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Abstract: In the process of continuous casting, the submerged nozzle will affect the flow of the liquid
steel and the quality of the slab. In this paper, three nozzle structures are investigated to compare the
influence of the nozzle structure on the flow and solidification of steel. In addition, the flow field, flow
velocity, recirculation zone, free-surface turbulent kinetic energy and heat transfer of fluid steel are
calculated. The results demonstrate that among the three nozzles, the structure of the B nozzle is the
best. The fluid steel flows out from the nozzle at a certain angle. The flow rate and momentum of the
fluid steel gradually decrease, and two split streams are formed when the main stream approaches
the narrow surface. The spherical area at the bottom of the nozzle can reduce the flow rate of the
fluid steel at the outlet of the nozzle, leading to a stable liquid level. The turbulent kinetic energy
of the free liquid surface of nozzle A is the largest, reaching 0.00204 m?-s~2. The turbulent kinetic
energy of nozzle C is slightly lower (0.00193 m?-s~2), and the free-liquid-surface turbulent kinetic
energy of nozzle B (0.00154 m?-s~2) is the smallest. The surface velocity of nozzle B is also lower than
that of A and C because the vortex center of the upper recirculation zone of nozzle B is closer to the
narrow surface. The results show that the B nozzle is optimal, and this model can provide theoretical
guidance for the design of a nozzle during the continuous casting.

Keywords: fluid; continuous casting; nozzle optimization; turbulent kinetic energy; flow rate

1. Introduction

Most steel is produced by continuous casting in a steel factory, wherein liquid steel
is poured into a mold to solidify into solid steel. The flow of the liquid steel in the mold
directly affects the quality of the steel, so it is necessary to control the flow of the liquid
steel in the mold. The submerged entry nozzle (SEN) is one of the most critical functional
refractories in the continuous casting machinery. The fluid steel in the mold enters the inner
cavity of the mold from the tundish through the SEN. Therefore, the SEN protects the fluid
steel and prevents the oxidation reaction between the fluid steel and the air. The structural
parameters of the submerged nozzle and the production process parameters highly affect
the flow behavior of the fluid steel in the mold after injection. A reasonable nozzle design
can improve the flow state of the fluid steel and protect the secondary oxidation of the fluid
steel [1-7]. During the continuous casting, the temperature of the molten steel is above
1500 °C, so it is impossible to carry out laboratory tests. Therefore, the research on the flow
of the liquid steel in the continuous casting mainly depends on simulation.

Several researchers performed studies on the SEN [8-12]. For instance, Tsukaguchi et al. [13]
proposed a technology of a swirling flow formation in a submerged entry nozzle as an effective
measure for controlling the flow pattern in a continuous casting mold. The swirling-flow
submerged entry nozzles with a swirl blade for steel slab casting had been developed to improve
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the productivity of the process and the surface quality of slabs. Najera-Bastida et al. [14] simulated
the shell thinning affected by the nozzle design, flux chemistry, heat transfer and steel flow by a
mathematical model. The simulation results indicated that the buoyancy forces, generated by
thermal fields, exert a braking effect on the discharging jet whose magnitude was approximately
1/4 of the inertial forces. Torres et al. [15] studied the flux entrainment defects in a billet mold with
two straight nozzles using mathematical simulations and experimental techniques, including
particle image velocimetry, tracer injection and water—oil modeling. Rasheed et al. [16] observed
the boundary layer phenomena for the stagnation point flow of water-based nanofluids with the
upshot of the MHD and convective heating on a nonlinear stretching surface. Zeeshan et al. [17]
examined and executed the multiple-coating assessments of fiber optics utilizing a micropolar
convection non-Newtonian third-order liquid in the existence of the Hall effect. Shamsi et al. [18]
simulated the SEN using a three-dimensional mathematical model based on considerations
of the fluid flow, heat transfer and solidification for a better understanding of the process.
Tripathi et al. [19] investigated the flow phenomenon inside the slab caster mold and identified
the causes leading to the bias flow using computational fluid dynamics simulations. The results
analysis showed a consistent bias flow at one side of the caster, even when the submerged
entry nozzle and other flow parameters were perfectly aligned. The jet fluctuations and the
interaction of flow streams at the meniscus were the mechanism driving this type of flow behavior.
Gupta et al. [20] established a water model to study the influence of the inner diameter and the
angle of the nozzle on the characteristics of the outlet stream. They believed that the inner
diameter and the angle of the nozzle would change the state of the outlet stream, including the
spinning jet and the smooth stream, while the smooth stream was more conducive to the uniform
growth of the solidified shell than the rotating stream. Bai and Thomas [21] studied the effect
of different nozzle outlet shapes (square, elongated and rectangular) on the angle of the outlet
stream by combining a three-dimensional finite-volume model and a water model. The obtained
results demonstrated that the jet angle of the square outlet was higher than the nozzle design
angle. In addition, the jet angle of the rectangular outlet was mainly the same as the design angle,
while the jet angle of the narrow and long outlet was lower than the design angle. Bao et al. [22]
used the water model to study the influence of the three nozzle bottom shapes on the flow field
and liquid surface characteristics in the thin slab continuous casting mold. The main mode of the
powder entraps into the steel and the influences of the technique parameter to entrap depth and
mode had been obtained.

Although scholars have conducted a lot of research on the nozzle, the research on the
nozzle focuses more on a thin slab but less on a wide and thick plate; the influence of the
nozzle structure on the flow characteristic is still unclear. Compared with a thin slab, the
casting process of a wide and thick slab is different, which is caused by the particularity of
the steel grade and section. On the one hand, the main steel types produced by a wide and
thick plate caster include medium carbon steel, peritectic steel and alloy steel. A too-high
steel throughput leads to a significant increase in the heat load of the mold. Steel leakage,
longitudinal cracks, surface cracks and various defects are the main problems restricting
the efficient production of a wide and thick plate. On the other hand, the casting speed of
the wide and thick plate continuous casting is low, the surface temperature of the slab at the
lower mouth of the mold decreases significantly and the service temperature range of the
mold flux along the casting direction is significantly lengthened, which puts forward higher
requirements for the uniformity of the melting and inflow of the mold flux and the stability
of consumption. During the casting process, the mold controls the initial solidification
behavior of the liquid steel, and its internal liquid steel flow field significantly affects the
inflow of the protective slag, the floating of inclusions, the involvement of molten slag, the
fluctuation of the liquid level and the uniformity of the primary billet shell. Especially for
the wide and thick slab with a wide section, a reasonable water port design and mold flow
field are of great significance for improving and stabilizing the quality of the continuous
casting slab. Therefore, an in-depth understanding and control of the flow state and heat
transfer behavior of the fluid steel in the mold is a crucial prerequisite to ensure the high
slab quality. This paper designs three nozzles for the wide and thick slab continuous
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casting, compares the influence of different nozzle structures on the flow and the heat
transfer behavior of the fluid steel in the mold, and optimizes the nozzle structure.

2. Nozzle Structure

A reasonable optimization of the nozzle structure design can make the fluid steel flow
field in the mold more stable. In addition, it can reduce the entrainment of the surrounding
fluid caused by the rotation phenomenon, which is caused by the nozzle jet. Moreover,
it can provide a stable environment for the melting, inflow, deposition and consumption
of the mold slag. In this paper, three types of nozzles are designed, as shown in Figure 1.
All the designed nozzles have a double-side nozzle structure, with an inner diameter of
98 mm, an ellipse outlet and a downward inclination angle of 15°. More precisely, nozzle A
is a convex bottom nozzle, B and C are concave bottom nozzles, the outlet section of A and
B (54 mm x 90 mm ellipse) is the same and the outlet of nozzle C is slightly larger (60 mm
x 100 mm).

Vv .
- ‘ X

Figure 1. Three structures of SEN. (a) is SEN A, (b) is SEN B, (c) is SEN C.

3. Proposed Model

The FLUENT software (18.0) is used to calculate the fluid and heat transfer charac-
teristics of the fluid steel. Three nozzle structures are applied in FLUENT software; the
velocity field, free-surface turbulent kinetic energy and solidification could be calculated to
optimize the nozzle structure.

The consumptions are summarized as follows:

(1) The fluid steel flow is an incompressible steady flow.

(2) The influence of the mold vibration and mold slag on the flow is ignored.

(3) The natural convection caused by density changes is ignored.

(4) The influence of the heat transfer and slab condensate on the flow is ignored.
(5) The calculation boundary is a no-slip boundary.

The governing equations are given by [23]:
(1) Continuity equation:
9p

g—FVx(pv):O 1)

where v is the velocity vector, p is the density and t is the time.
The fluid steel flow is assumed as an incompressible steady flow, so the formula above
can be simplified as:

V x (pv) =0 2)

(2) Momentum equation:

%(pv) +V x (pvv) = =Vp+V x (1)+F 3)
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T:]J{(VV-FVVT)} —%VXVI 4)

where p is the pressure on the fluid cell, F is the external volume force, T is the stress tensor
and I is the unit tensor.

(3) Energy conservation equation:

T
ApT) + div(pvT) = div (kgde> + St (5)
ot Cp
where ¢, is the specific heat capacity, T is the temperature, k is the heat transfer coefficient
of the fluid and St is the viscous dissipation term.

The boundary conditions are given by:

(1) The nozzle inlet is defined as the velocity inlet.

(2) The computational domain exit is defined as the speed exit, while the speed is equal
to the casting speed.

(3) The mold liquid level is set as free liquid level, and the shear force is null.

(4) Mold wall: Both the mold wall and nozzle wall are treated as non-slip solid walls,
while the flow field near the wall is treated as a standard wall function. The tempera-
ture boundary condition of the nozzle wall is treated as adiabatic. The mold wall is
calculated using the second type of heat transfer boundary condition, and the heat
flow is applied to the surface of the billet in the mold using a profile file.

The material of nozzle is made of alumina graphite. The operational parameters and
steel properties are listed in Table 1.

Table 1. Operational parameters and steel properties.

Item Value
Mold height (mm) 900
Nozzle immersion depth (mm) 130
Casting speed (m-min—1) 0.8
Density of steel (kg~m*3) 7200
Viscosity of steel (kg-m*1 s 0.0055
Pour point (°C) 1510
Liquidius temperature (°C) 1490
Solidus temperature (°C) 1420
Specific heat of steel (J-kg~!-°C~1) 740
Latent heat (]-kg_l) 274,950

CFD is the linear iterative calculation of the algebraic equations formed by discretizing
the governing equations in the fluid domain to each grid point. Therefore, the number of
grid nodes directly affects the iterative equations and the accuracy and convergence speed
of the whole flow calculation model. If the number of mesh nodes is too small, the accuracy
of the calculation result is low. If the number of mesh nodes is too large, the number of
iteration steps and convergence time will increase. Therefore, through the verification of
grid sensitivity, as shown in Table 2, for this model, when the grid node is greater than
450,000, the deviation of maximum free-surface turbulent kinetic energy is very small, it
can be regarded that the number of grids has no impact on the simulation results.
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Table 2. Grid sensitivity analysis.
Number of Grid Maximum Free-Surface Turbulent Kinetic Energy Deviation

75,684 0.00136 -

195,634 0.00179 0.00037
380,523 0.00201 0.00022
456,951 0.00204 0.00003
506,587 0.00205 0.00001

4. Results and Discussion
4.1. Fluid Characteristics of Fluid Steel

Existing studies have shown that the jet rotation of the nozzle is not only related to
the inclination angle of the nozzle outlet but is also affected by the shape of the nozzle
bottom and the outlet area. Especially for wide and thick slabs having wide cross-sections,
a reasonable nozzle design and mold flow field are of great significance for improving and
stabilizing the quality of the continuous casting slabs.

Figure 2 presents the trajectory line and flow field distribution diagrams of fluid steel
when three different shapes of nozzles are used. In the process of continuous casting, the
liquid steel flows into the mold from the tundish into the mold through the nozzle. The
liquid steel next to the mold wall solidifies first to form a shell with a certain thickness,
while the liquid steel in the center is still liquid until the slab moves out of the mold and
continues to solidify under the action of cooling water until it is completely solidified.
Therefore, the liquid steel ejected from the nozzle affects the solidification and quality of the
slab. It can be seen that the shape of the fluid steel flow field in the mold is mainly the same
under the three shapes. The fluid steel flows out from the nozzle at a certain angle. In the
process of the main stream approaching the narrow surface, the flow rate and momentum
of the fluid steel gradually decrease, while the main stream continues to expand. After the
fluid steel reaches and hits the narrow surface, two split streams are formed. In addition, a
part of the fluid steel flows from the narrow surface along the meniscus to the nozzle area,
forming a small upper recirculation area, which affects the fluctuation of the free liquid
surface and the melting process. The other part moves to the outlet of the mold, forming a
large-scale lower reflux zone at the lower part of the mold. The impact depth of the stream
is closely related to the floating and removal of inclusions. The tendency and order of
magnitude of the results agree with the results simulated by Takatani and Li et al. [24,25]; it
also agrees with the experimental results proposed by Wang and Lu et al. [26,27].

e
L

0.8
0.7
06
05
0.4
03
0.2
0.1

Figure 2. Cont.
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Figure 2. The trajectory line (left) and flow field (right) of (a) SEN A, (b) SEN B and (c) SEN C.

4.2. Nozzle Outlet Flow Field

A partial enlarged view of the velocity vector in the three nozzle regions is presented
in Figure 3. It can be seen that the fluid steel passes through the nozzle at a high speed and
flows out into the mold at a certain angle. In the mold, the strength of the slab is mainly
guaranteed by the uniform solidified shell. If the local shell is too thin, the steel leakage
accident will occur, and the consequences are very serious. If the impact force of the liquid
steel ejected from the nozzle is too strong, the local shell will be too thin, which will affect
the slab quality. When the A nozzle is used, the speed of the fluid steel flowing out of the
nozzle is relatively large. In addition, the speed of the upper return zone generated by
the rising stream is also relatively large when it moves to the vicinity of the nozzle. This
leads to large fluctuations in the free liquid surface and easily produces slag, bubbles and
other defects, while the turbulent area at the nozzle outlet is relatively small. When the
nozzle of type B is used, the spherical area at the bottom of the nozzle reduces the flow
rate of the fluid steel at the outlet of the nozzle. Moreover, the speed of the rising stream
is significantly reduced, the fluctuation of the free liquid surface of the fluid steel is small
and the liquid level is more stable. When the nozzle of type C is used, due to the large
outlet area, the fluid steel flowing from the immersion nozzle and the upper return area,
which moves upward after hitting the narrow surface, meet at the upper part of the nozzle
outlet. This results in a turbulent flow, which adversely affects the mold. The inflow of
the mold slag near the center of the wide face has adverse effects. In addition, the lower
recirculation zone has a low velocity, and the fluid steel has a small momentum, which
results in a turbulent flow at the bottom of the nozzle and interferes with the flow of the
fluid steel in the adjacent area.



Coatings 2022, 12, 631

7of 11

A Ao \ 1N -__.‘".
IRRARS I

H

a7

Figure 3. Local amplification of the velocity vector with different (a) SEN A, (b) SEN B and (c) SEN C.

4.3. Free-Surface Turbulent Kinetic Energy

Figures 4 and 5 show the turbulent kinetic energy and the velocity distribution of free
surfaces with a different SEN. The surface of the molten steel is covered with protective
slag in the mold; the molten slag will flow into the gap between the mold and the shell to
improve the lubrication and heat transfer. High turbulent kinetic energy of the liquid level
will affect the uniform flow of the slag, resulting in the uneven thickness of the solidified
shell, and then affect the quality of the slab. It can be seen that the maximum values of the
turbulent kinetic energy of the three nozzles all appear around 1000 mm from the center.
In addition, when the fluid steel in the upper circulation area reaches the meniscus, the
velocity component perpendicular to the liquid surface direction obtains a local extremum,
and the horizontal velocity parallel to the liquid surface direction is also high, which
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results in a local extremum of the turbulent kinetic energy. The turbulent kinetic energy of
the free liquid surface of nozzle A is the largest, reaching 0.00204 m?-s~2. The turbulent
kinetic energy of nozzle C is slightly lower (0.00193 m?-s~2), and the free-liquid-surface
turbulent kinetic energy of nozzle B (0.00154 m2-s~2) is the smallest. The distribution of
the horizontal flow velocity of the free liquid surface of nozzles A and C are relatively
close. In the area from the nozzle to the 1/4 section, because the vortex center of the lower
recirculation zone of C is closer to the meniscus, the fluid steel flows faster back to the
meniscus. Therefore, its turbulent kinetic energy is higher than that of nozzle A. The vortex
center of the upper recirculation zone of nozzle B is closer to the narrow surface. The longer
flow path aggravates the momentum loss of the fluid steel in the process of flowing back to
the free surface. Therefore, the surface velocity of nozzle B is significantly lower than that
of nozzles A and C, and the turbulent kinetic energy of the liquid surface is also lower.
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Figure 4. Turbulent kinetic energy at free surface.

Figure 5. The velocity distribution of free surface with different (a) SEN A, (b) SEN B and (c) SEN C.

4.4. Heat Transfer and Solidification

In summary, the surface velocity and the turbulent kinetic energy of nozzle B are
the lowest, which indicates that the SEN B is the best structure. The temperature field
and solidification situation are further calculated by considering nozzle B as the example.
Figure 6 presents the temperature distribution and solidified shell at the height of 500 mm
below the meniscus. The temperature is 1510 °C in the center of the liquid steel and it is
below the solidus temperature at the edge. There is a local high-temperature region at the
off-corner region, denoted by the “hot spots”, which results in the local thin shell in the
off-corner. The thickness of the shell at the wide face is a bit larger than that of the narrow
face. In general, the thickness distribution of the solidified shell is uniform, which indicates
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that the heat transfer is uniform. The uniform shell thickness can ensure the strength of the
slab, avoid a steel leakage accident and make the solidification structure uniform, which
can improve the quality of the slab. It also shows that the fluid steel sprayed from nozzle B
forms a stable flow field, so that the heat can be stably and uniformly transferred from the
fluid steel to the mold. Therefore, the solidification of the billet shell is uniform, which is
beneficial for improving the quality of the slab.

\ 4
1060 1110 1160 1210 1260 1310 1360 1410 1460 1510 *©
(a)

Solidified §lleﬂ
Sy

Molten steel

(b)

Figure 6. Temperature distribution and solidified shell. (a) temperature distribution; (b) solidified shell.

5. Conclusions
In this paper, three different structures of the SEN are assessed by calculating the

fluid characteristic in the continuous casting machinery. The conclusions are summarized

as follows:

1. The fluid steel flows out from the nozzle at a certain angle. When the main stream ap-
proaches the narrow surface, the flow rate and momentum of the fluid steel gradually
decrease and two split streams are formed.

2. The spherical area at the bottom of the nozzle can reduce the flow rate of the fluid steel
at the outlet of the nozzle. In addition, the speed of the rising stream is significantly
reduced, the fluctuation of the free liquid surface of the fluid steel is small and the
liquid level is more stable.

3. The turbulent kinetic energy of the free liquid surface of nozzles A, B and C are 0.00204,
0.00154 and 0.00193 m2-s~2, respectively, which shows that nozzle B is the best.

4. In the future work, more nozzle structures will be researched to compare the influence
of the nozzle structure on the flow and solidification characteristics. In addition, more
of the actual slab quality in a steel factory will be examined to reveal the corresponding
relationship between the nozzle structure and slab quality.
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Nomenclature

SEN Submerged entry nozzle
v Velocity vector

1Y Density

t Time

p Pressure

F External volume force

T Stress tensor

I Unit tensor

Cp Specific heat capacity

T Temperature

k Heat transfer coefficient
St Viscous dissipation term
Top The top of the mold
Bottom The exit of the mold

Narrow face  The narrow copper plate of the mold
Wide face The wide copper plate of the mold
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