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Abstract: Understanding the phenomena that cause jet oscillations inside funnel-type thin-slab
molds is essential for ensuring continuous liquid steel delivery, improving flow pattern control, and
increasing plant productivity and the quality of the final product. This research aims to study the
effect of the nozzle’s internal design on the fluid dynamics of the nozzle-mold system, focusing on
suppressing vorticity generation below the nozzle’s tip. The optimized design of the nozzle forms
the basis of the results obtained through numerical simulation. Mathematical modeling involves
fundamental equations, the Reynolds Stress Model for turbulence, and the Multiphase Volume
of Fluid model. The governing equations are discretized and solved using the implicit iterative-
segregated method implemented in FLUENT®. The main results demonstrate the possibility of
controlling jet oscillations even at high casting speeds and deep dives. The proposed modification in
the internal geometry of the nozzle is considered capable of modifying the flow pattern inside the
mold. The geometric changes correspond with 106% more elongation than the original nozzle; the
change is considered 17% of an inverted trapezoidal shape. Furthermore, there was a 2.5 mm increase
in the lower part of both ports to compensate for the inverted trapezoidal shape. The newly designed
SEN successfully eliminated the issue of jet oscillations inside the mold by effectively preventing
the intertwining of the flow. This improvement is a significant upgrade over the original design. At
the microscale, a delicate force balance occurs at the tip of the nozzle’s internal bifurcation, which
is influenced by fluctuating speeds and ferrostatic pressure. Disrupting this force balance leads to
increased oscillations, causing variations in the mass flow rate from one port to another. Consequently,
the proposed nozzle optimization design effectively controls microscale fluctuations above this zone
in conjunction with changes in flow speed, jet oscillation, and metal–slag interface instability.

Keywords: thin-slab mold; jet oscillations; nozzle optimization; numerical simulation

1. Introduction

Currently, there is an increasing worldwide need for steel. As a result, steel companies
are facing strict market demands to enhance their products while maintaining high steel
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quality. Thus, they have turned to thin-slab continuous casting in funnel-type molds,
which has gained widespread acceptance, mainly due to the reduced slab thickness, faster
casting speed, and fewer steps required to achieve the final product compared to casting in
traditional slab molds.

However, it is possible to optimize the process; clearly, the distribution and variations
in the speed of the exit ports of the submerged entry nozzle (SEN) determine the dynamic
evolution of the flow pattern in the mold. Together with other process parameters (e.g.,
width and thickness of mold, depth of immersion of the nozzle, the flow control system
and its design (stopper rod flow), the ports of the nozzle, and the internal geometry of the
nozzle), this strongly affects the turbulent phenomena within the nozzle.

Consequently, the nozzle’s interior geometric design is crucial for maximizing fluid
flow in funnel-style continuous casting molds. By preventing operating faults that are
dependent on the oscillation speed of the discharge jets originating from the nozzle ports
and, consequently, the fluctuation of the interface, such a design is essential to enhancing
the quality and cleanliness of cast steel [1,2]. In recent research, the flow of liquid steel
was measured using a dye tracer, particle image velocimetry, and video recording tests
utilizing a water–physical model of a funnel-type thin-slab mold fed by a two-port SEN [3,4].
Furthermore, the interaction of the swirling jets with the wide sidewalls of the mold causes
asymmetrical flow inside the mold [5,6]. In molds with lower aspect ratios, where the
jets do not touch the wide side walls, the flow pattern is symmetrical about the central
plane [7].

Computationally and experimentally, thin-slab caster modeling requires extra atten-
tion due to many complexities that are typically not evident and important for standard
slab caster modeling. These include the effects of liquid steel mass reduction due to solidifi-
cation [8], shell formation, model bottom, and electromagnetic brake [9,10], and its effect
on the level of fluctuation heights in the mold [11,12]. In this case, electromagnetic fields
have emerged as powerful tools for addressing current problems in thin-slab continuous
casting processes in the iron and steel industry [13]. In particular, the electromagnetic brake
adopted a new magnet type specially designed for the thin-slab casting funnel-shaped
mold [14]. Furthermore, authors like Wang et al. [15] studied predicting transient fields in
the caster using a large eddy simulation and an enthalpy-porosity method; such a method
helps predict the solidification shell in addition to increasing the possibility of washing
the solidified steel crust [16] and possible wire breakage [17]. Also, there are other conse-
quences to consider: slag trapping toward the sinus of liquid metal [18,19], slag droplets
into steel volume [20], the movement of inclusions [13], and the possible reoxidation of the
liquid steel due to the opening of the slag [21,22], as has been shown through numerical
simulation techniques using colorimetry and PIV [23].

However, the developments of some works align with the research of mold flow
patterns using mathematical simulation and physical modeling [24–26]. There are char-
acteristics of this movement by eddies that vary in duration and length [27]. The biggest
eddies are usually around the same magnitude as the mean flow’s characteristic length.
The minor scales dissipate the kinetic energy of the turbulence. In several of these works,
the study of the asymmetries of the upper recirculation in the mold [28] proved that they
strongly affect the meniscus shape [29] and depend directly on the fluctuations of the
discharge jets [30,31]. Zhang et al. [32] showed both experimental and calculated results
that the molten steel velocity near the mold surface increases with increasing casting speed.
Additionally, the authors included argon gas injection that slowed down the molten steel
velocity and uplifted the jet zone due to the buoyancy of bubbles.

In most works, modifying the nozzle enables better control and reduction of the
oscillations of the jets [22,30]. Considering the above, another work [33] studied the effect
of the nozzle internal design, focusing on the stability and oscillation of the jets. The
findings indicate the origin of the oscillations inside the nozzle, mainly due to the change
in pressure. Fluctuation at the tip of the port divider and the change in velocity in fluid
layers above this zone generate an oscillating mass flow delivered in each nozzle port. The
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increased phenomenology inside the mold corresponds to the vortex path formed below
the tip of the nozzle. Therefore, it causes a continuous exchange of energy between jets due
to the space generated by the geometry of the port divider [34].

Hence, in this study, we propose to optimize the design of the internal geometry of
the nozzle. The improved design eliminates the space for the generation of the vortex
path, eliminates the jet oscillation, and feeds the meniscus uniformly without causing
fluctuations in the interface, even at high casting speeds.

2. Materials and Methods
2.1. Mathematical Modeling

The mathematical model studies the effect of optimizing the internal geometry of the
nozzle ports on the dynamic pressure inside the nozzle, the vortex path generated below
the nozzle tip, and the changes in the mass flow for a funnel-type thin-slab mold. The
following subsection presents the different equations and models.

2.2. Fundamental Equations and Modelling Conditions

Problems involving fluid flow are hardly independent in materials processing oper-
ations. The main objective of material processing operations is to melt, solidify, or alter
substances chemically, structurally, or in shape. However, since most of these materials
are in a fluid state (vapor or liquid) during at least part of the processing sequence, the
movement of the fluid plays a crucial role in several of these operations. Consequently, a
better understanding of fluid mechanics has resulted in further advancements in materials
processing technology. The general formulation of fluid flow problems is through the
statements of the Navier–Stokes equations, constituted by the continuity or conservation of
the mass equation, which is essentially a mass balance, and the equation of motion, which
expresses a moment balance.

The molten steel flowing into the SEN is the most important premise for the model’s
construction; in this scenario, the mold is subject to unstable isothermal circumstances and
behaves Newtonian to maintain a constant viscosity. First, the solid surfaces were subjected to
the casting speed, the inlet, and the outflow, which were characterized as velocity inlets (uin
= 4 m/min; uin = 6 m/min; uin = 8 m/min) and non-slip boundary conditions. Since the flux
layer had little bearing in this instance, the mold top’s pressure inlet condition was employed to
mimic the effects of a system exposed to the atmosphere (p = 101,325 Pa, T = 273 K, with gravity
acting in the direction of casting). The ensuing subsections will cover the casting parameters
and physical characteristics used in the simulations (see Figure 1).
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After consideration, a brief description of the fundamental equations and the mod-
elling conditions, the turbulence, and multiphase models in Cartesian coordinates are
defined below.

The fundamental Navier–Stokes and continuity equations for incompressible fluid are
as follows [35–37]:

∂ρ

∂t
+ ρ(∇u) = 0 (1)

ρ
∂u
∂t

+ ρ[u·∇]u = −∇P + µe f f∇2u + ρg (2)

where t is the time; ρ is the fluid density; u represents the velocity; P and g represent
the pressure and the gravity acceleration, respectively; and µe f f , is the effective turbulent
viscosity, to obtain the effective viscosity field; hence, µe f f is the sum of the molecular
viscosity µ and the turbulent viscosity µt.

It is a common practice to employ turbulence models that demand the inclusion of
supplementary transport equations. These models lead to higher computational expenses
and enhance the simulations’ accuracy. In this case, the turbulence model k-ε standard is
firstly used [38]:

ρ
∂k
∂t

+ ρ
∂kui
∂xi

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk − ρε (3)

ρ
∂ε

∂t
+ ρ

∂εui
∂xi

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
Gk − C2ερ

ε2

k
(4)

The model constants are C1 = 1.44, C2 = 1.92, σk = 1.0, σε = 1.3, and Cµ = 0.09.
Gk is the generation of turbulence kinetic energy owing to the mean velocity gradients,

Gk = µt
∂uj
∂xi

(
∂ui
∂xj

+
∂uj
∂xi

)
.

Furthermore, the applied Reynolds Stress Model (RSM) [39,40] is defined as follows:

∂

∂t

(
ρ
〈

U′
i U

′
j

〉)
=

∂

∂Xk

[
ρ
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U′
i U

′
jU

′
k

〉
+
〈

P
(

δkjU′
i + δjkU′

j

)〉]
+

∂

∂Xk

[
µ

∂

∂Xk

〈
U′

i U
′
j

〉]
−ρ

(〈
U′

i U
′
j

〉 ∂Uj

∂Xk
+
〈

U′
i U

′
j

〉 ∂Ui
∂Xk

)
− ρβ

(
gi

〈
U′

jθ
〉
+ gj

〈
U′

i θ
〉)

+

〈
P

(
∂Ui
∂Xj

+
∂Uj

∂Xi

)〉
− 2µ

〈
∂Ui
∂Xk

+
∂Uj

∂Xk

〉
−2ρΩk

(〈
U′

jU
′
m

〉
εikn +

〈
U′

i U
′
m
〉
ε jkn

)
(5)

Moreover, a volume of fluid model was employed to solve the two-phase air–steel
system. This model uses a tracking scheme design for two or more immiscible phases,
where the interphase is between the fluids. This model has been widely employed in
previous works and is fully described in the literature [5,33,36].

2.3. Multiphase Model

The volume of fluid (VOF) model is a tracking technology used for multiple phases
of fluids that do not mix. The model focuses on determining the position of the interface
between the fluids. The model uses a single momentum equation for the fluids, and a new
variable is introduced for each additional phase, helping to calculate the physical properties
of each phase based on its fraction of the total volume. The variables and properties are
shared across all phases and represent the volume-averaged values. The fraction of each
computational cell is traced across the domain to ensure it adds up to unity. In mathematical
notation, if the qth-volume fraction in the cell is αq, three conditions are possible.

• αq = 0—the cell is empty (the qth phase is not present);
• αq = 1—the cell is complete (it only contains the qth phase);
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• 0 < αq < 1—the cell contains the interface between the q-th phase and one or more
different phases.

2.4. Volume Fraction Equation

The location of the interface(s) between the phases themselves is accompanied by the
solution of a continuity equation for the volume fraction of one (or more) of the phases. For
the qth phase, the equation has the following form:

∂αq

∂t
+ ν · ∇αq =

Sαq

ρq
(6)

The volume fraction equation will not be solved for the primary phase since the
fraction is calculated based on the following:

∑
q=1

αq = 1 (7)

The presence of the component phases of each control volume determines the proper-
ties that appear in the transport equations. For example, for a two-phase system, the phases
are represented by subscripts 1 and 2, and if the volume fraction of the second phase is
being tracked, the density in each cell is given by the following:

ρ = α2ρ2 + (1 − α2)ρ1

µ = α2µ2 + (1 − α2)µ1 (8)

2.5. Momentum Equation

Similarly, a single momentum equation is solved along the domain, and the resulting
velocity field is shared between the phases. The momentum equation depends on each
phase’s volume fraction through the properties ρ and µ.

∂

∂t

(
ρ
→
v
)
−∇ ·

(
ρ
→
v
→
v
)
= −∇P +∇ ·

[
µ

(
∇→

v +∇→
v

T
)]

+ ρ
→
g +

→
F (9)

where the terms on the right are the pressure forces on the fluid; the viscous forces; the
effective viscosity (µe f f = µL + µT), which represents the sum of the laminar and turbulent
viscosity in the fluid during shear stresses; the effect of the force of gravity on the fluid;

and the body forces represented by the vector
→
F , respectively. The term

→
v

T
represents the

time-averaged velocity vector.

2.6. Surface Tension

Surface tension is a result of the cohesive forces among fluid molecules. It refers to
the Gibbs free energy required to alter the surface of a system under constant temperature,
pressure, and composition. Surface tension plays a crucial role in balancing the attractive
intermolecular forces against the external pressure gradient at the surface.

In regions where two fluids are separated, surface tension minimizes free energy by
reducing the interface area. The surface tension model used is known as the continuum
surface force (CSF) proposed by Brackbill. With this model, adding surface tension to the
VOF model calculation results in a source term in the momentum equation.

To understand the origin of this source term, one can consider the case where the stress
is constant along the surface, and only the forces normal to the interface are considered.
It can be shown that the pressure drop along the surface depends on the coefficient of
surface tension (σ), and the curvature of the surface is measured by two radii in orthogonal
directions R1 and R2.

P2 − P1 = σ

(
1

R1
+

1
R2

)
(10)
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P1 and P2 are the pressures in the two fluids on each interface side.
In the case of the CSF model, the curvature is calculated from the local gradients on

the surface normal to the interface. Letting n be the surface normal, defined as the gradient
α_q of in the qth phase, then

n = ∇αq (11)

The curvature (k) is defined in terms of the divergence from the unit normal:

k = ∇ · n̂ (12)

where
n̂ =

n
|n| (13)

when discussing surface tension, it is expected that reference is made to the pressure
changes across a surface. The divergence theorem, which expresses the force acting on
the surface, is used to calculate a volume force. This source term volume force is then
incorporated into the momentum equation. By doing so, the equation can accurately
calculate the force produced by surface tension.

Fvol = ∑
ij,i<j

σij
αiρik j∇αj + αjρjki∇αi

1
2
(
ρi + ρj

) (14)

First, the numerical model runs for 60 s using the k-ε turbulence model to optimize the
computational time and reach a faster convergence. Then, it is replaced by the RSM model
in the simulation for another 300 s to accomplish a steady-state condition.

Using a first upwind strategy, the implicit segregated-iterative method yields the
governing discretized equations as a first approach. Next, the SIMPLEC algorithm was
considered for pressure–velocity coupling, and the body force weight was employed for
pressure interpolation. Eventually, the convergence criterion was established when the
total of the residuals was equal to or less than 10−4. The mold thickness and width were
constant for all studied cases; two simulated SEN immersions were used for five different
casting speeds. After this, a modified SEN was created using the same simulated points
and this newly proposed geometry. The physical properties of the fluid are illustrated in
Table 1.

Table 1. Material properties [41,42].

Phase Property Value

Air Density 1.225 kg/m3

Viscosity 1.7894 × 10−5 kg/m·s
Steel Density 6971.4 kg/m3

Viscosity 6.4 × 10−3 kg/m·s
Air–Steel Surface tension 1.6 N/m

Figure 2 schematically shows the essential geometry parameters for the funnel thin-
slab mold and the two SENs studied. Figure 2f shows that the SEN internal modification
increases the port’s internal bifurcation tip height. The computational domain consisted of
1,573,692 unstructured cells (336,716 nodes), as shown in Figure 3.
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3. Results
3.1. Analysis and Discussion of Results

This section provides an analysis and discussion of the results obtained for a nozzle
currently used in industry and the optimized nozzle. This study contrasts the velocity
vectors, velocity measurement, dynamic pressure contours, kinetic energy production,
turbulent dissipation ratio, turbulent intensity, and magnitude of the vortex. Finally, a more
precise understanding of the effect of each of these variables is presented. Here, the purpose
is to analyze the jets’ stability from the nozzle ports and the effect on the flow patterns
generated inside the mold and the nozzle. The performed numerical experiments were
carried out at 22 cm and 34 cm nozzle immersions and casting speeds of 4, 6, and 8 m/min.
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3.2. Effect of the Internal Geometry of the Nozzle on Fluid Flow Phenomena Presented Inside
the Mold

In previous works [5,21], the formation of dynamic distortions (DDs) in molds for
thin slabs has been suggested to be a consequence of the imbalance in the turbulent kinetic
energy balance and its production, mainly in the area located in the lower part of the nozzle.
In these works, the analysis of DD as well as this hypothesis, which remains unproven,
have been raised. Others [33] suggest that the DD starts from inside the nozzle, since the
nozzle must deliver the flow to each port in a balanced fashion. Thus, we propose the
hypothesis that feeding with fluctuations in each port favors the formation of DDs with
different intensities.

This research work presents a new idea that contradicts previous ones. According
to the findings, the origin of the DD is located inside the nozzle, specifically in the area
above the divider of the ports where there are fluctuations in pressure and speed. This area
suppresses the fluid below the nozzle tip, where the vortices that separate the boundary
layer originate. This phenomenon and the vortex coming from the bottom of the mold cause
the jets to lack symmetry and subsequent oscillation, especially at high casting speeds and
immersion. The verification of this hypothesis is through a nozzle with a stable operation.
The results for an optimized nozzle were compared with the results obtained with the
original nozzle; the experiments were performed with two different depths of immersion
and different casting speeds, from which the formation of DD was very likely.

Figure 4 shows the velocity profiles calculated at the center of the mold in a longitudi-
nal plane for the three casting speeds selected at 22 cm immersion. Here, the flow patterns
are characteristic of this mold, showing the formation of a significant recirculation on each
side of the nozzle. Other important characteristics are the low-speed zones located at the
corners in the mold’s upper part, along the nozzle’s vicinity, and the area below the nozzle
between the two jets. A particular consideration, as shown in Figure 4a, is that the stability
of the jets at a speed of 4 m/min is excellent for the original nozzle. However, the jets vary
their flow pattern as the casting speed increases. For example, the observed variation in the
jet on the left side (marked with the number 1) presents a more intense penetration than
on the right side. This variation appears at a 6 m/min speed and is maintained up to the
maximum 8 m/min rate.

In this part, a proposed modification in the internal geometry of the nozzle is consid-
ered (see Figure 4b), capable of modifying the flow pattern inside the mold. The conversion
resulted in the ports being 106% more elongated than the original nozzle; the change also
resulted in 17% of an inverted trapezoidal shape. Furthermore, there was a 2.5 mm increase
in the lower part of both ports to compensate for the inverted trapezoidal shape. The
current objective is to remove the area underneath the nozzle tip where dynamic distor-
tion occurs, resulting in the nozzle’s outgoing jets sharing their energy, thereby creating
equilibrium between them. Consequently, the external effects of ferrostatic pressure and
oscillations will be eliminated.

Regarding the flow patterns for a 22 cm nozzle immersion presented in Figure 4b,
particularly the area marked with the number 1, the vectors move toward the flow of the
jets. Thus, it is possible to invert the direction of the vectors to avoid the recirculating
fluid coming from the bottom of the mold reaching the tip of the nozzle. The purpose is to
eliminate the formation of the vortex path caused by the unstable separation of the bound-
ary layer with the port divider, as happens with the original nozzle. This phenomenon
is because the internal geometry directs the flow from the ports toward the center of the
mold, thus sharing its energy until the momentum transport with the surrounding molten
steel causes separatation and joining with the lower and upper recirculation of the mold. In
addition, the flow pattern is composed of two recirculations in the upper part of the mold
and two in the lower part, as with the original nozzle; however, unlike the original, it has
good symmetry in the behavior of the jets coming from the nozzle at different speeds.
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An approach to verify the aforementioned is performed in the flow region between the two
jets. In that zone for the original nozzle (left side, Figure 4a, 8 m/min), vorticity formation is due
to the detachment of the boundary layer of the port divider. Consequently, the vorticity increases
due to the gain of kinetic energy from the jet. Also, an observed dissolution of this vorticity
occurs when it collides with another vorticity coming from the bottom. For the optimized nozzle
(right side, Figure 4b, 8 m/min), the region for the formation of vortices showed suppression
due to the detachment of the boundary layer. In this region, the jets share energy, provoking the
flow to move to the bottom of the mold. Therefore, reducing the kinetic energy transfer and
vorticity dissipation keeps the jets symmetrical.

The nozzle is placed in 34 cm immersion (see Figure 5), which presents the typical
pattern of thin-slab flows. However, as the casting speed increases, the jets begin to oscillate.
Figure 5a shows the most significant deviation on the left jet (speed 6 m/min, point 1), and
on some occasions, the jet on the right side, as shown in Figure 5a, at a speed of 8 m/min.
The proposed study was deeper, considering the immersion depths of the nozzles, the
different casting speeds, and the space between the jets. Thus, it can be seen that the space
between the two jets at both nozzle immersion depths and the different casting speeds
is used so that there is an exchange of energy between the vorticity generated due to the
separation of the boundary layer in the divider of the ports and the vorticity coming from
the recirculation from the bottom of the mold. Hence, the vorticity is due to the separation
of the boundary layer in the port divider. In the case of the optimized nozzle in Figure 5b,
the jets maintain good symmetry in the three speeds analyzed because of the flow direction
caused by the optimization of the division of the ports of this nozzle. This avoids the
formation of vorticity caused by the detachment of the boundary layer of the port divider
towards the mold, and the effects of vorticity coming from the bottom of the mold will
hardly affect the stability of the jets from the nozzle ports.
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In the same way, for the 22 cm nozzle immersion, the approach is in the flow region
between the two jets. In this case, for the 34 cm nozzle immersion, for the original nozzle
(left side, Figure 5a, 8 m/min) the formation of vorticity of high energy intensity is due to
energy exchange between the jets and the vortices. The mechanism described is generated
by separating the boundary layer of the division of ports. Additionally, vorticity from the
recirculation of the mold bottom causes continuous oscillation of the jets. For the optimized
nozzle (right side Figure 5b, 8 m/min), the energetic phenomenon and, therefore, the vortex
path was eliminated, thus obtaining well-defined jets without oscillating periods.

Inside the mold, speed variations of the fluid exist due to fluctuations in the oscillation
of the jets. All these effects have a direct impact on the behavior of the meniscus. This
methodology draws a line from the center to the thin left and right walls if the observed
oscillations affect the meniscus. The applied method resulted in depths of 43 to 22 cm and
55 cm to 34 cm and the corresponding fluid velocities.

In Figure 6, showing the 22 cm nozzle immersion, the area marked with the number
(1) corresponds to the area just below the tip of the nozzle, and the original nozzle has a
lower speed than the modified nozzle. Such behavior is related to the more significant
separation of the jets and the direction of the fluid. Since the original nozzle allows the
fluid from the bottom recirculation to touch the nozzle tip, the modified nozzle presents a
higher speed in this area. Evidence shows increments in the instability of this area and the
continuous formation of a vortex path. On the other hand, the impact of both jets causes
higher speeds in this area. Thus, reducing the separation causes the fluid from the bottom
to reach the nozzle tip.

Furthermore, in zone 2, unlike the 22 cm immersion, the speed between the two
nozzles is almost the same for the three different casting speeds. In contrast, zone 3 at 22 cm
remains in the center of the superior recirculation, where the velocity for both nozzles is
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very close to zero. Finally, in zone (4) for 34 cm immersion, the original nozzle presents an
oscillating behavior of the jets for 4, 6, and 8 m/min, increasing its intensity with casting
speed. Therefore, this behavior results from the continuous fluctuation of the meniscus and
the unstable and fluctuating interface.

The proposed methodology considers drawing two lines at 7 mm height from the left
side of the nozzle to the right side of the mold below the interface to check the stability of
the interface (air–steel). Both nozzles and immersions used the methodology to measure
the current velocities in that area (see Figure 8).
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Now, the attention goes to zone 2, where the velocity of the jets for both nozzles is
of interest. In this consideration, the velocity of the jets is slightly higher for the modified
nozzle at 4 and 6 m/min parts (a) and (b), while for 8 m/min, it is the same for both subjects.
In the case of zone 3, there are no significant changes between both nozzles, and the fluid
velocity is very close to zero because it is in the center of the upper recirculation of the mold.
Finally, regarding the area near the thin wall of the mold (4), at 4 m/min, both nozzles
have the same behavior, and there is symmetry in their speed, while for 6 and 8 m/min,
parts (b) and (c), there is a slightly higher speed for the modified nozzle. Here, there is
already a slight oscillation in the original nozzle. The rate on both walls differs, reflecting
the lack of homogeneity in feeding the meniscus. Concerning the 34 cm nozzle immersion
in Figure 7, the separation of the jets is even greater between both nozzles. The original
nozzle for 22 cm also continues to present the same behavior. In contrast, the modified
nozzle increases the speed in this area, thus eliminating the appearance of the vortex path
allowed by the original nozzle.
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Figure 8. Diagram of the positions of the measurements inside the mold. The velocity measurements
are made below the air–steel interface on the right and left sides of the SEN.

In Figure 9, for 22 cm nozzle immersion and the different casting speeds, the results
show that the optimized nozzle feeds the meniscus better and in a more homogeneous
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way, contrary to the original nozzle. This situation is a consequence of the symmetry of the
jets and the existing stability; since there are no oscillations, the behavior does not cause
instability in the interface or fluctuations.
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Figure 9. Effect of the geometry of the nozzle ports’ internal division on the fluid’s velocity below
the air–steel interface at a nozzle immersion of 22 cm for casting speeds of 4 m/min, 6 m/min,
and 8 m/min.

Figure 10 shows the 34 cm nozzle immersion depth. The optimized nozzle offers better
feeding and homogeneity to the meniscus than the original nozzle because of the more
intense oscillation of the jets coming from the original nozzle. The pressure and velocity
fluctuations inside this nozzle are more intense than this oscillating phenomenon and cause
the instability of the interface. The results presented so far verify that the DD originates
inside the nozzle. In the case of discharge oscillation, jets occur due to vortex exchange
in the space generated between them (original nozzle). Based on the results presented so
far, the next step was to conduct a more detailed analysis of the mathematical simulation
within the SEN using dynamic pressure contours. For this, the most relevant casting speeds
were selected: lowest, medium, and highest (4 m/min, 6 m/min and 8 m/min).

The analysis through velocity vectors helps to understand the effect on generating
and suppressing vorticity formation. Regardless, this analysis does not entirely clarify the
impact of the optimization of the nozzle geometry over the origin of vorticity and the jets’
oscillations. Therefore, it is necessary to determine dynamic pressure contours in a plane
longitudinal to the center of the nozzle at different times for each case. In addition, each
discharge jet monitors the delivered mass flows. Figures 11–13 show the information on
the topics mentioned.
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Figure 13. Dynamic pressure contour (Pa) in a central symmetrical original nozzle at an 8 m/min
casting speed and mass flow monitoring for each port. (a,c) 22 cm immersion; (b,d) 34 cm immersion.

The design of the original nozzle shows a variation in the change in its geometry.
However, the differences are produced gradually (common in nozzles for thin slabs),
indicating no restriction over the flow development in its interior due to a considerable
imbalance of forces. Thus, the pressure contours show this is not the case, and the changes
do not represent any effect. When examining the first two changes inside the nozzle
(specifically, the increases in the area at points 1 and 2 in Figure 11), it becomes clear that
they gradually impact the flow development and the formation of low-pressure areas
(known as vein contraction), suggesting that the fluid does not completely detach from the
boundary layer. However, the feed rate makes it difficult to track the geometric changes.

These variations hold their position regardless of whether the nozzle is at 22 or 34 cm
immersion and whether the casting speed increases. However, as the casting speed in-
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creases, these zones decrease slightly in size, as shown in Figures 11–13. After going through
the first two area changes, the fluid shows certain variations, since the low-pressure zones
are not symmetrical, indicating initial fluctuations in flow patterns. As the fluid decreases,
it enters the third change in the area (Figure 11). In the area under analysis, the low-pressure
regions on the sides of the nozzle disappear. Accordingly, there is an increase in pressure
across the entire width due to a decrease in the area. The fluid exiting shows a clear
imbalance at the top of the port, and its tendency toward the left port is evident for both
dives when operating at casting speeds of 4 and 6 m/min.

As the casting speed increases, the higher-pressure zone tends to enlarge. As a result,
the tendency of the fluid toward the ports is now variable (Figure 13). Shape variations
in the shape of the interior of the nozzle generate disturbances in the fluid. Hence, the
tendency is to exit through a port preferentially. However, despite these observed variations,
there is no evident phenomenon for the jets to present more significant oscillations and
generate the formation of DDs.

The analysis continues, following the trajectory of the fluid as it impacts the port
divider (triangular shape located in the lower part of the nozzle). At this point, there is
again a more intense variation in dynamic pressure. Figure 11 shows this, at a casting
speed of 4 m/min and in the position of 22 cm, with Figure 11a showing the variations
in pressure in the said zone that do not change with time. However, as the nozzle passed
34 cm immersion, the dynamic pressure at the tip of the triangle showed small fluctuations
concerning time; see Figure 11b. Therefore, the mass flow was determined as a function
of time to determine whether these variations affected the jet oscillation, as shown in
Figure 11c,d.

The elements discussed above are confirmed at a 22 cm immersion position, since
observations showed that the fluid has a clear and constant tendency to exit through the
left port. However, at 34 cm immersion, the variations observed at the tip of the mentioned
triangle generate that the mass flow in each jet to oscillate, showing that the flow through
the left side port periodically decreases and increases by the same magnitude as the right
side port. When increasing the casting speed to 6 m/min, Figure 12 shows that at 22 cm
of nozzle immersion, the zone of dynamic pressure variation on the tip of the triangle
remains constant and that the fluid has the same tendency to exit more through the left
port; see Figure 12a,c. At this same speed, at 34 cm immersion of the nozzle, the variations
in dynamic pressure at the triangle tip become more evident. Figure 12b,d shows the
jets’ effects on the oscillations. In the case of a casting speed of 8 m/min, variations on
the triangle tip appear even from at 22 cm immersion, as seen in Figure 13a,c, and 34 cm
immersion of the nozzle results in a higher oscillation frequency.

4. Discussion
4.1. Optimized Nozzle

Optimizing the internal geometry eliminates the area below the nozzle’s tip where a
vortex path originates, raising the dynamic distortion and forcing the jets [33]. In addition,
the projections of the nozzle share their energy to create a balance between both, eliminating
the external effect of ferrostatic pressure and oscillations.

4.2. Analysis Inside the Optimized Nozzle

Figures 14–16 show the dynamic pressure contours in a longitudinal plane to the
center of the nozzle. The results show that points 1 and 2 are similar to those of the original
nozzle. In contrast, there are notable differences between the two nozzles, with a more
significant increase in dynamic pressure for the optimized nozzle than that presented by
the original nozzle. This phenomenon causes a fluctuation in pressure and the fluctuating
velocity caused by the fluid jet impact on the nozzle point to have a minor effect on
the inhomogeneity in the movement transfer in fluid zones above this area, as reported
previously in the literature [4,5].
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Figure 15. Dynamic pressure contour (Pa) in a central symmetrical plane of the optimized nozzle at a
casting speed of 6 m/min and mass flow monitoring for each port (a,c) at 22 cm nozzle immersion
and (b,d) at 34 cm nozzle immersion.

When comparing the observed point to the original nozzle, it is evident that it has
a more stable area, with less significant geometry changes confirmed by observing each
port’s mass flow behavior. As a result, this nozzle experiences less variation and maintains
consistent flow through only one port, preventing entanglements and oscillations in the
jet’s behavior, as seen in the original nozzle.
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4.3. Analysis Inside the Nozzle-Mold System

The geometry of the nozzle has a determining influence on the flow within the
mold [23,30]. However, comparing the numerical models shows that the outlet flow
changes depending on the nozzle’s specific geometric characteristics, such as its length,
metallurgical height, and the size and shape of the outlet ports. In addition, some of these
characteristics change naturally due to continuous casting operating conditions. The most
straightforward example is the port’s geometry modification due to the nozzle’s wear
caused by the erosion and deposition of impurities. Therefore, to correctly characterize the
flow behavior within the nozzle, it is necessary to reproduce the conditions at different
operating regimes and determine the effect of the initial geometric design conditions.

Consequently, an in-depth analysis of the original nozzle and an optimized one was
carried out. The analysis was done by drawing a straight line in the center of the interior of
the nozzle and the mold, from which the production of kinetic energy was obtained as well
as the relationship of turbulent dissipation, turbulent intensity, and vorticity magnitude.
By doing this, we havea more precise understanding of the effect of each of these variables
on the stability of the jets coming from the nozzle ports and their effect on the flow patterns
generated inside the mold and the nozzle. Each of the variables mentioned above was
measured for 22 cm and 34 cm nozzle immersions and casting speeds of 4, 6, and 8 m/min.

In Figure 17a for a 22 cm immersion, as the speed changes from 4 to 5 m/min, the
turbulent kinetic energy does so in tandem, starting with a large generation of turbulent
kinetic energy in that region; the energy of the original nozzle is slightly more significant
than that of the optimized nozzle. Now, as seen in Figure 17a, for an 8 m/min casting
speed, a considerable difference is seen between the two nozzles, since the turbulent kinetic
energy for the original nozzle is very close to zero. As a result, the fluid’s behavior inside
this nozzle is almost laminar, until it reaches the tip of the division of the ports where the
original nozzle remains, which generates more kinetic energy in this area.

On the other hand, looking inside the mold, an area with a more significant generation
of turbulent kinetic energy is from the tip of the nozzle to 32 cm below it; for this reason,
the original nozzle reaches a value slightly higher than that of the optimized nozzle. After
that, however, gradual energy decay occurs, until it reaches a value very close to zero.
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Part b of Figure 17 for a 34 cm nozzle immersion depicts the turbulent kinetic energy of
the fluid inside the nozzle for a casting speed that comes from a maximum of kinetic energy
production. The speed decreases as it moves deeper into the nozzle, until it reaches the
division of the ports, managing to increase when colliding with it and reaching very similar
values for both nozzles. Let us now analyze the nozzle for a 6 m/min casting speed. It can
be seen how the original nozzle has a minimal production of turbulent kinetic energy both
inside the nozzle and in the mold, while the optimized nozzle comes from a production of
null kinetic energy at the entrance of the nozzle, increasing until it reaches a maximum of
20 cm inside the nozzle and gradually decreasing until it reaches the tip of the division of
the ports, where it reaches a maximum value in the production of turbulent kinetic energy.
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If the casting speed of 8 m/min is analyzed, it is possible to observe the same behavior
for the optimized nozzle. In contrast, the original nozzle presents a constant fluctuation of
energy inside, while the optimized nozzle presents the expected average behavior; if the
behavior of the kinetic energy inside the mold is analyzed, the optimized nozzle presents
a more outstanding production of turbulent kinetic energy up to 20 cm below the tip of
the nozzle for casting speeds of 4, 6, and 8 m/min, while the original nozzle at 8 m/min
still shows an energy fluctuation that covers the entire region of the mold. The difference
is in how the kinetic energy behaves within the two nozzles. This behavior is affected by
the instability at the tip of the nozzle ports, which affects the nozzle’s kinetic energy. The
optimized nozzle’s design allows for energy sharing between the two jets from the nozzle
ports, while the original nozzle’s design is based on the fluid coming from the bottom and
reaching the nozzle’s tip.

Regarding Figure 18 for the dissipation relationship of the turbulent kinetic energy,
at 22 cm immersion of the nozzle in part (a), both nozzles similarly dissipate the energy
for casting speeds of 4 and 6 m/min. However, there is a vast difference in the amount
of energy dissipated when the fluid hits the tip of the port division. Accordingly, the
optimized nozzle disperses a more significant amount of energy in the turbulent mold
kinetics, just below the tip of the nozzle. This result is directly related to the production–
dissipation relationship created by the collision of both jets in this area. Furthermore, the
occurrence is related to eliminating the space left by the original nozzle. As a result, the
fluid from the bottom and the upper part of the mold interact, causing continuous vortices.

After examining parts (a) and (b) at a casting speed of 8 m/min, this behavior com-
pletely changes for the original nozzle. Here, it shows a fluctuating behavior in kinetic
energy dissipation inside the nozzle and the mold. Thus, inside the mold, the oscillation of
the jets increases, and vortex path energy is generated between the jets. This effect resulted
in a transfer movement in the recirculation in the upper part of the mold.

In contrast, the optimized nozzle presented a typical 4 and 6 m/min pattern. When
analyzing subsection (b) for an immersion depth of 34 cm, the same behavior is observed
for 22 cm nozzle immersion at casting speeds of 4 and 6 m/min. Even though there is
a slight difference in the optimized nozzle, the difference is related to the dissipation of
more kinetic energy over the tip of the port division, corresponding to the hydrostatic
pressure effect on both nozzles. In the case of the optimized nozzle, the division size of
the ports is 2.06 times higher than that of the original nozzle. Hence, it is less affected by
hydrostatic pressure and seeks to reach dynamic equilibrium faster. Now, analyzing the
kinetic energy dissipation for the 8 m/min casting speed, the same behavior is observed for
the 22 cm nozzle immersion, continuing and fluctuating for the original nozzle. In contrast,
the optimized nozzle maintains the demeanor obtained at lower speeds. The fluctuation in
dissipation and kinetic energy production corresponds to the jet oscillation inside the mold,
consequently forming the vortex path below the tip of the nozzle.

Figure 19 shows the turbulent intensity related to the fluctuating and average speeds.
In parts (a) and (b) of Figure 19, this can be seen clearly for 22 and 34 cm nozzle immersion
at casting speeds of 4 and 6 m/min inside both nozzles and the mold, as the fluctuating
speed begins to grow.

At the same time, the instantaneous velocity of the fluid decays, with the original nozzle
having a very pronounced change at the moment of the impact of the fluid with the division of
the ports. This change occurs due to the fluctuating velocity increase between the neighboring
fluid layers. As a result, it simultaneously destabilizes the flow in each port.

When the nozzle flow exits just below the tip of the division of the ports, the optimized
nozzle instantaneously regains its velocity, suppressing vorticity and velocity fluctuations
due to the kinetic energy shared between the jets and different fluid layers inside the mold.
The speed analysis confirmed the original nozzle flow pattern, which had fluctuating and
rising velocity, and the formation of vortex paths with a vector field of both nozzles and
the same casting speeds.
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In contrast to the 8 m/min speed for both immersion levels, the optimized nozzle
maintains the same profile, unlike the original nozzle, since there is a constant exchange
between the fluctuating speed and the instantaneous speed. This fluctuating behavior in the
turbulent intensity increases the periodicity in forming vortices. As a result, it destabilizes
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the flow inside the nozzle. Finally, we verified that the jets’ dynamic distortion comes
from the bifurcation inside the nozzle, as a direct consequence of the vortex path and the
oscillation of the casting jets.

Finally, Figure 20 corresponds to 22 cm nozzle immersion (part (a)) and 34 cm of noz-
zle immersion (part (b)) for casting speeds of 4, 6, and 8 m/min. Here, casting speeds of
4 and 6 m/min, and 8 m/min, present the most noticeable vorticity changes, primarily due
to the impact of the flow involving the division of the ports in the zone of the mold. In this
consideration, the vortices fade due to the jets’ energy from the original nozzle. In contrast,
the immediate vorticity suppression in the modified nozzle is due to the jets’ collision and the
lack of space to develop the perturbation. At a speed of 8 m/min, entanglement occurs at
the flow outlet of the original nozzle, caused by instability within the nozzle and resulting in
vorticity formation inside the mold. The leading cause is the continuous oscillation of the nozzle
jets inside the mold, putting the cleanliness of the cast steel at risk. As a result, the interface
fluctuates, and the newly solidified steel crust experiences resistance due to continuous washing,
provoking yarn break and a complete cessation of the process.

5. Conclusions

This research presented a numerical simulation to observe the fluid dynamics of the
submerged nozzle internal design optimization (SEN) overflow patterns. The jet oscillations
observed inside the mold originate from within the nozzle itself. Furthermore, it is possible
to control the effect of ferrostatic pressure by reducing the depth of the nozzle concerning
the metal surface. Therefore, the fluctuating flow in this area produces changes in the
microscales. However, this action increases the internal pressure of the nozzle, which will
undoubtedly affect its lifespan.

The internal nozzle area changes to accommodate the fluctuation of speed and pressure
in the fluid zones above the port division. Consequently, impacting this zone creates an
imbalance in the flow, leading to an oscillation of the jet within the nozzle. By optimizing
the geometry of the port division, it is possible to suppress the vortex path area, reducing
the dynamic distortion. As a result, the jets converge at the center of the mold, producing
better control over the oscillations. At the tip of the internal nozzle bifurcation, the delicate
and fragile balance of forces is disrupted by turbulent phenomena, resulting in fluctuation
or intertwining of the flow delivered by each port.

The proposed modification in the internal geometry of the nozzle is considered capable
of modifying the flow pattern inside the mold. The geometric changes correspond with a
106% greater elongation than the original nozzle; the change is considered 17% of an inverted
trapezoidal shape. Furthermore, there was a 2.5 mm increase in the lower part of both ports to
compensate for the inverted trapezoidal shape. The newly designed SEN successfully eliminated
the issue of jet oscillations inside the mold by effectively preventing the intertwining of the flow.
This improvement is a significant upgrade over the original design.

The optimizations performed in the division of the nozzle ports ensure stability in
the jets coming from the nozzle ports and maintain interface integrity up to casting speeds
of 8 m/min, thereby ensuring process safety and quality of the final casting product. In
conclusion, this research demonstrates that dividing the internal nozzle geometry allows for
better control of jet oscillations, improving process operability through interface fluctuation.
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