f ,h is the effective viscosity, Pa s. The effective viscosity of the liquid phase consists
of three contributions:

µe f f ,l = µL,l + µT,l + µBI,l (4)

where µL,l , µT,l , µBI,l are the molecular viscosity, turbulence viscosity and an extra term
due to bubble-induced turbulence, respectively.

The turbulence induced by the movement of bubbles is calculated using the model
proposed by Sato et al. [22], and it is expressed as:

µBI,l = ρlCBI,lαgdB

∣∣∣→u g −
→
u l

∣∣∣ (5)

where CBI,l is the coefficient and equals 0.6, and dB is the bubble diameter, m.
The calculation of the effective gas viscosity is based on the effective liquid viscosity

proposed by Jakobsen et al. [23].

µe f f ,g =
ρg

ρl
µe f f ,l (6)

The realizable k-ε turbulence model is employed in the current model. Compared with
the standard k-ε turbulence model, this turbulence model can better predict the spreading
rate of jets in the slab mold with a high turbulent Reynolds number [24], which is highly
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related to this work. The turbulence viscosity (µT,l) is calculated from the turbulent kinetic
energy k and dissipation rate (ε) as follows:

µT,l = ρlCµ,T
k2

ε
(7)

The turbulent kinetic energy and the dissipation rate are listed as follows:

∂

∂t
(αlρlk) +∇ ·

(
αlρl

→
u lk

)
= −∇ ·

(
αl

µT,l

σk
∇·k

)
+ αl(Gk − ρlε) (8)

∂
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(αlρlε) +∇ ·

(
αlρl

→
u lε

)
= −∇ ·

(
αl

µT,l

σε
∇ε

)
+ αlρl(C1εSε− C2ε

ε2

k +
√

νε
) (9)

where Gk is the generation of turbulence kinetic energy, m2/s2; S is the modulus of the
mean rate of strain tensor. Model constants: C1ε = 1.44, C2ε = 1.9, σk = 1.00, σε = 1.2.

2.2.2. Interaction Force Model

The interaction force
→
F h is as follows:

→
F h =

→
F D +

→
F L +

→
F VM +

→
F TD +

→
F WL (10)

where
→
F D is the drag force;

→
F L is the lift force;

→
F VM is the virtual mass force;

→
F TD is the

turbulent dispersion force;
→
F WL is the wall lubrication force. The detailed description for

these forces can be seen in the Ref [25].

2.2.3. Population Balance Model (PBM)

The population balance model is used to describe the bubble breakage and coales-
cence. Compared with the traditional Euler–Euler model, the PBM can describe the bubble
breakage and coalescence and then predict the bubble size distribution, frequency, etc. The
description can be written as follows:

∂

∂t
ni +∇ ·

(→
u gni

)
= BB

i − DB
i + BC

i − DC
i (11)

where ni is the number density of group-i bubbles, 1/m3;
→
u i is the velocity of group-i

bubbles, m/s; BB
i and DB

i are the birth and death rate of group-i bubbles due to bubble
breakage, 1/(m3·s), BC

i and DC
i are the birth and death rate of group-i bubbles due to

bubble coalescence, 1/(m3·s). In this study, the birth rate and the disappearance rate of
bubble breakage are calculated using the Luo and Svendsen model [26]; the birth rate and
the disappearance rate of bubble coalescence are calculated using the Luo model [27].

2.3. Geometric Model and Boundary Conditions
2.3.1. Geometric Model and Mesh

The geometric model of simulation is presented in Figure 1a, including the tundish,
stopper rod, TUN, SEN and mold. The section of the mold is 1650 mm × 230 mm and the
effective length is 800 mm. In order to ensure that the flow fully develops, the length of
the calculation domain is extended to 3000 mm. The calculation domain is divided into
1.7 million finite volumes using a hexahedral structure grid, as shown in Figure 1b. The
skewness of the grid is less than 0.8 and the comprehensive grid quality is greater than
0.5, which meet the demands of numerical simulation. Meanwhile, the grid-independent
verification is carried out. Table 1 shows the geometric parameters and physical properties
for the numerical simulation.
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Table 1. Geometric parameters and physical properties in numerical simulation.

Parameter Value

Mold size (mm ×mm) 1650 × 230
Size of SEN port (mm ×mm) 60 × 80
Inner diameter of SEN (mm) 80
Outer diameter of SEN (mm) 130

Inclination angle (◦) 15
Submerged entry depth (mm) 165

Steel density (kg/m3) 7000
Steel viscosity (Pa·s) 0.0065

Argon gas density (kg/m3) 0.27 at 1803 K
Argon gas viscosity (Pa·s) 8.1 × 10−5 at 1803 K

2.3.2. Boundary Conditions

The inlet of liquid steel and argon is defined as the mass inlet, the value of which
was determined based on the casting speed and gas flow rate, respectively. Table 2 shows
the transformed mass flow rate under different process parameters. A pressure outlet
boundary condition at the bottom of the calculation domain was adopted. The top surfaces
of the mold and tundish were set as the degassing boundary condition, which means that
only the gas phase could escape from it. The no-slip boundary condition was adopted at
the other walls of the calculation domain. Figure 2 shows the schematic of two types of
argon injection modes in the current work, namely the argon injection from the stopper rod
and upper SEN (Case 1) and the argon injection from the stopper rod and tundish upper
nozzle (Case 2).

2.4. Numerical Details

In the current study, the gas–liquid two-phase flow mathematical model was consid-
ered in the continuous casting mold with argon blowing. The model was solved using
ANSYS-FLUENT 18.2 (ANSYS Inc., Pittsburgh, PA, USA). The Euler–Euler model was
applied and the argon bubble was treated as a continuous phase. In order to investigate the
bubble breakage and coalescence behavior, the PBM was adopted, where the bubble size
ranged from 0 mm to 6 mm with 11 size groups [21]. The initial bubble diameter entering
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the calculation domain was 2 mm. The Phase Coupled SIMPLE scheme was utilized for
the pressure–velocity coupling. For high accuracy, the second-order upwind scheme was
adopted for discretizing the momentum, turbulent kinetic energy, turbulent dissipation
rate and bubble size groups. The convergence residual was set to 0.001 for all variables.
The time step was set to 0.001 s and the total calculation time was 100 s.

Table 2. Process parameters in this study.

Parameter Value (SI) Mass Flow Rate (kg/s)

Casting speed 0.7, 0.9, 1.1, 1.3 15.45, 19.87, 24.28, 28.7
Flow rate of argon injection at

the Stopper rod 4 1.189 × 10−4

Flow rate of argon injection at
the SEN 0, 4, 5, 7 0, 1.189 × 10−4, 1.486 × 10−4, 2.08 × 10−4

Flow rate of argon injection at
the TUN 0, 4, 5, 7 0, 1.189 × 10−4, 1.486 × 10−4, 2.08 × 10−4
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3. Modeling Validation

In order to validate the mathematical model, a 1:2 scale water model was estab-
lished based on the similarity principle. Water was circulated through pipes and a
pump to a buffer cuboid to simplify the tundish, and argon gas was injected into the
SEN through the stopper rod and a circumferential inlet chamber which was made from
dispersed mullite porous brick. As the water and argon flow reached a steady state, an
image of bubble distribution was taken by using a high-speed camera. Figure 3 shows
the bubble distribution within the mold at the casting speed of 0.63 m/min and argon
flow rate of 0.638 L/min at the SEN. It can be seen that most of the bubbles floated near
the SEN, especially the large bubbles, while the small bubbles moved along with the
jet flow to the narrow face because of the effect of buoyancy, which is consistent with
the flow characteristics calculated by Zhang [21] and Yang [28]. The bubble diameters
within the mold obtained by the current model are shown in Figure 3b, which indicates
that both the distribution and penetrating depth of argon bubbles agree well with
the experiment.
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4. Results and Discussion
4.1. Effect of Argon Injection Mode and Argon Flow Rate on the Bubble Distribution and
Flow Field

A. Analysis of Bubble Distribution within the Mold
Figure 4 shows the effect of the argon injection mode and argon flow rate on the

bubble size distribution inside the mold under the casting speed of 1.1 m/min. All of the
cases show that bubbles of a large size can float up near the SEN, and the floating region
is far away from the SEN with decreasing bubble size. It can be seen that the bubble size
distribution in the mold of Case 1 is similar to that of Case 2 under the same argon flow rate.
As the bubbles enter the mold, large bubbles with high buoyancy easily float near the SEN
and then escape from the mold’s top surface; the maximum bubble diameter was 4.8 mm.
Meanwhile, through comparison of the argon flow rate (Figure 4a,c), the concentration
of argon bubbles in the upper region of the mold increased with increasing argon flow
rate. The possible reason is that the number of argon bubbles entering the mold increases
with increasing argon flow rate, which can enhance the coalescence rate of bubbles within
the mold.
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Figure 4. Argon bubble size distribution inside the mold under different argon injection modes and
argon flow rates (a) Case 1, 8 L/min; (b) Case 2, 8 L/min; (c) Case 1, 11 L/min; (d) Case 2, 11 L/min.

To further discuss the influence of argon injection mode on bubble distribution,
Figure 5 shows the bubble distribution frequency and average bubble diameter in the
upper recirculation zone (Z > −165 mm) of the mold under the casting speed of 1.1 m/min.
As shown in Figure 5a, most bubbles are concentrated at the size of 1~2 mm for both argon
injection modes, and are over 80%. With the increase in bubble size, the frequency of bubble
distribution decreases, and only 1% of bubbles with the diameter of 4.5~5 mm exist in the
upper region of the mold, which also indicates that as argon bubbles enter the mold, the
breakage phenomena are predominant. In addition, the distribution regularity for both
cases is similar.

Metals 2023, 13, x FOR PEER REVIEW  8  of  19 
 

 

   
(c)  (d) 

Figure 4. Argon bubble size distribution inside the mold under different argon injection modes and 

argon flow rates (a) Case 1, 8 L/min; (b) Case 2, 8 L/min; (c) Case 1, 11 L/min; (d) Case 2, 11 L/min. 

To  further  discuss  the  influence  of  argon  injection mode  on  bubble  distribution, 

Figure 5  shows  the bubble distribution  frequency and average bubble diameter  in  the 

upper recirculation zone (Z > −165 mm) of the mold under the casting speed of 1.1 m/min. 

As shown in Figure 5a, most bubbles are concentrated at the size of 1~2 mm for both argon 

injection modes, and are over 80%. With  the  increase  in bubble  size,  the  frequency of 

bubble distribution decreases, and only 1% of bubbles with the diameter of 4.5~5 mm exist 

in the upper region of the mold, which also indicates that as argon bubbles enter the mold, 

the breakage phenomena are predominant.  In  addition,  the distribution  regularity  for 

both cases is similar. 

The average bubble diameter under different argon injection modes and argon flow 

rates  is  shown  in  Figure  5b.  It  can  be  seen  that  the  bubble  diameter  increases with 

increasing argon flow rate, as the argon flow rate for Case 1 increases from 8 L/min to 11 

L/min; the average bubble diameters increase from 1.75 mm to 1.9 mm, the high argon 

flow  rate  increases  the  number  of  bubbles  entering  the mold,  and  then  increases  the 

probability of bubble coalescence. Meanwhile, another phenomenon can be seen where 

the bubble diameter also changes  insignificantly under different argon  injection modes 

but under the same argon flow rate. 

(a)  (b) 

Figure 5. Argon bubble size distribution in the upper recirculation zone of mold with different argon 

injection modes (a) Bubble distribution frequency; (b) Bubble average diameter. 

Figure 5. Argon bubble size distribution in the upper recirculation zone of mold with different argon
injection modes (a) Bubble distribution frequency; (b) Bubble average diameter.



Metals 2023, 13, 2010 9 of 19

The average bubble diameter under different argon injection modes and argon flow
rates is shown in Figure 5b. It can be seen that the bubble diameter increases with increasing
argon flow rate, as the argon flow rate for Case 1 increases from 8 L/min to 11 L/min;
the average bubble diameters increase from 1.75 mm to 1.9 mm, the high argon flow rate
increases the number of bubbles entering the mold, and then increases the probability
of bubble coalescence. Meanwhile, another phenomenon can be seen where the bubble
diameter also changes insignificantly under different argon injection modes but under the
same argon flow rate.

Figure 6 shows the number density of bubbles inside the mold under different argon
injection modes. The number density of bubbles decreases significantly with increasing
bubble size, indicating that the bubbles mainly break up after entering the mold, because
of the strong shear force of the jet flow. Meanwhile, compared with Case 1, it can be seen
that the number density of bubbles for Case 2 is larger, which illustrates that the number of
bubbles in the mold is greater in Case 2. This may increase the probability of bubbles being
captured by the solidified shell and cause surface defects such as slivers and pencil pipe
defects [29,30].
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Figure 6. The number density of bubbles inside the mold under different argon injection modes.

B. Analysis of Liquid Steel Flow Field in the Mold
In continuous casting, the argon injection can directly influence the flow pattern

within the mold. Figure 7 shows the velocity contour at the center longitudinal plane under
different argon injection modes at the casting speed of 1.1 m/min. Under the condition
of only argon injection at the stopper rod (Figure 7a), the argon flow rate is relatively low
such that the flow pattern is still a classical ‘double-roll’ pattern, and there exists a small
part of upward flow near the SEN. Under the condition of argon injection at the SEN
and TUN (Figure 7b,c) in combination with the argon injection mode, the flow pattern
within the mold changes significantly, especially in the upper region of the mold; the
upper recirculation flow disappears and the flow pattern changes to complex flow, and the
floating bubbles carry the liquid steel to move upward to the top surface. The flow pattern
is similar under the different argon injection modes which results from the similar bubble
distribution and bubble diameter (Figure 5).
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Figure 7. Flow field distribution of liquid steel in mold with different argon injection modes (a) Only
the stopper rod injection, 4 L/min; (b) Case 1, 8 L/min; (c) Case 2, 8 L/min.

Figure 8 shows the effect of the argon injection mode on the velocity distribution of
liquid steel at the centerline of the mold’s top surface under the casting speed of 1.1 m/min.
When there is only stopper rod injection under the argon flow rate of 4 L/min, the velocity
peak is at 1/4 of the width of the mold, and the maximum velocity is 0.3 m/s. With
an increase in the argon flow rate, the speed increases near the SEN since the effect of
bubbles on the jets becomes weak, and it decreases at a quarter of the mold’s width. When
the argon flow rate is 11 L/min, the velocity peak is near the SEN and the maximum
velocity exceeds 0.1 m/s, which illustrates that the change of flow pattern has a significant
effect on the velocities of the top surface in the mold. In addition, both cases have similar
velocity distributions.
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Figure 8. Velocity at the centerline of mold’s top surface under different argon injection modes.

C. Analysis of Level Fluctuation at the Steel–Slag Interface
Flow across the top face can influence the surface-level profile and its fluctuations.

In order to evaluate the level fluctuation at the steel–slag interface, the level height is
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calculated by converting the surface pressure distribution according to the simplified
potential energy balance [31], which is described as follows:

H =
P− Pmean(

ρsteel − ρslag

)
g

(12)

where P is the pressure at the top surface, Pa, Pmean is the average pressure across the entire
top surface, Pa, and ρsteel and ρslag are the density of liquid steel and slag, kg/m3.

Figure 9 shows the profile of level fluctuation under different argon injection modes at
the casting speed of 1.1 m/min. As shown in Figure 9a, with only stopper rod injection
and an argon flow rate of 4 L/min, the large level fluctuation mainly occurs at the narrow
face and near the SEN owing to the effect of jet flow and upward flow caused by argon
bubbles. Under the condition of combined argon injection modes with argon flow rates of
8 L/min (Figure 9b,c), the level fluctuation near the SEN increases obviously, and the level
fluctuation at the narrow surface decreases. Meanwhile, the level fluctuation is similar
under different argon injection modes for the same argon flow rate.

Metals 2023, 13, x FOR PEER REVIEW  11  of  19 
 

 

where  P   is the pressure at the top surface, Pa,  meanP   is the average pressure across the 

entire top surface, Pa, and  steel   and  slag are the density of liquid steel and slag, kg/m3. 

Figure 9 shows the profile of level fluctuation under different argon injection modes 

at the casting speed of 1.1 m/min. As shown in Figure 9a, with only stopper rod injection 

and an argon flow rate of 4 L/min, the large level fluctuation mainly occurs at the narrow 

face and near the SEN owing to the effect of jet flow and upward flow caused by argon 

bubbles. Under the condition of combined argon injection modes with argon flow rates of 

8 L/min (Figure 9b,c), the level fluctuation near the SEN increases obviously, and the level 

fluctuation at  the narrow surface decreases. Meanwhile,  the  level fluctuation  is similar 

under different argon injection modes for the same argon flow rate. 

 
(a) 

   
(b)  (c) 

Figure 9. Level fluctuation at the top surface of mold under different argon  injection modes and 

argon flow rates (a) Only the stopper rod injection, 4 L/min; (b) Case 1, 8 L/min; (c) Case 2, 8 L/min. 

Figure 10 shows  the  level height at  the centerline of  the mold’s  top surface under 

different injection modes. It can be seen that by applying combined argon injection, the 

level fluctuation near the narrow face decreases significantly, while the level height near 

the SEN increases. The value is greater than 7 mm near the SEN, which may increase the 

risk of slag entrapment and the formation of slag eye. Furthermore, the level fluctuation 

changes  insignificantly  under  the  different  argon  injection modes  due  to  the  similar 

bubble size and velocity of liquid steel. 

Figure 9. Level fluctuation at the top surface of mold under different argon injection modes and
argon flow rates (a) Only the stopper rod injection, 4 L/min; (b) Case 1, 8 L/min; (c) Case 2, 8 L/min.

Figure 10 shows the level height at the centerline of the mold’s top surface under
different injection modes. It can be seen that by applying combined argon injection, the
level fluctuation near the narrow face decreases significantly, while the level height near
the SEN increases. The value is greater than 7 mm near the SEN, which may increase the
risk of slag entrapment and the formation of slag eye. Furthermore, the level fluctuation
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changes insignificantly under the different argon injection modes due to the similar bubble
size and velocity of liquid steel.
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Figure 10. Level fluctuation at the centerline of mold’s top surface under different argon
injection modes.

From Figures 4–10, under the condition of the same casting speed and argon flow rate,
the different argon injection modes have similar bubble distributions, flow patterns of liquid
steel and level fluctuations at the steel–slag interface. However, the number of bubbles
in Case 1 is less than that of Case 2, which could reduce the probability of entrapping by
solidified shell. Thus, the argon injection Case 1 was applied in the subsequent analysis.

4.2. Effect of Casting Speed on the Bubble Distribution and Flow Field

A. Analysis of Bubble Distribution in the Mold
Figure 11 shows the bubble size distribution inside the mold under different casting

speeds with an 8 L/min argon flow rate. It can be seen that the bubble size decreases
with increasing casting speed, which illustrates that the breakup rate of argon bubbles
increases with increasing casting speed. When the casting speed is 0.7 m/min (Figure 11a),
the kinetic energy of the liquid steel is insufficient to break up the large bubbles. When the
casting speed exceeds 1.1 m/min (Figure 11c,d), the strong turbulence energy and shear
force of the jet flow make the large bubbles break up, and the smaller bubbles can move
with the jet flow to the deep mold cavity at the higher casting speed.
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Figure 11. Argon bubble size distribution inside the mold under different casting speeds (a) 0.7 m/min;
(b) 0.9 m/min; (c) 1.1 m/min; (d) 1.3 m/min.

In order to analyze the bubble behavior quantificationally, Figure 12 shows the bubble
distribution frequency and average bubble diameter under different casting speeds. It can
be seen that for a low casting speed, bubbles mainly concentrate at the size of 2~3 mm.
Owing to the small turbulence energy and shear force, bubbles easily aggregate with the
mold (initial bubble diameter: 2 mm). With the increase in casting speed, the ratio of small
bubble diameter increases, and the bubble size in the range of 1~2 mm increases to 83% as
the casting speed increases to 1.3 m/min. The breakage behavior is predominant under a
high casting speed, and the corresponding average bubble diameter is shown in Figure 12b.
The bubble diameter decreases with the increase in casting speed, as a large casting speed
increases the probability of bubble breakup, and causes a decrease in bubble diameter
within the mold. As the casting speed changes to 1.3 m/min, the average bubble diameter
decreases to 1.73 mm.
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Figure 12. Argon bubble size distribution in the upper recirculation zone of mold with different
casting speeds (a) Bubble distribution frequency; (b) Bubble average diameter.

Figure 13 shows the number density of bubbles inside the mold under different casting
speeds. The number density of bubbles increases with increasing casting speed under the
bubble diameter of 0.6~1.2 mm, indicating that the number of small bubbles increases with
an increase in the casting speed since the strong kinetic energy of liquid steel leads to the
larger breakup rate of bubbles. The number density of bubbles decreases with increasing
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casting speed for 3.6~5.4 mm bubbles, which illustrates that a high casting speed promotes
the breakup of large bubbles.
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Figure 13. The number density of bubbles inside the mold under different casting speeds.

B. Analysis of Liquid Steel Flow Field in the Mold
Figure 14 shows the velocity contour at the center longitudinal plane under different

casting speeds under the argon flow rate of 8 L/min. In Figure 14a, when the casting speed
is 0.7 m/min, most of the stream moves up toward the top surface after leaving the port of
the SEN due to the buoyancy of argon bubbles, which illustrates that the flow pattern is
single-roll flow. The main reason is that the kinetic energy of the liquid steel is weak and is
insufficient to break up large bubbles, while the large bubbles have a great effect on the jet
flow. As the casting speed increases, the jet flow velocity is obviously enhanced, and the
large bubbles break up into smaller ones. When the casting speed exceeds 1.1 m/min as
shown in Figure 14c,d, the upper recirculation flow appears, and the flow pattern becomes
closer to that of the double-roll flow.
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Figure 14. Flow field distribution of liquid steel in mold under different casting speeds (a) 0.7 m/min
(b) 0.9 m/min (c) 1.1 m/min (d) 1.3 m/min.

Figure 15 shows the effect of casting speed on the velocity distribution of liquid steel
at the centerline of the mold’s top surface under the argon flow rate of 8 L/min. When the
casting speed is 0.7 m/min, the flow pattern is single-roll flow, the velocity peak is near the
SEN, and the value exceeds 0.11 m/s. With an increase in the casting speed, the flow in the
upper recirculation zone is intensified, and the flow pattern of liquid steel transforms to
double-roll flow. When the casting speed exceeds 1.1 m/min, the velocity peak is near the
1/4 width of the mold, and the maximum speed exceeds 0.23 m/s with the casting speed
of 1.3 m/min, which illustrates that the casting speed can remarkably strengthen the flow
at the top surface of the mold.
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Figure 15. Velocity at the centerline of mold’s top surface under different casting speeds.

C. Analysis of Level Fluctuation at the Steel–Slag Interface
Figure 16 shows the profile of level fluctuation under different casting speeds under

the argon flow rate of 8 L/min. When the casting is 0.7 m/min with the flow pattern of
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single-roll flow, as shown in Figure 16a, the level near the SEN is obviously large, and
other areas are relatively flat. The main reason is that the number of large bubbles is
greater, and most of the liquid steel moves toward the top surface near the SEN due to the
effect of the buoyancy of large bubbles under low casting speed. When the casting speed
is 1.1 and 1.3 m/min (Figure 16c,d), the increase in casting speed strengthens the upper
recirculation flow, and the effect of bubble buoyancy on jet flow becomes weak, leading
to the level fluctuation near the SEN decreasing and the level fluctuation at the narrow
surface increasing.
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Figure 16. Level fluctuation at the mold’s top surface under different casting speeds (a) 0.7 m/min
(b) 0.9 m/min (c) 1.1 m/min (d) 1.3 m/min.

Figure 17 illustrates the level height at the centerline of the mold’s top surface under
different casting speeds with the argon flow rate of 8 L/min. When the casting speed is
0.7 m/min and 0.9 m/min, the top surface level gradually decreases from the SEN to the
narrow surface. The liquid level fluctuation near the SEN exceeds 8 mm at the casting
speed of 0.7 m/min, which may cause the liquid slag to be entrapped in the liquid steel
in the area of the SEN. When the casting speed increases to 1.1 m/min and 1.3 m/min,
the liquid level decreases first then increases from the SEN to the narrow surface. The
main reason is that the flow pattern tends to be transformed into double-roll flow and
the increase in the casting speed intensifies the impact of the upper recirculation flow on
the meniscus.
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Figure 17. Level fluctuation at the centerline of mold’s top surface under different casting speeds.

5. Conclusions

In this work, a three-dimensional mathematical model is established to investigate the
liquid steel flow, bubble distribution characteristic under different argon injection modes,
argon flow rates and casting speeds in a slab mold. The main conclusions are summarized
as follows:

(1) The numerical simulation results show that large bubbles float near the SEN and small
bubbles move along with the jet flow to the narrow face. This is consistent with the
results of the water model experiment.

(2) Under the condition with the same casting speed and argon flow rate, the different
argon injection modes have similar bubble distributions, flow patterns of liquid steel
and level fluctuations at the steel–slag interface. However, the coalescence rate of
bubbles is higher and the number of bubbles is greater under argon injection from the
stopper rod and tundish upper nozzle, which make the bubbles easy to be captured
by the solidified shell.

(3) The increase in argon flow rate enhances the bubble coalescence rate and the velocity
near the nozzle. When the argon flow rate exceeds 4 L/min, the flow pattern of liquid
steel changes from double-roll flow to complex flow at the casting speed of 1.1 m/min,
aggravating the level fluctuation of the top surface near the SEN.

(4) The speed of the liquid steel at the 1/4 width at the top surface of the mold and the
breakup rate of bubbles inside the mold increase with increasing casting speed. A
high casting speed is conducive to the formation of double-roll flow, and the liquid
level at the narrow face of the top surface increases.
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