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Abstract: Steel is mainly produced through continuous casting; molten steel flows into the mold from
the tundish, where it cools and then enters the secondary cooling zone, ultimately solidifying into a
billet. During the continuous casting production process, the quality of the casting billet is mainly
related to the lubrication state of the coated slag. In the upper part of the mold, the consumption of
liquid protective slag directly affects the friction state of the initial solidified billet shell. Therefore,
the flow and fluctuation characteristics of coated slag in the meniscus area are very important. There
is limited research on the flow and fluctuation characteristics of coated slag in the meniscus area, and
little consideration has been given to the shape of the meniscus. In this work, a two-dimensional
numerical model for the flow and fluctuation of coated slag in the meniscus region was established,
and the transient flow velocity of protective slag and molten steel at each moment of the vibration
cycle was obtained, as well as the fluctuation of the slag/steel interface in the meniscus region. The
results show that when the surface mold vibrated upwards, the protective slag in the meniscus area
flowed clockwise. When the mold moved downwards, the protective slag in the slag pool generated
a counterclockwise flow vortex. When the mold was in a positive slip state, the negative pressure
formed by the upward flow of the protective slag on the meniscus and the inertia force of steel liquid
pushed the meniscus toward the inner wall of the mold. During negative slip, the flow of coated slag
generated positive pressure on the slag/steel interface, pushing the meniscus toward the steel liquid,
and at the initial moment of negative slip, the steel liquid overflowed into the slag channel. This
model could provide a theoretical basis for the flow control of protective slag.

Keywords: slag; continuous casting; meniscus; flow

1. Introduction

Continuous casting is an efficient means of steel production, and improving the yield
of continuous casting billets is always the most crucial factor in the production process.
The yield and defect of the casting billet at the meniscus of the continuous casting mold are
closely related to the flow behavior of the initial solidified billet shell and the protective
slag of molten steel in the meniscus region. Protective slag can improve the lubrication of
the casting billet, reduce friction, reduce drawing resistance, and prevent bonding steel
leakage. At the same time, it can control the heat exchange between the casting billet and
the mold, improve the uniformity of heat transfer and improve the quality of the casting
billet. The shape of the meniscus is mainly influenced by factors such as the interfacial
tension between molten steel and the protective slag, the static pressure of molten steel,
and the pressure generated by the flow of coated slag. The liquid protective slag above the
meniscus area continuously flows into the gaps between the continuous casting of the shell
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and the mold wall due to the vibration and capillary phenomenon of the mold, forming
a slag film and providing a lubrication effect. During this cycle, the inflow of protective
slag is influenced by continuous casting process parameters. At the same time, the shape of
the slag circle in the meniscus area also affects the inflow of protective slag. In continuous
casting production, it is necessary to control the composition, physical parameters, and
heat transfer performance of protective slag to control the formation and growth of the slag
ring [1–7].

A large number of academicians have conducted studies on the heat exchange and
flow of protective slag. Suzuki et al. [8] investigated the influence of sulfur in slag on the
dynamic change in the liquid steel/slag interfacial tension; it should be noted that sulfur
first existed in the coated slag but not in the molten steel. They calculated the apparent
contact angle at the air/slag/steel triple interface using the floating lens method, which
was affected by the balances among the surface tension of steel, the surface tension of
slag and the interfacial tension between steel and slag in both horizontal and longitudinal
directions. Yu et al. [9] developed a new type of the coated slag. The melting point and
basicity of the slag was low. Three types of molten slags that were sampled after 8 min and
15 min were researched, and the chemical components of the coated slag composition and
the performance of coated slag were calculated. According to the continuous casting test,
the quality of the billet was good, without surface defects such as longitudinal face cracks
and depression. The percentage composition of aluminum oxide in the coated slag pool
increased with time in the initial phase and reached a state of balance after about 10 min.
Meng et al. [10] built a 3D numerical model based on the finite-difference method; they
considered the heat exchange between the mold and the billet. Stress and distortion were
also calculated. The models were proved to be correct by comparing numerical models
with the real data obtained from the steel plant. Considering the mechanical characteristics
and time–temperature-transformation diagrams, the models were applied to study the
effect of the casting speed and mold–powder viscosity properties on the slag-layer behavior
between the oscillating mold wall and the solidifying steel shell. Yu et al. [11] conducted
friction tests using a friction tester; therefore, the friction coefficient of crystalline slag and
glassy slag could be obtained at different temperatures. A new type of oil was proposed
to simulate the lubricated performance of liquid flux. These results show that during an
increase in temperature from 25 degrees, the friction coefficient of slag increased because
of surface softening. The surface sintering would apparently lower the friction coefficient
of crystalline slag at a temperature of around eight hundred degrees. Solhed et al. [12]
proposed a mathematical model for the tundish to reflect physical characteristics when
molten steel was mixed with coated slag. Based on the calculated results, it was found that
a circulation flowing in the entrance area was responsible for both the entrainment of steel
drops into the slag and slag fragments into the steel. The highest concentration of slag in
the steel was located at the region near the entrance, where flux debris dimensions were
smaller because of a high degree of turbulent energy dissipation. Vdovin et al. [13] focused
on the melting temperature of coated slag; they developed a new method to measure data
at different temperatures. They showed the main items that affected experimental data
through the differential scanning calorimetry method and operating conditions for these
tests aimed at determining the liquefaction, melting, and slag spreading temperature.

Although scholars have conducted extensive research on protective slag, they mainly
studied the heat exchange of coated slag. There has been limited research on the flow
state of coated slag in the meniscus area, and little consideration has been given to the
shape of the meniscus. This article establishes a two-dimensional numerical model for
the flow of protective slag in the meniscus region and obtains the transient flow velocity
of protective slag and molten steel at each moment of a vibration cycle, as well as the
fluctuation of the slag/steel interface in the meniscus region. The calculation method and
model proposed in this article could provide a theoretical basis and technical support for
continuous casting production.
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2. Model

The model consisted of a mold copper plate, protective slag, steel liquid, and an
initially solidified billet shell. The calculation area of this article was taken at 45 mm above
and below the top of the meniscus, and the distance from the mold to it was 20 mm, as
shown in Figure 1. The VOF (Volume of Fluids) was used to track the wave of the liquid
steel/slag interface around the meniscus region. Through calculating the Navier–Stokes
formula for this model, the transient flow of protective slag in the meniscus region was
simulated and calculated.
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2.1. Governing Equation
2.1.1. VOF Equation

Due to the immiscibility of protective slag and molten steel, the VOF model was
selected to solve the interface problem between the two phases. In any control unit, the
sum of the volume fraction of molten steel αst and molten slag αsl is one. Therefore, there
were three possibilities within this unit.

(1) αsl = 1. The unit is filled with liquid slag, and there is no steel liquid present.
(2) 0 < αsl < 1. The unit is a two-phase mixing zone.
(3) αsl = 0. The unit is filled with molten steel without any slag.

The tracing of the interface between these two phases was obtained by calculating the
continuity equation for the volume fraction of a single phase. For protective slag αsl , the
equation is as follows [14]:

∂αsl
∂t

+
→
v∇αsl = 0 (1)

Here,
→
v is the velocity component, m/s. The calculation of the volume fraction of

protective slag αsl is based on the following constraints:

αsl + αst = 1 (2)
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The density and viscosity of the fluid within the control unit are functions of the
volume fraction, as shown in the following equation:

ρm = αslρsl + αstρst (3)

µm = αslµsl + αstµst (4)

Here, ρsl and ρst are the density of protective slag and molten steel, respectively,
Kg/m3. µsl and µst are the viscosity of protective slag and molten steel, respectively, Pa·s.

2.1.2. Continuity Equation

The continuity equation is the specific expression of the law for the conservation of
mass in fluid mechanics [15].

∂αsl
∂t

+
→
v∇αsl = 0

∂ρm

∂t
+∇·(ρm

→
v ) = 0 (5)

Here,
→
v is a function of the volume fraction and density of each phase:

→
v =

αslρsl
→
vsl + αstρst

→
vst

ρm
(6)

2.1.3. Momentum Equation

The momentum equation is a specific application of the momentum theorem in fluid
mechanics, where the magnitude of the external force acting on an object is equal to the
rate of change in the momentum of the object and the direction of force action [16].

∂

∂t

(
ρm
→
v
)
+∇·

(
ρm
→
v
→
v
)
= −∇p +∇·

(
µm∇

→
v
)
+ ρmg + Fσ (7)

Here, g represents the gravitational acceleration, m/s2. Fσ represents the power source
term; it is a function of the interfacial tension between these two phases and the average
density within the unit.

2.1.4. Turbulence Model

The flow model of protective slag needs to fully consider the impact of the mold
vibration on the flow of protective slag, which requires high wall conditions. Therefore, the
shear stress SST (Shear Stress Transmission) k-ω model was chosen.

The calculation equations for the turbulent pulsation kinetic energy k and the dissipa-
tion rate ω of turbulent pulsation kinetic energy are as follows [17]:

∂

∂t
(ρmk) +∇·

(
ρmk

→
v
)
= ∇·[Γk∇k]− β*ρωk +

∼
Gk (8)

∂

∂t
(ρmω) +∇·

(
ρmωϑ

→
v
)
= ∇·[Γω ]− βρmω2 +

α

vt

∼
Gk + 2(1− F1)ρσω2

1
ω

∂k
∂xji

∂ω

xj
(9)

Here,
∼
Gk is the generation coefficient of turbulent kinetic energy caused by the average

velocity gradient. Γk and Γω are the effective diffusion terms:

G̃k = min

{[
µt

2

(
∂vi
∂xj

+
∂vj

∂xi

)]
, 10ρmβ*kω

}
(10)

Γk = µm + µtσk (11)
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Γω = µm + µtσω (12)

Here, σk and σω are the turbulent Prandtl numbers. µt is the turbulent viscosity
coefficient.

σk =
1

F1/σk1 + (1− F1)/σk2
(13)

σω =
1

F1/σω1 + (1− F1)/σω2
(14)

µt =
ρmk
ω
· 1

max
(

1
α* , SF2

a1ω

) (15)

vt =
µt

ρm
(16)

Here, S is the surface tension coefficient:

S =

√√√√1
2

(
∂vi
∂xi

+
∂vj

∂xj

)
(17)

where F1 and F2 are the blending functions:

F1 = tanh

{
min

[
max

( √
k

0.09ωy
,

500µm

ρmy2ω

)
,

4ρmk
σa12D+

a y2

]}4

(18)

F2 = tanh

{
max

[
2

√
k

0.09ωy
,

500µm

ρmy2ω

]}2

(19)

where y is the distance to the nearby surface, D+
ω is the positive direction of the orthogonal

divergence term:

D+
ω = max

[
2ρm

1
σω2

1
ω

∂k
∂xj

∂ω

∂xj
, 10−10

]
(20)

2.1.5. Meniscus Contour Equation

The initial steady-state interface between the liquid slag and molten steel is given by
the Bikerman equation [18]:

x = −
√

2a2 − y2 +

√
2a2

2
ln

(√
2a2 +

√
2a2 − y2

y

)
+ 0.377a (21)

a2 =
2σ

g(ρst − ρsl)
(22)

Here, x is the horizontal distance from the contact point of these two phases in the
horizontal direction. y is the vertical distance from the highest point of the two adjacent
contact surfaces. σ is the interfacial tension. g is the gravitational acceleration. ρst is the
density of molten steel. ρsl is the density of liquid slag.

2.2. Assumptions

(1) The flowing steel and coated slag have a characteristic incompressibility, and they are
steady-state flows.

(2) The natural convection caused by density is ignored.
(3) The calculation region of the model is small, while the thickness of the slag film and

the initial shell remain unchanged.
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(4) The flow of molten steel in the meniscus area is mainly influenced by the casting
speed and the flow of protective slag.

(5) The gap between the casting billet and the mold is full of liquid slag; the flow velocity
of liquid slag perpendicular to the drawing direction is ignored.

2.3. Boundary Condition

(1) Upper surface of protective slag: a pressure inlet boundary with a pressure value
of 1 atm.

(2) Gap outlet: a pressure outlet boundary with a pressure value of 1 atm.
(3) Mold wall: sinusoidal vibration.
(4) Initial solidification shell: moves at the casting speed.
(5) Right boundary of the model: no-slip boundary, with an isotropic velocity of 0; it is

set as a symmetric boundary.

The calculated parameters are listed in Table 1.

Table 1. The parameters of the model.

Item Value Unit

Density of steel 7000 kg/m3

Viscosity of steel 0.0063 Pa·s
Density of liquid slag 2500 kg/m3

Viscosity of liquid slag 1.1 Pa·s
Frequency 2.5 Hz
Amplitude 3.18 mm

Interfacial tension 1.3 N/m

2.4. Calculation Method

The transient flow process of protective slag and molten steel can be calculated in
two steps:

Step 1: Regardless of the movement of the mold and initial shell, the Bikerman
equation is used to determine the initial interface between the protective slag and the
molten steel, and the VOF model is selected to tail the movement of the steel/slag interface
until it reaches a stable state.

Step 2: With the vibration of the mold and the downward movement of the initial
solidification shell, the periodic flow of the protective slag is calculated; only a few vibration
cycles are needed to perform the calculation.

3. Results and Discussion
3.1. Transient Flow Characteristics of Protective Slag during A Vibration Cycle

Corresponding velocities were applied to the mold wall and initial solidification shell
to obtain the velocity vector maps for the transient flow of protective slag and molten steel
at various times during a vibration cycle. Figure 2 shows the velocity and displacement
curves of the mold, including vibration velocity, displacement, and pulling velocity. When
t = 0 s, the mold was in an equilibrium position and moved upward at a maximum speed.
When t = T/4 (0.100 s), the mold reached its highest position, and from this moment on, the
mold began to move downward. When the downward vibration speed of the mold was
greater than the pulling speed, it entered a negative slip state. The duration of the negative
slip was 0.126–0.274 s while it was in a positive slip state at other times. The positive and
negative slip parameters had a significant impact on the flow gap of protective slag, the
consumption of protective slag and the formation of vibration marks. The following mainly
discusses the flow pattern of protective slag and the influencing factors of protective slag
consumption considering three aspects: the transient flow of protective slag in the meniscus
area, the inflow and outflow status of protective slag in the slag channel, and the influence
of vibration parameters on the consumption of protective slag. The calculation results in
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this article are consistent with those of Ramirez-Lopez et al. [19], Meng et al. [20] and Zhu
et al. [21].
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Figure 3a–h show the velocity vector diagram of the transient flow of protective slag
in the meniscus area during a vibration cycle. The red arrow represents the protective slag,
and the blue arrow represents molten steel. The characteristics of the flow of protective
slag and molten steel at different times within a vibration cycle were analyzed as follows:
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Figure 3. Velocity vectors of liquid slag in the meniscus domain during one oscillation cycle.

(a) At the initial moment of periodic vibration t = 0 s, due to the upward vibration
of the mold at its maximum speed, the relative movement speed between the mold and
the casting billet reached its maximum value, and the protective slag in the meniscus
area formed a clockwise flow vortex. At the same time, under the action of the upward
movement of the mold, some protective slag flowed out of the gap in the slag channel.

(b) When t = T/4 (0.100 s), the mold reaches its highest position with a speed of 0. The
protective slag in the gap between the mold wall and the billet underwent backflow. As the
upward vibration speed of the mold decreased, the relative velocity between the casting
billet and the mold decreased. The meniscus of protective slag flowed into the slag channel,
and some protective slag flowed into the slag channel with the downward movement of
the casting billet.

(c) At the initial moment of negative slip, t = 0.126 s, the mold vibrated downward. At
the entrance to the slag channel, the flow of protective slag was divided into two streams.
One stream generated a counterclockwise flow vortex, and the other stream flowed directly
into the gap between the mold and the initial shell near the mold wall. It can be seen that



Coatings 2023, 13, 1678 9 of 12

when the downward movement speed of the mold was greater than the pulling speed due
to the suction effect, the protective slag continued to flow into the gap.

(d) At T/2 (0.200 s), the mold returned to the equilibrium position and the downward
vibration speed reached its maximum value. The downward vibration speed of the mold
continuously increased, driving more protective slag to flow into the gap. It is beneficial to
increase the flow rate of protective slag in the slag channel and increase the consumption
of protective slag.

(e) At t = 0.274 s, the negative slip state ended and the protective slag continued to
flow into the slag channel. Afterward, the speed at which the billet moved downward was
greater than the downward vibration speed of the mold.

(f) At the moment of t = 3T/4, the mold reached its lowest point with a velocity of
0, and the protective slag in the meniscus area continued to flow counterclockwise due
to inertia.

(g,h) The mold continued to move upward, causing the meniscus protective slag to
generate a clockwise flow vortex, driving the protective slag to flow out of the gap. Within
each vibration cycle, the flow state of the protective slag was consistent.

During each vibration cycle, the flow state of the protective slag alternated and re-
peated continuously.

Based on the above analysis, the flow state of protective slag was mainly influenced
by the vibration law of the mold and the casting speed. When the mold vibrates upward, it
drives the protective slag in the meniscus area to flow clockwise; however, when the mold
vibrates downward, the protective slag in the calculation area flows counterclockwise. In
the early stage of the positive slip and the final stage of the next positive slip, the protective
slag in the slag channel generated reflux, which was not conducive to the consumption of
protective slag. During the negative slip period, driven by the downward movement of the
mold, protective slag continuously flowed into the slag channel.

3.2. Periodic Fluctuation Characteristics of the Meniscus

The slag/steel interface fluctuated with the flow of protective slag and steel liquid.
When the volume fraction of protective slag was 0.5, it was considered as the slag/steel
interface. The fluctuation of the meniscus during a vibration cycle is shown in Figure 4a–h.
When the liquid slag flowed toward the slag/steel interface, positive pressure was gen-
erated on the interface; however, when the liquid slag moved away from the interface,
negative pressure was generated on the interface.

(a,b) During the positive slip period, the protective slag in the meniscus area generated
a clockwise flow vortex, and the negative pressure formed by the upward flow of the
protective slag on the meniscus and the inertia force of steel continuously pulled the
meniscus toward the inner wall of the mold.

(c) At t = 0.126 s, it was the beginning stage of negative slip, where steel liquid
overflowed into the slag channel, and the inertia force of the steel flow continued to push
the meniscus closer to the mold wall.

(d,e) The downward vibration speed of the mold was greater than the pulling speed,
and the downward flow of the protective slag increased the positive pressure on the
meniscus. The meniscus was pushed toward the steel liquid due to the positive pressure
formed by the flow of the protective slag, and this stage continued until the end of the
negative slip state.

(f) At the moment of 3T/4, the mold reached its highest position with a speed of 0.
At this point, the flow of protective slag at the meniscus decreased with the decrease in
mold vibration speed. Under the action of protective slag flow and molten steel flow, the
meniscus approached the direction of the mold wall again.

(g,h) The mold vibrated from the lowest point upward, with a continuous increase in
velocity. The protective slag in the meniscus area flowed clockwise, and the flow velocity
increased with an increase in the mold vibration velocity, generating negative pressure on
the meniscus and driving it continuously toward the inner wall of the mold.
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Figure 4. The behavior of the meniscus motion during one oscillation cycle.

The alternating flow vortices of protective slag during a vibration cycle exhibited
a periodic change in positive/negative pressure on the meniscus. When in a positive
slip state, the negative pressure, formed by the upward flow of the protective slag on
the meniscus and the inertia force of the steel liquid, pushed the meniscus toward the
inner wall of the mold. During the negative slip period, the flowing coated slag generated
positive pressure on the slag–steel interface, pushing the meniscus toward the flowing steel.
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The seasonal fluctuation behavior of the meniscus was the root cause of the formation of
vibration marks and solidification hooks on the seeming of the casting slab.

4. Conclusions

By calculating a two-dimensional numerical model for the flow and fluctuation of
coated slag in the meniscus region, the transient flow velocity of protective slag and molten
steel at each moment of the vibration cycle, as well as the wave of the slag/steel interface
in the meniscus region, were obtained. The specific conclusions are as follows:

(1) When the mold vibrated upward, the protective slag in the meniscus area flowed
clockwise. When the mold moved downward, the protective slag in the slag pool
generated a counterclockwise flow vortex.

(2) At t = 0 s, the mold was in an equilibrium position and moved upwards at maximum
speed. When t = T/4 (0.100 s), the mold reached its highest position, and from this
moment on, the mold began to move downward. The duration of the negative slip
was 0.126–0.274 s, while it exhibited a positive slip state at other times. The positive
and negative slip parameters had a significant impact on the flow gap of protective
slag, the consumption of protective slag and the formation of vibration marks.

(3) When the mold was in a positive slip state, the negative pressure formed by the
upward flow of the protective slag on the meniscus and the inertia force of the steel
liquid pushed the meniscus toward the inner wall of the mold. During negative slip,
the flow of protective slag generated a positive pressure on the slag/steel interface,
pushing the meniscus toward the molten steel, and at the initial moment of negative
slip, molten steel overflowed into the slag channel.

(4) When the liquid slag flowed toward the slag/steel interface, positive pressure was
generated on the interface; when the liquid slag moved away from the interface,
negative pressure was generated on the interface.
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have read and agreed to the published version of the manuscript.
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Nomenclature

Item Explanation
αst volume fraction of molten steel
αsl volume fraction of molten slag
→
v velocity component
t time
ρ density
µ viscosity
k turbulent pulsation kinetic energy
∼
Gk generation coefficients
Γk effective diffusion term
σ turbulent Prandtl numbers
S surface tension coefficient
F blending functions
D+

ω positive direction of the orthogonal divergence term
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