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Abstract: During continuous casting, coated slag is applied to molten steel to enhance heat transfer
and lubrication. In this study, a numerical calculation model was built to reveal the flowing charac-
teristic of slag according to the fundamental principles of heat transfer and viscous fluid mechanics.
The flow and heat transfer behaviour of protective slag on the surface of molten steel and the flow
velocity of liquid slag in slag channel gaps were calculated and analyzed. The streaming and thermal
conduction situation of slag on the surface of molten steel, as well as the flow velocity of liquid flux
in the slag passage gap, were calculated and analyzed. The results showed that as the thickness of
the liquidus slag film increased from 10 to 12 mm, the thermal flux density at the top of the flux film
layer decreased from 0.1059 to 0.0882 MW /m?. The heat flux density increased rapidly within 0.1 m
of the narrow side of the mould, reaching a peak value of 2.27 MW/ m?. As the viscosity temperature
factor of the flux increased from 0.45 to 2.05, the maximum floating speed of the liquid film from the
water inlet to the narrow side in the centre district of the mould decreased from 0.0316 to 0.028 m/s,
representing a reduction of approximately 11.4%. This study can provide a reference for the design
and improvement of protective slag.

Keywords: slag; continuous casting; flow

1. Introduction

Protective slag is a crucial auxiliary material in continuous casting production. It
covers the molten steel and is composed of three components: base material, solvent, and
carbonaceous material. During the production process, the protection of molten steel from
the intermediate ladle to the mould is ensured by the continuous addition of immersion
nozzles and flux. The distribution of flux directly affects the friction and thermal diffusion
of the cast billet. During production, it is essential that the liquid film supply above
the molten steel’s appearance is adequate to ensure continuous and uniform flow into
the slag passage gap between the mould and the slab. Insufficient slag distribution can
lead to increased friction between the casting billet and the mould, unstable heat transfer,
and various surface defects on the casting billet. It is necessary to have a comprehensive
understanding of the thermal and flow characteristics of protective slag [1-10].

Many researchers have conducted research on protective slag. Delhalle et al. devel-
oped a one-dimensional unsteady numerical model to reveal the thermal behaviour of
protective slag. They investigated the effects of melting temperature, consumption, and
the effective heat conductivity of liquid slag on the thickness of the slag layer [11]. Yang
et al. built a mathematical model for the heat transfer of protective slag in round castings.
They calculated the thermal field across the protective slag, casting billet, and mould and
analyzed the influence of the casting process and the thermal properties of protective
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slag on the temperature distribution of the slag above the meniscus. The calculation re-
sults were visualized and displayed using the VC platform and OpenGL technology [12].
Ramirez-Lopez et al. employed the computational fluid dynamics software FLUENT 16.0
to develop a 2D model that describes the stream and thermal characteristics of molten steel
and protective flux. They calculated the relationship between the thickness of the liquidus
and solidus films in the gap between the mould and the casting billet over time. They
simultaneously analyzed the instantaneous flowing of liquid flux near the meniscus district
and the periodic variation of shell pressure during a vibration cycle. The results revealed
that flux consumption was primarily dependent on the thickness of the liquidus flux film,
with the slag consumption process predominantly occurring within the negative slip time
range. However, the model was relatively complex, with a simulation calculation time
of up to 120 h for a single vibration cycle [13,14]. Toshiyuki et al. developed a simplified
experimental simulation device, using silicone oil in place of flux to replicate the behaviour
of flux flowing into the channel under the influence of mould vibration and pulling speed.
They observed that the flux consumption mainly occurred during the late stage of the
plus sliding state and within the range of negative sliding time. The researchers also
investigated the relationship between slag consumption and variation in pulling velocity,
shake frequency, and the viscosity of the flux [15,16]. Jin et al. added lithium dioxide to
the protective slag in order to avoid the longitudinal cracks and defects. The industrial
trial showed that the longitudinal cracks were decreased by using this protective slag [17].
Yang et al. built a fluent model which considered four-phase flow during the continuous
casting process. The performance of bubbles caused by the injected argon was investigated
using the Lagrangian algorithm. The detailed results of bubble distribution, flow field, and
meniscus fluctuation were exhibited [18].

However, most studies have treated the density of the protective slag as constant,
without considering the impact of liquid slag convection. Consequently, the understanding
of the flow characteristics of protective slag in the slag passage gap remains insufficient. In
a previous work, the influence of casting speed on slag consumption was discussed, and the
transient flow velocity of protective slag and molten steel at each moment of the vibration
cycle was analyzed [19,20]. In this article, a two-dimensional longitudinal section numerical
model is developed to reveal the flowing and thermal characteristics of protective slag
above the liquid steel, taking into account the impact of temperature on the protective slag.
The article also provides a detailed analysis of the flow characteristics of protective slag in
the slag passage.

2. Model

A curved billet continuous caster from a specific steel enterprise is utilized in this
experiment. The primary process parameters for the slab continuous casting are detailed in
Table 1. The software is FLUENT. To ensure symmetry, the calculation area in this study
is 900 mm in length. The boundaries of the calculated district are defined by the narrow
side and the centre district of the mould, each representing half the width of the slab, as
illustrated in Figure 1.

Table 1. Main parameters of the slab caster.

Item Value
Caster type Curved slab caster
Length 900 mm
Slab width 1800 mm
Slab thickness 220 mm
Pouring temperature 1803 K

Liquidus temperature of steel 1783 K
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Figure 1. Schematic of model.

The N-S formula and energy formula were solved in order to obtain the flow and
thermal results of the slag. In this work, the flow of liquid slag is regarded as incompressible.
The main formulas are as follows:

(1) Continuity formula [21,22]:

I(pvy)  (pvy) _
x dy =0 M

where p denotes the density of liquid film; x denotes the billet width; y represents the
thickness orientation of the slag film; and vy, v, represent speed at orientations x, y.

(2) Momentum formula [21,22]:
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where § denotes the factor of heat expansion; T represents the temperature; y, denotes
the viscosity factor of slag movement; P represents slag pressure; and g represents gravita-
tional acceleration.

(3) Energy formula [21,22]:

®)

d(vyT)  9(v,T) 9 [ aT 9 [ aT
k
n=— 5)
pCp

where «a is the factor of heat diffusion; k represents effective heat conductivity; and C,
represents specific heat.
The boundary conditions are as follows:

(1) The upper surface is set to no slip boundary.

(2) The interface temperature at the bottom is set to the pouring temperature of the
molten steel.

(38) The right boundary is set as a symmetrical boundary.

(4) The temperature of the slag liquid on the left boundary is set as a function of the
thickness of the slag layer.

The calculation diagram is shown in Figure 2. The main process parameters, such as
specific heat, effective thermal conductivity, thermal expansion coefficient, and so on, are
shown in Table 2 [4,21].
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Figure 2. Calculation process of the model.

Table 2. Process and property parameters.

Item Value
Specific heat, C, 3000]J/kg °C
Effective thermal conductivity, k 2W/m°C
Thermal expansion coefficient, 24 x 1075 °C1
Viscosity of slag at 1300 °C, ug 0.87 Pa's

The mesh independence is listed in Table 3. When the mesh number exceeds 421,334,
the deviation of density of thermal flux is very small, and it can be considered that the
mesh number is appropriate.

Table 3. Mesh independence analysis.

Number of Mesh Density of Thermal Flux Deviation
86,478 0.0051 -
203,152 0.0089 0.0038
370,564 0.1051 0.0022
421,334 0.1059 0.0008

468,752 0.1061 0.0002
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3. Results
3.1. Influence of Slag Layer Thickness on Heat Flow

Figures 3 and 4 show the density of thermal flux at the top and base of the protect slag
for various slag film thicknesses. The direction of density of thermal flux is opposite to that
of the temperature gradient in the calculation area. Consequently, the density of thermal
flux at the top of the slag film is negative, while it is positive at the base. Generally, with the
liquid film increases, the heat flux density decreases. For instance, the liquid film thickness
increases from 10 mm to 12 mm, and the heat flux density at the top of the layer decreases
from 0.1059 MW /m? to 0.0882 MW /m?2. However, when the thickness reaches 15 mm
(Figure 4), natural convection within the slag film intensifies, making heat convection the
predominant mode of thermal delivery in the slag layer. The maximum heat flux density at
the top of the slag layer reaches 0.15 MW /m?. This peak corresponds to the upward flow of
high-temperature, low-density protective slag at the bottom. The valley corresponds to the
downward flow of lower-temperature, higher-density protective slag at the top. According
to these results, controlling the thickness of the protective slag within a reasonable range is
crucial. The intensification of natural convection is not helpful to the stabilization of the
protective slag layer.
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Figure 3. Heat flux on the top and bottom of the flux layer with thicknesses of 12 and 10 mm.
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Figure 4. Heat flux on the top and bottom of the slag layer with thickness of 15 mm.
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3.2. Influence of Bottom Shearing Speed on the Interface Heat Flux

At alow flow speed at the reflux district of the liquidus steel, a relatively calm liquid
surface can not provide enough thermal energy to the slag, which affects the melting and
replenishment of protective slag. A high speed in the reflux district of the molten steel can
undermine the stable boundary of the steel and slag, potentially causing slag rolling and
negatively impacting the quality of the casting slab. Figure 5 illustrates the relationship
between the thermal flow density at the base and top of the liquid slag and the bottom shear
velocity. Considering that the direction of thermal flow density is opposite to that of the
temperature gradient in the calculation area, the thermal flow density at the top of the slag
layer is negative, while the thermal flow density at the bottom is positive. The interfacial
thermal flow density between the steel and slag remains stable when the measurement point
is distant from the narrow surface of the mould. However, owing to intense convective heat
transfer near the narrow surface and the water inlet, the heat flux density increases rapidly
within 0.1 m of the narrow surface, reaching a maximum of 2.27 MW/ m2. The interfacial
thermal flow density between the powder slag and liquidus slag begins at 0.08 m from the
water outlet, with a maximum heat flux density of 1.79 MW/ m?2. This increase in bottom
shear velocity considerably enhances both heat conduction and convection within the slag
layer, leading to a higher interfacial heat flux density, which aligns with practical data from
the continuous casting process.
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Figure 5. Heat flux distribution on the flux layer interface.

3.3. Influence of Viscosity Temperature Coefficient on Horizontal Flow Velocity

The temperature coefficient (1) of protective slag viscosity indicates the dependence of
the protective slag viscosity on temperature. A larger n value signifies a greater sensitivity
of viscosity to temperature changes, whereas a smaller value indicates less sensitivity. The
viscosity distribution of protective slag directly influences the roll and thermal conductivity
of the liquidus slag, thereby affecting the structure of the slag level above the liquid steel.
The viscosity temperature coefficient reflects changes in the protective slag’s viscosity
and is typically determined using empirical methods. This article explores the influence
of changes in the viscosity temperature coefficient on the flow velocity and temperature
distribution of slag.

As seen in Figure 6, within the central area of the model, 450 mm from the centre of
the nozzle, the horizontal flow speed of the liquid layer in the thickness direction decreases
as the viscosity temperature coefficient of the protective slag increases. Figure 7 illustrates
the relationship between the peak flow speed of the protective slag, flowing from the
water inlet to the narrow side, and the viscosity temperature coefficient. As the viscosity
temperature coefficient of the protective slag increases from 0.45 to 2.05, the peak flow
speed decreases from 0.0316 to 0.028 m/s, representing a reduction of approximately 11.4%.
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Figure 6. Effect of the exponent for temperature dependence of viscosity on horizontal velocity.
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Figure 7. Maximum horizontal velocity from submerged entry nozzle to narrow surface as a function
of the exponent for temperature dependence of viscosity.

3.4. Influence of Viscosity Temperature Coefficient on Longitudinal Flow Velocity

As shown in Figure 8, at the water outlet, as the viscosity temperature coefficient
increases, the average change in the vertical flow speed of the liquid film along the thick-
ness direction is approximately 0.1%. The thermal convection of the liquid film near the
submersed nozzle is strong, resulting in a local high temperature zone for the liquid slag
and a broad range of high-temperature areas. The viscosity temperature coefficient has a
minimal impact on the roll and thermal conductivity of the protective slag in the water
outlet area.

3.5. Influence of Viscosity Temperature Coefficient on Interface Thermal Flow Density

The average value of thermal flow density at the junction of the steel and liquid slag
and the junction of the sintering layer and liquid slag varies with the viscosity temper-
ature coefficient of the protective slag (Figure 9). As n increases, the average thermal
flow density at the molten steel/liquidus film junction decreases from 0.241 MW /m? to
0.173 MW /m?, representing a reduction of ~28.2%. The average thermal flow density at
the liquid slag/sintering layer decreases from 0.244 MW/ m? to 0.175 MW /m?, a reduction
of approximately 28.3%. This indicates that a higher n value increases the sensitivity of
viscosity to temperature changes in the slag layer, resulting in lower circulation velocity
and thermal conductive rate of the liquidus film. The results are consistent with those of
Neelakantnan, Mcdavid, and Macias [4,21,22].
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4. Conclusions

According to the model, the flow and thermal conductive characteristics of protective

slag above the liquidus steel and the flow speed of liquid film in slag passage gaps are
determined. The conclusions are as follows:

@

@)

®G)

As the thickness of the liquid flux film increases from 10 to 12 mm, the heat flux
density at the top of the slag layer decreases from 0.1059 to 0.0882 MW /m?. However,
when the thickness reaches 15 mm, natural convection within the film intensifies,
making thermal convection the dominant mode. At this thickness, the peak thermal
flow density at the top of the film reaches 0.15 MW /m?.

Owing to strong convective heat transfer near the narrow surface and the water inlet,
the heat flux density increases rapidly within 0.1 m of the narrow side, reaching a peak
value of 2.27 MW /m?. The interface thermal flow density between the powder slag
film and liquid slag film begins at 0.08 m from the immersed nozzle, with a maximum
heat flux density of 1.79 MW/ m?2.

As the factor of viscosity temperature of the slag increases from 0.45 to 2.05, the peak
flow speed of the liquid film from the immersed nozzle to the narrow side in the centre
district of the mould decreases from 0.0316 to 0.028 m/s, representing a reduction of
approximately 11.4%. This reduction in flow velocity within the slag layer weakens
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both convection and heat conduction, leading to a decrease in the interfacial thermal
flow density. Additionally, the high-temperature area of the slag film near the water
outlet remains relatively wide, causing only minimal changes in the longitudinal flow
of the protective slag.
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