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Abstract: During the steel continuous casting, the submerged entry nozzle (SEN) plays a crucial role
in the fluid characteristic of fluid steel, which further affects the slab quality. In this paper, a nozzle
model is developed to study the influences of nozzle inclination, nozzle area ratio, and side hole
aspect ratio on the fluid characteristic of fluid steel. The results show that when the nozzle angle
increased from 10◦ to 20◦, the impact points of the narrow surface were 0.402 m, 0.476 m, and 0.554 m
away from the meniscus, respectively. In addition, when the nozzle area ratio increased from 0.96 to
1.16, it resulted in a significant decrease of the speed of high-temperature liquid steel flowing out of
the nozzle. Moreover, when the side-hole aspect ratio was 1.47, the maximum turbulent kinetic energy
of the free surface reached 0.00141 m2 s−2. Furthermore, when the aspect ratio was 1.67 and 1.84, a
slight difference existed, and the maximum turbulent kinetic energy was almost 0.00095 m2 s−2. The
proposed model can provide theoretical basis and guidance for nozzle optimization.

Keywords: nozzle; simulation; fluid steel

1. Introduction

Continuous casting is an efficient casting method. In the mold, the molten steel only
solidifies near the mold wall. The thickness of the solidified shell is about 20–30 mm, while
the middle part of the slab is in a liquid state. Therefore, the impact of molten steel flow
field in the mold may cause the local shell temperature to be too high, resulting in remelting
of solidified shell. Because the local shell thickness may be too thin under high temperature,
leading to uneven stress on the shell, it is easy to produce crack defects. In serious cases, the
solidified shell will be broken, resulting a serious breakout accident, as shown in Figure 1.

The structure of nozzle directly affects the flow field distribution of molten steel
flowing into the mold. Different nozzle angles will cause different backflows, and the
position of liquid steel impacting the narrow surface of slab is also different, which will
affect the solidification state of slab shell. The nozzle area ratio and side-hole area ratio will
affect the velocity of molten steel at the nozzle and produce different momentum of molten
steel; it will also affect the flow field distribution, solidification state, and then affect the
slab quality. Because of this, it is meaningful to investigate the effects of nozzle inclination,
area ratio, and side-hole aspect ratio structure on the flow behavior in mold [1–8].

Many researchers studied the flow field in the mold [9–13]. For instance,
Wang et al. [14] carried out a 3D numerical model describing the flow of liquid steel
in a mold in order to simulate the coupling flow field and temperature field of the molten
steel. The impacts of the bottom structure of SEN on the flow field and temperature field of
molten steel were analyzed and compared. Moreover, the flow field results were validated
by the water model. Deng et al. [15] developed a full-scale funnel-shaped thin slab water
model in order to investigate the fluid flow, meniscus fluctuation, and slag-entrapping
behaviors when they were fed by five three-port submerged entry nozzles with different
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diameters. Quan et al. [16] computed an unsteady three-dimensional flow in the mold
region of the liquid pool during continuous casting of steel slabs, using realistic geome-
tries starting from the submerged inlet nozzle. Yang et al. [17] built a three-dimensional
comprehensively coupled model in order to describe the transport phenomena, including
fluid flow, heat transfer, solidification, and solute redistribution in the continuous casting
process. Tripathi et al. [18] focused on the flow phenomenon and analyzed the causes
leading to the bias flow using computational fluid dynamics simulations. The results
showed a consistent bias flow at one side of the caster, even when the submerged entry
nozzle and other flow parameters were perfectly aligned. Bai and Thomas [19] studied the
influence of different nozzle outlet shapes on the angle of the outlet stream by combining
a 3D finite-volume model and a water model. The results showed 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 generally similar to the design angle, while the jet angle of
the narrow and long outlet was lower than the design angle. Gupta et al. [20] studied
the frequency of flow oscillation for different mold dimensions, the SEN position and its
configuration, and fluid inlet condition into the mold. Thomas et al. [21] reviewed recent
developments in modeling phenomena related to fluid flow in the continuous casting mold
region, as well as the resulting implications for improving the process. Rasheed et al. [22]
investigated an unsteady magnetohydrodynamic mixed convective and thermally radiative
Jeffrey nanofluid flow in view of a vertical stretchable cylinder with radiation absorption
and heat.
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Figure 1. Schematic diagram of fluid field in mold.

Although some studies have been performed on the flow field in the mold, there are
still few reports on the influence of the structural details of the nozzle on the flow field
distribution. The influences of nozzle inclination, nozzle area ratio, and side-hole aspect
ratio on the distribution of liquid steel flow field is still unclear. The molten steel flows into
the mold through the nozzle and then changes the flow field of molten steel. The flow field
affects the solidification of slab, the melting of mold flux, and the thickness of slab shell.
Therefore, the nozzle structure has an important impact on the quality of slab. Thus, this
paper develops a three-dimensional nozzle model in which the nozzle inclination, nozzle
area ratio, and side-hole aspect ratio can be changed. The proposed model can provide
theoretical basis and guidance for nozzle optimization.
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2. Description of Nozzle

Figure 2 shows the structural diagram of the submerged nozzle. The nozzle is a
concave bottom nozzle with a double-sided mouth structure, having an inner diameter
of 98 mm and a downward inclination angle of 15◦. The outlet shape is oval and has a
size of 54 × 90 mm. The influence of different nozzle parameters on the liquid steel flow
field can be explored by changing the nozzle inclination, nozzle area ratio, and side-hole
aspect ratio.
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3. Fluid Model

The fluid characteristic of steel was simulated using the Fluent software.
The considered assumptions are summarized as follows:
(1) The fluid steel flow was an incompressible steady flow.
(2) The influence of the mold vibration and mold slag on the flow was ignored.
(3) The natural convection caused by density changes was ignored.
(4) The influence of the heat transfer and slab condensate on the flow was ignored.
(5) The calculation boundary was a no-slip boundary.
The governing equations are given by [23]:
(1) Continuity equation:

∂ρ

∂t
+∇× (ρv) = 0 (1)

where v is the velocity vector, ρ is the density, and t is the time.
(2) Momentum equation:

∂

∂t
(ρv) +∇× (ρvv) = −∇p +∇× (τ) + F (2a)

τ = µ
[(
∇v +∇vT

)]
− 2

3
∇×vI (2b)

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

(3) Energy conservation equation:

∂(ρT)
∂t

+ div(ρvT) = div
(

k
cρ

gradT
)
+ ST (3)

where cρ 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.
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(4) Standard k-ε equation:

∂(ρvjk)
∂xj

=
∂

∂xj
(

µτ

σk

∂k
∂xj

) + Gk − ρε (4)

∂(ρvjε)

∂xj
=

∂

∂xj
(

µτ

σk

∂ε

∂xj
) + C1Gk

s
k
− C2ρ

s2

k
(5)

The boundary conditions are given by:
(1) The nozzle inlet was defined as the velocity inlet.
(2) The computational domain exit was defined as the speed exit, while the speed was

equal to the casting speed.
(3) The mold liquid level was set as free liquid level, and the shear force was null.
(4) Both the mold wall and nozzle wall were treated as non-slip solid walls, while the

flow field near the wall was treated as a standard wall function. The temperature boundary
condition of the nozzle wall was treated as adiabatic. The mold wall was calculated using
the second type of heat transfer boundary condition, and the heat flow was applied to the
surface of the billet in the mold using a profile file, as shown in Figure 3.
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Figure 3. Schematic diagram of boundary condition.

The equations were solved using the commercial software FLUENT. The QUICK
scheme was adopted for the convection term, and the SIMPLEC algorithm was used to
treat the pressure terms in the momentum equations.

Table 1 shows the grid sensitivity. For this model, when the grid node was greater
than 450,000, the deviation of maximum free-surface turbulent kinetic energy was very
small. It can be regarded that the number of grids has no impact on the simulation results.

Table 1. 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

The calculated parameters are shown in Table 2.
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Table 2. Calculated parameters.

Item Value

Mold length 900 mm
Depth of level 100 mm

Immersion depth of nozzle 130 mm
Casting speed 0.8 m·min−1

Steel density
Steel viscosity

7200 kg·m−3

0.0055 kg·m−1·s−1

4. Results and Discussion
4.1. Flow Field Characteristics of Different Nozzle Angles

Figure 4 shows the flow field distribution in the mold for different nozzle side-hole
angles (10◦, 15◦, and 20◦). The spherical area at the bottom of the nozzle reduced the
velocity of molten steel at the outlet of the nozzle, the velocity of the upwelling strand
decreased significantly, the fluctuation of the free liquid level of molten steel was small,
and the liquid level was relatively stable, which provided a more stable working condition
for the melting and inflow of mold flux. It can be seen that when the nozzle angle increased
from 10◦ to 20◦, the flow slab direction at the outlet of the nozzle tilted downward, the
distance between the upper reflux and the liquid surface increased, the kinetic energy
loss of the flow slab returning to the meniscus increased, the flow velocity at the liquid
surface decreased, the stability increased, and the disturbance weakened. This reduced
the involvement of mold flux and provided a more stable working condition for the flow
and melting of mold flux. However, the impact position of mainstream slab on the narrow
surface of slab changed with the increase of the nozzle angle. When the nozzle angle
increased from 10◦ to 20◦, the impact points of the narrow surface were 0.402 m, 0.476 m,
and 0.554 m away from the meniscus, respectively, and the change of impact position was
very clear. The impact position was lowered by 0.074 m and 0.078 when the nozzle angle
increased from 10◦ to 20◦. If the impact position was too deep, the slab quality was reduced,
which can easily lead to the secondary melting of the primary solidified shell and thinning,
and a steel leakage accident will occur in serious cases. The results agree with the results
simulated by Takatani and Li et al. [24,25].

Table 3 presents the vortex center positions of the upper and lower reflux zones formed
by molten steel in the mold for different nozzle inclinations. When the inclination angle
increased, the upper vortex center moved toward the mold outlet and narrow surface.
When the inclination of the nozzle increased from 10◦ to 15◦, the position of the lower
vortex center moved significantly down. When the inclination increased to 20◦ due to
the expansion of the lower reflux stream, the downward reflux speed of liquid steel was
generally higher, and the position of the lower vortex center rose to 1.51 m away from
the meniscus. The influence of nozzle inclination on the turbulent kinetic energy of free
surface in the mold is shown in Figure 5. It can be seen that when the inclination angle was
small, the turbulent kinetic energy of the free surface sharply changed, and the maximum
turbulent kinetic energy reached 0.00195 m2 s−2. In addition, when the inclination angle
was 15◦ and 20◦, the change of turbulent kinetic energy of free surface was relatively gentle.

4.2. Flow Field Characteristics of Different Nozzle Area Ratios

The nozzle area ratio was defined as the ratio of the side-hole area of the submerged
nozzle to the cross-sectional area of the nozzle. The area ratio of nozzle was considered as
0.96, 1.04, and 1.16, respectively. Figure 6 presents a locally enlarged vector diagram of the
liquid steel flow field at the nozzle outlet. It can be seen that when the area ratio increased
from 0.96 to 1.16, the inner diameter and side-hole area of the nozzle increased, which
resulted in a significant decrease of the speed of high-temperature liquid steel flowing out
of the nozzle. The speed of liquid steel was highest when the nozzle area ratio was 0.96,
while it was lowest when the nozzle area ratio was 1.16. Because the molten steel flowed
into the mold from the tundish, the flow velocity of the nozzle was determined by the
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casting speed, the inner diameter of the nozzle, and the outlet area. The area ratio of the
nozzle will significantly affect the outflow speed of molten steel from the nozzle, which
will lead to different backflow and impact positions. This is due to the fact that when the
drawing speed is constant, the steel flow rate of the outlet is certain per unit time, and the
increase of the outlet area reduces the flow rate of liquid steel to achieve equilibrium.
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Table 3. Upper and lower flow vortex core position.

Nozzle Inclination Upper Vortex Center Lower Vortex Center

10◦ (0.579 m,−0.195 m) (0.599 m,−1.650 m)
15◦ (0.590 m,−0.247 m) (0.613 m,−1.860 m)
20◦ (0.661 m,−0.261 m) (0.642 m,−1.510 m)

Table 4 shows the vortex center position and narrow impact position of the upper
and lower reflux zones formed by molten steel in the mold, for different area ratios of
submerged nozzle. For the vortex center in the upper recirculation zone, the area ratio
moved downward from small to large, and the area ratio was significantly closer to the
narrow surface than 1.16 and 1.04. This corresponded to the decreasing trend of the velocity
of molten steel flowing into the mold. The smaller flow rate reduced the momentum of
molten steel and weakened the upward reflux stream. The impact position of the narrow
surface changed from 0.482 m away from the meniscus to 0.476 m and 0.468 m. The increase
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of the nozzle area ratio shortened the distance of the liquid steel reflux, which reduced the
impact depth of liquid steel on the narrow surface.
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Table 4. Upper and lower flow vortex core position and narrow surface impact position.

Nozzle Area Ratio Upper Vortex Center Lower Vortex Center Impact Points of the
Narrow Surface

0.96 (0.665 m,−0.229 m) (0.628 m,−1.445 m) −0.482 m
1.04 (0.590 m,−0.247 m) (0.613 m,−1.860 m) −0.476 m
1.16 (0.746 m,−0.244 m) (0.622 m,−1.379 m) −0.468 m

The influence of different nozzle area ratios on the turbulent kinetic energy of free
surface is shown in Figure 7. When the area ratio increased, the initial velocity of molten
steel entering the mold decreased and had less momentum, and the turbulent kinetic energy
of liquid surface decreased. When the area ratio was 1.16, the vortex center position of
the upper reflux area was close to the narrow surface, which caused the upward reflux
to clearly fluctuate near the narrow surface. This can easily lead to the involvement of
protective slag and adversely affect the initial solidification behavior of the slab.
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4.3. Flow Field Characteristics of Different Side-Hole Aspect Ratios

Figure 8 shows the local enlarged view of molten steel flow at the nozzle outlet,
comparing the changes of mold flow field with side-hole aspect ratios of 1.47, 1.67, and
1.84. Table 5 presents the vortex center position and narrow surface impact position in
the upper and lower recirculation areas of the flow field for different aspect ratios. The
results show that when the aspect ratio increased, the vortex center and narrow surface
impact position in the upper and lower recirculation zone first moved downward and then
upward, and the variation range was mainly the same. The closer the vortex center of the
upper reflux zone was to the free surface, the more energy could be brought to the melting
of the mold flux, but this can easily lead to the violent fluctuation of the free liquid level
and the involvement of the mold flux. The impact position of the narrow surface was too
deep, which is not conducive to the floating of inclusions. However, it reduced the quality
of slab and produced more casting defects.
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Table 5. Upper and lower flow vortex core position and narrow surface impact position.

Side-Hole Aspect
Ratio Upper Vortex Center Lower Vortex Center Impact Points of the

Narrow Surface

1.47 (0.637 m,−0.206 m) (0.607 m,−1.539 m) −0.358 m
1.67 (0.590 m,−0.247 m) (0.613 m,−1.860 m) −0.476 m
1.84 (0.607 m,−0.228 m) (0.559 m,−1.701 m) −0.398 m

The influence of different side-hole aspect ratios on the turbulent kinetic energy of
free surface is shown in Figure 9. It can be seen that the liquid steel fullness at the outlet of
the side hole increased and the flow rate decreased. When the aspect ratio was 1.47, the
maximum turbulent kinetic energy of the free surface reached 0.00141 m2 s−2. In addition,
when the aspect ratio was 1.67 and 1.84, a slight difference existed, and the maximum
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turbulent kinetic energy was almost 0.00095 m2 s−2. The maximum turbulent kinetic energy
occurred near the nozzle at the position of 1/4 of the slab.
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4.4. Heat Transfer and Solidification

A nozzle with an inclination angle of 15◦, a side-hole ratio of 1.67, and a nozzle area
ratio of 1.04 was chosen to research the temperature field and solidification. Figure 10
presents the solidification at different heights below the meniscus. The shell became thicker
as the slab moved down. There was a local high-temperature region at the off-corner
region, denoted by the “hot spots”, which resulted in the local thin shell in the off-corner.
The thickness of the shell at wide face was a bit larger than that of the narrow face. The
thickness of shell with narrow and wide sides was uniform, which reduced the occurrence
of crack or breakout, so as to ensure the quality of slab.
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below the meniscus.

5. Conclusions

A nozzle model was developed to investigate the influences of nozzle inclination,
nozzle area ratio, and side-hole aspect ratio on the fluid characteristic of fluid steel. Through
this model, the influence of different nozzle structures on the flow field of molten steel
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in the mold was mastered, and the impact position of a narrow surface, reflux area, and
turbulent kinetic energy of liquid surface was defined, which provided a theoretical basis
for improving the quality of a slab.

(1) When the nozzle angle increased from 10◦ to 20◦, the impact points of the narrow
surface were 0.402 m, 0.476 m, and 0.554 m away from the meniscus, respectively.

(2) When the area ratio increased from 0.96 to 1.16, the inner diameter and side-hole
area of the nozzle increased, which resulted in a significant decrease of the speed of
high-temperature liquid steel flowing out of the nozzle.

(3) When the aspect ratio increased from 1.47 to 1.84, the vortex center and narrow surface
impact position in the upper and lower recirculation zones first moved downward
and then upward, and the variation range was mainly the same. When the aspect
ratio was 1.47, the maximum turbulent kinetic energy of the free surface reached
0.00141 m2 s−2. Finally, when the aspect ratio was 1.67 and 1.84, a slight difference
existed, and the maximum turbulent kinetic energy was almost 0.00095 m2 s−2.

Author Contributions: Data curation, T.L.; methodology, G.Z.; writing—original draft, F.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

SEN Submerged entry nozzle
v Velocity vector
ρ Density
t Time
p Pressure
F External volume force
τ Stress tensor
I Unit tensor
cρ Specific heat capacity
T Temperature
k Heat transfer coefficient
ST Viscous dissipation term
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