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Abstract: The characterization of the fluid flow of liquid steel in a slab mold, using two nozzle
designs under unclogged and clogged conditions, is performed using physical and mathematical
simulations. Nozzle A, with an expanding and contracting geometry, yields larger sub-meniscus
experimental velocities than nozzle B, with internal flow deflectors. The numerical predictions
indicate quick time-changing velocity profiles in the submeniscus region between the mold’s narrow
face and the nozzles. The flow deflectors in nozzle B have two effects; the high dissipation rate
of kinetic energy in the upper-half length induces lower velocities in the ports than nozzle A. The
neutralization of the biased flow caused by the sliding gate allows a balanced fluid through the
ports. According to the results, nozzle A yields velocity profiles in the sub-meniscus region with
larger standard deviations than nozzle B, leading to an unstable bath surface. The clogged nozzles
produced biased-asymmetrical flow patterns in the mold, finding approximated matchings between
numerical predictions and experimental measurements. The internal protrusions of the deposits
lead to covariance losses of the bath surface wave heights. The use of internal deflectors helped to
decrease the amount of clog material in nozzle B.

Keywords: meniscus velocities; wave heights; bath level variations

1. Introduction

The fluid flow of liquid steel in slab continuous casting molds is one of the most
challenging phenomena to understand. The flow regime is turbulent inside the nozzle
or submerged entry nozzle (SEN) and the mold. The effects of the two discharging jets
yield a liquid steel meniscus of a high turbulence region because of the receiving of the
upper rolls flows. Depending on the mold dimensions, steel throughput, nozzle immersion
depth, and nozzle design, the general flow pattern of steel in the mold can be double roll,
double roll-medium flow, single roll, or unstable flow (see Figure 1). The first flow pattern
ensures a trend of symmetric heat transfer and a steady solidifying shell downwards
from the mold that the other three flows cannot provide. However, a free defects slab is
impossible, even with a double roll flow pattern. For example, the uncontrolled liquid
flow near the metal-flux interface, characterized by high velocities and vortexes, will cause
powder entrainment to become trapped particles (inclusions) in the solidified shell [1,2].
If the upper flow delivers cold steel, it will not be enough to melt the mold flux. The
non-melted powder induces sticking breakouts and bath level oscillations, promoting
transversal slab depressions [3–6]. A criterion establishes that the maximum melt velocity
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of 0.3 m/s at the melt-flux interface, for any given casting speed, avoids flux entrapment
and the generation of slivers [7,8]. In other words, the flow along the steel-slag interface
generates shear stresses, velocity, bumps, and waves, leading to finger-like protrusions of
liquid slag into steel. These bumps and protrusions of liquid slag disintegrate into slag
droplets following the flow in the liquid steel in the mold. Other entrainment mechanisms
are through fluid flow vortexing, sucking the mold flux particles, and forming droplets
in the melt bulk [9]. These entrained droplets can finally form nonmetallic inclusions in
the steel material, causing defects in the final product such as slivers and laminations, and,
therefore, they should be avoided.

When the flow is unstable and asymmetric (see Figure 1b–d), one of the two jets of the
bifurcated SENs yields higher velocities, increasing the asymmetric turbulence, enhancing
the flux entrainment, and disturbing the heat transfer uniformity through the copper
plates. With large flows of argon, excess motion around the SEN leads to its severe erosion,
forming a stressed nozzle neck that eventually might fracture it [9]. On the contrary, a
lack of movement between the SEN outer wall and the mold wall will freeze the steel,
forming thick shells subjected to thermal stresses that may exceed its strength and produce
longitudinal cracks on the slab surface [10,11]. The industrial experience indicates that a
hot meniscus ensures a better slab surface, with minor defects such as slivers, cracks, slag
entrapment, and transversal depressions [12–14]. A hot meniscus is particularly important
in casting Stabilized Ultra-Low Carbon Steels (SULC) and peritectic steels [15,16]. The
use of argon aims to decrease the clogging of the nozzles or SENs by forming a gaseous
layer on the interior wall to keep away the alumina particles and force them to flow in the
mainstream of liquid steel. However, argon usage frequently brings about more problems
than solutions. The control of the argon flow rates must align with the steel throughput.
Low steel throughputs and high argon flow rates lead to excessive slag foaming close
to the nozzle driven by large gas bubbles and the slipping of slag films on the surface.
Once having reached the port, these slag films fragment and become particles entrained
in the liquid bulk by the discharging jet [17,18] to ultimately end in particles trapped by
the mushy regions of the solidifying shell. High steel throughputs and small gas flow
rates result in tiny bubbles transported to the shell and trapped by the dendritic structure.
These bubbles trap inclusions and, once in the shell, become small cavities surrounded
by inclusions. During the rolling process, these defects have the assigned name of pencil
pipes, and during the sheet annealing process, their presence becomes evident thanks to
their inflation-forming blisters [19,20]. Although there are published criteria by which to
use the balanced flow rates of argon with steel throughput [21–23], very few plants apply
the balanced argon operation.

Figure 1. The steel flow pattern in a slab mold. (a) Double roll flow. (b) Double roll mixing flow.
(c) Single roll flow. (d) Permanent unstable flow. [24].

Therefore, a more appropriate SEN design must deliver hot steel to melt the mold
powder with minimum flux entrainment, forming a double roll flow pattern and minimum
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variations of the meniscus levels. The double roll flow pattern must prevail throughout the
casting time, maintaining a stable shear flow without vortexing at and below the meniscus.
Additionally, this nozzle must operate free of argon to avoid all the operational and
product quality inconveniences generated by this practice. Any SEN design fulfilling these
conditions will guarantee an excellent performance under industrial operating conditions.

The present work deals with the fluid flow characterizations in a slab mold using
two different anticlogging SEN designs. In an anti-clogging nozzle, the raw material is
isostatically pressed to conform to a solid piece with a surface treatment to decrease the
adherence of alumina inclusions on the internal wall of the SEN [24,25]. These anticlogging
nozzles operate without argon bubbling.

Both nozzles operate in two slab casters in the US with no argon bubbling in the
nozzle. This work’s objective is to evaluate the stability of the fluid flow pattern, the
variations of the meniscus levels, and the meniscus stability under free flow and clogging
conditions. The application of physical and mathematical approaches is the appropriate
path to adopt. The following sections explain the experimental and mathematical models
and the discussions associated with the results obtained through these two approaches.

2. Experimental Work

A full-scale mold model made of 15 mm-thick transparent plastic sheets with dimen-
sions 250 × 1450 mm2 and a length of 1700 mm serves as the experimental tool of this
research. A total of 200 mm of the mold bottom remain inside a water tank (2.2 m deep)
surrounded in the bottom by a 10 mm-thick steel plate to keep the mold fixed and immobile.
A perforated plate of the same plastic sheets covers the end of the plastic mold to control the
downflow of water. Inside the water tank, an immersed pump sends the water to a tundish
with a constant water level of 1 m. In the pipe that transports water from the tank to the
tundish, there is a flow-controlling valve and a flow meter; both devices help maintain the
liquid throughput fed in the tundish. Replicas of the industrial upper tube nozzle, UTN, and
sliding gate, made of plastic, control the casting speed. A steel frame in the mold top holds
six ultrasonic sensors whose tips are 120 mm above the static water level, three at each side
of the nozzle, sending ultrasonic signals to the bath surface. A data acquisition card converts
the reflected analogical ultrasonic signals to digital ones permitting the real-time recording
of the water instantaneous levels by plotting them against the measuring time. An ultrasonic
transducer with a frequency of 1× 107 Hz located 20 mm below the meniscus in the midface
of the narrow mold wall captured the instantaneous velocities and all turbulence statistics
for further analysis. Figure 2 shows a scheme of the mold and the ultrasonic sensors with
their respective positions in the middle of the mold thickness, Figure 3a shows a general
view of the mold with the level sensors in the top, and Figure 3b shows the bottom of the
tundish, the Upper Tube Nozzle, UTN, and the sliding gate.

Figure 2. Schematization of the meniscus level sensors and the ultrasonic transducer in the mold to
measure turbulence.
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Figure 3. 1:1 scale water model. (a) General view of the mold with the level sensors. (b) Experimental
Upper Tube Nozzle, UTN, and slide gate.

Figure 4a,b show the designs of these SENs, named A and B. The first consists of a
body with one expansion and one contraction of the cross-section area or bore, with two
25◦ ports. The second has four internal ring-deflectors to control the internal turbulence
and to decrease the biased flow originating from the sliding gate aperture. The angle of
the ports is 25◦. Both nozzles have quite different designs, making them worth comparing
to unveil the different flows in the slab mold. The manufacturing of the models of these
two SENs consisted of machining nylon-polyamide bars for the internal and outer surfaces
of the bodies. The 3D printing technology helped to manufacture the corresponding SEN
tips. The two SEN bodies consist of three pieces plus the tips to assemble and disassemble
them, as required. The threaded end of the bodies and the threaded upper sides of the tips
are screwed to constitute solid SEN pieces. The activities at the caster consisted of making
a simultaneous trial of both nozzles in a two-strands tundish, operating one strand with
nozzle A and the other strand with nozzle B. The casting sequence lasted four hours when
the clogging index detected the incoming fluid flow disturbances, as confirmed by the
mold’s heat transfer flux variations. The clogged nozzles were extracted from the tundish
to manufacture the corresponding models following the procedure explained below:

• A resin poured in the used nozzles permitted the capture of the topography of the clog
surfaces adhering to the interior surfaces of the two industrial SENs. The solidified
pieces work as cores (see Figure 5).

• The next step consists of cutting the industrial SENs along their lengths, yielding two
halves, using a circular saw to extract the cores from the nozzles.

• Each nozzle is composed of a body, split in two halves and previously machined, and
a 3D-printed tip with two bifurcated ports. Figure 5 shows the dissembled nozzles.

• The wrapped extracted core with the pieces of each disassembled model, including
the tips of each SEN, conformed to a new casting system. With the core fixed into the
assembled nozzle, there is a gap left between the clog and the core.

• A liquid rubber poured in the new casting filled the gap left between the nozzle surface
and the core, forming an exact replica of the clog’s topography.

• By disassembling the nozzle, the core is again taken out; a final reassembling operation
of the model nozzle yields a replica of the actual nozzle, with its respective alumina
clogging adhering to the interior walls.
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• A laser scanner introduced inside each assembled nozzle model, with their respective
clog-models, supplied digital files of the surface’s topographies. These digital files
were later used in building the computational meshes of the mathematical models.

Figure 4. Replicas of nozzles A and B, including the clogging and the resin cores used to pour the
harden rubber to print its surface topography. (a) Nozzle A. (b) Nozzle B.

Figure 5. Geometric features of the nozzles. (a) Nozzle A. (b) Nozzle B.

The bores of the bodies of both nozzles have diameters 1.0 mm larger than the original
ones indicated in the blueprints. This machining operation compensates for the gap’s
interface thickness between the nozzle’s interior surface and the rubber, modeling the
presence of the clogs. Figure 5a,b show the nozzle A and nozzle B models, respectively. It



Fluids 2022, 7, 288 6 of 25

is remarkable that nozzle B has a layer of alumina along its length and in the port, while
nozzle B shows clogging only in the region of the ports; the body is alumina-free.

An experiment started by opening the water valves and adjusting the flow rates and
bath levels, continuing for 20 min to obtain a steady operation. At an arbitrary time, after
the first 20 min, a red dye tracer injected in the UTN facilitated the recording of the mixing
process by a conventional video camera. The video recording revealed the overall flow
patterns using both nozzles. Finally, by putting the ultrasonic transducer into operation
to record the turbulence statistics, the ultrasonic level sensors complete one experimental
cycle, which is repeated until the experimental program is completed. Table 1 shows the
experimental activities performed in this research.

Table 1. Physical properties and experimental conditions, using nozzles A and B.

Parameter Value

Casting speed, (m/min) 1.4
Liquid flow rate, (L/min) 8.56

Mold size, (mm2) 250 × 1450
Nozzle immersion, (m) 0.120

Valve opening length, (m2) 2.57 × 10−3

Pressure inlet, (Pa) 101,325
Viscosity of the water, (Pa s) 0.001003

Density of the water, (kg/m3) 998.2

3. Mathematical Model

The mathematical simulation was carried out with the ANSYS Fluent software (Fluent
17.2, ANSYS Inc., Centerra Resource Park, Lebanon, 2016). The mathematical model con-
sists of an Unsteady Reynolds-Averaged Navier Stokes (URANS) computational scheme
based on the realizable k-ε model [26]. The realizable k-ε turbulence model is simple,
contains an alternative formulation for the turbulent viscosity, and predicts the boundary
layer characteristics under large pressure gradients. The realizable model provides the best
performance of all the k-ε model versions for several conditions of separated flows and
flows with complex secondary flow features [27]. The equations governing the motion of
an incompressible fluid include one equation for continuity and three equations for mo-
mentum transfer, expressed by averaging on time according to the Reynolds decomposition
(ui = u′ ′i + ui),

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂
(
uiuj

)
∂xj

= −1
ρ

∂p
∂xi

+ ν
∂2ui

∂xi∂xj
+

1
ρ

∂τR
ij

∂xj
+ ρgi (2)

The Reynolds stresses, τR = −u′iu
′
j, are approximated through the hypothesis of the

eddy viscosity, µt, according to the Boussinesq expression,

τR
ij = 2µt + 2Sij −

2
3

kδij (3)

where Sij is the mean deformation rate tensor (see Equation (8) below). The relation between

the eddy or turbulent viscosity and the kinetic energy (k = 1
2

(
u′iu
′
j

)
) and the dissipation

rate of this energy, ε, is:

νt =
Cµρk2

ε
(4)
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Cµ is a function of the mean strain and rotation rates, the angular velocity of the
system, and the turbulence fields of k and ε.

Cµ =
1

A0 + As
kU∗

ε

(5)

where
U∗ =

√
SijSij + Ω̃ijΩ̃ij (6)

Ω̃ij = Ωij − 2εijkωk (7)

A0 = 0.04, As =
√

6 cos φ and

φ =
1
3

cos−1
(√

6
)

W (a), W =
SijSjkSki

S̃3
(b), S̃ij =

√
SijSij (c), Sij =

1
2

(
∂uj

∂xi
+

∂ui
∂xj

)
(d) (8)

The variable Cµ in Equations (4) and (5) recovers the standard constant value of 0.09
for an inertial sublayer in an equilibrium boundary layer.

The model simulates the fields of the kinetic energy and its dissipation rate to calculate
the eddy viscosity by solving the k and ε balances,

∂k
∂t

+∇·(uk) = τR : ∇u− ε +∇·
[(

ν +
νt

σk

)
∇k
]

(9)

∂ε

∂t
+∇·(uε) = Cε1

ε

k
+ C1Sijε− Cε2

ε2

k +
√

vε
+∇·

[
ν +

νt

σε

]
∇ε (10)

where C1 = max
[
0.43, η

η+5

]
, S =

√
2SijSij and Cε1 = 1.44, Cε2 = 1.9, σk = 1.0, σε = 1.2.

η = S
k
ε

(11)

The no-slipping boundary condition applies to all walls in the system, and the link
between the wall and the outer flow, from the boundary layer, is through the Log-Law wall
function [28]. At the nozzle inlet, the velocity-inlet boundary condition is applied, and at
the bottom of the mold, the pressure-outlet condition is applied. To take into account the
presence of the upper-layer phase, the shear boundary condition applies on the bath surface.
The computing mesh and the numerical parameters are in Table 2. Figure 6a,b show the
computational mesh of the unclogged nozzles A and B, respectively, and Figure 6c,d show
the corresponding computational meshes of the clogged nozzles A and B, respectively. The
mathematical simulation time corresponds to 300 s.

Table 2. Computing procedures and numerical parameters.

Nozzle A Nozzle B
Parameter Description/Value Description/Value

Gradient derivates Green-Gauss Node-based Green-Gauss Node-based
Pressure field Body Force-weighted Body Force-weighted

Pressure-velocity couple PISO [29,30] PISO [29,30]
Convergence criterion 0.001 0.001

Mesh type Unstructured tetrahedral Unstructured tetrahedral
Nodes 486,328 398,488

Elements 2,591,343 2,276,970

Skewness
Average: 0.20588 Average: 0.10852

Standard Deviation: 0.16652 Standard Deviation: 9.982 × 10−002

Orthogonal quality Average: 0.88292 Average: 0.92652
Standard Deviation:

8.713 × 10−002 Standard Deviation: 6.097 × 10−002
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Figure 6. Computational meshes in the region of the ports. (a) Nozzle A without clogging. (b) Nozzle
B without clogging. (c) Nozzle A with clogging. (d) Nozzle B with clogging.

4. Results and Discussion
4.1. Fluid Flow Using Unclogged Nozzles

In the following lines, the description and discussion make indistinct use of the
physical and mathematical results alike. This discussion approach permits a versatile way
to handle data.

Figures 7 and 8 show the double-roll flow patterns yielded by both nozzles despite their
shallow immersion. Both flows show acceptably symmetry; this statement is supported
by the numerical predictions in the symmetric-longitudinal planes seen in Figures 7d and
8d for nozzles A and B, respectively. Table 3 shows the time spent by the discharging
jets, determined by the mixing front of the tracer and counted from the nozzle ports
until touching their outer nozzle’s outer wall driven by the upper roll flow. From these
times, it is evident that the liquid velocity along the meniscus level is slightly higher using
nozzle A than it is through using nozzle B. The meniscus surface shows the effects of the
velocity differences between the two nozzles by its deformation indicated by the arrows in
Figure 7b,c when using nozzle A.

Table 3. Time spent by the discharging jets of nozzles A and B for the contact of the upper roll with
the nozzle outer wall.

Left Side

Nozzle A without clogging 3.46
Nozzle B without clogging 3.80

Nozzle A with clogging 2.96
Nozzle B with clogging 3.48
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Figure 7. Tracer mixing in the mold model using nozzle A without clogging. (a) A total of 0.5 s after
injection; the numbers indicate the positions of the sensors. (b) A total of 1.5 s after injection. (c) A
total of 4.5 s after injection. (d) Numerical velocity field.

Figure 8. Tracer mixing in the mold model using nozzle B without clogging. (a) A total of 0.5 s after
tracer injection; the numbers indicate the positions of the sensors. (b) A total of 1.5 s after tracer
injection. (c) A total of 4.5 s after tracer injection. (d) Numerical velocity field.

Figure 8a–c show a flat meniscus, indicating a region with fewer stirring conditions
provided by nozzle B. Figure 9a–c show the quantitative evaluation of the meniscus level
deformation reported through the bath level variations. The bath level variations, named
wave height (WH), help to quantify the meniscus stability. When using nozzle A, there is a
gap in the bath level oscillations or WH between the two extremes of the mold indicated
by sensors 1 (extreme right side) and 6 (extreme left side). The magnitudes of these WHs
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(wave heights) are as high as 15 mm and as low as −25 mm due to the high subsurface
liquid velocities detected by sensor 6. In the regions between the narrow mold face and the
nozzle (middle regions, monitored by sensors 2 and 5), the wave gaps between positions
2 and 5 and the WHs decrease, indicating a relative dynamic matching of the oscillations
between the middle groups’ positions. However, in the two regions beside the nozzle
(monitored by sensors 3 and 4), the gap magnitudes and the WHs increase considerably,
yielding magnitudes as high as 14 mm and as low as −30 mm, with reference to the static
bath level. Thus, the liquid accelerates before impacting the nozzle’s outer wall. The
covariances between the oscillations of each pair of sensors are shown in Figure 10a. These
covariances, detected through all sensors, are positive and significant, varying between
20 and 27, indicating a direct correlation between the flow events and wave motions at
each side of the nozzle. Figure 9d–f show the quantitative evaluation of the meniscus
level deformation through the WHs using nozzle B. Unlike the level oscillations yielded by
nozzle A, nozzle B yields considerably smaller WHs with slight gaps between the wave
signals detected by each pair of sensors. The most significant oscillations or wave gaps
are detected by sensors 1 and 6, i.e., the two extremes of the mold. As the variances of
the oscillation amplitudes or WH are small, so are the covariances, though there is a small
negative covariance between sensors 3 and 6 (see Figure 10b). It is worth noting that,
for conversion, the WHs reported in Figure 9 should be multiplied by a factor of 0.59 to
account for the significant differences in physical properties between water and steel (see
Appendix A).

Figure 9. Variations in the meniscus level using nozzles without clogging. (a) Sensors 1 and 6 with
nozzle A. (b) Sensors 2 and 5 with nozzle A. (c) Sensors 3 and 4 with nozzle A. (d) Sensors 1 and 6
with nozzle B. (e) Sensors 2 and 5 with nozzle B. (f) Sensors 3 and 4 with nozzle B.
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Figure 10. Covariances of bath level fluctuations. (a) Nozzle A without clogging. (b) Nozzle B
without clogging.

Figures 11 and 12 show the numerical unsteady velocity fields provided using nozzles
A and B, respectively. As seen in Figure 11a–d, nozzle A maintains the flow symmetry
for a long time. When the symmetry partially vanishes, as seen in Figure 11e, it is rapidly
recovered after a few seconds (see Figure 11f). On the other hand, at some given time,
nozzle B shortens the upper roll flows (Figure 12a,b) without losing symmetry. The flows
recover their symmetry (Figure 12c), with periods of losses and gains of symmetry, but
maintain the flow stability throughout the casting time.

Figure 11. Numerical velocity fields in the central plane of the mold using nozzle A without clogging
at different times. (a) 20 s. (b) 80 s. (c) 140 s. (d) 200 s. (e) 260 s. (f) 300 s.



Fluids 2022, 7, 288 12 of 25

Figure 12. Numerical velocity fields in the central plane of the mold using nozzle B without clogging
at different times. (a) 20 s. (b) 80 s. (c) 140 s. (d) 200 s. (e) 260 s. (f) 300 s.

It is worth mentioning that most researchers [31–36] report averaged parabolic-like
velocity profiles in the subsurface region between the narrow mold face and the outer
nozzle’s wall. These velocity profiles are important because, if the peak velocity in the sub-
meniscus regions is higher than a given critical magnitude, the flow will entrain the mold
flux particles inside the liquid bulk. However, conclusions based on such velocity profiles
may be misleading since the actual conditions show wide time-dependent variations.
Figure 13a,c show the Probability Density Functions (PDF) of the experimental velocities
for nozzles A and B, respectively. Nozzle A yields negative velocities (liquid flowing
from the nozzle toward the narrow mold face) that the numerical model does not predict.
However, most instantaneous numerical velocity profiles fall in the gray area corresponding
to the standard deviation of the experimental measurements. Nozzle B yields only positive
velocities, and the numerical and the measured instantaneous velocity profiles fall in the
gray area. Figure 13b,d show the numerical velocity profiles (each profile corresponds
to periods of one second, demonstrating the wide variations within short times) and
experimental measurements of the velocities corresponding to the left sides of nozzles A
and nozzle B, respectively. The green lines in these plots are the averages of the measured
velocities, and the gray areas correspond to the standard deviations of each recorded
velocity in the field at a given distance. These plots also show the numerical velocity
profiles at different times, overlapping the experimental measurements.
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Figure 13. Turbulence features using nozzles without clogging. (a) PDF of velocity using nozzle A.
(b) Velocities calculated by the mathematical model and measured velocity profile using nozzle A.
(c) PDF of velocity using nozzle B. (d) Velocities calculated by the mathematical model and measured
velocity profile using nozzle B.

A comparison between both types of data leads to the following observations:

• The experimental velocities obtained using nozzle A include wide variations, reporting
even negative velocities. The numerical results remain embodied inside the gray band
region, lacking any numerical predictions with negative velocities.

• The numerical and experimental results yield radical time-changing velocity profiles,
emphasizing the turbulent nature of the flow.

• The experimental velocities obtained using nozzle B yield a narrower band of varia-
tions, and the numerical results show some profiles outside, upwards in the region
close to the SEN. However, some other instantaneous numerical results fall inside the
gray experimental band, matching the experimental measurements well.

• The peak or spike velocities, predicted numerically for both nozzles, change to different
positions between the narrow mold face and the nozzle, with time seldom falling in
the middle position between the narrow mold wall and the outer nozzle’s wall.

• The numerical and experimental magnitudes of the velocity profiles are smaller in the
flows yielded by nozzle B than in those yielded by nozzle A.

• The numerical predictions broadly predict the experimental measurements matching
the overall dynamics of the subsurface flow.

The mold inherits its flow patterns from those corresponding in the interiors of the
nozzles providing velocity spikes to the mold flow that produce and dissipate energy [37,38].
These internal flows are seen in Figure 14a,b for unclogged nozzle A and in Figure 14c,d
for unclogged nozzle B. The flow inside nozzle A observes a biased flow. Internal velocities
are as high as 2.3 m/s due to the partial opening of the sliding gate. The fluid in this nozzle
is accelerated and decelerated by contractions and expansions of the bore. The discharging
flow impacts the nozzle bottom with velocities of 0.6–1.3 m/s.
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Figure 14. Numerical velocity fields in the nozzles without clogging. (a) Longitudinal plane axis of
symmetry of nozzle A. (b) Longitudinal plane axis of symmetry of nozzle A at 90◦. (c) Longitudinal
plane axis of symmetry of nozzle B. (d) Longitudinal plane axis of symmetry of nozzle B at 90◦.

On the other hand, the biased flow is practically eliminated by the internal deflectors
in nozzle B, providing velocities between 0.5 (in the bottom) and 2.3 m/s in the nozzle
top (see Figure 14c,d). The kinetic energy dissipation rates for nozzles A and B are seen in
Figure 15a–d, respectively. The dissipation rates are larger in nozzle B due to the impact of
the fluid on the internal deflectors. Hence, the lower discharging velocities in the ports of
nozzle B are related to the dissipation rate level of turbulent energy in the upper region.
Figure 16a–d show the discharging velocities in the ports of nozzles A and B. Figure 16a,b
show the port area utilization of nozzle A, which is constrained in a minimal area with
velocities as high as 1.5 m/s located in the opposed bottom corners of the left and right
ports. Therefore, each jet orientates towards one of the two broad mold faces after leaving
the nozzle. The port utilization of nozzle B is larger than that of nozzle A due to the
elimination of the internal biased flow with maximum liquid velocities of about 1.2 m/s in
the discharging ports.

Figure 15. Turbulence eddy dissipation contours in the nozzles without clogging. (a) Longitudinal
plane axis of symmetry of nozzle A. (b) Longitudinal plane axis of symmetry of nozzle A at 90◦.
(c) Longitudinal plane axis of symmetry of nozzle B. (d) Longitudinal plane axis of symmetry of
nozzle B at 90◦.
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Figure 16. Flow through the ports of the nozzles without clogging. (a) Nozzle A, right port.
(b) Nozzle A, left port. (c) Nozzle B, right port. (d) Nozzle B, left port.

4.2. Fluid Flow Using Clogged Nozzles

Figure 17a–d show the flow pattern using clogged nozzle A, where the left jet flows
downwards and the right jet flows upwards, providing a very asymmetric mixing of the
tracer. The flow pattern predicted by the mathematical model in Figure 17d matches the
trajectories of the discharging jets outlined by the red dye tracer reasonably well. The flow
in the left side of the nozzle is quite complex, with a region of small velocities close to
its outer wall. A well-stabilized vortex flow in the mold corner is caused by the shearing
flow coming from the port’s upper edge. On the right side, there is a well-defined upper
roll flow. Figure 18a–d show the flow pattern using clogged nozzle B, where the right jet
forms and flows upwards; on the other hand, the left jet flows downwards, providing a
very asymmetric mixture of the tracer. Figure 18d shows the flow pattern predicted by the
mathematical model. There is a well-developed upper roll flow on the right side, and on
the left side, there is a sizeable stagnant region.

Figure 19a–c show the corresponding meniscus level oscillations or WHs using nozzle
A, finding significant variations with time. The WHs reported by each pair of sensors
vary between 30 and −35 mm. Thereby, the right side of the meniscus shows extreme
turbulence conditions due to the well-developed double roll flow (see sensors 1–3). On
the left side, the sizeable stagnant region yields WHs of low amplitude (see sensors 4–6).
In Figure 19d–f, there are the corresponding WHs for the pairs of sensors at each side
of the nozzle using nozzle B. The gaps among the WHs, corresponding to nozzle B, are
appreciable in the oscillations reported by sensors 1 and 6 at the two extremes of the mold
and sensors 3 and 4, i.e., in the two regions closer to the outer nozzle’s wall. Thus, both
nozzles yield decoupled flows on both sides, revealing the non-symmetric flows derived
from the clogging conditions. As mentioned with Figure 9, the WH’s in Figure 19 must
also be multiplied by the factor of 0.59 to account for the significant differences in physical
properties between water and steel.
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Figure 17. Tracer mixing in the mold model using nozzle A with clogging. (a) A total of 0.5 s after
injection. (b) A total of 1.5 s after injection. (c) A total of 4.5 s after injection. (d) Numerical velocity
field. The numbers indicate the position of the sensors and the blue arrows indicate the position of
the ultrasonic transducer.

Figure 18. Tracer mixing in the mold model using nozzle B with clogging. (a) A total of 0.5 s after
injection. (b) A total of 1.5 s after injection. (c) A total of 4.5 s after injection. (d) Numerical velocity
field. The numbers indicate the position of the sensors and the blue arrows indicate the position of
the ultrasonic transducer.
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Figure 19. Variations in meniscus level using nozzles with clogging. (a) Sensors 1 and 6 with nozzle
A. (b) Sensors 2 and 5 with nozzle A. (c) Sensors 3 and 4 with nozzle A. (d) Sensors 1 and 6 with
nozzle B. (e) Sensors 2 and 5 with nozzle B. (f) Sensors 3 and 4 with nozzle B.

The WHs covariances of the clogged nozzles A and B are in Figure 20a,b, respectively.
The magnitudes of covariance of nozzle A decrease considerably, indicating that the phasing
off the WHs between each pair of sensors includes some negative magnitudes indicating
opposing directions of the oscillations (pairs 1–2, 1–3, 2–4, 2–5, 3–4, and 4–6). On the other
hand, the oscillation events in both sides of nozzle B keep positive correlations even under
clogged conditions.

Figure 20. Covariances of bath level fluctuations. (a) Nozzle A with clogging. (b) Nozzle B with clogging.
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The clogging profoundly alters the internal flows in the nozzles; Figure 21a–d show the
velocity vectors observing highly biased conditions, and, different from the unclogged case,
the liquid flows along the nozzle at high velocities close to the wall due to the obstructions.
The jets, leaving nozzle A, are constrained to narrow jets in the nozzle bottom, reaching
velocities close to 2.0 m/s, as seen in Figure 21a. Figure 21b shows a long recirculating
flow with small velocities. This flow is opposed to the downwards high-velocity flow from
the sliding gate aperture. This region also exists in unclogged nozzle A, though there is a
defined recirculation flow in that case. Unlike nozzle A, nozzle B yields an unbiased and
symmetric flow, as seen in Figure 21c,d, because the internal deflectors control the flow even
under the clogging condition. The flows through the ports look more distributed in this
nozzle than in nozzle A. Figure 22b,d show the instantaneous experimental and numerical
velocities for the clogged nozzles A and B, respectively. In the case of nozzle A, the
numerical predictions are in a narrow band of velocities falling well inside the broad gray
area corresponding to the standard deviations of the measurements. Indeed, the numerical
predictions indicate peak velocities that are considerably smaller than the measured velocity
peaks (see the corresponding PDF; Figure 22a). As seen in Figure 22d for nozzle B, there is
a mismatch between the experimental negative velocity measurements and the numerical
predictions verified by the corresponding PDF in Figure 22c. The numerical results predict
a narrow band of numerical instantaneous velocity profiles with small magnitudes, while
the experimental measurements report essentially negative magnitudes. A possible reason
for this disagreement is that the ultrasound transducer measures only the unidirectional
velocity changes. Since the flow in this region is quite complex, including vortexes and
recirculations, the equipment detects them as negative magnitudes. Figure 23a–d report
these subsurface flows. Figure 23a shows the velocity fields using nozzle A. Figure 23b
shows the velocity field corresponding to nozzle B. These instantaneous flows show an
asymmetry with positive velocities (liquid flowing from the narrow mold face toward the
outer nozzle’s wall). The flow asymmetry intensifies with the clogged nozzles, though
the velocities are positive using nozzle A (see Figure 23c), matching the experimental
results reported in Figure 22b. However, the flow in the left side of the mold, using nozzle
B, yields vortexes and recirculations (see Figure 23d). Figure 24a–d show this complex
flow’s evolution with time, using nozzle B, finding a crossed flow of liquid with a higher
momentum on the right side transferring momentum to the left side. When the right flow
surrounds the nozzle, a vortex is formed beside the left side of the nozzle’s wall, generating
secondary vortexes, as seen in Figure 24a,b. At other times, the liquid velocities in the gap
between the mold wall and the nozzle’s outer wall generate large vortexes, changing the
directions of the velocity vectors near the mold’s narrow face (see Figure 24c,d).

Figure 21. Numerical velocity fields in the nozzles with clogging. (a) Longitudinal plane axis of
symmetry of nozzle A. (b) Longitudinal plane axis of symmetry of nozzle A at 90◦. (c) Longitudinal
plane axis of symmetry of nozzle B. (d) Longitudinal plane axis of symmetry of nozzle B at 90◦.
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Figure 22. Turbulence features using nozzles with clogging. (a) PDF of velocity using nozzle A.
(b) Velocities calculated by the mathematical model and measured velocity profile using nozzle A.
(c) PDF of velocity using nozzle B. (d) Velocities calculated by the mathematical model and measured
velocity profile using nozzle B.

Figure 23. Velocity fields at the sub-surface (20 mm below the free surface). (a) Nozzle A without
clogging. (b) Nozzle B without clogging. (c) Nozzle A with clogging. (d) Nozzle B with clogging.
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Figure 24. Velocity fields at the sub-surface (20 mm below the free surface) using nozzle B with
clogging at different times. (a) 50 s. (b) 100 s. (c) 150 s. (d) 200 s.

The water model in Figure 25a–d shows the velocity fields at different times and
precisely replicates the flows described above when the mold operates with nozzle B. The
liquid on the right side forms a double roll flow, while a weakened flow impacts the left
narrow mold face (see Figure 25a,b). Figure 25c shows the upper flow’s advance indicated
by arrow 1, making the weakened flow from the left side brake, as indicated by arrow 2. At
other times, the right upper flow surrounds the nozzle and passes to the left side (see arrow
3 in Figure 25d). Finally, the flow from the left side recovers momentum to continue its
trajectory toward the right side (see arrow 4 in Figure 25d). On the left side, both flows meet
between the mold’s narrow face and the nozzle forming the complex vortexes observed in
Figures 23d and 24a–d.

Figure 25. Tracer mixing in the mold model using nozzle B with clogging. (a) A total of 1.5 s after
injection. (b) A total of 3 s after injection. (c) A total of 4.5 s after injection. (d) A total of 6 s after
injection. The numbers in figure (a) indicate the position of the sensors, the numbers in figures
(c,d) are explained in the part of the text where the figure is mentioned.
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Figure 26a–d show the velocity fields in the discharging ports of nozzles A and B,
finding swirling and biased flows through their respective areas. The liquid leaves with
a counterclockwise swirl in the right port and a clockwise swirl in the left port of nozzle
A, (see Figure 26a,b, respectively). Therefore, the two ports discharge swirling jets in
opposing rotating directions. The result is a pair of discharging jets with opposing rotating
jets providing asymmetrical flows. The clog in nozzle B makes the jets on the left and
right sides flow initially downwards (see Figure 26c,d). Both jets look broader than the
two jets leaving nozzle A. However, the jet leaves the right port without swirling motions.
In contrast, the jet leaves the left port with swirling motions observed in the left and
lower-right corners, consuming kinetic energy and weakening its strength or momentum
imparted to the liquid bulk (compare with Figure 25c,d).

Figure 26. Flow through the ports of the nozzles with clogging. (a) Nozzle A, right port. (b) Nozzle
A, left port. (c) Nozzle B, right port. (d) Nozzle B, left port.

5. Conclusions

The flow of liquid steel in a slab model influenced by two nozzle designs named
A (with a bore including one expansion and one contraction) and B (with internal flow
deflectors) is characterized using experimental and numerical approaches. From the results
and discussion of this study, the following conclusions are derived.

1. The bath sub-surface velocity profiles using nozzle A are higher than the velocity
profiles obtained through nozzle B.

2. The dissipation rate of kinetic energy is larger in the upper region of nozzle B than in
nozzle A, resulting in smaller velocities through the bifurcated ports.

3. The use of internal deflectors in nozzle B diminishes the internal biased flow, resulting
in a larger port utilization area than that in nozzle A.

4. The use of internal deflectors considerably decreases the amount of clogging alumina
due to the existence of high turbulence manifested by the large dissipation rates of
kinetic energy in the region.

5. The existence of clogging induces crossed flows in the mold. Eventually, these flows
will affect the thermal evenness of the heat flow through the copper plates in the
actual mold.
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Nomenclature

f Scale factor
g Gravity constant
h Thickness and height
k Kinetic energy (m2/s2)
L Length
p Pressure (Pa)
S Mean rate of strain tensor (s−1)
u Velocity magnitude (m/s)
V Velocity (m/s)
Greek letters
ε Turbulent dissipation rate (m2/s3)
µ Dynamic viscosity (Pa-s)
ν Viscosity (Pa-s)
ρ Density (kg/m3)
σ Surface tension and turbulent Prandtl number
τ Stress tensor
Ω Mean rate of rotation tensor
ω Angular velocity
Sub-Indexes
cr Critical
m Metal
R Reynolds
s Slag and steel
t Turbulent
w Water

Appendix A. Equivalence between Wave Heights in Water and Waves Heights in Steel

The wave height of the meniscus h is a function of the physical properties of the molten
flux or slags such as density ρs, surface tension σs, and the drag velocity of the liquid Vs.

h = f (Vs, ρs, σs, g) (A1)
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Figure A1. The dimensional analysis yields the following dimensional matrix.

Using the second dimensionless number for the water and steel,[
ρgh2

σ

]
w
=

[
ρgh2

σ

]
s

(A2)

Thus, the equivalence is:

hs = hw

√
σsρw

σwρs
(A3)

Using the corresponding physical properties in (A3), we obtain

hs = 0.59hw (A4)

This equivalence is related to the scale-down of water models obeying the Weber and
Froude numbers:

Weber number
ρw v2

w Lw

σw
=

ρs v2
s Ls

σs
(A5)

(A5) yields
Lw

Ls
= f =

ρs v2
s σw

ρw v2
w σs

(A6)

Froude number
v2

w
gLw

=
v2

s
gLs

(A7)

(A7) yields
Lw

Ls
=

v2
w

v2
s

;
v2

s
v2

w
=

Ls

Lw
(A8)

Using (A8) in (A6)
Lw

Ls
=

ρs σw

ρw σs

Ls

Lw
(A9)

Yielding

f =

√
ρs σw

ρw σs
(A10)
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Substituting the physical properties of both fluids, we obtain f = 0.6, which matches
the factor given above. The scale factor of 0.6 satisfies the Froude and Weber numbers.
However, using downscaled models may lead to misleading results regarding the fluid
flow structure.
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