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Abstract: This work studies how the sliding-gate valve (SGV) modifies the features and the dynamic
behavior of the outlet jets for flat-bottom and well-bottom bifurcated submerged entry nozzles (SENs)
used in continuous casting machines. Three conditions for the SGV were studied: no obstruction,
moderate obstruction, and severe obstruction. The experimental study used a scaled model, em-
ploying cold water as the working fluid. A high-frequency analysis of the flow inside the SEN’s
bore arriving at the outlet ports was performed by employing the particle image velocimetry (PIV)
technique. Low-frequency measurements of the volumetric flow at the exit port were obtained by
splitting the exit jet into four quadrants and employing digital flowmeters. It was observed that
reducing the SGV clearance increases the turbulence of the flow inside the SEN bore, but the flow
displays ordered rather than erratic fluctuations. Flowmeter measurements showed that, regardless
of the level of obstruction in the SGV, the outlet jets on flat-bottom and the well-bottom SENs have
dynamic behaviors and features with significant differences. This finding is relevant because the flow
distribution inside the outlet ports is directly related to the jet’s wideness, affecting the recirculation
pattern inside the mold and, therefore, the quality of the finished steel slab.

Keywords: steel continuous casting; slab caster; submerged entry nozzle (SEN); sliding-gate valve

1. Introduction

Steel is a crucial material in the circular economy, a model of production and consump-
tion that aims to minimize waste and promote the sustainable use of natural resources [1].
Recent works estimate that the global steel demand in 2050 will range from 2300 to 3000 mil-
lion tons annually [2–4]. This colossal demand presents steelmakers with an enormous
challenge, given that steel production generates around 7% of all CO2 emissions [5]. Con-
tinuous casting is the world’s predominant method for producing steel slabs [6,7]. Today,
the industry uses at least three different types of continuous casting: conventional con-
tinuous casting (CCC), endless strip production (ESP), and thin slab caster (TSC). CCC
remains the preferred method for producing the highest-quality steel sheet products [8].
In the CCC process, the quality of the finished steel slab depends on numerous factors
which are intimately related to the fluid flow pattern inside the mold [9,10]. In turn, the
hydrodynamic pattern within the mold depends strongly on the characteristics of the jets
emerging from the exit ports on the submerged entry nozzle (SEN), whose design varies
widely. The cylindrical-like external geometry of the SEN is the most common shape in
CCC machines [11,12]. Typically, the shape of the SEN bore is also cylindrical [13]. The
features of the SEN that have been employed to modify the hydrodynamic behavior inside
the mold include the height of the inner bottom wall [13–15], and the number [16] and
shape of the exit ports [17].
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Besides modifying the geometric features of the SEN, an external device, the electro-
magnetic brake, has also been employed to impose a prescribed fluid flow pattern inside
the mold [18–20]. Although this device has produced favorable results, recent works have
shown that the magnetic field’s features must be tuned carefully. Specifically, an undesir-
able hydrodynamic behavior inside the mold is obtained when the magnetic field is set
incorrectly [21–23].

Finally, the device that controls the flow of the liquid steel from the tundish to the mold
is an element that must be included in the process analysis [11,24–26]. Several investigations
studying these devices’ effects on the characteristics of the jets that emerge from the SEN are
reported in the literature [25,27]. The results are phenomenologically consistent but have a
level of uncertainty that is difficult to delimit. In addition, these investigations involve a
complex methodology and expensive equipment [24]. Using numerical simulations, Bai
and Thomas explained the features of SEN exit jets by splitting each of them into two parts:
the upward and the downward jets [28]. Bai and Thomas report that, although the upward
jet occupied around 30% of the exit port area, the volumetric flow fraction corresponding
to this jet is considerably less than 30%. However, to the authors’ knowledge, there are no
works reported in the literature that, through physical simulations, fully corroborate or
refute the assertions of Bai and Thomas.

Numerous works have employed numerical and physical simulations to design the
shape of an SEN to enhance the steel quality. Based on similarity criteria, the hydrodynamic
behavior of an actual steel CCC can be reproduced in a scaled model using cold water as the
working fluid if the dimensions and operating conditions are set correctly [29]. This work
is devoted to experimentally studying, in a scaled cold-water model, how the sliding-gate
valve (SGV) modifies the hydrodynamic pattern inside the SEN and the characteristics
of the jets emerging from it. The study included two variants of the bifurcated SEN, one
with a flat bottom and another with a pool at the bottom. In addition, three “positions”
or conditions of the SGV were studied: one where there is no flow obstruction, one with
moderate obstruction, and another with severe obstruction. Based mainly on numerical
simulations, previous works stated that the uneven distribution of the liquid flow across
the SEN outlet largely determines the features of the exit jet [27,28]. The present work
conducted experimental tests employing a modified SEN to divide each outlet into four
quadrants and measure the volumetric flow crossing each. Our work confirms that the flow
at the SEN outlet is distributed unevenly, and this distribution depends on the shape of the
bottom of the SEN and the SGV clearance.

This work is organized as follows. The operating conditions of the scaled model of the
SEN and its relationship with an actual CCC are presented in Section 2. The dimensions
and the geometric features of the six SEN configurations studied in this work are also
described and discussed in this section. Section 3 presents and analyzes the high-frequency,
transient behavior of the fluid velocity field inside the SEN’s bore in a zone above the exit
ports obtained with the particle image velocimetry technique (PIV). The low-frequency,
transient behavior of the SEN outlet jets is presented and analyzed in Section 4. In this case,
each jet was divided into four quarters, and the volumetric flow that emerged from each
quarter was measured using digital flowmeters. These temporal signals were subsequently
analyzed. This section also discusses the adjustments made to the SEN to couple it with the
flowmeters, and through numerical simulations, it is shown that these adjustments do not
modify the fluid flow pattern inside the SEN. Finally, Section 5 presents some concluding
remarks of this work and discusses its implications for actual CCC.

2. The CCC Process and the SEN Designs Studied in This Work

The molten steel with the specified composition is transported from the secondary
refinement facility to the continuous casting section inside a ladle. There, the steel is
discharged into the tundish, a container that distributes the molten steel into several casting
lines. The molten steel is poured into the solidification mold through the SEN. The left-hand
panel in Figure 1 shows a schematic of the casting section in a CCC machine for producing
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steel slabs. The solidification of the molten steel is initiated inside the mold, which is a
water-cooled copper shell. The secondary cooling section is just below the mold, where,
besides the steel slab being sprayed with cold water, the steel slab is pulled by withdrawal
rollers. Typically, the mold width ranges from 800 to 1600 mm. When the slab width is
above 1600 mm, it is considered a wide slab, and it is considered an ultra-wide slab when
the width is close to 3000 mm [30]. The thickness of the mold ranges from 180 to 300 mm,
and its length is around 1000 mm [31]. In CCC, the casting speed is the velocity at which
the semi-solidified slab is drawn from the mold. Nowadays, most continuous casters work
at speeds between 1000 and 2500 mm/min [7].
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Figure 1. Schematic description of the casting section of a continuous casting machine for making
steel slabs.

In actual CCC machines, each steelmaking company uses the SEN design that best
meets its requirements, so its geometric characteristics can change [32,33]. The main design
parameters for the SENs are the number, the shape, and the vertical tilt of the exit ports.
Regarding the number, the preferred configuration is the bifurcated one with an SEN with
two exit ports near the pipe’s end. Each port is located on opposite sides of the SEN, so
the exit ports’ axis is perpendicular to the SEN’s longitudinal axis. To minimize defects
generated by an asymmetric fluid flow pattern inside the mold, the axis of the outlet ports
of a bifurcated SEN must be parallel to the mold’s wide walls. The most common shapes
used for the exit ports are rectangular, circular, and oval [34]. In addition, the SEN could
have outlet ports with a vertical tilt upwards, horizontally, or downwards [35–37]. In this
work, the SEN designs have two outlet ports with a circular shape, and their vertical tilt is
downward.

The flow entering the mold from the tundish is usually controlled by an SGV or a
stopper rod (SR) [25,26,38–40]. However, this work will only consider the SGV as the
flow-control device. The right-hand panel in Figure 1 shows a close-up of the SGV coupled
with a bifurcated SEN. The SGV has an orifice in a plate that controls the steel’s flow rate.
The volumetric flow descending through the SEN depends on the height of the steel inside
the tundish, which varies constantly. At the beginning of the cast, the tundish is filled to its
maximum capacity, and the height of the molten steel decreases as the casting progresses
until the tundish is filled again. So, to maintain a constant delivery of molten steel to the
mold, the SGV plate’s clearance is narrow at the beginning of the cast, increasing as the
molten steel’s height into the tundish decreases. An analysis of the transient reduction in
the SGV plate’s clearance is beyond the scope of the present work. Instead, three conditions
of the SGV are studied: no flow obstruction, moderate flow obstruction, and severe flow
obstruction.
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Figure 2 shows three ways of coupling the SGV with the SEN. The coupling is named
after the angle formed between the axis of the sliding plate, colored in yellow, and the
SEN outlet ports: 0◦, 45◦, and 90◦. Several works show that the 90◦ coupling induces less
asymmetry in the fluid flow pattern inside the mold [27]. So, in all the SEN designs studied
in this work, the axes of the sliding plate and the SEN outlet ports will be perpendicular to
each other.
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Figure 2. Typical arrangements of the tundish sliding-gate valve with respect to the axes of the exit
ports of a bifurcated SEN.

Another design parameter for a bifurcated SEN is the height of the inner bottom wall
relative to the height of outlet ports’ inner lower edges. When the heights of the wall and
the edges coincide, the design is labeled as a Flat-Bottom (FB) SEN. Otherwise, a pool or
well emerges inside the SEN when the bottom wall height is below the ports’ lower edges.
Therefore, the design is called a Well-Bottom (WB) SEN. Figure 3 shows a conventional
bifurcated SEN and the customized designs employed in this work. The customization
relies on reducing the thickness of the walls to obtain SENs with extra-thin walls, so the
sections colored in dark grey are removed. Therefore, the SENs employed in this work are
composed only of the sections colored in light grey.
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Figure 3. Conventional SEN and customized FB and WB SEN designs.

The kinematic viscosity of water at 25 ◦C and molten steel at 1550 ◦C are 0.893 × 10−6

and 0.784× 10−6 m2/s, respectively. Given that the kinematic viscosity of these two fluids is
close enough, in 1972, Szekely and Yadoya showed that the hydrodynamic behavior inside a
scaled model using water is similar to a CCC, ensuring the Froude number in both models is
the same and that the liquid velocity in the scaled model is set correctly [29]. A scaled model
ensuring thermal similarity with a CCC requires fulfilling other requirements. However,
this work is restricted to studying the hydrodynamic behavior inside the SEN. Based on the
previous discussion, the Froude similarity criterion between an actual CCC and the scaled
model must be satisfied to specify the SEN dimensions and the operating conditions.
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The left-hand panel in Figure 4 shows the dimensions of the customized SENs studied
in this work based on a scale factor of 1 : 1/3. All the SENs have a bore diameter, D, of
26 mm; the outlet port inner diameter, d, is 20 mm; and their vertical tilt is 15◦ downwards.
This panel also shows the width of the plate’s clearance for the moderatep and severe-SGV-
obstruction conditions, which are 15 and 10 mm, respectively. These obstruction degrees
agree with those employed in actual CCC machines. The obstruction plate, shown in blue
in this figure, is 300 mm above the outlet ports’ upper edge. This positioning ensures that
the plate’s distance to the outlet ports is at least ten times the SEN’s bore’s diameter, D.
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Figure 4. The left-hand panel shows the dimensions of SEN and the SGV clearance. The right-hand
panel provides a 3D view of the six SEN configurations studied in this work.

The right-hand panel in Figure 4 depicts the six customized SEN designs studied in
this work: flat-bottom with no obstruction (FBNO), flat-bottom with moderate obstruction
(FBMO), flat-bottom with severe obstruction (FBSO), well-bottom with no obstruction
(WBNO), well-bottom with moderate obstruction (WBMO), and well-bottom with severe
obstruction (WBSO). The SEN’s central long body was made with a Plexiglass pipe 3 mm
in thickness. For the experiments presented in Section 3, the outlet ports, colored in red
in Figure 4, were also made with Plexiglass pipes 3 mm in thickness. For convenience, in
the experiments presented in Section 4, the SEN outlet ports were manufactured on a 3D
printer with PLA filament, and their thicknesses were also 3 mm.

Regarding the operating conditions, all the experiments were conducted using the
same water volumetric flow, 30 L/min. Recalling that the scale factor is 1:1/3 for an actual
mold with a width of 1500 mm and a thickness of 210 mm, the casting speed in the cold-
water scaled model with this volumetric flow is 857 mm/min. The measurements used in
this analysis begin 30 s after the pump is turned on.

3. Transient Behavior of the Fluid Velocities Field inside the SEN’s Bore

The transient behavior inside the SEN’s bore is analyzed by calculating the fluid
velocity field using the particle image velocimetry technique (PIV). The analysis is restricted
to a central plane above but near the SEN’s bottom zone. Figure 5 shows a schematic
representation of the experimental rig employed for the PIV test, and a photo of the SEN
used in these experiments. To allow us to see inside the SEN’s bottom zone, at least partially,
the camera’s sensor and the laser sheet were not parallel. Notice that the entire SEN is made
from Plexiglass pipes. The lower end of the central tube is closed using the stoppers (black),
also shown in the figure. The stoppers’ heights are different, allowing for both the FB and
the WB SEN designs to be generated. After several attempts, the best video recordings were



Fluids 2024, 9, 30 6 of 22

obtained when the SEN discharged the water jets directly into the air instead of submerging
the SEN into a transparent receptacle filled with water. Therefore, two gadgets made of
white PVC plumbing were attached to each outlet port, directing the water jets downward
and avoiding excessive splashing. These gadgets are also shown in Figure 5. The device
used to recreate the sliding plate under the severe obstruction condition is also shown in
Figure 5. This device was manufactured with a 3D printer with PLA filament. The other
device used to recreate the moderate obstruction condition is similar to this one.
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The experimental tests reported and analyzed in this section were recorded using a
monochromatic 9501AZ High-Speed Camera from AZ-Instruments Corp. (Taichung City,
Taiwan), using a 6 − 60 mm, 720 p, F1.6, 1/3” CS lens. Hollow glass spheres from Dantec
Dynamics A/S (Skovlunde, Denmark), with diameters of 10 µm, were used as seeding
particles to trace the fluid flow pattern. The SEN bore was illuminated using a 500 mW,
450 nm laser module, which generated a 1 mm thick lighting sheet. All the experimental
tests were recorded at 835 frames per second, with a 640 × 480 image resolution. So, the
elapsed time between each pair of consecutive images is 1.2 ms. This time gap is small
enough because all the liquid velocities are expected to be below 1.6 m/s.

The left panel in Figure 6 shows a pair of consecutive images for the FBNO configura-
tion to exemplify the recording results used for PIV analysis. Notice that the plane under
study is perpendicular to the SEN outlet port’s axis. The plane to be analyzed starts from
the SEN’s bottom zone and extends above the level of the exit ports to a height around
twice the diameter of the SEN bore. The right panel in Figure 6 shows the flow pattern of
the liquid in a zone just below the SVG. This image shows the path of reflective particles
illuminated by a laser sheet. The particles’ path becomes visible by setting the camera’s
exposure time high enough. The SGV creates two zones below it, the main flow and the
recirculation zones, which are enclosed in red- and blue-colored rectangles, respectively.
The importance of this flow separation will be highlighted below.

For the sake of space, the transient analysis of the velocities field inside the SEN
bore will only be shown for the no-obstruction and severe-obstruction conditions. How-
ever, video files for the six SEN configurations are provided as Supplementary Materials.
Figures 7 and 8 display the velocity fields for the FB and WB designs, respectively. Both
figures have the same structure: The upper panels belong to the no-obstruction condition,
whereas the lower panels were reported in the severe-obstruction condition. The flow
patterns sketched on the right-hand side of Figures 7 and 8 were made based on the behav-
ior observed in the high-speed recordings and the results of previous works reported in
the literature.
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The upper panels in Figures 7 and 8 show that, for the no-obstruction condition
and regardless of the SEN bottom shape, the liquid’s flow pattern above the outlet ports
zone resembles a fully developed turbulent flow. This flow pattern is distorted near the
upper edges of the outlet ports. On the contrary, and as expected, the lower panels in
Figures 7 and 8 show that the obstruction increases the intensity of the turbulence in the
flow inside the SEN bore, but the flow displays ordered rather than erratic fluctuations.
It can be noticed, in Figures 7 and 8, that the fluid-flow pattern is distorted differently when
the liquid reaches the beginning of the outlet ports in the no-obstruction (panel a) and
severe-obstruction conditions (panel b). We assume that this difference reflects a change in
the flow pattern in the SEN’s bottom zone.

For the FB design (Figure 7), it is well known that two counter-rotating vortexes
characterize the flow pattern at the bottom of the SEN, and many works report that their
sizes and intensities are the same [41,42]. However, recent studies have shown that the
intensity of the vortexes can differ, and the small, weaker vortex can even disappear
periodically. Precisely this behavior was observed for the no-obstruction condition [43–45].
On the other hand, for the severe-obstruction condition, the permanent presence of two
vortexes with almost the same sizes and intensities was observed.

Concerning the WB design, several works have reported that the flow pattern at
the bottom of the SEN is characterized by two counter-rotating vortexes, whose sizes and
intensities differ enormously [45,46]. The biggest and strongest vortex occupies a significant
fraction of the volume of the pool at the bottom of the SEN and extends to a height close
to three-quarters of the height of the exit ports. On the contrary, the smallest and weaker
vortex is inside the liquid pool, close to its bottom wall. This behavior coincides with
that observed in experiments for the no-obstruction condition. However, for the severe-
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obstruction condition, the intensity of the biggest vortex increases, is pushed downwards,
and sinks into the pool, occupying its volume almost entirely, and causing the weaker
vortex to disappear. Additionally, it can be noticed that there is an increase in spreading in
the stagnation zone above the ports and below the SGV plate clearance.

The analysis of the fluid transient velocity fields for each experiment was carried out
using a set of 201 pairs of consecutive images. However, only the results at the locations
marked with green spheres in Figures 7 and 8 are reported and analyzed, which were
obtained from nodes of VTK files generated by PIVlab v2.62. Each location is named after
its height: upper, middle, and lower. Figure 9 shows the evolution of the fluid velocity
magnitude, v, over time for the four configurations and at the three locations. Figure 10
shows the evolution of the velocity vector vertical tilt, φ, over time. By observing the curves
in these figures, the change in behavior under the no-obstruction and severe-obstruction
conditions is evident. Table 1 summarizes the results of the quantitative analysis of the
series shown in Figures 9 and 10 by calculating its arithmetic mean and standard deviation.
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Figure 9. Time series of the velocity magnitude at the three positions marked in Figures 7 and 8 for
the following SEN configurations: (a) FBNO; (b) WBNO; (c) FBSO; (d) WBSO. The SEN design and
the SVG clearance are indicated on each panel with sketches.

Several conclusions can be drawn from Figure 9. The velocity magnitude analysis
shows the following: The mean value decreases as the measurement height decreases for
all the SEN configurations except at the upper position on the WBSO configuration. For the
no-obstruction condition, the mean is lower for the FB design, but this trend reverses for
the severe-obstruction condition.



Fluids 2024, 9, 30 10 of 22

Fluids 2024, 9, x FOR PEER REVIEW 10 of 22 
 

The velocity magnitude standard deviation analysis is as follows: The trend observed 
in all the configurations is that the standard deviation decreases as the measurement 
height decreases. Notice that the FBNO and FBSO configurations have almost the same 
standard deviation. This similarity is also observed in the WBNO and WBSO configura-
tions. On the contrary, the standard deviation for the WBNO configuration is around three 
times that of the FBNO configuration. A similar proportionality is observed between the 
WBSO and FBSO conditions. 

  

  

Figure 10. Time series of the velocity vector vertical tilt at the three positions marked in Figures 7 
and 8 for the following SEN configurations: (a) FBNO; (b) WBNO; (c) FBSO; (d) WBSO. The SEN 
design and the SVG clearance are indicated on each panel with sketches. 

Table 1. Arithmetic mean and standard deviation of the fluid velocity magnitude and the velocity 
vector tilt. 

Property Measure 
Location 

SEN Configuration 
FBNO WBNO FBSO WBSO 𝑣̅ (m/s) 

Upper 0.8933 0.9890 0.9841 0.7739 
Middle 0.8603 0.9706 0.9427 0.8660 
Lower 0.8027 0.9407 0.9283 0.8384 𝜎௩ത  (m/s) 
Upper 0.0797 0.2126 0.0934 0.2190 
Middle 0.0691 0.1830 0.0794 0.1923 
Lower 0.0672 0.1757 0.0664 0.1847 𝜑ത (°) Upper −92.1871 −89.5019 −90.4573 −89.0357 
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Figures 7 and 8 for the following SEN configurations: (a) FBNO; (b) WBNO; (c) FBSO; (d) WBSO.
The SEN design and the SVG clearance are indicated on each panel with sketches.

Table 1. Arithmetic mean and standard deviation of the fluid velocity magnitude and the velocity
vector tilt.

Property Measure Location
SEN Configuration

FBNO WBNO FBSO WBSO

v (m/s)
Upper 0.8933 0.9890 0.9841 0.7739
Middle 0.8603 0.9706 0.9427 0.8660
Lower 0.8027 0.9407 0.9283 0.8384

σv (m/s)
Upper 0.0797 0.2126 0.0934 0.2190
Middle 0.0691 0.1830 0.0794 0.1923
Lower 0.0672 0.1757 0.0664 0.1847

φ (◦)
Upper −92.1871 −89.5019 −90.4573 −89.0357
Middle −93.1295 −90.0346 −90.0301 −88.7205
Lower −93.5627 −89.7711 −88.2866 −88.7562

σφ (◦)
Upper 4.9855 4.1513 16.6630 15.1172
Middle 4.5028 3.9837 14.9233 16.1136
Lower 4.7685 4.6367 12.8194 15.6815
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The velocity magnitude standard deviation analysis is as follows: The trend observed
in all the configurations is that the standard deviation decreases as the measurement height
decreases. Notice that the FBNO and FBSO configurations have almost the same standard
deviation. This similarity is also observed in the WBNO and WBSO configurations. On the
contrary, the standard deviation for the WBNO configuration is around three times that
of the FBNO configuration. A similar proportionality is observed between the WBSO and
FBSO conditions.

In addition to the velocity magnitude, the deviation of the velocity vector from the
downstream vertical axis was also calculated at the same locations. The mean value of the
velocity vector’s vertical tilt shows neither a specific trend nor proportionality between
configurations. In addition, the difference among all the values is negligible. However,
the standard deviation of the velocity vector’s vertical tilt under the severe-obstruction
condition is around three times the value for the same design under the no obstruction
condition. The latter can be attributed to the large amount of fluid mixing occurring in
the bore.

Along with the statistical analysis, a frequency analysis was also carried out. The
power spectral density (PSD) was calculated using the corresponding function in the
MATLAB R2023a package on the data shown in Figures 9 and 10. Again, for the sake of
space, only the time series belonging to the velocity vector’s vertical tilt at the lower height
were analyzed. Figure 11 shows the estimated PSD vs. the frequency for the four SEN
configurations. In the plots, near-zero frequency modes were excluded and the expected
Nyquist frequency is 200 Hz. Note that the scales are different for the upper and lower
panels. The shape of the PSD for the FBNO configuration (Figure 11a) suggests the presence
of some periodic fluctuations. In contrast, the plot for the WBNO configuration (Figure 11b)
resembles the behavior obtained from a white noise signal. On the other hand, the plots for
the FBSO and WBSO configurations (Figure 11c,d) clearly show that the severe-obstruction
condition reinforces some periodic behaviors present in the no-obstruction condition or
creates new ones with high energy modes.
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In summary, the frequency analysis quantitatively corroborates the behavior observed
in the high-speed recordings: the SGV increases the turbulence of the flow inside the SEN
bore, but the flow displays ordered and periodic fluctuations rather than erratic behavior.

4. Transient Behavior of the SEN Outlet Jets
4.1. Adjustments Made to the SEN

Previous works have studied the control device’s effect on the behavior of the SEN
outlet jets by measuring the liquid velocity near the SEN outlets on scaled models using
cold water as the working fluid [15,24,28,47]. In those works, the SEN was submerged
in the water contained in the mold. The jet velocity was measured using PIV, ultrasonic
Doppler velocimetry, and an impeller-velocity probe, among other techniques. The present
work adopts a different approach. The SEN outlet jets’ behavior is studied by analyzing
transient measurements of the volumetric flow emerging from them. The main purpose of
this analysis is not to determine the amount of flow emerging from the outlets but rather to
characterize how the flow is distributed at the exit ports. Therefore, a set of customized
devices was developed, which, besides dividing the flow emerging from the SEN, allows
for coupling with digital flowmeters. Four pieces form this set, and they are shown in
Figure 12. Notice that these devices divide the flow into four quarters. The two elements at
each side of the SEN are glued together, and subsequently, the new body is glued to the
corresponding SEN outlet port.
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Figure 12. Customized devices employed for dividing the SEN emerging flow into four quadrants.

Figure 13 shows the experimental rig used for the tests reported in this section. The
left panel shows the customized SEN with the devices described previously. As in Section 3,
the lower end of the central tube is closed using stoppers with different heights, allowing
for both the FB and the WB SEN designs to be generated. However, for convenience, the
outlet ports and all the devices were manufactured using a 3D printer with a PLA filament,
and their thicknesses were also 3 mm. This panel also shows how rubber pipes connect one
coupler to four digital water flow sensors, GR-301 model, from GREDIA (China), shown in
the panel on the left of Figure 13. Water exiting from the flow sensors freely falls into the
container. The signals generated by the digital flowmeters were acquired using an Arduino
Mega microcontroller board, also visible in the left panel of Figure 13.
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Figure 13. Experimental rig employed for measuring the volumetric flow at each quadrant and four
digital rotational flow meters mounted on a horizontal hub.

The flow sensors employed in this work are turbine-like flowmeters. Therefore, the
turbine’s rotation speed is proportional to the volumetric flow rate. Additionally, given
that the employed sensors belong to the Class I turbine flow meters (AWWA Standard
C701 [48]), the sensors register 98–102% of the actual rate.

Each flowmeter was calibrated to obtain its characteristic proportionality constant.
It was observed that the interval for counting the turbine’s pulses must be at least two
seconds to obtain reliable measurements. Thus, the acquisition rate for the volumetric
flow signals was one measurement every two seconds. Furthermore, a moving average
was applied to the volumetric flow time series to smooth out short-term fluctuations and
highlight the longer-term trends.

4.2. Analysis of the Flowmeters Signals

This subsection presents and analyzes the volumetric flow time series obtained from
the digital flowmeters using the six SEN configurations described in Figure 4. For clarity,
these time series belong to only one of the outlet ports. Since each time series, { fi},
represents the volumetric flow leaving the SEN through one of the outlet port’s quadrants,
it is crucial to specify the spatial relationship between the SGV plate clearance and the
analyzed quadrant. Therefore, the SEN outlet ports quadrants are named after their
cardinal direction: Northeast (NE), Northwest (NW), Southeast (SE), and Southwest (SW).
The SGV plate’s clearance was located directly above the NE and SE quadrants in all the
configurations reported in this section.

Figures 14 and 15 show the transient measurements for the FB and WB SEN designs,
respectively. Each panel on these figures uses drawings to indicate the SEN design and
the outlet quadrant being studied. In addition, the line color distinguishes the specific
SEN configuration. Notice that the scale of the vertical axis of the two graphs in the upper
panels of both figures is the same. The same is true for the graphs in the bottom panels. By
homogenizing the graph axes’ scales, the time series in Figures 14 and 15 clearly outline the
effect of the SGV clearance on how the volumetric flow distributes among each quadrant
of the exit port. It is also visible that the effect of the SGV clearance on the SEN outlet jets
changes substantially depending on the SEN bottom design.
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To make the qualitatively observable behavior in Figures 14 and 15 quantifiable, let us

construct a set of ad hoc statistics. Table 2 reports the arithmetic mean,
–
Q, the maximum, Q,

and the minimum, q, of the flow rate for each time series, { fi}. Equations (1)–(4) define the
set of four ad hoc statistics, aN , aS, aW , and aE, employed to describe the behavior observed
in Figures 14 and 15, and Table 3 reports the values of these statistics.

aN =

(
max(QNW , QNE)− min(qNW , qNE)

min(qNW , qNE)

)
× 100%, (1)

aS =

(
max(QSW , QSE)− min(qSW , qSE)

min(qSW , qSE)

)
× 100%, (2)

aE =

(
max(QNE, QSE)− min(qNE, qSE)

min(qNE, qSE)

)
× 100%, (3)

aW =

(
max(QNW , QSW)− min(qNW , qSW)

min(qNW , qSW)

)
× 100%. (4)

Table 2. Rank statistics of the volumetric flows time series.

Quadrant Statistic
(L/min)

SEN Configuration

FBNO FBMO FBSO WBNO WBMO WBSO

NW

–
QNW 3.602 3.557 3.565 3.555 3.666 3.641
QNW 3.617 3.576 3.589 3.591 3.692 3.664
qNW 3.586 3.541 3.539 3.512 3.640 3.621

SW

–
QSW 3.844 3.857 3.861 3.876 3.895 3.917
QSW 3.857 3.874 3.877 3.891 3.913 3.931
qSW 3.833 3.839 3.846 3.859 3.881 3.896

SE

–
QSE 3.854 3.859 3.863 3.873 3.865 3.861
QSE 3.865 3.874 3.880 3.899 3.881 3.877
qSE 3.841 3.843 3.846 3.848 3.850 3.846

NE

–
QNE 3.700 3.727 3.711 3.696 3.574 3.581
QNE 3.731 3.741 3.723 3.725 3.593 3.602
qNE 3.672 3.698 3.696 3.666 3.558 3.555
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Table 3. Customized statistics defined in Equations (1) through (4).

Statistic
(%)

SEN Configuration

FBNO FBMO FBSO WBNO WBMO WBSO

aN 4.1 5.7 5.2 6.1 3.8 3.1
aS 0.8 0.9 0.9 1.0 1.6 2.2
aW 7.6 9.4 9.5 10.8 7.5 8.6
aE 5.2 4.8 5.0 6.4 9.1 9.0

The statistic aN expresses the difference between the flows leaving the SEN through
the quadrants on the port’s upper half. Similarly, aS, aW , and aE represent the difference in
the flows leaving the SEN through the quadrants on the lower half, the half on the left side,
and the half on the right side, respectively.

Previous works devoted to the study of the influence of the bottom configuration on
the spread of the jets emerging from SENs found that the WB design produces the broadest
jets [45,46]. Those works attributed this feature to the difference between the flow patterns
at the SEN’s bottom zone. Based on the results of numerical simulations, they highlighted
the difference between the halves on the left and right-hand sides of the jets emerging from
the SEN outlet ports. With the data reported in Table 3, the sum of the statistics aW and aE
for the FBNO configuration is 12.8 and 17.2 for the WBNO configuration. This calculation
supports the premise raised in those works.

For the FB design, the data in Table 3 show that modifying the SGV plate’s clearance
has little influence on the differences in the outlet port’s south and east halves. However,
increasing the turbulence inside the SEN (by reducing the SGV plate clearance) increases
the differences in the outlet port’s north and west halves. This behavior can be explained
as follows. Increasing turbulence inside the SEN promotes the constant presence of two
counter-rotating vortexes in the SEN’s bottom zone (lower panels of Figure 7). By increasing
the turbulence, the vortexes’ intensity increases too, but they do not become identical.
Recall that the size of the vortex is directly related to the exit flow rate. This assertion is
corroborated by the trend observed in Figure 14c,d.

The four statistics, aN , aS, aW , and aE, show changes in the WB design when the
SGV plate clearance is reduced. The changes can be explained by recalling that, when the
turbulence inside the bore increases, the intensity of the strongest vortex increases but is
pushed downwards and sinks into the pool. The stagnation zone above the ports and below
the SGV plate’s clearance also increases its spread. Therefore, the streams flowing through
the quadrants on the same half of the SGV plate’s clearance reduce their volumetric flow
while the streams on the other half increase their volumetric flow. Additionally, notice
that aN reduces its value by almost half, and the value of aS increases to just over double.
The frequency analysis of the volumetric flow signals was carried out in the same way
as in the previous section, and the results are presented in Figures 16 and 17. Again, for
clearness, only the analysis of time series belonging to no obstruction and severe obstruction
is presented. The results for moderate obstruction are in between the presented extreme
cases. Figures 16 and 17 both have the same structure and report the estimated PSD vs. the
frequency for the FB and the WB designs, respectively. Notice that all the panels have the
same scale for the PSD axis and the frequency range is limited by the Nyquist frequency.
The red line displays the results for the no obstruction condition, while the blue line reports
the results for the severe obstruction condition.

First, let us analyze the behavior for the no-obstruction condition. The dynamic
fluctuations are weaker for the FB design than the WB design. For the FB design, the
dynamic behavior in the lower quadrants is quite similar, contrasting with the behavior
observed for the upper quadrants. The behavior in the lower quadrants resembles a white
noise signal, that is, a quasi-steady-state dynamic behavior with weak random fluctuations.
Figure 16 shows periodic fluctuations in both of the upper quadrants, but one has stronger
fluctuations. Figure 17 shows periodic fluctuations in all the quadrants for the WB design.
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Notice that, in this experimental test, the strongest fluctuations are in opposite quadrants,
specifically NW and SE.

Fluids 2024, 9, x FOR PEER REVIEW 17 of 22 
 

 
Figure 16. Frequency analysis of the volumetric flow time series at each quadrant for the FB design 
and the FBNO and FBSO configurations. The SEN design and the port quadrant are indicated on 
each panel with sketches. 

 

Figure 16. Frequency analysis of the volumetric flow time series at each quadrant for the FB design
and the FBNO and FBSO configurations. The SEN design and the port quadrant are indicated on
each panel with sketches.

Now, let us analyze the behavior for the severe-obstruction condition, but recall that
the SGV clearance is above the NE and SE quadrants. For the FB design, Figure 16 shows
that reducing the SGV clearance led to the following:

• The strength of the fluctuations in the lower quadrants increases, while for the SW it
does not change;

• The strength of the fluctuations in the NE quadrant reduces significantly while periodic
fluctuations considerably increase in the NW quadrant.

For the WB design, Figure 17 shows that reducing the SGV clearance has the following
outcomes:

• The strength of the fluctuations in all the quadrants reduces, but it is much more
noticeable in the southern quadrants;

• The strength of periodic fluctuations with specific frequencies increases, which is much
more noticeable in the NE and SE quadrants.
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The behavior observed in both designs can be understood by recalling that reducing
the SGV clearance creates a stagnation zone above the quadrants on the same side of the
clearance. This zone, in turn, increases the streams flowing through the quadrants on
the opposite half. The overall effect of the SGV can be characterized as a suppression of
multiple harmonics enhancing specific frequencies in the exit flow.

4.3. Analysis of the Conic Couplers Effect

The flowmeters mounted on each quadrant of the output ports allow us to measure
their bulk flow rate and any slowly changing oscillations. The flowmeters introduce an
additional pressure on the port where they are mounted which may lead to a bias in the
discharge rate between the two ports. Although a constant pressure imposed on each
outlet quadrant would change the total flow rate, this will not affect the measurements
of differences in flow rates between quadrants. However, such bias may change the flow
pattern inside the SEN’s bore. Visual inspection of the high-speed recordings of the flow
structure inside the bore when the flowmeters are mounted shows no qualitative difference
with the case of freely discharging flow.

Moreover, the conical pipe couplers that divide the flow into four sections may change
the flow pattern expected in the case of SEN without the couplers. The influence of
the coupler cannot be readily determined from the experiments. For this reason, we
performed numerical simulations using the SPH method. Previous works showed that SPH
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simulations of weakly compressible fluid satisfactorily reproduce the jet’s structure and the
SEN’s internal vortexes [45,46,49]. Details on the numerical parameters and the GPUSPH
code are described in [50,51]. Here, we conduct two simulations of FBMO SEN: one without
the couplers and one with couplers on both ports. In both cases, water enters through the
inlet with a constant velocity v = 1.0 m/s. It further accelerates due to gravity and exists
freely through the exit ports. The average number of fluid particles was 500, 000 in both
simulations. The geometry STL file of the SEN was meshed by unstructured triangular
mesh with ∆x = 0.0005 m and discretized with 500, 000 (no couplers) and 600, 000 (with
couplers) particles.

To assess the vortex structure inside the SEN, we compare the velocity magnitudes
of particles located in a thin slab in the YZ plane centered at x = 0. Figure 18 shows
the velocity field inside the SEN captured after one second of evolution when the flow
is roughly established. It is important to mention that it is expected that fully turbulent
flow will settle after 8.0 s, as observed in experimental tests. However, due to excessive
computational demand, only one-second numerical simulations were conducted, but we
were looking for differences between the pattern with and without couplers. Notice that
there is a very similar flow pattern in both cases. This similarity leads us to the conclusion
that the fluid freely discharges through the exit ports with the conic couplers does not
disrupt the flow pattern inside the SEN.
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5. Concluding Remarks

This work analyzed how the SGV modifies the dynamic behavior of the fluid flow
inside the bore and the SEN exit jets. Through several experimental tests, the frequency
analysis of fluid flow fluctuations for six SEN configurations was carried out. For the sake
of space, in some cases, only the no-obstruction and severe-obstruction SGV conditions
were present. The observed behavior for the moderate-obstruction conditions is in between
the presented cases, but the relationship is not linear. For interested readers, we include as
Supplementary Material the raw high-speed videos of the flow inside the bore for all the
six SEN configurations.

The high-frequency flow fluctuations inside the bore were determined by employing
the PIV technique. Also, a low-frequency analysis of the SEN exit jets was carried out
using digital flowmeter measurements. These two approaches confirm the observations
previously reported for the SEN with no obstruction. Specifically, the WB design produces
a dominant, strong vortex, which widens the SEN outlet jets. It was observed that reducing
the SGV clearance increases the fluctuations’ amplitude inside the bore, as expected, due
to the asymmetry of the entering flow. Despite this, the flow inside the SEN bore displays
ordered rather than erratic fluctuations. In addition, it was observed that a stagnation zone
below the SGV clearance is formed, which increases the flow on the opposite side of the bore.
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The effect of increasing the SGV obstruction is as follows. For the FB design, it
promotes the permanent presence of two vortexes at the bottom of the SEN. For the WB
design, the dominant vortex is pushed and sunk into the SEN pool, which increases the
opening of the SEN outlet jets.

Our findings suggest that current strategies in which the walls of the SEN bore are
modified by attaching flow modifiers are unnecessary because the dominant feature is the
geometry of the SEN’s bottom section, such as the bottom well. This statement is based on
the rounded SEN exit ports used in this work. However, further studies employing ports
with other shapes must be carried out.

Finally, several works have reported that the periodic fluctuations inside the mold are
found in the 0.5–3.0 Hz frequency range. Our analysis does not cover this range. However,
a further study with a new technique for measuring the SEN outlet jet fluctuations in this
range is necessary for identifying possible resonant frequencies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fluids9010030/s1, Video S1: Flow pattern inside the bore for the
FBNO configuration; Video S2: Flow pattern inside the bore for the FBMO configuration; Video S3:
Flow pattern inside the bore for the FBSO configuration; Video S4: Flow pattern inside the bore for
the WBNO configuration; Video S5: Flow pattern inside the bore for the WBMO configuration; Video
S6: Flow pattern inside the bore for the WBSO configuration.
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Nomenclature

CCC Conventional continuous casting
CO2 Carbon dioxide
ESP Endless strip production
FB Flat-bottom SEN
FBMO Flat-bottom SEN with moderate obstruction
FBNO Flat-bottom SEN with no obstruction
FBSO Flat-bottom SEN with severe obstruction
NE Northeast
NW Northwest
PIV Particle image velocimetry
PLA Polylactic acid
PSD Power spectral density
PVC Polyvinyl chloride
SE Southeast
SEN Submerged entry nozzle
SGV Sliding-gate valve
SPH Smoothed particle hydrodynamics
SR Stopper rod

https://www.mdpi.com/article/10.3390/fluids9010030/s1
https://www.mdpi.com/article/10.3390/fluids9010030/s1
www.gpusph.org
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SW Southwest
TSC Thin slab caster
WB Well-bottom SEN
WBMO Well-bottom SEN with moderate obstruction
WBNO Well-bottom SEN with no obstruction
WBSO Well-bottom SEN with severe obstruction
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